Multifunctional Catalysts for Ring-Opening Copolymerizations
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ABSTRACT: The ring-opening copolymerization (ROCOP) of
epoxides with CO, or cyclic anhydrides is a versatile route toward
synthesizing a wide range of polycarbonate and polyester
copolymers. ROCOP most commonly uses binary catalyst systems
comprising separate Lewis acid and nucleophilic cocatalyst
components. However, the dependence on two discrete catalyst
components leads to low activities at low loadings, and binary
catalyst systems are prone to numerous side reactions. It was
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therefore proposed that covalently tethering the Lewis acid catalyst and cocatalyst together would increase both catalyst activity and
selectivity in epoxide ROCOP. Since these initial efforts, many multifunctional catalysts featuring covalently tethered cationic or

Lewis base cocatalyst(s) have been developed for epoxide ROCOP.

This review examines multifunctional catalysts that have been

developed for copolymerization of epoxides with CO,, cyclic anhydrides, carbonyl sulfide (COS), and cyclic thioanhydrides. In
particular, we will assess how multifunctional catalysts’ mechanisms of operations lead to improved activity and selectivity in

ROCOP.
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1. INTRODUCTION

1.1. Background. The development of efficient and
selective multifunctional catalysts for the alternating copoly-
merization of epoxides with either carbon dioxide (CO,) or
cyclic anhydrides has provided a controlled, versatile route
toward semiaromatic and aliphatic polycarbonates and
polyesters, respectively. Polycarbonates and polyesters are
important classes of commodity plastics used extensively in
packing, fiber, and film applications due to their mechanical
strength and chemical resistance.' Aliphatic polycarbonates or
polyesters can biodegrade into benign byproducts, enabling
their use as sustainable alternatives to petroleum-derived and
nondegradable plastics.”™ "

Generally, commercial polycarbonates and polyesters are
synthesized via step-growth condensation polymerizations.
While condensation approaches take advantage of the wide
range of commercially available diols and diacids, the
generation of water, alcohol, or acid condensation byproducts
requires elevated temperatures and reduced pressures to
achieve the high conversions needed to access high molecular
weight materials. Also, the use of comonomers such as
phosgene for polycarbonate synthesis introduces additional
challenges due to its toxicity and corrosiveness.

Chain-growth polymerizations are atom economical alter-
natives to step-growth condensation reactions and enable
molecular weight control based on the monomer to initiator
ratio and percent conversion, with improved access to high
molecular weight polymers with low dispersities. Furthermore,
the use of controlled or “living” chain-growth polymerizations

allows for the synthesis of more complex polymer architectures
such as block copolymers. Chain-growth methods of
polycarbonate synthesis include ring-opening polymerization
(ROP) of cyclic carbonates and ring-opening copolymerization
(ROCOP) of epoxides and CO,.'' Polyesters can be
analogously synthesized from either ROP of lactones or
ROCOP of epoxides and cyclic anhydrides.” Although ROP of
cyclic carbonates or lactones enables molecular weight control
and the synthesis of block copolymers, the functionalities and
properties of the resulting materials are limited by the narrower
monomer scope.'”

1.2. Epoxide Copolymerization. The copolymerizations
of epoxides and CO, or epoxides and cyclic anhydrides not
only demonstrate controlled or “living” behavior but also
enable the synthesis of a wide range of polycarbonates and
polyesters owing to the diverse scope of readily available
epoxides and cyclic anhydrides, many of which are renewably
sourced (Scheme 1)."*'* CO, is also an ideal and sustainable
comonomer for polycarbonate synthesis owing to its low cost,
low toxicity, and natural abundance. Sulfur-containing
polymers can be synthesized by ROCOP using carbonyl
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Scheme 1. Generalized Copolymerization of Epoxides with
(a) CO, and (b) Cyclic Anhydrides
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which react similarly to their oxygenated analogues.'”™"” The
wide range of properties afforded by polyesters, polycarbon-
ates, polythioesters, and polythiocarbonates are summarized in
several reviews and will not be examined in further detail
here.'®7>* Rather, we will focus on efficient and selective
polymerization approaches toward these materials, with a
strong emphasis on the use of multifunctional catalysts and
their mechanisms of operation.

1.3. Catalyst Development. Early examples of epoxide
copolymerization were catalyzed by metal alkoxides and amine
initiators, but these polymerizations were plagued by low
catalytic activity, significant polyether format1on, and limited
control over molecular weight and dispersity.”*~** Inoue and
co-workers first demonstrated in 1969 that a catalyst system
based upon a mixture of diethyl zinc (ZnEt,) and water could
control the ROCOP of propylene oxide (PO) and CO,.”’
Inoue and co-workers also used this catalyst system to
synthesize polyesters by ROCOP of phthalic anhydride (PA)
with various epoxides.”’ Foreshadowing current mechanistic
understanding of ROCOP catalyst systems, zinc alkoxide and
carboxylate intermediates were observed during the copoly-
merizations.”"

Since these early discoveries, many heterogeneous and
homogeneous catalyst systems have been developed for
ROCOP. Heterogeneous catalysts such as zinc carboxylates
and double metal cyanide complexes (DMCC) often require
harsh reaction conditions and permit polyether formation;
further, their polymerization mechanism is not well under-
stood.””** Most advancements in catalyst development have
therefore focused on the development of homogeneous single-
site Lewis acid catalysts. Inoue and co-workers developed the
first single-site catalyst, an Al catalyst featuring a tetraphe-
nylporphyrin (TPP) ligand framework, which was active for
epoxide/CO, copolymerization when 1-methylimidazole
(Melm) was added as an exogenous cocatalyst.”>*° Inspired
by the success of N,N’-bis(salicylidene)ethylenediamine
(salen) chromium catalysts in the asymmetric ring-opening
of epoxides, Jacobsen and co-workers demonstrated the use of
salen(Cr) catalysts in epoxide/CO, copolymerization.”” Since
these initial discoveries, many metal porphyrin complexes,
metal salen-type catalysts, and organocatalysts have been
developed for epoxide copolymerization with either CO, or
cyclic anhydrides.”* ™ These single-site complexes commonly
require the use of a nucleophilic cocatalyst, which include
onium salts such as bis(triphenylphosphine)iminium chloride
([PPN]CI) and nucleophilic bases such as 4-dimethylamino-
pyridine (DMAP) or phosphines.

A significant drawback to such binary ROCOP catalyst
systems is decreased catalytic efficiency at low loadings,
necessitating the use of elevated catalyst concentrations
which precludes synthesis of high molecular weight polymers
and increases overall cost. The decreased catalyst activity is
predominately due to the second-order dependence of
polymerization rate on binary catalyst/cocatalyst concentra-
tion, leading to an exponential decrease in activity with
decreasing loading.

In 2006, Nozaki and co-workers proposed that covalently
linking the Lewis acid and cocatalyst would subvert dilution
effects on ROCOP catalyst activity. They showed that a
multifunctional N,N’-bis(salicylidene)cyclohexanediamine
(salcy)Co(IIl) catalyst system with a pendant protonated
piperidinium cocatalyst maintained catalyst activity at low
loadings during epoxide/CO, ROCOP. Further, the multi-
functional (salcy)Co(III) complex limited side reactions such
as cyclic carbonate formation as compared to analo§ous binary
catalyst/cocatalyst systems.*® Lee*’ and Lu*® similarly
proposed that multifunctional catalysts would maintain
proximity between propagating chains and the Lewis acid,
preventing catalyst deactivation at low loadings. These
hypotheses have since led to the development of numerous
multifunctional catalysts that maintain high catalyst activity at
low loadings while improving molecular weight control and
preventing side reactions.

In this review, we will discuss the development of
multifunctional catalysts for ROCOP, focusing on mechanistic
functions that guide their improved catalytic activity and
selectivity. We will categorize multifunctional catalysts into two
general classes: multifunctional catalysts with tethered cations
(Chart 1) and multifunctional catalysts with tethered Lewis
bases (Chart 2). Although heterobimetallic catalysts also
eliminate the need for an exogenous cocatalyst and differ-
entiate the roles of epoxide activation and chain-end control,
many excellent reviews have already detailed their develop-
ment, and we will therefore not discuss them herein.*~>*

2. MECHANISTIC CONSIDERATIONS OF
MULTIFUNCTIONAL CATALYSTS

Extensive mechanistic studies have elucidated the roles of
coordination complexes and organocatalysts in ring-opening
copolymerizations. As all multifunctional catalysts reported to
date incorporate a Lewis acid center, mechanistic discussion
will focus on these systems.

During ROCOP, the Lewis acid/nucleophilic cocatalyst pair
initiates polymerization, activates epoxide toward ring-opening,
and modulates the reactivity of the propagating chain ends. In
general, ring-opening of metal-bound epoxide by cocatalyst-
associated carbonate or carboxylate chain ends is rate-limiting.
Dilution of the catalyst/cocatalyst pair distances the cocatalyst-
associated propagating chains from catalyst-activated epoxide,
thereby inhibiting epoxide ring-opening (Scheme 2a). Lee*’
and Lu"® proposed that covalently tethering the Lewis acid and
cocatalyst would prevent the growing polymer chain from
diffusing away from the Lewis acid, thereby promoting
intramolecular epoxide ring-opening (Scheme 2b). While this
hypothesis proved sensitive to cocatalyst identity and
stoichiometry (v1de infra), various multifunctional salen®*~%°
and porphyrin®~® complexes exhibit improved catalytic
activity at decreased loadings as compared to their binary
analogues.
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Chart 1. Cationic Multifunctional ROCOP Catalysts
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2.1. Tethered Cationic Cocatalysts. Lu and co-workers
compared the kinetics of epoxide/CO, coupling catalyzed by
(salcy)Co(III) complexes featuring either a tethered or
untethered ammonium cocatalyst using in situ infrared (IR)

polymerization rate depends on the concentrations of both the
(salcy) CoDNP Lewis acid and ammonium cocatalyst.
Deviation from the expected second-order behavior was
attributed to reduction of Co(Ill) to inactive Co(Il). By

spectroscopy (Figure 1).>* The binary (salcy) CODNP/[TBA]-
DNP (DNP = 2,4-dinitrophenol, TBA = tetrabutylammo-
nium) catalyst system exhibited an experimental reaction order
of 1.61, consistent with a bimolecular pathway in which the

contrast, polymerizations catalyzed by multifunctional cat3$
exhibited a first-order rate dependence on catalyst concen-
tration, consistent with intramolecular epoxide ring-opening.
Good agreement between the experimental and theoretical
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Chart 2. Non-ionic Multifunctional ROCOP Catalysts
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reaction orders suggests that the multifunctional catalyst
system is less prone to catalyst deactivation via reduction.
Enforcing intramolecular epoxide ring-opening was associated
with a 1.02 kcal/mol decrease in the energy of activation for
copolymer formation relative to the intermolecular process.
Intriguingly, the multifunctional catalyst also eliminated the
induction period observed at low loadings in the binary catalyst
system.

Hasegawa, Nozaki, Ema, and co-workers recently reported
aluminum porphyrin complexes cat25 and cat26 bearing four
tethered quaternary ammonium cocatalysts that exhibited
excellent activity and selectivity for the copolymerization of
cyclohexene oxide (CHO) and CO, (TOF = 10000 h™" at 2.0
MPa and T = 120 °C, [catalyst],:[CHO], = 1:40 000, >99%

Figure 1. Kinetics of epoxide ring-opening with cat35 and
(salcy)CoX/[Bu,N]X.

polycarbonate).”” By contrast, a binary analogue (TPP)AICI/
[PPN]CI achieved a TOF of only 1600 h™" under the same
conditions. Detailed kinetic studies via in situ Fourier-
transform (FT) IR spectroscopy revealed a first-order
dependence on the concentration of cat25 and first-order
dependence on the concentration of CHO. Polymerization
rates were invariant with CO, pressure, suggesting zero-order
behavior. These reaction orders are consistent with rate-
limiting epoxide ring-opening by a carbonate chain end.
Repeating experiments at various reaction temperatures
afforded an experimental activation energy of 13.2 kcal/mol
for polycarbonate formation using multifunctional cat25. The
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activation energy in the binary (TPP)AICI/[PPN]CI system
was higher at 16.2 kcal/mol, accounting for the observed lower
catalyst activities toward CHO/CO, ROCOP. Density func-
tional theory (DFT) calculations using a variant of the
multifunctional aluminum porphyrin complex with a single
tethered ammonium cocatalyst validated that epoxide ring-
opening is rate limiting (E, = 14.6 kcal/mol), while the barrier
to CO, insertion is lower (E, = 7.2 kcal/mol). The Nozaki
group has previously proposed that catalytic activity is
inversely related to the energetic difference between bound
carbonate and bound epoxide;”' in this system, aluminum’s
high relative affinity for epoxide makes this exchange
thermodynamically favorable. The authors also observed that
transition state structures were stabilized by the pendant
ammonium cations, corroborating the utility of a tethered
cocatalyst. Calculations revealed that carbonate dissociation is
18 kcal/mol more favorable with the multifunctional catalyst
than with the binary system.

Coates and co-workers developed a multifunctional N,N'-
bis(salicylidene)phenylenediamine (salph) AlCI catalyst featur-
ing an aminocyclopropenium cocatalyst (cat43) that exhibited
first-order behavior in the copolymerization of epoxides and
cyclic anhydrides. Previously, a detailed mechanistic study of
epoxide/cyclic anhydride copolymerization by the Tolman,
Cramer, and Coates groups initially suggested a first-order
dependence on the concentration of the binary (salph)AICl/
[PPN]CI system when using a 1 mol % catalyst loading.””
However, subsequent investigation revealed that this pseudo-
first-order kinetic behavior was a feature of high catalyst
loadings; at lower catalyst loadings (<0.083 mol %), time
normalization kinetic analysis”® revealed second-order behav-
ior due to dilution of the active species. By contrast, cat43
afforded first-order behavior at all loadings studied (0.5—0.025
mol %) (Scheme 3).°° A first-order dependence on epoxide
concentration and a zero-order dependence on cyclic
anhydride concentration are consistent with pre-equilibrium
epoxide binding and rate-limiting ring-opening. Unlike

Scheme 3. Proposed ROCOP Mechanism Using
Multifunctional cat43
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previously reported complexes featuring onium cocatalysts
pendant to the salicylidene moiety, the aminocyclopropenium
cocatalyst is installed via the salph backbone; this change in
geometry significantly streamlines catalyst synthesis and
derivatization without affecting the intramolecular ring-open-
ing mechanism.

Incorporating a cationic unit to yield a multifunctional
catalyst has improved activity in some systems by enforcing
intramolecular ring-opening; yet in other cases, multifunction-
ality prompts a change in the coordination mode of the Lewis
acid to afford increased activity. The Lee group reported that
increasing the number of ammonium cocatalysts per Co center
from two to four increased activity in multifunctional
(salcy) CoDNP complexes catl and cat2 (Figure 2).% This
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Figure 2. Activity and recyclability of catl in PO/CO, ROCOP.

result may be attributed to the additional cocatalyst-associated
propagating chains accelerating rate-limiting epoxide ring-
opening. Presumably, these catalysts, which incorporate up to
six covalently tethered ammonium units, facilitate intra-
molecular epoxide ring-opening to accelerate polymerization
at low catalyst loadings. However, Lee and co-workers have
further proposed that incorporating multiple covalently
tethered ammonium cocatalysts engenders an unusual salen
binding geometry in which the Co resides outside the ONNO
binding pocket, coordinated by the salen phenoxides and
dinitrophenolate (DNP) counterions. 667475 DFT calculations
corroborated that the x* imine-uncoordinated structure is
energetically favorable. Complexes featuring large ortho
substituents or sterically encumbered diamine backbones
achieved lower polymerization rates than those incorporating
less sterically demanding substituents; the authors proposed
that the larger substituents enforce the less active k*—
O,N,N,O-coordinated catalyst geometry.

Wu and co-workers recently developed tethered organo-
catalysts featuring a 9-borabicyclo(3.3. l)nonane (9-BBN)
functionality tethered to an ammonium cation.”*’” Notably,
cat56 demonstrates high activity for CHO/CO, copolymeriza-
tion across a range of temperatures, reaching a TOF of 4900
h™" at 150 °C. At 80 °C, cat56 (Figure 3a) maintains a TOF of
710 h™" for the copolymerization of CHO and CO,, whereas
the corresponding binary system consisting of hexyl-9-BBN
and butyltriethylammonium bromide (BTEAB) as a cocatalyst
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Figure 3. Epoxide ring-opening in CHO/CO, ROCOP using
multifunctional cat56 and binary hexyl-9-BBN/BTEAB.

only maintained a TOF of 12 h™". Consistent with previous
reports of epoxide/CO, copolymerization mediated by 2 equiv
of Et;B and 1 equiv of [PPN]C], the hexyl-9-BBN/BTEAB
binary system demonstrated increased activity (TOF = 330
h™) when a second equiv of hexyl-9-BBN was used (Figure
3b).”® In contrast, the multifunctional system exhibits a first-
order dependence on cat56 and CHO, and a zero-order
dependence on CO,, consistent with rate-limiting epoxide
ring-opening by a carbonate chain end. An experimental
activation energy of 13.7 kcal/mol was determined for
synthesis of poly(cyclohexene carbonate) (PCHC) by cat56.
The authors proposed that the multifunctional system’s
dependence on only one catalytic unit is due to an
intramolecular synergistic effect between the boron center
and ammonium salt. X-ray crystallographic analysis of cat56 in
DMEF identified a flexible pocket within the multifunctional
catalyst having a B—N bond distance of 7.025 A. In the
absence of DMF, it is likely that the Br anion may be located
within this flexible pocket and may weakly interact with the
boron center.”” Interestingly, DFT analysis suggests that the
ammonium cation distributes its positive charge across the
hydrogen atoms of the linker carbons, enabling these
electropositive a-hydrogens to further stabilize the Br anion.
Finally, ''B NMR analysis of cat56 indicates a broad resonance
only present for the multifunctional catalyst, which the authors
attribute to an intramolecular synergistic effect between the
boron center and ammonium salt. Wu and co-workers
proposed that the introduction of CHO displaces the stabilized
Br anion, inducing ring-opening by the Br anion and producing
a boron-stabilized alkoxide that can readily undergo CO,
insertion.

2.2. Tethered Lewis Bases. While the majority of
ROCOP cocatalysts are based on onium salts comprising a
nucleophilic counteranion, organic bases such as 4-dimethyla-
minopyridine (DMAP)®® and 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (Me-TBD)®' have also been
used successfully as nucleophilic cocatalysts albeit with distinct
catalytic behavior. Lu and co-workers published an elegant
ESI/MS study investigating the ROCOP behavior of a
(salcy)CoNO; complex with covalently tethered TBD unit
(cat76).”® Combining cat76 and PO resulted in epoxide ring-
opening by the TBD group followed by coordination of the
resulting TBD*-alkoxide to the Co center with concomitant
dissociation of the original nitrate X-type ligand. Pressurizing
the system with CO, promoted formation of the tethered
Co(IIl)carbonate, which is the active catalyst for PO/CO,
copolymerization (Scheme 4a). The S-coordinate Co(III)-

Scheme 4. (a) Activation of the TBD-Tethered
(salcy) CoNOj; Catalyst cat76 via Sequential PO and CO,
Insertion. (b) ROCOP Catalyzed by the Active Complex

(a) Catalyst Activation via Formation of a Permanent Co Carbonate
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carbonate axially coordinates epoxide, which is ring-opened
first by the nitrate anion to initiate polymerization and
subsequently by a carbonate chain end during propagation.
Formation of the Co(III)alkoxide prompts the tethered TBD*-
carbonate unit to dissociate. CO, insertion into the Co(III)-
alkoxide bond is rapid, regenerating a carbonate chain end
(Scheme 4b). While both the propagating carbonate chain end
and the tethered TBD"-carbonate ligand have similar binding
affinities for Co, intramolecular coordination is favored;
dissociation of the propagating carbonate chain end turns
over the catalytic cycle to afford an open coordination site for
epoxide binding. This chelation effect, in fact, precludes
catalysis by a (salcy)CoX complex with two tethered TBD
units, as intramolecular carbonate coordination produces a
coordinatively saturated 6-coordinate Co center that blocks
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epoxide binding and activation. The tethered TBD cocatalyst
therefore performs a distinct function from tethered cationic
(e.g, onium and aminocyclopropenium) cocatalysts: rather
than delivering the nucleophilic chain end, the TBD'-
carbonate reversibly dissociates to modulate the electron
density at the Co center. The authors further hypothesized that
reversible coordination of the TBD"-carbonate stabilizes the
active Co(II) complex against reductive deactivation (vide
infra).

Covalently tethered Lewis bases can also serve to directly
stabilize the metal center without first reacting with epoxide/
CO, to form the corresponding carbonate species. Masdeu-
Bulto and co-workers developed tridentate NN’O-donor
ligands that incorporate pendant Lewis basic trialkylamine
(cat85), pyridyl (cat86), pyrrolidinyl (cat87), piperidinyl
(cat88), or quinolyl (cat89) units.*” Two ligand equivalents in
K*-N,N,0 and x*N,O coordination support a hexacoordinate
Cr(IIT)CI Lewis acid center and a pendant Lewis base (Figure
4). Only the complex featuring a tethered 2-pyridyl moiety

1 equiv catalyst 0
(0] (cocatalyst) OJ\O
+ CO, S
80°C,12h
n
815 equiv 5 MPa PCHC
N
( Mur = N NS
NR2 cat85 N
__N\ /o Z
pe \ cat86
o T ‘Ls_/\/N
By Cl \-NRZ cat87
cat85-89
/\/ N Ns
Only cat86 is active without cocatalyst cat88 cat89

Figure 4. Amine-tethered Cr(III) complexes cat85—cat89.

(cat86) achieved any conversion to polycarbonate in the
absence of exogenous cocatalyst (7% conversion of CHO,
[Cr]o:[CHO], = 1:815, 12 h at 80 °C, 5 MPa, TOF = 5 h™).
The authors proposed that the chloride and pyridyl ligands of
cat86 are sufficiently labile to ring-open chromium-bound
epoxide. By contrast, the complexes with other pendant Lewis
bases may adopt a coordinatively saturated bis(chelate)
[Cr(NN’O),]*Cl™ geometry. These species are consequently
unable to activate epoxide toward nucleophilic attack, similar
to Lu’s coordinatively saturated complex featuring two TBD
groups.”® Even for cat86, exogenous DMAP or [PPN]CI
cocatalyst was necessary to promote reasonable activity (up to
95% conversion in 12 h at 80 °C, § MPa, TOF < 66 h™').
Presumably, additional cocatalyst accelerates epoxide ring-
opening and facilitates formation of an open coordination site
at Cr. As observed in other binary catalyst systems, dilution of
the Cr Lewis acid and added cocatalyst reduced catalyst
activity.

3. CATALYST STABILITY

Multifunctional complexes have demonstrated distinct mech-
anistic advantages over their binary analogues that enable
unprecedentedly low catalyst loadings. However, even
moderate catalyst degradation can have a significant impact
on polymerization control when reactions are performed at low

catalyst concentrations. Accordingly, the catalyst must remain
stable against deactivation under a wide range of reaction
conditions. Some of the highest activities observed for
epoxide/CO, and epoxide/cyclic anhydridle ROCOP were
achieved using multifunctional (salen)Co(III) complexes (vide
supra). However, Co(III) complexes are prone to reductive
deactivation to form inactive Co(II) species.*” High temper-
atures are often used to increase polymerization rates but
reportedly also accelerate Co(III) reduction.**~** This section
will discuss the factors contributing to reduction of Co(III)
catalysts and multifunctional strategies to stabilize Co(III)
species.

3.1. Reductive Deactivation of Binary Porphyrin and
Salen Co ROCOP Catalysts. In a 1985 report, Nishinaga and
co-workers demonstrated that (salen)Co(III)OH complexes
quantitatively oxidized alcohol substrates to aldehydes or
ketones with concomitant reduction to (salen)Co(II).* The
authors proposed the reaction proceeds via p-hydrogen
elimination from a Co-alkoxide to form the corresponding
carbonyl compound and a Co(III)-hydride, which performs a
hydrogen transfer to afford the (salen)Co(II) and water.
Expanding on these results, Reiger and co-workers examined
reductive deactivation of Co(III) porphyrin and salen catalysts
under epoxide/CO, copolymerization conditions.”” Monitor-
ing a mixture of (TPP)CoCl and PO by UV—vis spectroscopy
revealed a decrease in the Soret band associated with the
Co(III) parent complex and growth of a new band associated
with the Co(II) species. As the reaction was performed in the
absence of CO,, the authors proposed that reduction occurs
from the Co-alkoxide (Scheme 5). Indeed, a model (TPP)Co-

Scheme S. Co(III) Reduction Pathways with Binary Co
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methoxide complex obtained by mixing (TPP)CoCl and
NaOMe also underwent reduction. Reiger and co-workers also
observed similar rapid reduction upon treating (salcy)CoCl
with PO or with NaO'Pr. Interestingly, acetaldehyde was
detected alongside catalyst reduction. The authors therefore
proposed that cobalt reduction occurs via homolysis of the
Co—0 bond to generate Co(II) and an alkoxy radical that can
then undergo p-fragmentation to produce acetaldehyde
(Scheme S). The second product produced by f-fragmentation
was not discussed by the authors. Notably, mixtures of
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(TPP)CoCl and NaO,COCH, afforded Co(III)-carbonates
that were stable against reduction due to the inability for
homolysis to occur. Co(IIl) reduction also decelerated when
(TPP)CoCl was mixed with PO in the presence of CO, due to
the rapid insertion of CO, to form the more stable Co-
carbonate resting state. The authors therefore proposed that
favoring the carbonate resting state will trap the autoreducible
Co(III)-alkoxide as a more stable carbonate, therefore
improving catalytic activity.

3.2. Tethered Lewis Bases. In addition to promoting an
unusual polymerization mechanism, cat76 with tethered TBD
unit reported by Lu and co-workers (Scheme 4) is highly
stable against reduction.”® To assess the role of the tethered
TBD*-carbonate ligand in suppressing Co(III) reduction, the
authors varied the covalent tether length and epoxide
comonomer. A variant of cat76 with a short methylene linker
was unable to form the inserted TBD*-carbonate due to
geometric constraints; lacking the intramolecular carbonate
ligand, this complex underwent rapid reduction under
polymerization conditions. Exchanging PO for CHO also
resulted in rapid reduction of cat76. Presumably, the
intramolecular TBD group is unable to ring-open the more
sterically hindered CHO, precluding formation of the inserted
TBD"-alkoxide and TBD"-carbonate species. Pretreating cat76
with PO prior to the addition of CHO affords polymerization
to PCHC. Similarly, mixtures of CHO and trace PO are readily
copolymerized with CO,. These results demonstrate that the
tethered TBD group alone is unable to stabilize the Co(III)
center, and that the intramolecular, reversible Co—carbonate
linkage is required. The unprecedented stability of cat76 helps
to preserve its high activity at low loadings (TOF = 7100 h™",
90 °C, 2 MPa, 0.004 mol % cat76).

3.3. Tethered Cations. In an early report on multifunc-
tional ROCOP catalysts, Lee and co-workers proposed that
cationic cocatalysts anchored to the ligand framework would
maintain proximity of chain ends with the Co(III) center,
thereby stabilizing the catalyst against reductive deactivation.*’
Indeed, catl2-mediated PO/CO, ROCOP maintains a TOF
of 3500 h™" at 90 °C, whereas the analogous binary system
produces no polymer at this temperature, presumably due to
reduction of Co(Ill) (Figure S). Similarly, a porphyrin Co
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Figure 5. Multifunctional cobalt catalysts catl2 and catl8 used in
PO/CO, ROCOP.

complex with two pendant ammonium cocatalysts (catl8)
exhibited improved thermal stability as compared to its binary
(TPP)CoCl/[PPN]CI analogue.67 However, increasing the
reaction temperature from 50 °C to 60 °C resulted in a
significant decrease in the activity of cat18 from 495 h™" to 90
h™" which the authors attributed to reductive deactivation.
Similarly, when reactions were performed at 100 °C, cat12 lost
activity due to catalyst degradation.

On the basis of NMR studies, Lee and co-workers proposed
that the tetraammonium-tethered complex cat3 bearing less
bulky o-Me substituents on the salicylidene moiety exhibits an
unusual coordination mode in which the salicylidene nitrogen
atoms are not coordinated to Co; the resulting k>-bisphenoxide
complex is proposed to be both more stable and more
catalytically actlve than the typical ¥*-O,N,N,O coordinated
cobalt complexes.® By contrast the bulkier o-'Bu substituents
of cat4 enforce the standard x*-O,N,N,O geometry, providing
a standard for comparison (Chart 3). However, the NMR

Chart 3. Redox Behavior of k* and x* Multifunctional
(salcy)CoX Complexes cat3 and cat4

Reduction potentials reported versus SCE, X = DNP
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studies were performed in DMSO-dg; coordlnatlon under
catalytic COIldIthIlS may therefore be different.**”* Cyclic
voltammetry of x*-O,N,N,O and x*bisphenoxide complexes
revealed the relative redox stabilities afforded by these
geometries (Chart 3). The authors first considered complexes
bearing 0-Me and o-‘Bu substituents with noncoordinating
BF,” anions (cat3 and cat4, respectively); both variants should
adopt the standard * coordination mode in noncoordinating
solvents, as neither the BF, ion nor the solvent should bind
Co(III) more strongly than the salicylidene ONNO binding
pocket. Both BF, complexes exhibit the same E, /, value (0.63
V relative to SCE) in noncoordinating CH,Cl,, consistent with


https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=cht3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02524?fig=cht3&ref=pdf

their similar geometries and substitution patterns. In strongly
donating DMSO solvent, cat4 (DMSO) and cat3 (DMSO)
exhibit significantly different reduction potentials (E,,, =
—0.011 for cat4 and —0.074 V for cat3 relative to SCE); the
authors attribute this discrepancy to the o-Me complex
adopting the x*-bisphenoxide geometry in DMSO.

Exchanging the noncoordinating BF,” anions of cat3 and
cat4 for strongly donating 2,4-dinitrophenolate anions afforded
nearly identical reduction potentials in DMSO solvent as
DMSO solvent alone (E,;, = —0.013 V for cat4—DNP and
—0.076 V for cat3—DNP relative to SCE). This result
corroborates that strongly donating DMSO solvent can also
engender the K geometry. Moreover, the significant difference
in reduction potentials (0.063 V) of the x* o-Bu complex and
K* 0-Me complex corresponds to a 10-fold difference in
Co(III)/Co(II) ratio at a given electrochemical potential.
Accordingly, the k> 0-Me complex should be significantly more
stable than the k* o-'Bu analogue in polymerizations at elevated
temperature. Indeed, the k¥* 0-Me complexes featuring a DNP
anion was more active than its * 0-Bu analogue at 70—75 °C,
though the authors do not attribute this discrepancy
specifically to differences in redox stabilities. In an effort to
replace the DNP counteranion which could be prone to
energetic decomposition, Lee and co-workers also prepared a
series of catalysts incorporating 2,4,S-trichlorophenolate
(TCP), 2,4,6-TCP, or 2,4-dichlorophenolate (DCP) anions
(cat7—cat10).”* In further support of the hypothesis that the
uncoordinated geometry contributes to increased activity, the
K*-2,4,5—TCP complex (cat7) with o-Me salicylidene sub-
stituents exhibited excellent catalytic activity (TOF = 10 000
h™'), whereas the x*-2,4,5—TCP complex (cat8) with o-Bu
substituents was inactive.

3.4. Multifunctional Complexes Incorporating Redox-
Stable Lewis Acids. Multifunctional catalysts incorporating
Cr, Al, Fe, Mg, Zn, and B Lewis acid centers have been
reported for epoxide/CO, and epoxide/cyclic anhydride
ROCOP. These complexes are less prone to reductive
deactivation but are generally less active than their Co
analogues.

Darensbourg and co-workers compared the activities and
thermal stabilities of Cr and Co salcy complexes bearing a
pendant ammonium cocatalyst in the copolymerization of
cyclopentene oxide (CPO) and CO, (Figure 6).”" At 70 °C,
the Co complex cat36 was significantly more active (TOF = 57
h™') than the Cr complex cat37 (TOF = 2.2 h™"). Decreasing
[cat36] by 50% preserved the TOF at 70 °C, suggesting that
reduction is not significant at this temperature. However,
increasing the reaction temperature to 100 °C halved the TOF
of cat36, with concomitant loss of poly(cyclopentene
carbonate) (PCPC) selectivity (62% at 100 °C from >99%
at 70 °C). In the cat37-catalyzed system, the same temperature
increase afforded a 25-fold increase in activity (TOF = S0 h™!
at 100 °C) with excellent PCPC selectivity (>99%),
demonstrating the resilience of the Cr center against
deactivation at higher temperatures. Notably, the stability,
activity, and selectivity of cat37 at 100 °C matches those of
cat36 at 70 °C.

While Cr multifuncional complexes are stable against
reduction and generally afford activities comparable to Co,
metal toxicity of Cr-based reagents and residues is a concern.
Efforts toward redox innocent nontoxic Lewis acids have
identified Al as a promising alternative to metals such as Cr.
Coates and co-workers prepared a range of multifunctional
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Figure 6. Activity of Co and Cr multifunctional catalysts cat36 and
cat37 in CPO/CO, ROCOP.

catalysts incorporating Al (cat43), Fe (cat46), Zn (cat47), and
Mn (cat48) metal centers to use in epoxide/anhydride
copolymerization. While cat46—cat48 exhibited low catalytic
activities, the aminocyclopropenium-tethered (salph)AICI
catalyst cat43 exhibited similar activities to those of the
chromium analogue (cat44) (TOFs = 93 and 111 h7,
respectively) in ROCOP of PO and carbic anhydride (CPMA)
([catalyst]o:[CPMA], = 1:400 at 60 °C).>® While polymer-
izations using the cobalt analogue (cat45) slowed significantly
at low loadings due to reductive deactivation, cat43 exhibited
similar TOFs at all loadings studied (0.5—0.025 mol %). At
100 °C, the activity of cat43 (TOF = 466 h™") surpassed that
of a Co analogue (cat45) at 60 °C (TOF = 376 h™") (Figure
7). Coates and co-workers also prepared a range of catalysts
featuring Me (cat49), Ad (cat50), F (cat51), and OMe
(cat52) substituents, although cat43 still maintained the
highest activity.
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Figure 7. Catalytic activity in PO/CPMA ROCOP with cat43—cat52.
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A handful of multifunctional Al complexes that demonstrate
good activities and excellent selectivity for polycarbonate have
recently been reported for epoxide/CO, ROCOP. Citing
concern over toxic metal residue in hydrolytically degradable
polycarbonates, Wang and co-workers developed a series of
aluminum porphyrin complexes with two tethered ammonium
cocatalysts with NO; counteranions (Figure 8).°**” At 70 °C
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Al catalyst (cat22) demonstrates better activity and stability than
Co catalyst (cat18) at higher temperatures

Figure 8. Catalytic activities of cat22 and catl8 at various
temperatures.

and 90 °C, cat22 achieved moderate TOFs (305 and 985 h™},
respectively, 3 MPa CO,, [cat22],:[PO], = 1:5000).
Increasing the polymerization temperature to 110 °C
accelerated polymerization rates (TOF = 3400 h™', 3 MPa
CO,, [cat22],:[PO], = 1:20 000). The cobalt analogue cat18
began to undergo reduction at only 50 °C (TOF = 495 h™")
with catalytic activity significantly dropping at 60 °C (TOF =
90 h™").” Notably, cat22 maintained activity even at extremely
low catalyst loadings (TOF = 3100 h™', [cat22],:[PO], =
1:100 000, T = 110 °C, 3 MPa CO,), suggesting no significant
catalyst deactivation. Ema, Nozaki, Hasegawa, and co-workers
recently reported cat2$, an aluminum porphyrin complex with
four tethered quaternary ammonium salts that achieves TOFs
up to 10000 h™" ([Al]y:[CHO], = 1:40 000, 2 MPa CO,) at
120 °C.”° Decreasing the catalyst loading decreased activity
(TOF = 1875 h™" at [Al],;:[CHO], = 1:100 000, T = 120 °C, 2
MPa CO,), which the authors attribute to the increased
viscosity of the reaction mixture rather than catalyst
deactivation.

Although Cr and Al complexes typically require higher
temperatures to achieve activities similar to those of their Co
analogues, eliminating catalyst deactivation provides better
control over reaction kinetics and living chain-end retention.
Catalysts incorporating other redox-stable metals have
generally exhibited lower TOFs in both polyester and
polycarbonate synthesis. Substituting Al with Mg (cat27) or
Zn (cat29) in Nozaki and Ema’s porphyrin catalysts afforded
TOFs of 27 h™" and 48 h™!, respectively ([cat],:[CHO], =
1:40 000, 2.0 MPa CO,, T = 120 °C) (Figure 9). Lower
catalyst activities (TOFs < 10 h™') have also been observed in
PO/CPMA copolymerizations using multifunctional tris-
(dialkylamino)cyclopropenium (TDAC) (salph)MX com-
plexes cat46—cat48 (M = Fe, Zn, and Mn).”® A notable
exception to this trend is COS/epoxide copolymerizations:
both Cr and Fe catalysts have demonstrated higher activities
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cat25 Al Cl Cl 10,000
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Figure 9. Catalytic activity of multifunctional porphyrin catalysts in
CHO/CO, ROCOP.

than a Co analogue, even at temperatures that do not promote
Co(1III) reduction (25 °C).”>”*

4. ROCOP SELECTIVITY AND SIDE REACTIONS

A long-standing objective in ROCOP is to develop catalysts
that are highly active toward alternating copolymerization
while suppressing side reactions such as transesterification,
epimerization, and backbiting, among others. These delete-
rious reactions influence molecular weight control and
thermomechanical properties and reduce reaction efficiency.
This section will discuss the thermodynamic and kinetic
origins of ROCOP side reactions and highlight the features of
multifunctional ROCOP catalysts that enable the synthesis of
near defect-free polycarbonates and polyesters.

4.1. Polycarbonate vs Cyclic Carbonate Selectivity
during Epoxide-CO, ROCOP. ROCOP of epoxides and CO,
is a useful method of converting CO, into value-added
materials such as polycarbonates. Since Inoue’s pioneering
work on catalyst-mediated epoxide CO, coupling reac-
tions,”” ' extensive progress has been made toward
developing highly active and selective catalysts for the
ROCOP of epoxides and CO,. Particular attention has been
given toward the prevention of cyclic carbonate formation
during ROCOP. This side reaction consumes epoxide
monomer, makes purification difficult due to the high boiling
point of cyclic carbonate byproducts, and can limit molecular
weight due to irreversible depolymerization.

Cyclic carbonate formation occurs when carbonate (Scheme
6b) or alkoxide (Scheme 6¢) chain ends backbite via Sy2 or
transesterification mechanisms, respectively. Typically, cyclic
carbonate formation proceeds via backbiting of dissociated
polymer chains which have increased nucleophilicity relative to
metal-bound carbonate or alkoxide chain ends.”* Under
nonlimiting CO, conditions, most chain ends reside as the
carbonate due to rate-limiting epoxide ring-opening, and
therefore backbiting occurs predominately by carbonate attack.
This insight has led to the design of multifunctional catalysts
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Scheme 6. (a) Epoxide/CO, ROCOP Propagation Cycle
and Cyclic Carbonate Formation by (b) Carbonate
Backbiting and (c) Alkoxide Backbiting during CHO/CO,
ROCOP
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whereby the cocatalyst is covalently tethered to the Lewis acid
to limit dissociation of carboxylate and alkoxide chain ends and
suppress cyclic carbonate formation.

Darensbourg and Yeung investigated the thermodynamic
and kinetic factors governing the coupling of common
epoxides and CO, to give polycarbonates and cyclic
carbonates.”” Calculated enthalpies of formation indicated
that polycarbonate formation was more exothermic (AH =
—21 to —23 kcal/mol), whereas formation of the correspond-
ing cyclic carbonates was less exothermic (AH = —8 to —18
kcal/mol). However, for most epoxides, cyclic carbonate
formation is more exergonic than polycarbonate production
due to the increase in entropy resulting from backbiting and
expulsion of a small molecule. Consequently, cyclic carbonate
is the thermodynamically favored epoxide/CO, coupling
product, and exclusive polycarbonate formation during
ROCOP is achieved through kinetic control over ring-opening
and backbiting reactions.

4.2. Effect of Epoxide Structure on Cyclic Carbonate
Formation. The epoxide structure significantly affects the
thermodynamics and kinetics of polycarbonate versus cyclic
carbonate formation during epoxide/CO, ROCOP. For
example, ROCOP of CHO/CO, using either binary or
multifunctional catalysts is highly selective for PCHC, whereas
ROCOP of terminal epoxides such as PO is prone to cyclic
carbonate formation when using binary catalysts. However,
multifunctional catalysts have demonstrated significantly

enhanced polymer selectivity in epoxide/CO, copolymeriza-
tion when using terminal or alicyclic epoxides.

Nozaki and co-workers effectively mitigated cyclic carbonate
formation during the ROCOP of terminal epoxides and CO,
by employing a multifunctional bispiperidinium (salcy) CoOAc
complex (cat31).* In particular, cat31’s pendant protonated
piperidinium groups controlled the nucleophilicity of the
growing chain ends to effectively suppress backbiting and
therefore reduce cyclic carbonate formation (Scheme 7). PO/

Scheme 7. Protonated Bispiperidinium (salcy)CoOAc
Complex cat31 Prevents Backbiting and Cyclic Carbonate
Formation by Attenuating Propagating Chain-End
Nucleophilicity
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CO, ROCOP using cat31 produced exclusively alternating
poly(propylene carbonate) (PPC) in 77% yield with TOF =
127 h™! ([cat31],:PO], = 1:2000, 1.4 MPa CO,, T = 25 °C).
Meanwhile, copolymerization of PO/CO, (6000 equiv PO)
under the same conditions using the analogous binary catalyst
system (salcy) CoCl/[PPN]OBzF;/N-methylpiperidinium ac-
etate gave 34% PPC and 37% propylene carbonate (PC). This
discrepancy demonstrates that covalent attachment of the
protonated piperidinium cocatalyst is essential for suppressing
backbiting reactions. The authors proposed that cyclic
carbonate formation was subverted due to reversible
protonation of growing chain ends (Scheme 7). Following
reaction of an anionic chain end with either epoxide or CO,,
the resulting metal-bound alkoxide Al or carbonate C1 is
protonated by the pendant piperidinium to produce the
corresponding alcohol A2 or carbonic acid C2, which are
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insufficiently nucleophilic to backbite and form cyclic
carbonate. Meanwhile, the protonated species A2 and C2 are
still able to react with CO, and epoxide, respectively, to
produce copolymer.

Wang and co-workers also maintained high selectivity for
PPC during PO/CO, ROCOP by using a multifunctional
(TPP)CoNO; catalyst with pendant ammonium cocatalysts.®”
PO/CO, ROCOP using cat18 proceeded with >99% polymer
selectivity at 25 and 50 °C, with TOFs of 120 h™! and 495 h™",
respectively ([PO],:[cat18], = 1500:1, 4.0 MPa CO,). The
analogous binary system consisting of (TPP)CoCl/[PPN]CI
decreased polycarbonate selectivity to 82% at 50 °C,
highlighting the importance of the tethered ammonium
cocatalysts in suppressing cyclic carbonate formation at higher
temperatures.

Multifunctional catalysts containing Al Lewis acid centers
often promote backbiting to cyclic carbonate in epoxide/CO,
reactions; indeed, multifunctional Al complexes have been
specifically optimized for the cyclic carbonate product.”’ ="
Wang and co-workers developed a range of multifunctional
(TPP)AICI catalysts (catl3—catl7) that are selective for
polycarbonate formation.”” Increasing the length of the alkyl
linker from n = 2 (catl3) to n = 6 (catl?7) increased catalyst
activity at 70 °C from 250 h™" to 400 h™" and PPC selectivity
from 72% to 83%, respectively (Figure 10a).

Wang and co-workers also observed that catalytic efficiency
and polymer selectivity depends upon the Lewis acidity of the
metal center, which can be tuned by varying the substituents in
the meso-ring position of the porphyrin ligand. While the p-
bromo-substituted cat20 exhibited reduced catalyst activity as
compared to the unsubstituted cat19 (TOF = 330 h™' vs 400
h™"), PPC selectivity increased from 87% to 93% at 70 °C
(Figure 10b). Installing an electron-donating methoxy group
(cat21) greatly enhanced catalytic activity (TOF = 340 h™'),
but polymer selectivity was unaffected (%PCC = 88%). The
authors initially proposed that increasing the Lewis acidity of
the metal center enhances interactions between the anionic
chain end and aluminum center, disfavoring cyclic carbonate
formation but reducing catalytic activity. Reducing the Lewis
acidity of the metal center by introducing an electron-donating
group therefore induces the opposite effect.

However, Wang and co-workers prepared a series of
(TPP)AINO; catalysts (n = 3) whose polymer selectivity,
catalytic activity, and Lewis acidity contradicts the proposed
relationship (Figure 10b).°® Installing a moderately electron-
donating ‘Bu group in the para position (cat23) resulted in a
distinct increase in activity (TOF = 449 h™") compared to the
unsubstituted cat22 (TOF = 306 h™'), in agreement with
previous findings. However, polymer selectivity also increased
from 87% to 92%. Interestingly, installing an electron-
withdrawing C4F; group in the meso position of the porphyrin
framework (cat24) also induced an increase in catalytic activity
(TOF = 392 h™', %PPC = 88%), inconsistent with previous
findings. While electron-donating groups do seem to increase
catalytic activity, there is no clear trend between Lewis acidity,
polymer selectivity, and catalytic activity based on these
(TPP)AINO; catalysts.

Wang and co-workers developed a series of multifunctional
(salen)CoCl complexes to examine the effect of varying Lewis
base substituents on polymer selectivity in PO/CO,
copolymerization.'”' Catalysts featuring a Lewis base con-
strained in a ring (cat81—cat83) maintained moderately high
PPC selectivity (91—95%), whereas cat84 featuring an acyclic
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Figure 10. Activity and selectivity of cat13—catl7 and cat19—cat24
in PO/CO, ROCOP.

tertiary amine exhibited diminished PPC selectivity (75%)
(Figure 11). Catalysts featuring piperidine (cat81) or morpho-
line (cat82) pendant groups maintained activity (TOF = 3§
h™') greater than that of pyrrolidine-functional cat83 (TOF =
19 h™') or acyclic amine-functional cat84 (TOF = 22 h™*).
Alicyclic epoxides such as CHO generally are less prone to
cyclic carbonate formation during epoxide/CO, ROCOP as
compared to terminal epoxides such as PO. However, the
propensity of CHO/CO, ROCOP to selectively produce
PCHC does not translate to similar alicyclic epoxides such as
cyclopentene oxide (CPO). Darensbourg and co-workers
demonstrated that CHO/CO, ROCOP using a binary
(salcy)CrCl/[PPN]Nj catalyst system at 80 °C and 3.5 MPa
CO, yielded exclusively PCHC (Figure 12a) whereas polymer-
ization of CPO/CO, using (salcy)CrCl/[PPN]N; under the
same conditions afforded >99% cis-cyclopentene carbonate
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Figure 12. ROCOP of (a) CHO/CO, and (b) CPO/CO, using the
binary catalyst system (salcy)CrCl/[PPN]N,. (c) Use of multifunc-
tional catalysts cat36 and cat37 at 70 °C produce exclusively PCPC
during CPO/CO, ROCOP.

(cis-CPC) (Figure 12b).°" It is noteworthy that cis-cyclohexene
carbonate (cis-CHC) resulting from carbonate backbiting is
almost never observed during CHO/CO, ROCOP. This
absence is largely attributed to the additional energetic barrier
associated with the necessary endergonic chair-to-boat
conformational change (AG = 4.7 kcal/mol) required prior
to cyclization, which has an additional energy barrier of AG* =
21.1 kcal/mol (Scheme 8a). Meanwhile, alkoxide backbiting to

Scheme 8. Cyclic Carbonate Formation during CHO/CO,
ROCOP
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form trans-cyclohexene carbonate (trans-CHC) is only
observed under CO,-starved conditions where most chain
ends are alkoxides (Scheme 8b). Darensbourg calculated the
energy barrier of unbound alkoxide backbiting during CHO/
CO, ROCOP to be 14.6 kcal/mol, which is approximately 3
kcal/mol higher than the energy barrier for unbound alkoxide
backbiting of aliphatic epoxides. This difference further
increases the favorability of PCHC formation over CHC as
compared to other aliphatic epoxides.

To improve the polycarbonate selectivity of CPO/CO,
ROCOP, Darensbourg and co-workers employed multifunc-
tional (salcy) CoDNP cat36 with a pendant dimethylcyclohex-
ylammonium cocatalyst, affording >99% PCPC and moderate
activities (TOF = 57 h7') (Figure 12¢).°" The authors
proposed that the covalently linked piperidinium cocatalyst
maintains proximity between the propagating chain ends and
Lewis acid, thereby reducing the activation energy of epoxide
ring-opening by carbonate chain ends. Computational studies
by Lu and co-workers confirmed that multifunctional catalysts
lower the activation energy of rate-limiting epoxide ring-
opening relative to backbiting (vide supra). Despite high
activity and selectivity toward ROCOP of CPO/CO,,
multifunctional Co(III) complex cat36 is prone to reduction
to the inactive Co(II) complex at higher temperatures, as
evidenced by decreased catalyst activity when increasing the
temperature from 70 °C (TOF = 57 h™") to 100 °C (TOF =
22 h™"). However, multifunctional (salcy)CrNj catalyst cat37
was thermally stable with good activities at higher temperatures
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(TOF = 50 h™}, 100 °C), albeit with slightly reduced PCPC
selectivity (94%).

Poly(indene carbonate) (PIC) is of interest as a high-T,
alternative to bisphenol A-based polycarbonate (T, = 154 °C)
due to its rigid semiaromatic bicyclic structure. In 2011,
Darensbourg and co-workers first reported the copolymeriza-
tion of indene oxide (IO) and CO, using a binary
(salcy) CoDNP/[PPN]DNP catalyst system, affording PIC
with T, values up to 138 °C.'"” Reaction temperatures as low
as 0 °C were required to minimize cyclic carbonate formation
using the binary catalyst system, but low catalyst activities
(TOF = 1.7 h™") and poor selectivity for PIC (64%) were
observed. Inspired by the high selectivity of multifunctional
cat36 toward polycarbonate formation during ROCOP of
CPO/CO,, Darensbourg and co-workers employed quaternary
ammonium-tethered (salcy)Co(III) catalysts toward the
ROCOP of 10/C0O,.°* Multifunctional catalysts cat3$ and
cat39 (Figure 13a) exhibited high selectivity toward PIC
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Figure 13. ROCOP of (a) indene oxide and (b) 1,4-dihydronaph-
thalene oxide using multifunctional catalysts.

(>99%) but exhibited low catalyst activities of TOF = 4.4 h™"
and 11.5 h™" at 0 and 25 °C, respectively. ROCOP of I0/CO,
at 40 °C using cat39 produced exclusively cis-indene carbonate
in 4.5% yield, indicating that lower reaction temperatures are
required to produce PIC with high selectivity using this
catalyst system.

Poly(1,4-dihydronaphthalene carbonate) (PDNC) is also a
promising candidate as a high-T, polycarbonate. Prior efforts
to synthesize PDNC by ROCOP using a binary (salcy)CrCl/
N-methylimidazole catalyst system yielded predominately cis-
1,4-dihydronaphthalene carbonate (cis-DNC).'"” The propen-
sity of 1,4-dihydronaphthalene oxide (DNO) and CO,
coupling to produce cis-DNC is likely due to the boatlike
conformation of dihydronaphthalenes imposed by the fused
benzene ring, which favors intramolecular carbonate attack like

that observed during CPO/CO, ROCOP (vide supra). More
recently, Darensbourg and co-workers employed multifunc-
tional (salcy)MX (M = Cr, Co) catalysts with pendant
quaternary ammonium cocatalysts for the ROCOP of DNO/
CO, (Figure 13b).""* Multifunctional (salcy)CrN; catalyst
cat38 exhibited relatively high selectivity for polycarbonate
(93%) and moderate activity (TOF = 29 h™!) for the ROCOP
of DNO/CO, (DNO]:[Cr], = 750:1, 2.5 MPa CO,, T = 100
°C). Meanwhile, the binary (salcy)CrX/cocatalyst systems
investigated in this work gave poor selectivity for polycar-
bonate with low activities. For example, the binary (salcy)-
CrN;/[Bu,N]Nj catalyst system comparable to cat38 resulted
in low polycarbonate selectivity (67% PDNC) and low activity
of TOF = 19 h™' (2.5 MPa CO, at 70 °C). The improved
activity and selectivity toward ROCOP of DNO/CO,
exhibited by cat38 likely stems from the tethered onium
cocatalyst that maintains close proximity of the dissociated
carbonate chain ends to the Lewis acid center, increasing the
rate of epoxide ring-opening relative to the rate of backbiting.
cat38-catalyzed ROCOP of DNO/CO, yielded PDNC of M,
= 6.7 kDa, and T, = 136 °C. However, higher molecular
weights could not be achieved by increasing [DNO];:[Cr],.
Surprisingly, the (salcy)CoX (X = DNP, N;, Cl, or O,CCF;)
analogues of cat38 were inactive toward the coupling of DNO
and CO, to either polycarbonate or cyclic carbonate over a
range of temperatures (T = 0-70 °C), monomer concen-
trations (neat or in solvent), and reaction times (up to S days).

Darensbourg and co-workers also examined the copoly-
merization of cis- or trans-2-butene oxide (cis- or trans-2BO)
and CO, as a route to poly(trans-2-butene carbonate)
(P2BC), which has a T, that is nearly 60 °C higher than
that of poly(1-butene carbonate) (Tg =9 °C). Only cis-2BO
was active toward copolymerization using a range of binary and
multifunctional Co(III) and Cr(1II) catalysts.”” Copolymeriza-
tion of cis-2BO with CO, using the binary systems (salcy)-
CoDNP/[PPN]DNP or (salcy)CrN;/2 equiv [PPN]Nj; at 40
°C afforded P#2BC with poor polymer selectivities of 75% and
30%, respectively (Figure 14). Furthermore, increasing the
reaction temperature to 70 °C produced exclusively cyclic
carbonate using these catalysts. By contrast, multifunctional
catalysts cat38 and cat39 possessing pendant ammonium
cocatalysts yielded P2BC with higher polymer selectivity,
affording 79% and >99% Pt2BC, respectively. Increasing the
polymerization temperature decreased polymer selectivity with
cat39, producing P22BC with 65% selectivity at 70 °C.
Interestingly, only trans-2-butene carbonate (#2BC) was
observed during ROCOP of ¢is-2BO/CO, when employing
cat38 and cat39, suggesting that backbiting occurs exclusively
via the alkoxide chain end (vida supra). By contrast, both trans-
and cis-butene carbonate were observed in cis-2BO/CO,
copolymerizations carried out using the binary catalysts
(salcy) CoDNP/[PPN]DNP or (salcy)CrN;/2 equiv [PPN]-
N;, indicating that both alkoxide and carboxylate backbiting
mechanisms were operational. Darensbourg and co-workers
also examined the copolymerization of isobutylene oxide
(IBO) and CO, using the same binary and multifunctional
Co(IIT) and Cr(III) catalyst systems. Neither of the multi-
functional catalysts cat39 and cat38 produced poly-
(isobutylene carbonate) (PIBC) or isobutylene carbonate
(IBC), whereas only IBC was generated using the binary
catalysts (salcy) CoODNP/[PPN]DNP and (salcy)CrN;/2 equiv
[PPN]N;. The authors suggested that the stricter spatial
environment imposed by the pendant ammonium cocatalyst
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Darensbourg and co-workers measured the differences in the
activation energy barriers (AE,) of cyclic carbonate and
polycarbonate formation for the ROCOP of ECH/CO, and
PO/CO, using binary (salcy)CoDNP with either [PPN]DNP
or MeTBD as a cocatalyst.'”> AE, values for cyclic carbonate
versus polycarbonate formation for ECH/CO, and PO/CO,
coupling were 10.9 and 12.8 kcal/mol, respectively. Con-
sequently, the rate of epichlorohydrin carbonate (ECHC)
formation exceeds that of poly(epichlorohydrin carbonate)
(PECHC) above S °C, whereas higher temperatures (>80 °C)
are required for the rate of PC formation to surpass that of
PPC. Indeed, ECH/CO, ROCOP catalyzed by (salcy) CoDNP
using either [PPN]DNP or MeTBD cocatalysts resulted in low
polycarbonate selectivity at 25 °C (10% PECHC for both
cocatalysts) and only moderate selectivity at 0 °C (61% and
65% PECHC, respectively). To mitigate the kinetic favorability
of ECHC formation during ECH/CO, ROCOP, Darensbourg
and co-workers employed multifunctional (salcy)CoDNP
complexes with either a pendant TBD (cat75) or quaternary
ammonium (cat3S) cocatalyst; the covalently tethered
cocatalyst maintains proximity of the propagating chains to
the Lewis acid, increasing the rate of epoxide ring-opening
relative to backbiting. ROCOP of ECH/CO, at 0 °C using
multifunctional catalysts cat75 and cat35 afforded PECHC
with >99% selectivity and exhibited moderate activities (36 h™*
and 37 h™', respectively) (Figure 15). A >99% selectivity for

Figure 14. Activity and selectivity of binary and multifunctional Co or
Cr catalysts during ROCOP of cis-BO and CO,.

on the metal center of the multifunctional catalyst prevents
ring-opening of the more sterically crowded IBO.

4.3. Cyclic Carbonate Formation during ROCOP of
CO, and Electron-Deficient Epoxides. In contrast to
electronically unbiased epoxides such as PO that undergo
nucleophilic ring-opening at the less sterically hindered Cp-
methylene, epoxides with pendent electron-withdrawing
groups (EWGs) commonly ring-open at the more substituted
C,-methine due to its increased electrophilicity (Scheme 9).

Scheme 9. Influence of Electronic and Steric Constraints on
the Regioselectivity of Epoxide Ring-Opening during
Epoxide/CO, ROCOP
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Consequently, cyclic carbonate formation occurs rapidly
during ROCOP of CO, and electron-deficient epoxides such
as epichlorohydrin (ECH) and styrene oxide (SO) due to
favorable intramolecular attack by the carbonate anion at the
electrophilic C,-methine (Scheme 9, path A). Meanwhile,
cyclic carbonate formation is suppressed during ROCOP of
aliphatic monosubstituted epoxides/CO, due to slower
carbonate backbiting at the less reactive Cj-methylene
(Scheme 9, path B).

=1:2000

Figure 15. ECH/CO, ROCOP using binary and multifunctional
(salcy) CoDNP catalyst systems.

polycarbonate was only maintained at low temperatures;
copolymerization at ambient temperatures resulted in
diminished polymer selectivity using cat75 (72%PECHC)
and cat35 (75%PECHC).

Darensbourg and co-workers investigated the effect of binary
and multifunctional catalysts on styrene carbonate (SC)
formation during styrene oxide SO/CO, ROCOP using
(salcy) CoDNP/[PPN]DNP and cat7S catalyst systems
(Figure 16).'°° (Salcy)CoDNP/[PPN]DNP afforded poly-
(styrene carbonate) (PSC) with moderate selectivity (91%)
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Figure 16. Influence of binary ((salcy)CoDNP/[PPN]DNP) and
multifunctional (cat75) catalyst systems on PSC and SC formation
during SO/CO, ROCOP.

whereas cat75-catalyzed ROCOP of SO/CO, produced
exclusively PSC (>99%) under the same conditions. *C
NMR analysis of PSC produced using cat75 revealed a head-
to-tail content of 51%, indicating near equal ring-opening of
SO at the C,-methine and Cg-methylene carbons. By contrast,
using binary (salcy) CoDNP/[PPN]DNP in the copolymeriza-
tion of (S)-SO yielded head-to-tail content of 82%. As noted
previously, nucleophilic ring-opening at the more substituted
C,methine favors intramolecular carbonate attack and
concomitant cyclic carbonate formation.

4.4. Effect of Initiating Species on Cyclic Carbonate
Formation. The catalyst- and cocatalyst-derived initiating
species (X) can significantly affect cyclic carbonate formation
during epoxide/CO, ROCOP. Following initiation by ring-
opening of epoxide by X and subsequent CO, insertion, the
resulting carbonate anion can backbite to produce cyclic
carbonate and regenerate the initiating species, X (Scheme 10,
path A). Decreasing the leaving group ability of X and
increasing the rate of epoxide ring-opening relative to
backbiting improves selectivity for polycarbonate.”” Subse-
quent enchainment of epoxide and CO, following initiation
prevents backbiting at the C—X a-terminus due to the less
favorable macrocyclic transition state required for intra-

Scheme 10. (A) Cyclic Carbonate Formation by
Intramolecular Displacement of the Initiating Species X by
the Carbonate Anion. (B) Insertion of Multiple Monomers
Units Prevents Backbiting at the C—X a-Terminus
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molecular nucleophilic displacement of X (Scheme 10, path
B). Multifunctional catalysts wherein the cocatalyst is
covalently attached to the Lewis acid increase the rate of
epoxide ring-opening (vide supra) and therefore suppress the
formation of cyclic carbonate by displacement of the initiating
species X.

Nozaki, Ema, and Hasegawa prepared Mg and Zn
multifunctional porphyrin catalysts whose polycarbonate
selectivity was influenced by the initiator, X. cat27 and cat29
featuring Cl initiators maintained moderate catalytic activity
(TOF =27 h™! and 48 h™', respectively) and limited polymer
selectivity (52%PCHC and 63%PCHC, respectively) in CHO/
CO, ROCOP (Figure 17).”° During ROCOP of CO, and
terminal epoxides, cat28 and cat30 featuring Br initiators
produced exclusively cyclic carbonates.'””'*® DFT calculations
of PO/CO, coupling indicated that backbiting to form cyclic
carbonate is more energetically favorable with a Br anion: an E,
of 17.1 kcal/mol for ring-closing to form cyclic carbonate was
calculated for a simplified analogue of cat28 (X = Br), whereas
a higher E, of 18.0 kcal/mol was calculated for a simplified
analogue of cat27 (X = Cl). 109

Wang and co-workers also explored the effect of initiator
species on polymer selectivity using a range of (salen)CoX
multifunctional complexes with two tethered N-morpholino
Lewis bases.''” Multifunctional catalysts cat95 and cat98
demonstrated very low activity due to the non- or poorly
nucleophilic initiating X-groups (Figure 18). Catalysts
prepared with more nucleophilic X-groups Cl (cat94), NO,
(cat96), O(C=O0)CF; (cat97), and N; (cat99) produced a
range of polymer selectivities, although no trend between
anion and selectivity was established.

4.5. Epoxide/COS ROCOP. ROCOP of epoxides and
carbonyl sulfide (COS) is a viable approach to synthesize
poly(thiocarbonate)s, which are of interest as high T, and T,
materials with increased hydrolytic ability and biodegradability.
Epoxide/COS ROCOP occurs analogously to epoxide/CO,
copolymerization: an initiator ring-opens epoxide to produce a
metal-bound alkoxide, which undergoes COS insertion to form
polymer linkage L1 or cyclic carbonate C1 (Scheme 11)."
Epoxide/COS ROCOP shares similar challenges to those faced
by analogous epoxide/CO, copolymerization, including
regioselectivity and polycarbonate versus cyclic carbonate
selectivity. Additionally, the asymmetric COS structure
introduces the possibility of the oxygen—sulfur exchange
reaction (O/S E-R) wherein epoxide and COS coupling can
generate the corresponding thiirane and CO, (Scheme 11).
Epoxide, COS, thiirane, and CO, may all serve as comonomers
for copolymerization, enabling the formation of (di)-
thiocarbonate backbone linkages and cyclic (di)thiocarbonates.
Furthermore, the asymmetric nature of COS introduces
additional regiochemical complexity: either the oxygen or
sulfur atom can coordinate to the metal center, leading to the
formation of backbone linkages L1 and L4 and thiocarbonates
C1 and C4, respectively. Because polymer properties such as
crystallinity are closely tied to monomer sequence and
regularity, it is desirable to develop ROCOP catalysts that
suppress O/S E-R and maintain regioselectivity such that only
a single backbone linkage is formed.

Lu and co-workers demonstrated that multifunctional salcy
(M = Co, Cr) catalysts with a pendant TBD unit are suitable
for epoxide/COS ROCOP, with the identity of the metal
center being key for the suppression of side reactions.”
ROCOP of PO/COS using multifunctional cat76 occurs with
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Figure 18. Decreasing leaving group ability of X increases selectivity
for PPC.

low selectivity for poly(propylene monothiocarbonate)
(PPMTC) (60%) and moderate catalytic activity of TOF =
103 h™" at 80 °C ([cat76],:[PO]y:[COS], = 1:10 000:20 000)
(Figure 19). However, using the Cr analogue (cat77) affords
perfectly alternating PPMT with high regioregularity, high
copolymer selectivity >99%, and substantially increased
catalyst activity of TOF = 29300 h™' at 80 °C ([cat77],:
[PO],:[COS], = 1:100 000:200 000). Furthermore, O/S E-R
was not observed. The analogous binary (salcy)CrNO,/
MeTBD catalyst suppressed O/S E-R at room temperature,
whereas using [PPN]Cl as the cocatalyst at 60 °C resulted in
increased O/S E-R and cyclic thiocarbonate formation.'!!
However, the (salcy)CrNO;/MeTBD system was not
investigated at higher temperatures. The authors rationalized
that the increase in O/S E-R when using [PPN]CI as the
cocatalyst was due to Cr—OH formation at elevated temper-
atures. By contrast, multifunctional cat77 suppresses O/S E-R
completely, even at higher temperatures.

Lu and co-workers also applied cat77 to epoxide/COS
ROCOP using an expanded epoxide scope (Figure 19).
Monosubstituted epoxides including butene oxide (BO),
hexene oxide (HO), benzyl glycidyl ether (BnGE), and phenyl
glycidyl ether (PGE) were copolymerized with COS with over
99% polymer selectivity and TOF values ranging from 21 500
to 53900 h™' at 80 °C ([cat77],:[epoxide],:[COS], =
1:50 000:100 000). All copolymerizations afforded perfectly
alternating poly(monothiocarbonate) with M, values exceed-

Scheme 11. Possible Backbone Linkages and Cyclic
Carbonate Structures Due to Oxygen—Sulfur Exchange
during Epoxide/COS ROCOP
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ing 100 kDa and dispersities less than 1.4. However, cat77 was
much less active toward copolymerization of 2,3-disubstituted
epoxides CHO and CPO with COS, achieving TOF values of
260 h™! and 1360 h™', respectively.

Ren, Lu, and co-workers explored the effect of initiating
species on cyclic (thio)carbonate formation during epoxide/
COS ROCOP using TBD-tethered (salan)FeX catalysts
(Figure 20).”> ROCOP of PO/COS at 80 °C using cat79
(X = Cl) resulted in only 67% polythiocarbonate. By contrast,
under the same conditions, high selectivity for PPMTC
(>99%) was achieved with cat80 (X = NO;), owing to the
poorer leaving group ability of NO; as compared to ClL
Notably, cat80-catalyzed copolymerization of COS with SO,
CPO, or ECH resulted in high (>99%) poly-
(monothiocarbonate) selectivity and no O/S E-R.

ROCOP of COS with electronically biased epoxides such as
ECH is particularly challenging due to the increased rate of
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Figure 20. Scope and activity of cat79 and cat80 in epoxide/COS
ROCOP.

(thio)carbonate backbiting at the more electrophilic C,
position as described previously for ECH/CO, ROCOP
(Scheme 9). Additionally, the increased nucleophilicity of the
thiocarbonate anion enables epoxide ring-opening at both the
C, and Cg positions of ECH, further reducing regioselectivity.
Chain transfer to ECH can also occur when the more
nucleophilic thiocarbonate chain end reacts at the pendant
CH,CI position of ECH by nucleophilic substitution, leading
to epoxy-functional chain ends and decreased molecular weight
control (Scheme 12, vide infra). Therefore, multifunctional

Scheme 12. Proposed ECH/COS ROCOP Mechanisms
Using cat74
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catalysts for controlled copolymerization of COS and
epichlorohydrin must eliminate O/S E—R, prevent cyclic
thiocarbonate formation, and maintain regioselectivity.

Lu and co-workers employed chiral cat74 (R,R) for the
ROCOP of (S)-ECH/COS at 25 °C to produce perfectly
alternating poly((S)-epichlorohydrin monothiocarbonate)
(PECHTC) with 98% polymer selectivity and regioselective
ring- olz)ening at the less-hindered Cj position of ECH (Figure
21).'"* No O/S E-R was observed. However, the low
molecular weight and high dispersity (M, = 810 Da, D =
1.87) of the resulting copolymer indicated that chain transfer
to ECH was operational during polymerization. Lowering the
reaction temperature and increasing the catalyst loading
([COS]y:[(S)-ECH]y:[cat74], = 1500:1000:1) increased
copolymer molecular weight and decreased dispersity: at
—10 °C and —25 °C, the copolymerization of COS and (S)-
ECH afforded 1.5 kDa (P = 1.51, >99% PECHTC) and a 3.1
kDa (P = 1.37, >99% PECHTC) copolymer, respectively.

ESI-TOF MS analysis of PECHTC produced using cat74
revealed that the polymer chain ends comprised thioglycidyl
ether units, indicating that chain transfer to ECH was
occurring during polymerization. The authors proposed two
temperature-dependent mechanisms to explain the formation
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Figure 21. Temperature-dependent activity of cat74 in ECH/COS
ROCOP.

of epoxide end groups during ECH/COS ROCOP. At lower
temperatures, thiocarbonate chain ends ring-open ECH at the
methylene carbon followed by rapid COS insertion and
subsequent propagation (Scheme 12). However, higher
temperatures increase the rate of competitive nucleophilic
substitution at the methylene chloride position of ECH by
thiocarbonate chain ends, generating the corresponding
thioglycidyl ether chain end and regenerating cat74, which
can reinitiate polymerization. Accordingly, molecular weight
increased, and dispersity decreased as the polymerization
temperature was reduced from 25 °C to —25 °C.

4.6. Transesterification and Epimerization. ROCOP of
epoxides and cyclic anhydrides performed using excess epoxide
is prone to transesterification and epimerization due to
persistent alkoxide chain ends that form after reaching full
conversion of cyclic anhydride (Scheme 13). Such side
reactions lead to undesirable changes in polyester thermo-
mechanical properties, and consequently polymerizations must
be stopped prior to full conversion for many binary catalyst
systems.113

Coates and co-workers developed a multifunctional (salph)-
AIC] catalyst cat43 with pendant tris(dialkylamino)-
cyclopropenium chloride ([CyPr]Cl) cocatalyst that sup-
presses both transesterification and epimerization up to 24 h
beyond full cyclic anhydride conversion for the ROCOP of PO
and CPMA (Figure 22). The authors showed that the
analogous binary (salph)AICl/[CyPr]Cl catalyst system also
prevented polyester backbone degradation and rationalized
that the weakly interacting TDAC counterion promotes
formation of the less reactive hexacoordinate aluminate species
(Scheme 13). By comparison, using (salph)AICl/[PPN]CI
resulted in rapid transesterification and epimerization following
complete cyclic anhydride consumption under the same
conditions. In further support of the hexacoordinate
hypothesis, Coates and co-workers showed that electron-
withdrawing para-substituents on the salicylidene moiety of
(salph)AICI catalysts increase Lewis acidity and suppress
polyester backbone delgradation by favoring the hexacoordi-
nate aluminate species.” ~ The multifunctional aminocyclopro-
penium catalyst suppressed side reactions even at low catalyst

Scheme 13. Transesterification and Epimerization Side
Reactions Due to Formation of Bisalkoxide Intermediate in
Epoxide/Anhydride ROCOP
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Figure 22. Suppression of side reactions in PO/CPMA ROCOP
using cat43.

loadings, without loss in catalyst activity (TOF = 90 h™" at
0.025 mol % cat43). Under the same conditions, the binary
(salph)AICl with either [PPN]Cl or [TDAC]CI failed to
maintain good catalytic activity (TOF = 15 h™ and 19 h™},
respectively).

Copolymerization of epoxides and thioanhydrides is
particularly challenging due to considerable transesterification
prior to full thioanhydride conversion owing to the increased
reactivity of thioester linkages as compared to esters. To
address this issue, Lu, Ren, and co-workers employed
multifunctional cat78 with a tethered TBD cocatalyst to the
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ROCOP of PO and phthalic thioanhydride (PTA) ([cat78],:
[PTA],:[PO], 1:250:1000, T = 25 °C) to produce a perfectly
alternating poly(thioester) (TOF = 113 h™", M, = 15.9 kDa, D
= 1.2).""" 5C NMR analysis of the copolymer confirmed the
absence of transesterification for up to 20 h. By contrast, using
the binary (salcy)CrCl/[PPN]Cl system ([(salcy)CrCl]y:
[[PPN]CI]:[PTA],:[PO], = 1:1:250:1000, T = 25 °C)
produced copolymer with higher dispersities (D = 1.43)
indicative of transesterification, even though polymerization
was stopped at 77% conversion.''> However, suppression of
transesterification by cat78 is only maintained at room
temperature. Performing the copolymerization of PO/PTA at
70 °C increased catalytic activity (TOF = 567 h™) but also
increased transesterification to 27%. cat78 was also able to
copolymerize COS with a range of epoxides at low catalyst
loadings, maintaining a perfectly alternating polymer structure
and achieving molecular weights exceeding 100 kDa (Figure

23).
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Figure 23. Epoxide/PTA ROCOP using cat78.

The authors proposed the improved polymerization control
imparted by cat78 is due to an intermolecular monomer
enchainment mechanism involving the tethered TBD
cocatalyst (Scheme 14). From the Cr(IlI) alkoxide inter-
mediate, the pendant TBD unit preferentially ring-opens PTA
to produce the corresponding thiocarboxylate—TBD adduct
which then coordinates to the metal center, inducing
dissociation of the alkoxide chain end. Gibbs free-energy
profiles calculated by DFT suggest that the dissociated
alkoxide chain end is most energetically favored to attack the
thiocarboxylate—TBD adduct, producing a new thioester
linkage and regenerating the pendent TBD cocatalyst. Thus,
the TBD tether in the presence of the thioanhydride enforces
proximity between the resulting thiocarboxylate and the
alkoxide chain ends to discourage transesterification.

5. MULTIFUNCTIONAL ORGANOCATALYSTS FOR
ROCOP

While metal-based multifunctional catalysts have demonstrated
excellent catalytic performance, there is growing concern over
their cost, synthetic complexity, and toxicity, especially as
metal residues may remain in the resulting polymers''®'"”

Scheme 14. Proposed PO/PTA ROCOP Mechanism Using
cat78

Proposed Epoxide/thioanhydride ROCOP Mechanism

™) TR
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Recent interest in more sustainable alternatives to traditional
metal-based ROCOP catalysts has led to the development of
metal-free multifunctional organoborane catalysts.

Wu and co-workers developed a series of organocatalysts
featuring a 9-borabicyclo[3.3.1]nonane (9-BBN) Lewis acid
tethered to a tetraalkylammonium cocatalyst (cat$3—cat60,
Figure 24).”° The authors studied the effects of alkyl linker
length and ammonium counterion (Cl, Br, or I) on catalyst
activity and polycarbonate selectivity during CHO/CO,
ROCOP. A >99% selectivity for PCHC was observed for
each of the multifunctional borane catalyst derivatives, with
catalyst activities ranging from TOF = 117 h™" (cat53, n = 1, X
=Br, R = Et) to TOF = 517 h™! (cat56, n = 3, X = Br, R = Et).
While cat53 only required the use of 1 equiv of boron to
maintain high activity, CHO/CO, ROCOP using the
corresponding binary system consisting of 2 equiv of hexyl-9-
BBN and 1 equiv of BTEAB maintained lower activity (TOF =
330 h™') at 80 °C (Figure 24).

Similarly, a range of tetraalkylammonium-tethered 9-BBN
catalysts with varying alkyl linker lengths and ammonium
counterions were 1nvest1gated for CHO/PA ROCOP (cat61—
cat67, Figure 25)."'® The lowest catalyst activities were
observed for catalysts cat6l (X = Cl) and cat62 (X = Br)
which possess the shortest alkyl spacer length studied (n = 1).
Meanwhile, the highest activity was achieved when n = 3, with
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cat56 3 Br Et 517
cat57 3 Br Bu 483
cat58 3 | Et 317
cat59 4 Br Et 417
cat60 5 Br Et 433
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Figure 24. Activity and selectivity of cat$3—cat60 in CHO/CO,

ROCOP.
catalyst
® E 5 cocatalyst
PCHPA
catalyst n X  TOF (h)
B YING X catt 1 Br 45
"7 \nBu cat62 1 cl 84
cat63 2 Br 114
cat61-cat67 caté4 3 cl 258
cat65 3 Br 219
[catalyst]y:[CHO],:[PA]g cat66 3 | 168
=1:400:200, 120 °C, 40 min ~ cat67 4 Br 147
Et;B/[PPNICI - - 33

Figure 25. Activity and selectivity of cat6l—cat67 in CHO/PA
ROCOP.

cat64 (X = Cl) and cat65 (X = Br) exhibiting TOF values of
258 h™" and 219 h™', respectively. A similar effect of alkyl
linker length on catalyst activity was also observed in CHO/
CO, ROCOP mediated by multifunctional borane catalysts
whereby the lowest and highest catalyst activities were
obtained when the linker lengths were n = 1 and n = 3,
respectively (vide supra). Although an exact binary analogue
was not reported in this work, CHO/PA ROCOP using Et;B/
[PPN]CI binary system at 100 °C exhibits diminished catalytic
activity ([Et;B],:[[PPN]Cl]y:[PA]y:[PO], 2:1:200:200, 6 h,
(TOF = 33 h™!) (Figure 25).""”

For the copolymerization of epoxides and CO,, Liu and co-
workers developed multifunctional boron catalysts featuring six
boron units tethered to two ammonium cations via an aromatic
backbone.'”” In reactions with PO, cat68—cat70 maintained
moderate catalytic activity and >99% polymer selectivity at
room temperature but exhibited varying amounts of polyether
formation depending on the geometry of the aromatic linker.

Para-substituted cat68 produced 88% carbonate linkages,
meta-substituted cat69 produced 83% carbonate linkages,
and ortho-substituted cat70 produced 55% carbonate linkages
(Figure 26). The authors suggested that decreasing the

X
O
talyst (e} o 0
. CO, catalys {/\( \[]/O]\ .
\ 15MPa 25°C,12h o N (
2000 equiv PPC PC
1 R1
/
2 R'=
/?;‘R \;J Ny WB@
RT R 2p7
O TG
cat68 cat69 cat70
TOF =120 h"! TOF =115 h™' TOF =118 h"
88% carbonate 83% carbonate 55% carbonate
linkages linkages linkages

Figure 26. Activity and selectivity of cat68—cat70 in CHO/CO,
ROCOP.

distance between boron centers could promote epoxide
homopolymerization by a dinuclear mechanism and therefore
decrease carbonate linkage content. Notably, cat68 was also
active for ECH/CO, copolymerization: perfectly alternating
PECH was produced with no observed epoxide homopolyme-
rization or cyclic carbonate formation with a TOF of 39 h™!
([cat68]:[ECH], 1:500, 1.5 MPa CO,, T = 40 °C).

Wu and co-workers developed a multifunctional organo-
boron catalyst cat71 comprising four boron centers tethered to
a common ammonium cocatalyst for the ROCOP of ECH/
CO, that produced PECHC with high selectivity (>99%) and
no polyether formation at temperatures up to 40 °C (Figure
27)."”" As previously discussed, ECH’s heightened electro-
philicity facilitates cyclic carbonate formation via backbiting at
the more electrophilic C,-methine. The energy difference
between cyclic carbonate and polycarbonate formation for
ECH/CO, coupling using cat71 was 14.5 kcal/mol—
significantly higher than the AE, = 10.9 kcal/mol using binary

(0]

0.0
3 N
LA _cl + co, __catast \[c]; + 0 Y0
25°C, 24 h cl
500 equiv 2.5 MPa n cl
PECHC ECHC
R= 11/\/5@
R /,/l
\+ R \+
R~ \Br / \ Br N Br
R
cat71 cat72 cat73
TOF =8.3h" TOF = 5.4 h"! TOF =2.5h"

%PECHC = >99% %PECHC = 76% %PECHC = 40%

Figure 27. Activity and selectivity of cat71—cat73 in ECH/CO,
ROCOP.
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salcy(Co)DNP/[PPN]DNP for ECH/CO, coupling (vide
supra).'”” Increased kinetic favorability of ECHC formation at
higher temperatures reduced polycarbonate selectivity to 90%
at 60 °C. The authors attributed the high selectivity for
PECHC afforded by cat71 to the proximity of the boron
centers that is maintained by the tetranuclear catalyst design.
X-ray crystallographic analysis confirmed that tetranuclear
cat71 maintains an average boron—boron bond distance of 7.5
A whereas trinuclear cat72 and dinuclear cat73 have increased
boron—boron bond distances of 8.4 and 8.8 A, respectively.
Indeed, cat72 and cat73 produce reduced TOF (5.4 h™" and
2.5 h™', respectively) and polycarbonate selectivity (76% and
40%, respectively).

6. USE OF CHAIN TRANSFER AND STEREOCONTROL
TO ACCESS ADVANCED POLYMER
ARCHITECTURES

Applying multifunctional catalysts to a wide range of
monomers in epoxide copolymerization has enabled the
synthesis of well-defined polycarbonates and polyesters with
tunable molecular weights, dispersities, and regio- and
stereochemistry. We will discuss two routes by which
multifunctional catalysts can be used to access advanced
polymer architectures and microstructures: in tandem with
chain transfer agents to access multiblock polymers or via
stereocontrolled polymerization to produce enantiomerically
enriched polymers.

6.1. Mechanistic Considerations of Chain Transfer
and Multifunctional Catalysts. Inoue and co-workers were
the first to observe that the introduction of protic species
during ROCOP causes reversible and rapid equilibration
between protic species and alkoxide chain ends while
maintaining uniform chain growth.'”” In particular, each
equivalent of a chain transfer agent generates a dormant
chain end and a new catalyst—alkoxide species, providing a
controllable method to increase the number of polymer chains
per catalyst (Scheme 15). Polymer molecular weights can

Scheme 15. Generalized Overview of Chain Transfer in
Epoxide ROCOP
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therefore be tuned by varying both the equivalents of catalyst-
derived initiator and added chain transfer agent (CTA). In
addition to reducing the amount of catalyst needed and
affording excellent molecular weight control, the introduction
of chain transfer agents enables control over end group
identity, providing a route toward functionalizable polymers or
advanced polymer architectures.

While many binary catalyst systems can be used in
conjunction with protic CTAs, their vulnerability to dilution
effects prohibits the formation of high-molecular weight
polymers with the use of a CTA. Because multifunctional
catalysts maintain better catalytic activity at low catalyst
loading as compared to their binary analogues, pairing

multifunctional catalysts with CTAs provides a means to
access targeted molecular weight polymers with specific end
group functionalities.

Coates and co-workers compared the behavior of multi-
functional aminocyclopropenium cat43 to the corresponding
binary (salph)AICl/[CyPr]Cl system in the presence of protic
CTAs.>® In the copolymerization of PO and CPMA at 60 °C,
cat43 maintains a TOF of 82 h™! without added CTA, and
addition of 10 or 50 equiv of 1-adamantanecarboxylic acid
(AdCO,H) CTA had minimal effect on activity (TOF = 86
h™', and 70 h™!, respectively). Using the analogous binary
(salph)AICI/[CyPr]Cl system, catalyst activities decreased
from 49 h™' (no CTA) to TOF = 29 h™! and 12 h™! with
the addition of 1 or S0 equiv of AACO,H, respectively.
Similarly, low TOF values of 17 h™" and 9 h™" were observed
when using [PPN]ClI as the cocatalyst in the presence of 10 or
50 equiv of AdCO,H, respectively. This result demonstrates
that the lack of a covalent tether between the catalyst and
cocatalyst, not the cocatalyst identity, is responsible for the
reduced activity of the binary systems in the presence of CTA.
A range of CTAs comprising alcohol, thiol, amine, and
carboxylic functional groups functioned as efficient CTAs for
epoxide/cyclic anhydride ROCOP (Figure 28). Multifunc-
tional cat43 maintained high activity (TOF = 86 h™') at low
loadings in the presence of protic CTA, a feat unattainable in
the corresponding binary system. On the basis of Lineweaver—
Burk plots that suggest copolymerization mediated by cat43 is
not inhibited significantly by binding of alcohol chain ends,
Coates and co-workers suggested that tethering the amino-
cyclopropenium to the Al salph favors a hexacoordinate
complex in which two chain ends remain coordinated to the
metal center, therefore inhibiting competitive binding. Without
the proximity enforced by a tethered cocatalyst, the
hexacoordinate complex is not as readily maintained in the
binary system, allowing competitive binding between alcohol
chain ends and the metal center to occur more readily.

For early versions of Lee’s tetrafunctional (salcy)Co catalyst,
CTA compatibility d%pended not only on catalyst structure but
on initiator identity. 6 During the copolymerization of PO/
CO,, cat$§ exhibits a long induction period of 260 min. Lee and
co-workers hypothesized that the presence of water slows the
rate of initiation by coordinating to DNP; indeed, when over
20 equiv of either water or methanol was added, initiation no
longer occurred (Figure 29). Substituting two loosely bound
DNP homoconjugates enhanced catalytic activity (TOF =
15000 h™") and eliminated the previously observed induction
period, as the DNP homoconjugates are less hygroscopic and
prevent coordination to water. Similarly, cat6 (X = NO;) was
used in conjunction with multifunctional CTAs, including tri-
and tetracarboxylic acids, to produce narrow-dispersity
polymers with only a slight reduction in TOF (8100—11 500
h™'). Installing specific multifunctional alcohols and carboxylic
acids as polymer end groups allowed Lee and colleagues to
repolymerize to form nonlinear polymer architectures.
Notably, utilizing cat6 allowed Lee and co-workers to maintain
the same catalytic efficiency with up to 200 equiv of adipic acid
added as a CTA (TOF = 14 500—15700 h™1).**

Interestingly, Darensbourg and co-workers’ (salcy)Co
catalyst comprising an amino tether and DNP~' counteranion
(cat40) is only active for CO,/tert-butyl 3,4-epoxybutanoate
(‘BuEB) copolymerization in the presence of water.'”* While
no copolymerization of ‘BuEB occurred in the absence of
water, cat40 exhibited a TOF of 62.5 h™! when trace water was
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Figure 28. PO/CPMA ROCOP using cat43 in conjunction with
chain transfer agents.
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Figure 29. CTA compatibility of cat$ in PO/CO, copolymerization.

introduced in the polymerization system, allowing the
formation of fully regioregular poly(tert-butyl 3,4-epoxybuta-
noate) (P‘BuEB) with 100% H-T linkages (Figure 30). The
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Figure 30. ‘BuEB/CO, ROCOP using cat40 in the presence of water.

authors rationalized that polymerization in this catalytic system
is only initiated by weakly basic nucleophiles, such as those
generated from chain transfer or hydrolysis reactions. Synthesis
of poly(methyl 3,4-epoxybutanoate) under the same con-
ditions did not afford the same regioselectivity (91.8% head-to-
tail linkages), suggesting that the steric influence of the epoxide
substituent (‘Bu versus Me) is largely responsible for the site of
ring-opening.

6.2. Terpolymerizations. In an early example of a ring-
opening terpolymerization, Nozaki and co-workers employed
cat31 to copolymerize two epoxide comonomers with CO,."
Bimodal GPC traces due to trace water was indicative of the
living nature of the copolymerization in the presence of protic
species. Indeed, the addition of 2 equiv of methanol relative to
cat3l in PO/CO, copolymerization produced a S.1 kDa
copolymer with low dispersity (P = 1.06) and methoxy
initiating groups. Given the living chain end retention afforded
by cat31 in the presence of protic species, the authors
copolymerized PO/CO, to high conversion to form a PPC
block which was then chain-extended with hexene oxide (HO)
and CO, to produce the corresponding PPC-b-PHC diblock
copolymer (PHC = poly(hexene carbonate)). A clear shift of
the GPC trace of the initial PPC block to lower elution volume
following chain extension with HO/CO, corroborated that
cat31 maintained active chain ends following full consumption
of PO. Unlike previous systems which required tapering
between blocks to avoid backbiting, this multifunctional
catalyst enabled the synthesis of PPC-b-PHC in a one-pot
process via sequential monomer addition.

Applying a similar sequential addition approach, Ren and co-
workers synthesized ABA triblock terpolymers from EO, PO,
and COS using cat77 (Scheme 16).'”> The alternating
copolymerization of EO and COS produced copolymers with
M, values up to 193 kDa and T, values between 125—128 °C.
The authors sought to prepare thermoplastic elastomers using
the semicrystalline poly(ethylene monothiocarbonate)
(PEMTC) as the hard block segments. Using ethylene glycol
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Scheme 16. (A) Synthesis of Polycarbonate and (B) Polymonothiocarbonate Multiblock Copolymers
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o]
o)
t31
LA+ co, —cats? OJL o
500 equiv 1.4 MPa DMZES, gg h )

(b) Synthesis of Polymonothiocarbonate Triblock Terpolymers

= Pt}

+ COS __ catrr
10000 iv 1.2 MPa
equiv °C. 5 h

41h,25°C

5000 equiv
80°C,5h

14MPaC02 \P\ ]/hu o ]\

crystalline amorphous crystalline

(EG) as a difunctional chain transfer agent, PO/COS ROCOP
produced a hydroxy-telechelic soft block (M, = 9.0 kDa, D =
1.19) that was subsequently chain extended with EO/COS to
install the outer hard block segments. Successful chain
extension was evidenced by a shift in the GPC trace to
lower elution volumes (M, = 13.3 kDa, D = 1.18) following
formation of the PEMTC block. '"H NMR spectroscopy
revealed that the ABA triblock possessed 30% EO/COS
content in the outer blocks and 70% PO/COS in the central
segment. The triblock terpolymer demonstrated a maximum
tensile strength of 11.2 MPa with a strain failure of 575% and
high elastic recovery (~90%) over multiple loading and
unloading cycles. An EO/COS copolymer possessing similar
M, exhibited a tensile strength of only 1.6 MPa and a strain to
failure greater than 1000%. These results demonstrate that
epoxide comonomer identity and block architecture provide a
means of tuning poly(monothiocarbonate) tensile properties.

As an alternative to sequentially copolymerizing different
epoxide comonomers into distinct blocks, Lee and co-workers
evaluated the reactivity ratios of PO and BO, hexene oxide
(HO), or CHO comonomers in one-pot terpolymerizations
with CO, catalyzed by an imine-uncoordinated (salcy)Co
complex bearing four quaternary ammonium salts (cat$)
(Chart 3)."”° In all terpolymerizations, catS was highly
selective for alternating ROCOP, and no ether linkages were
observed (Figure 31). The Fineman—Ross method was used to

cat5 fo) R
0 2.0 MPa CO, o. o
% A\ —_— OJJ\O Cco \n/
R2 70-75°C,1h 2 0
BO, HO, or CHO n m

[epoxide]y:[cat5]y = 100,000:1 >99% polycarbonate selectivity

Figure 31. One-pot terpolymerizations PO/epoxide and CO, using
catS.

measure the reactivity ratios of forming PO—CO, and
coepoxide—CO, repeat units. Terpolymerization of PO,
CHO, and CO, afforded reactivity ratios of 1.7 (rpo) and
0.37 (rcuo), indicating that both PO—CO, and CHO-CO,
chain ends preferentially ring-open PO over CHO. Terpoly-
merizations of PO and HO demonstrated Fineman—Ross
reactivity ratios approaching statistical epoxide incorporation
(rpo = 1.9, ruo = 046, rpo X 1o = 0.87), but increasing HO
loading substantially decreased reaction rates (TOF = 8600
h™" at 0.20 fy;0 versus 4900 h™" at 1.00 fy;0). Terpolymeriza-
tions of the more similar comonomers PO and BO exhibited

similar reaction rates at various feed ratios (TOF = 9500 h™" at
0.20 fpo versus 10300 h™" at 1.00 fg). The terpolymer T, and
T4 values exhibited positive correlations with the mole fraction
of CHO incorporated (Fcyp). In contrast to the rigidity
imparted by CHO, polycarbonates incorporating higher mole
fractions of structural isomer HO had lower T, values. As
observed for HO, polymerizations of PO and BO approached
ideal behavior (rpg = 1.4, 50 = 0.58, rpg X rpo = 0.81), and
polycarbonates comprising higher mole fractions of BO
exhibited lower T, values. Varying the epoxide comonomer
identity and mole fraction in terpolymerizations with PO and
CO, afforded tunable T, values from 0 °C to 100 °C and
improved thermal stability. Reactions in the presence of
styrene oxide, isobutylene oxide, and glycidyl ethers produced
exclusively PO/CO, copolymers, further underscoring the
importance of epoxide comonomer reactivity ratios in
determining terpolymer microstructure.

Lu and co-workers sought to tune the T, of polycarbonate
terpolymers by varying the incorporation of PO and CHO
comonomers.” As previously discussed, Lee and co-workers
observed that PO/CHO/CO, copolymerizations catalyzed by
an imine-uncoordinated Co complex preferentlally incorporate
PO over CHO early in the polymerization.'*® Indeed, Lu and
co-workers observed that multifunctional (salcy)CoDNP
complex cat35 with one tethered quaternary ammonium
cocatalyst was highly active for PO/CO, copolymerizations
(TOF = 5160 h™!, 2.5 MPa CO,, T = 90 °C), nearly double
the activity observed for CHO/CO, copolymerization (TOF =
3020 h™!, 2.5 MPa CO,, T = 90 °C). Surprisingly, the two
epoxide comonomers were incorporated at similar rates when a
50:50 PO:CHO mixture was used: from 5—45% conversion,
the terpolymers comprised ~52:48 PO:CHO with an
intermediate TOF of 3590 h™!, suggesting that CHO inhibits
the reactivity of PO. The similar rates of incorporation of PO
and CHO produced a random terpolymer in a one-pot
reaction (Figure 32a). Adjusting the mole fractions in the
monomer feed produced proportionate changes in terpolymer
epoxide content and corresponding changes to the T, values.
Although CHO and PO exhibited similar reactivities in
terpolymerizations with CO,, other aliphatic epoxides were
incorporated at different rates: EO was the most reactive, while
epoxides with longer aliphatic substituents incorporated more
slowly than CHO. These results demonstrate that comonomer
reactivity ratios are determined both by substrate bias and
catalyst design.

To introduce a reactive olefin unit pendant to the
polycarbonate backbone, Duan and co-workers used a
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Figure 32. Synthesis of random terpolymers using multifunctional
catalysts.

(salcy)CoNO; complex bearing two quaternary ammonium
cocatalysts to catalyze the terpolymerization of PO, 4-vinyl
cyclohexene oxide (VCHO), and CO, (Figure 32b)."*’ In the
absence of PO, mixtures of VCHO/CO, and catll produced
neither copolymer nor cyclic carbonate, but addition of trace
PO promoted alternating enchainment. Holding the total
epoxide concentration constant, Duan and co-workers
observed that increasing the VCHO:PO ratio from 2:8 to
5:5 significantly decreased reaction rate (TOF = 668 h™" to 97
h™', respectively, [Co]y:[epoxide], = 1:5000—6000). None-
theless, terpolymerizations of VCHO, PO, and CO, proceeded
to high conversion without ether linkages. The resulting
polycarbonates exhibited a single T, value that increased
linearly on VCHO incorporation. To further modulate the
thermal properties of the terpolymers, the authors reacted the
vinyl groups with m-chloroperoxybenzoic acid to install
pendant epoxide units. A second post-polymerization mod-
ification converted the newly installed epoxides into cyclic
carbonate side chains. Each functionalization step increased
the bulk of the pendant unit and produced a corresponding
increase in the T, values of the vinyl, epoxy-, and cyclic
carbonate-functionalized terpolymers. By tuning the PO:V-
CHO ratio and installing different side-chain units, Duan and
co-workers were able to access polycarbonate terpolymers with
a wide range of T, values up to 196 °C.

Multifunctional catalysts have also been used to perform
terpolymerizations of epoxides, CO,, and cyclic anhydrides.
Liu and co-workers employed a multifunctional catll for
terpolymerizations of PO, CO,, and carbic anhydride (CPMA)
(Figure 33a).'”® The catalyst rapidly polymerized PO, CO,,
and CPMA at low catalyst loadings ([Co],:[PO], = 1:16000,
TOF = ~1000 h™, 3.0 MPa CO,, T = 60 °C). CPMA was
preferentially incorporated over CO, and was fully consumed
in the first 4 h of the 8-h polymerization. The DSC
thermograms of the poly(ester-block-carbonate)s revealed
two distinct thermal transitions associated with the glass
transitions of the polyester (T, = 62—67 °C) and
polycarbonate blocks (T, = 39—42 °C). Similarly, thermogra-
vimetric analysis (TGA) revealed a two-step degradation
process in which the polycarbonate segment degrades at a
temperature lower than that for the polyester segment. These
results further corroborate that the microstructure is blocky
rather than random. The authors next evaluated the effect of
the tricyclic anhydride conformation (endo versus exo): at full
conversion of the tricyclic anhydride, terpolymerizations with
exo-CPMA reached higher conversions (51%) than those
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Figure 33. Synthesis of poly(ester-co-carbonate)s promoted by
multifunctional catalysts.

employing endo-CPMA (29%) under identical conditions
([cat],:[PO],[CPMA], = 1:16 000:1000, 3.0 MPa CO,, T =
60 °C, 8.0 h). The authors proposed that the exo-CPMA
isomer reacts more readily than the more sterically
encumbered endo isomer. Moreover, polymerizations incorpo-
rating the endo isomer also produced more propylene
carbonate byproduct relative to those incorporating the exo
isomer. However, terpolymerizations with exo-CPMA were
also subject to more frequent regioerrors (75% head-to-tail
linkages) relative to those using the endo-isomer (81% head-to-
tail linkages).

Lee and co-workers applied a multifunctional (salcy)CoX
complex bearing quaternary ammonium salts to terpolymeriza-
tions of PO, CO,, and PA (Figure 33b)."*? caté6- catalyzed
terpolymerizations achieved TOFs (12000 h™') intermediate
between those of PO/PA copolymerization (~1500 h™") and
PO/CO, copolymerization (16 000 h™'), even in the presence
of up to 60 equiv of ethanol as a CTA. Although the rate of
PO/PA copolymerization is slower, the authors observed that
cyclic anhydride is preferentially consumed in the first 4 h prior
to incorporation of CO,, as was observed by Liu and co-
workers.'*® This counterintuitive result arises from distinct
rate-limiting and selectivity determining steps: phthalic
anhydride ring-opening is faster than CO, insertion, but
benzoate chain ends perform rate-limiting epoxide r1n§
opening more slowly than do carbonate chain ends.'”
Interestingly, introduction of ethanol CTA increased the rate
of PA incorporation and subsequently tuned the T, of the
resulting terpolymers. Without added ethanol, PA conversion
reached 38% in 1.5 h and the resulting terpolymer had a fp, =
0.12; the introduction of 60 equiv of ethanol increased
conversion of PA to 50% and had a fp, = 0.18. The authors
rationalized that the increased rate of PA consumption is due
to an additional ring-opening of anhydride in which the OH
terminus can directly react with PA without the aid of cat6.
Although PA is preferentially incorporated early in the
reaction, DSC thermograms of the terpolymers revealed a
single T, value 39—48 °C, suggesting a gradient poly(ester-co-
carbonate) structure, rather than distinct polyester and
polycarbonate blocks. Polymers with a high degree of PA
incorporation (fp, = 0.23) exhibited rigidity (Tg = 48 °C)
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higher than that of copolymers with less PA incorporation (fp,
= 010, T, = 38 °C). Furthermore, Lee and co-workers
observed negligible cyclic carbonate formation even in the
presence of significant amounts of cyclic anhydride. It is
unclear whether these differences from the previously
discussed CPMA/PO/CO, terpolymerization arise from the
more active catalyst or the PA comonomer.

Thus far, the discussion has focused on terpolymerizations in
which a multifunctional catalyst has been used to enchain
multiple comonomers in a one-pot mixture or via polymer-
ization of comonomers through sequential monomer addition
in the presence of a difunctional CTA. Alternative approaches
to terpolymer synthesis include chain extension of a telechelic
“macro CTA”, chain shuttling between different catalyst
complexes, or orthogonal polymerizations from a two-site
catalyst. These approaches require that both catalysts are
highly selective for their respective polymerizations and are
compatible with both the monomer mixture and polymer
products.

Lu, Darensbourg, and co-workers performed a tandem
terpolymerization in which a multifunctional Co complex and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) organocatalyst
were applied in two sequential steps (Figure 34)."°' cat3$

One-pot block copolymer synthesis using dual ROP catalysis

O
Ph Pho
cat3s 100 equiv 75-150 equiv o~ /~CTb o
1.5 MPa CO,, 2 equiv H,0, [e] m
25°C, 12 h 2 equiv DBU n

PSC-b-PLA

Figure 34. Synthesis of poly(styrene carbonate-block-lactide)
catalyzed by a multifunctional complex and DBU organocatalyst.

was employed to first catalyze SO/CO, ROCOP, affording a
monomodal molecular weight distribution comprising chains
initiated solely by DNP anions. The authors rationalized that
while trace water does generate a Co—OH complex from
adventitious chain transfer, this complex is not nucleophilic
enough to react with the electron-rich SO. Upon reaching high
conversion of SO, the CO, was vented and the polymerization
quenched with water (2 equiv per catalyst) to produce
hydroxy-terminated chain ends. The resulting poly(styrene
carbonate) macro CTA readily initiates ROP of lactide in the
presence of catalytic DBU. In the absence of lactide, DBU
rapidly depolymerizes poly(styrene carbonate), though facile
ring-opening of the strained monomer suppresses this
degradation pathway. The GPC chromatogram of the resulting
block copolymer revealed a shift to higher molecular weight
with preserved monomodality and low dispersity, suggesting
uniform chain extension. Varying the SO and lactide loadings
permitted facile tuning of molecular weights and block
composition. Although sequential addition of the lactide
monomer after full SO conversion ensures clean block
formation, the DSC thermograms exhibited a single glass
transition, suggesting that the polycarbonate and polyester
segments are readily miscible. In a follow-up report,
Darensbourg and co-workers employed water as a chain
transfer agent with a binary (salcy) CoTFA/[PPN]TFA (TFA
= trifluoroacetate) catalyst system to obtain hydroxytelechelic
poly(propylene carbonate) for subsequent DBU-catalyzed

chain extension with lactide to afford ABA triblock
terpolymers.'**

To synthesize poly(carbonate-co-ether)s, Lee and co-work-
ers used alcohols to promote chain shuttling between two
catalysts (Figure 35): cat6 salts exclusively catalyze alternating
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n m DMCC = Double metal cyanide catalyst
PPC-co-PPO
Figure 3S. Chain shuttling between multifunctional cat6 and double
metal cyanide catalyst affords poly(propylene carbonate-co-propylene
oxide) copolymers.

ROCOP of epoxide/CO, (>99% carbonate linkages), while a
double metal cyanide catalyst (DMCC) preferentially homo-
polymerizes epoxide (89% ether linkages)."** Some optimiza-
tion was required to obtain conditions favoring dual catalysis:
at low CO, pressures, polymerization by the DMCC
dominated, whereas higher CO, pressures increased the rate
of cat6-catalyzed epoxide/CO, ROCOP. The chain-shuttling
dual catalysis strategy afforded poly(carbonate-co-ether)s with
molecular weights up to 68 kDa and high dispersities (2.1—
6.2). '"H NMR spectroscopy corroborated the formation of
poly(carbonate-co-ether)s rather than discrete polyether and
polycarbonate homopolymers. The poly(carbonate-co-ether)s
exhibited a single T, value, while polycarbonate/polyether
blends revealed two T, values. Tuning the CO, pressure and
catalyst ratio provided a means of controlling carbonate
content (fco, = 0.20—0.67) and consequently T, (=63 to 21
°C).

While one-pot terpolymerizations of epoxides, CO,, cyclic
anhydrides, and cyclic esters have employed multifunctional
ROCOP catalysts bearing covalently tethered cocatalysts,
efforts to expand the comonomer scope have inspired further
catalyst design. Rather than incorporating secondary function-
ality to improve the rate-limiting ring-opening step, these
multifunctional catalysts comprise two orthogonal polymer-
ization sites for one-pot block copolymer synthesis.

Unlike (salen)MX, complexes, f-diiminate zinc (BDI-Zn)
catalysts do not typically require exogenous cocatalyst for
epoxide/CO, ROCOP. Wu and co-workers synthesized a BDI-
Zn catalyst with a bound carboxylate-functional trithiocar-
bonate (TTC) CTA capable of initiating epoxide/CO,
ROCOP and mediating reversible addition—fragmentation
chain transfer (RAFT) polymerization (Figure 36a)."** This
strategy of using a multifunctional initiator improved upon
prevalent chain transfer approaches, which produce mixtures of
CTA- and catalyst-derived chains. The presence of trithiocar-
bonate chain ends was corroborated by matrix-assisted laser
desorption ionization—time-of-flight (MALDI-TOF) mass
spectrometry, and 'H NMR spectroscopy. To perform the
ROCOP and RAFT polymerizations in a one-pot procedure,
ROCOP of CHO and CO, was carried to full conversion of
CHO followed by venting the excess CO,. Azobisisobutyroni-
trile (AIBN) radical initiator and N-isopropylacrylamide
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Figure 36. A heterobifunctional BDI-Zn/RAFT agent complex
promotes sequential ROCOP and (a) RAFT polymerization or (b)
group transfer polymerization steps to afford block copolymers.

(NIPAM) monomer were then added directly to the autoclave.
The GPC chromatogram of the isolated block copolymers
revealed a uniform shift to lower elution volumes while
preserving the low dispersity of the poly(cyclohexene
carbonate) block. The poly(cyclohexene carbonate-block-
PNIPAM) diblock terpolymers are amphiphilic and self-
assemble into thermoresponsive micelles in water. To access
diverse diblock terpolymer properties, Wu and co-workers
extended this synthetic strategy to a variety of vinyl monomers,
including 2-(dimethylamino)ethyl methacrylate and styrene.

Adapting this strategy to couple ROCOP and group transfer
polymerizations (GTP), Rieger and co-workers developed a
heterobifunctional catalyst comprising BDI-Zn center and
yttrium metallocene connected by a bifunctional pyridyl-
alkoxide initiator (Figure 36b)."** The authors anticipated that
the two metal centers would promote orthogonal reactivity
with high chemoselectivity. Indeed, reaction mixtures of
mismatched monomers and monometallic complexes (CHO/
CO, with yttrium metallocene or 2-vinylpyridine (2VP) with
BDI-Zn) produced neither polymer nor degradation by-
products. Applying the monometallic yttrium complex to the
GTP of 2VP in the presence of CHO/CO, produced slightly
slower rates than GTP performed in the absence of CHO/
CO,, which the authors attributed to competitive CO, binding
at the metal center. "H NMR spectroscopy revealed that the
addition of CO, altered the coordination environment around
the yttrium center in the mixed metal complex and promoted
dissociation of the pyridyl linker. However, sequential
polymerization of 2VP followed by ROCOP chain extension
successfully produced terpolymers. To perform a simultaneous,
one-pot terpolymerization, yttrium-tethered BDI-Zn, CHO,
and 2VP were combined prior to charging the system with
CO,. The resulting diblock terpolymer exhibited a monomodal
molecular weight distribution, moderately low dispersity
(1.30), and intermediate T, value between those of the
constituent blocks. MALDI-TOF spectroscopic analysis of the
poly(2-vinyl pyridine) (P2VP) homopolymer corroborates the
pyridiol-alkoxide initiator as an end group, which then serves as
the linker between the P2VP and PCHC blocks. Exchanging
2VP for 2-isopropenyl-2-oxazoline demonstrated that the
bifunctional Zn/Y catalyst can be applied to terpolymerizations
of other Michael-type monomers.

6.3. Cross-Linked Networks. Lee and co-workers used
multifunctional cat6 bearing four quaternary ammonium salts
to catalyze the terpolymerization of Vlnylc?fclohexene diepoxide
(VCHDE), PO, and CO (Figure 37)."*° Incorporation of
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Figure 37. Multifunctional (salcy)CoX complex favors coupling of
two to five polycarbonate chains rather than producing extensive
cross-linked networks.

VCHDE into a growing chain affords a pendant epoxide unit,
which may be ring-opened by a second growing chain to
generate a cross-link. Long polymerization times (>1.5 h) or
>0.07 mol % diepoxide (1:70 [cat6],:[VCHDE],) followed by
drying afforded a brittle powder whose insolubility confirmed
successful cross-linking but precluded catalyst removal by
filtration. Heating the catalyst-contaminated network to 150
°C promoted backbiting to cyclic carbonate, corroborating that
catalyst removal is imperative to prevent polymer degradation.
The authors therefore sought to synthesize lightly cross-linked,
high molecular weight polycarbonate. Shortening the polymer-
ization time (1.0 h) or decreasing the VCHDE loading to
0.01—0.06 mol % produced soluble materials. GPC analysis
revealed bimodal distributions corresponding to linear and
singly coupled chains, respectively; additionally, high molecular
weight tails indicated the presence of lightly cross-linked
chains. The authors proposed that the four tethered quaternary
ammonium salts help to keep the five polymer chains
associated with a single Co center. Diepoxide is therefore
most likely to react with another chain associated with the
same catalyst unit than with a chain coordinated to a distinct
Co center (Figure 37). Consequently, the multifunctional
catalyst structure favors two- to five-fold increases in molecular
weight while simultaneously retarding formation of an infinite
cross-linked network.

Coates, Hillmyer, and co-workers employed a multifunc-
tional (salph)AICI aminocyclopropenium complex cat43 to
synthesize polyester prepolymers via ROCOP for incorpo-
ration into covalent adaptive networks (CANs) (Scheme
17)."*” The cat43-mediated terpolymerization of vanillin
glycidyl ether (VGE) with PO and PA afforded linear
polyesters with gradient architectures, as VGE was preferen-
tially incorporated early in the polymerization. Replacing PO
with guaiacol glycidyl ether (GGE), which closely resembles
VGE, as a comonomer produced statistical terpolymers with
uniformly distributed VGE units. Reacting VGE’s pendant
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Scheme 17. Synthesis of Dynamic Imine-Linked Polyester
CANs via ROCOP of PA, VGE, and PO and Subsequent
Cross-Linking with 2,2’-(Ethylenedioxy)bis(ethylamine)
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aldehyde units with a diamine cross-linked the gradient and
statistical polyester prepolymers to form dynamic imine-linked
networks. While the networks were insoluble in neutral
solvents, addition of dilute acid promoted imine dissociation
to afford polyester prepolymer, which could be recovered in
>90% vyield. The imine cross-linked polyester networks
exhibited thermoset characteristics at ambient temperature,
independent of cross-link density or distribution or como-
nomer composition. Furthermore, their elevated temperature
thermomechanical behavior revealed the importance of cross-
link distribution on material properties. Dynamic mechanical
thermal analysis (DMTA) revealed that networks derived from
prepolymers with statistical imine incorporation exhibited
extended rubbery plateaus, while networks derived from
prepolymers with gradient imine distribution revealed
decreasing moduli due to plasticization by the lightly cross-
linked chain ends. Both types of networks fully recovered their
tensile strengths and cross-linking densities across multiple
cycles of mechanical grinding and thermal reprocessing.

6.4. Stereocontrol. As stereoregular polymers frequently
exhibit thermal and material properties superior to those of
their atactic counterparts, stereocontrolled ROCOP is an
important goal of multifunctional catalyst development. In
ROCOP polyester synthesis, outer-sphere cyclic anhydride
ring-opening precludes significant regio- or enantioselectivity
beyond any inherent substrate bias. Efforts to control polyester
and polycarbonate stereochemistry have therefore focused on
the epoxide ring-opening step. As demonstrated in binary
systems, chiral diamine backbones and bulky o-salicylidene
substituents improve selective enchainment of a single epoxide
enantiomer.** ROCOP typically proceeds via regioselective
epoxide ring-opening at the less sterically hindered position to
form head-to-tail linkages. For monosubstituted epoxides, ring-
opening at the methylene is stereospecific, preserving the
existing stereochemistry, while ring-opening at the chiral
methine inverts the stereocenter (Scheme 18). In contrast to
binary systems in which the catalyst and cocatalyst can reorient
themselves, multifunctional catalysts impose additional geo-
metric constraints; optimizing the relative positions of the
chiral Lewis acid and cocatalyst is critical for enantio- and
regioselective ROCOP.

Nozaki and co-workers demonstrated that installing a protic
ammonium unit pendant to a (salcy)CoX complex improved
selectivity for polycarbonate by preventing backbiting to cyclic
carbonate even at high epoxide conversions (vide supra).46

Scheme 18. Effect of Epoxide Ring-Opening Regioselectivity
on Possible Stereochemical Outcomes
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Other enantiopure (salcy)CoX complexes degrade the
polycarbonate product after full consumption of the preferred
epoxide enantiomer. However, the authors anticipated that the
protic ammonium complexes would perform kinetic resolution
ROCOP and then enchain the chirality mismatched epoxide,
albeit at slower rates.”” The resulting copolymers would
exhibit a previously unreported stereogradient microstructure,
comprising two isotactic blocks of opposite chirality with a
tapered midsection (Figure 38). In reactions of PO with CO,,
the previously reported o-piperidinium complex cat32 with
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Figure 38. Synthesis of stereogradient PPC.
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enantiopure (R,R)-salcy backbone exhibited excellent selectiv-
ity for poly(propylene carbonate) over propylene carbonate
but achieved only moderate regioselectivity (72% head-to-tail
linkages) and poor enantioselectivity for ring-opening (S)-PO
relative to (R)-PO (kinetic resolution coefficient, k,, = 1.1).
cat34 was also highly selective for PPC formation, emphasizing
that only one ammonium group is required for suppression of
cyclic carbonate formation. Installing (S)-proline-derived
substituents at the ortho (cat33) position improved both
regio- and enantioselectivity (85% head-to-tail linkages and k.,
= 1.8, respectively). However, cat33 proved less selective for
ring-opening the less reactive (R)-PO enantiomer at the
unsubstituted position, resulting in regioerrors at high
conversions. Anticipating that increasing the steric encumber-
ment around the metal center would improve regioselectivity,
the authors installed o-tert-butyl substituents and attached the
ammonium units via the para position of the salicylidene. The
resulting cat42 achieved improved regio- and enantioselectiv-
ities (92% head-to-tail linkages, k., = 3.5). These complexes
also suppressed backbiting after full consumption of the
preferred (S)-PO and at high conversions (>90%) of epoxide.
The resulting stereogradient poly(propylene carbonate)
exhibited a T value higher than that of isotactic (R)- or (S)-
poly(propylene carbonate)s or their equimolar mixture. The
authors attributed this improved thermal stability to stereo-
complex formation between the (S)- and (R)-poly(propylene
carbonate) blocks within a single polymer chain.

Inspired by the thermal robustness of stereogradient PPC,
Lu and co-workers adapted their tethered TBD catalyst to
incorporate multiple chiral units and promote enantioselective
ROCOP (Figure 39a)."*” Lu and co-workers modified the o-
and p-salicylidene substituents to mimic the optimal
substitution pattern reported by Nozaki (vide supra). As
anticipated, the complex featuring an o-tert-butyl substituent
and p-alkyl-tethered TBD cat90 achieved enantioselectivity
(kg = 5.7) higher than that of the (S,S) enantiomer of its
positional isomer cat76 (k, = 3.5) without a significant
decrease in activity (TOF = 328 and 370 h™', respectively).
While retaining the alkyl TBD group in the para position of
one salicylidene moiety, the authors tuned the ortho
substituents of the opposite salicylidene to improve enantio-
selectivity. Replacing the opposite salicylidene with axially
chiral (S)-BINOL (cat91) improved selectivity for the
preferred (R)-epoxide enantiomer (k, > 10.1 with (S)-
BINOI versus k, = 5.7 with 3,5-di-tert-butylsalicylidene
(cat90)), provided the BINOL chirality matched that of the
(S,S)-salcy backbone. Installing the mismatched (R)-BINOL
significantly decreased selectivity for the (R)-epoxide (k. =
1.4). Additional optimization of the (S)-BINOL unit revealed
that increasing the substitution of the 2'-alkoxy group from
methyl to isopropyl (cat92) further improved the kinetic
resolution ROCOP (k,, = 12.9). As anticipated, decreasing the
reaction temperature increased enchainment of the preferred
PO enantiomer, while reducing the CO, overpressure had no
effect on polymer enantio- and regioselectivity. In all cases,
almost exclusively head-to-tail linkages were observed. The
optimized catalyst copolymerized CO, and monosubstituted
epoxides bearing other alkyl substituents (Et or "Bu), although
increasing the length of the alkyl chain marginally decreased
enantioselectivity.

While monosubstituted epoxides with alkyl groups typically
ring-open at the less hindered Cjmethylene position with
retention of stereochemistry, epoxides with electron-with-
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Figure 39. Kinetic resolution copolymerization of (R)-PO and CO,
by chiral multifunctional complexes.

drawing groups (e.g, ECH and SO) also ring-open at the
chiral C,-methine, making stereospecific ROCOP challenging.
Darensbourg and Lu therefore sought to adapt the catalyst
design insights obtained from ROCOP of alkyl-substituted
epoxides to the regioselective, stereoretentive ROCOP of ECH
and CO, (Figure 39b)."*" To evaluate catalyst regioselectivity,
the authors copolymerized enantiopure (R)-ECH with CO,;
any stereoerrors observed in the polymer backbone therefore
arise from stereoinvertive ring-opening at the methine carbon.
As reported for alkyl substituted epoxides, catalysts bearing the
alkyl-tethered TBD at the ortho position (S,S-cat75) of the
salicylidene achieved only modest enantioselectivity (k. =
2.4). Exchanging the ortho-tethered substituent from TBD to a
tethered diethyl methylammonium cocatalyst (S,S-cat35)
produced similar results (k, = 2.3). The authors then
synthesized a (salcy)CoX complex S,S-cat40 incorporating
more sterically encumbered ortho-tethered dicyclohexyl
methylammonium cocatalyst. As anticipated, increasing the
steric bulk of the tethered cocatalyst improved enantioselec-
tivity (k. = 2.8—3.3 at 0 °C). Copolymerizing enantiopure
(R)-ECH and CO, produced highly isotactic PECH with T,
and T, values of 42 °C and 108 °C, respectively; by contrast,
atactic PECH is amorphous, with a T, value of 31 °C. The
isotactic material also exhibited yield and tensile strengths over
a magnitude higher than those of the atactic analogue and
greater elongation at break.

7. OUTLOOK AND CONCLUSIONS

The development of multifunctional catalysts for epoxide
copolymerization has enabled the synthesis of well-defined
polyesters and polycarbonates at low catalyst loadings while
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limiting side reactions and expanding monomer scope. Some
challenges remain, as synthetic accessibility, industrial viability,
and catalyst efficiency in ambient conditions is still limited.
Notably, the low catalyst loading enabled by tethered catalysts,
as well as the demonstrated recovery and recyclability of some
multifunctional catalysts, mitigates the upfront investment of
demanding catalyst syntheses and stability concerns. There is a
continued need to improve the tensile and thermal properties
of generally amorphous polyesters and polycarbonates,
although multifunctional catalysts do exhibit unprecedented
stereo- and regiocontrol and an enhanced monomer scope that
enable the synthesis of advanced polymer architectures and
tougher, often semicrystalline, materials.

These advances in catalyst efficiency and selectivity are
largely due to the mechanistic changes encoded by tethering
two usually distinct catalytic functions. As opposed to binary
catalysts, covalently linking the catalyst and cocatalyst allows
epoxide ring-opening and chain-end control to come together
in one rate-limiting step. This mechanistic change curbs
dilution effects, enabling the formation of high molecular-
weight polymers at low loadings that are inaccessible in
corresponding binary systems. Further, nucleophilic chain ends
remain more readily coordinated to an active Lewis acid
center, reducing cyclic carbonate formation, epoxide homo-
polymerization, transesterification, and epimerization. Finally,
the geometric constraints enforced by multifunctional catalysts
generally allow improved stereo- and regiocontrol toward high-
molecular weight advanced polymer architectures. Ultimately,
the use of multifunctional catalysts enables unprecedented
activity and selectivity in epoxide ring-opening copolymeriza-
tion, providing a controlled, sustainable route toward
polycarbonates and polyesters.
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