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The catalytic copolymerization of CO2 with epoxides has been known for over 40 years. Even though many
heterogeneous and homogeneous catalyst systems have been developed, catalyst activity and selectivity
still remain too low for large scale industrial application.

Recent investigations have identified new copolymerization pathways with strong evidence for coop-
erative (bifunctional) mechanisms. At high dilutions, traditional discrete mononuclear single-site catalyst
systems generally show a loss in activity. This effect can be overcome with the help of recently developed
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. Introduction

.1. CO2 activation into new products

Crude oil remains the most important chemical feedstock of
ur times. The importance of fossil fuel resources for mankind
ecomes clear when its broad areas of usage are fully considered.
he utilization of crude oil ranges from energy carrier (fuel) to a sup-
liant for carbon-containing molecules used in chemical synthesis
nd as building blocks for polymeric materials. At current rates of
onsumption, worldwide crude oil reserves are rapidly depleting,
hus emphasizing the importance of alternative, renewable carbon-
ased sources for raw materials [1–4].

One possible source is CO2, which is released in many combus-
ion processes and is (alongside methane) considered as a main
ontributor to the so-called Greenhouse Effect [5–8]. Current global
O2 emissions are estimated to exceed 31 billion t/year [9]. One

ong considered strategy to reduce atmospheric CO2 content is
CS (carbon capture and storage), which is assumed to consider-
bly diminish the CO2 concentration via storage [10–12]. Intense
esearch activities in this area indicate promising results in the
ear future, however the thought of retaining huge CO2 reservoirs

s not very appealing. As global warming is thought to principally
esult from excessive combustion of fossil fuels, emphasis should
e placed upon restricting CO2 emissions rather than processing
xcess CO2 after its generation. Independent of such environmental
onsiderations, the chemical utilization of excess CO2 is an impor-
ant topic.

A significantly more meaningful strategy is the utilization of
bundant, non-toxic and non-flammable CO2 as a C1-feedstock for
hemical reactions [13–18], however the thermodynamic stability
f CO2 has thus far precluded its usage as a widespread chemical
eagent. Methods to overcome the high energy barriers are based
pon reduction, oxidative coupling with unsaturated compounds
n low valent metal complexes and increasing the electrophilic-
ty of the carbonyl carbon [19,20]. Specifically, the reaction of CO2

ith highly reactive substrates, such as epoxides, affords valuable
aterials which can be produced on industrially relevant scales

21–25].
The use of CO2 as a chemical feedstock will never be able to

ompensate emission-based CO2, however this strategy potentially
rovides access to high-value products from a non-toxic, renewable
nd low-cost resource. Current examples of the industrial utiliza-

ion of CO2 include the large-scale production of urea, salicyclic
cid and several carbonate-based materials (Scheme 1). A fur-
her large-scale industrial application of CO2 potentially lies in the
roduction of the biodegradable thermoplastics poly(propylene

cheme 1. Utilization of CO2 as a C1-feedstock for chemical reactions: (A) synthesis of ur
D) salicylic acid (0.060 × 106 t/a) [13,17,18].
ies for future catalyst developments.
© 2010 Elsevier B.V. All rights reserved.

carbonate) (PPC, Scheme 2A) and poly(cyclohexene carbonate)
(PCHC, Scheme 2B).

The usage of CO2 in this manner could substitute the environ-
mentally malign industrial synthesis involving polycondensation of
trans-diols (e.g. Bisphenol-A) with highly toxic phosgene by utiliz-
ing the energy rich three-membered, highly ring-strained oxiranes
to react with CO2.

The outstanding properties of polycarbonates such as strength,
lightness, durability, biodegradability, heat resistance, easy pro-
cessability, high transparency and good electrical insulation render
these materials of high industrial importance with applications in
the automotive, electronics, optical media, glazing and sheeting
industries as well as across the medical and healthcare sectors.

1.2. First steps in copolymerization of CO2 and epoxides

The complete historical development of this area has been
comprehensively reviewed by others and the interested reader is
directed to these publications [24–31]. The copolymerization of
CO2 with epoxides has been known since 1969 when Inoue et al.
combined ZnEt2, water, CO2 and PO to yield a small quantity of poly-
meric material [32,33]. The subsequent investigations in this area
were frequently frustrated by low catalytic activities and the for-
mation of undesired by-products such as cyclic carbonates and/or
high degrees of ether linkages in the polymer chains. Furthermore,
many systems that show polymer formation with the CHO/CO2 sys-
tem, only yield cyclic carbonate or show no conversion at all with
PO/CO2 as monomers.

Shortly after the initial discovery from Inoue et al. the effect
of dihydric molecules (e.g. resorcinol [34], dicarboxylic acids [35]
and primary amines [36]) in combination with ZnEt2 was stud-
ied on the copolymerization of CO2 and PO. In 1976–1977 Kuran
et al. developed new catalyst systems with trihydric phenols such as
pyrogallol and 4-bromopyrogallol [37,38]. The first catalytic obser-
vations (PO/CO2) with these systems suggested that monoprotic
molecules such as alcohols and secondary amines exclusively yield
cyclic propylene carbonate (PC) whereas di- and tri-protic species
yield PPC [38–42]. In order to overcome the low activities generally
encountered, Soga et al. synthesized the first well-defined hetero-
geneous catalyst system from a Zn(OH)2/glutaric acid mixture for
the copolymerization of CO2 and PO [40].

The first homogeneous single-site catalyst was developed by
ea (146 × 106 t/a); (B) methanol (6 × 106 t/a); (C) cyclic carbonate (0.040 × 106 t/a),

with an aluminum metal center (Fig. 1A) [43].
In 1995 a series of discrete zinc phenoxide derivatives as cat-

alysts were synthesized by Darensbourg et al. These catalysts
demonstrated moderate activities for PO/CO2 copolymerization
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cheme 2. Alternating copolymerization of propylene oxide (PO) (A) and cyclohex-
ne oxide (CHO) (B) with CO2.

ith approximately 10% polyether content even under high CO2
ressures (55 bar) (Fig. 1B) [44–46]. With modification of the sub-
tituents on the phenoxide ligands, catalytic activities varied only
lightly.

The first breakthrough which lead to a more systematic catalyst
esign was the exploration of �-diiminate zinc catalysts (BDI) in
HO/CO2 copolymerization by Coates et al. [47,48], where minor
ariations in the electronic and steric character of the BDI ligand
ramework showed dramatic changes in catalytic activity (Fig. 1C).

oreover the BDI catalysts could be tailored to achieve high activi-
ies in PO/CO2 copolymerizations [49]. To date, salen-type systems
Fig. 1D) have received the most attention for CO2/epoxide copoly-

erization [27]. All of the above-detailed complex categories will
e reviewed in the following sections.

. Catalyst systems for CO2/epoxide copolymerization

The development of active CO2/epoxide copolymerization cat-
lysts resembles in many aspects the early advances in alkene
olymerization with the first active catalyst systems being
eterogeneous in nature. Although the composition of these het-
rogeneous catalysts is often ambiguous and the active sites poorly
efined, they are nonetheless employed industrially for the produc-
ion of polycarbonates. Indeed, the majority of commercial PPC is
roduced with the use of the heterogeneous zinc glutarate system
Section 2.2.1). In this system, the Zn–Zn distances are typically
etween 4.6 and 4.8 Å and the variation of these values in homol-
gous catalyst structures is probably reflected in lower activities.
his indicates that the spatial distance between two metal cen-
ers is crucial for significant copolymerization activity and that
he directed design of homogeneous systems containing a defined

etal–metal distance would raise observed activity levels.

Whilst there remains an industrial reliance on heterogeneous

ystems, homogeneous catalysts are still subject to intense study,
ot least because their soluble nature permits in situ examination of
he polymerization mechanisms. It is for this reason that homoge-
eous catalysts remain the subject of intense research activity. The

ig. 1. Representative homogeneous single-site catalysts for epoxide/CO2 copolymeriza
ystem).
Reviews 255 (2011) 1460–1479

determination of their solution state behavior facilitates the design
of improved catalysts with enhanced efficiency. These topics form
the scope of this review which comprises four main sections.

The first part gives an overview of the copolymerization path-
ways that are encountered in CO2/epoxide copolymerization.

The second part provides a resume about the well-investigated
but, from a mechanistic point of view, poorly understood zinc-
dicarboxylates and concludes with mechanistic considerations.

The third part focuses on traditional homogeneous catalysts
and the progress made to date with these systems. The main lig-
and families covered are porphyrins, phenoxides, �-diiminates and
salens, which are covered in their respective sections. Several of
these studies imply that multi-site catalysts or binary systems are
required to deliver alternating copolymers from CO2 and epoxides.

In the final part of this review, the most recent advances and
new strategies to circumvent the problems that have been uncov-
ered with the traditional catalyst systems are outlined. Here the
focus lies on the development of new dinuclear and binary linked
catalyst systems that are able to initiate a cooperative mecha-
nism in CO2/epoxide copolymerizations. Furthermore the strategy
of immobilizing homogeneous systems on substrates is reviewed.
For a convenient comparison of the different catalytic systems,
the productivity is given as turn-over-number (TON) in mol/mol
and the activity as turn-over-frequency (TOF) in TON h−1. In cases
where it is relevant, the selectivity towards copolymerization and
the corresponding quality of the produced polymer is given.

2.1. Mechanistic aspects of CO2/epoxide copolymerization

2.1.1. Copolymerization mechanism
Despite intense research activities in the area of CO2/epoxide

copolymerization, a profound understanding of the underlying
mechanisms is still lacking and thus, this field is under continual
investigation and review. Homogeneous catalysts of the form LnMX
generally contain only one specific active-site, which can easily be
tailored by modifying either the ligand framework (Ln), the cat-
alytically active metal center (M) or the initiating group (X). The
mechanistic aspects of the initiation step of LnMX complexes is cur-
rently a highly active field of research, with a number of different
mechanisms being proposed. The possible mechanism pathways
are described with a model salen-complex (Scheme 3).

Reaction pathway A involves two metal complexes and an
intermolecular interaction of two active sites (Scheme 3A). In a
theoretical study conducted by us, we predicted chain growth
to take place via attack of a metal-bound alkyl carbonate on a
metal-coordinated epoxide [50]. Such a bimolecular process has
also been observed by Jacobsen et al. for the asymmetric ring-

opening of epoxides [51–53]. Other investigations have indicated a
bimetallic initiation, followed by a monometallic propagation step
[54–57]. The bimetallic pathway generally is thought to occur in the
absence of cocatalysts at low epoxide/catalyst loadings and is rate-
dependent on the Lewis acidity of the metal center as well as the

tion (A: porphyrin system, B: phenoxides system, C: �-diiminate system, D: salen
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ative catalysis is the constant contact of the polymer chain to an
cheme 3. Initiation mechanisms for a generalized salen-complex: bimetallic path-
ay (A), monometallic pathway (B), binary pathway (C).

ucleophilicity of the axial ligand X and therefore upon the type of
he catalytic system. For example, mechanistic studies conducted
y Chisholm et al. with metal–porphyrin systems strongly indicate
hat the initiation step is monometallic [58].

Reaction pathway B involves an intramolecular attack of the
ucleophile on the pre-coordinated epoxide, which formally is
omparable with an associative ligand exchange mechanism
Scheme 3B). In the monometallic pathway, a nucleophile (Nu)
ing-opens the epoxide at the least hindered C–O bond (even
hough some regio-irregularity is always observed). As both X and
u can serve as initiator groups, they are both generally inte-
rated into the polymer chain as end groups. Such a mechanism
s, however, rather unlikely as the corresponding transition state
n commonly applied metal complexes is thermodynamically dis-
avored.

Reaction pathway C involves the interaction of a binary cata-
yst/cocatalyst system, where the added nucleophile adopts the role
f attacking the pre-coordinated epoxide (Scheme 3C). The abun-
ance of investigations on such binary systems have shown that the
ddition of a nucleophilic cocatalyst can significantly improve the
ctivity and selectivity even at low CO2 pressures and/or elevated
emperatures depending on the nature of the added nucleophile
30,59–76].

A catalytic cycle for the bimetallic formation of polycarbonate is
resented in Scheme 4. As shown by Coates et al. the rate determin-

ng step is the incorporation of the epoxide [77]. The key step in the
atalytic cycle is the ring-opening of the epoxide as a result of the
ucleophilic attack by a carbonate end-group. However the carbon-
te group is a very weak nucleophile, such that the epoxide must be
re-coordinated and pre-activated by a Lewis acid, which may be

nother metal center or cocatalyst. Following the ring-opening of
he epoxide, CO2 is inserted into the metal–alkoxy bond. These iter-
tive insertions are repeated in further catalytic cycles thus leading
o the formation of the copolymer.
Scheme 4. Bimetallic catalytic mechanism for CO2/PO copolymerization.

Homogeneous systems were considered to follow a cooper-
ative (bimetallic or binary) pathway in many early publications
[22,24,39,78–81]. This explains the loss in activity at higher
dilutions, which are often observed with such systems. The above-
shown mechanistic considerations lead to the conclusion that two
interacting species need to be in spatial proximity to achieve
high catalytic activity. Therefore new strategies in CO2/epoxide
copolymerization increasingly focus on dinuclear and binary linked
systems (Sections 2.4.1 and 2.4.2).

2.1.2. Factors influencing copolymerization
Beside self-evident parameters as temperature, pressure and

catalyst/cocatalyst concentration, several other factors must be
taken into consideration in the copolymerization of CO2 and epox-
ides:

2.1.2.1. Viscosity and dilution problems. A major drawback which
limits polymer yields is the viscosity of polymerization mixtures
at higher monomer conversions. During the copolymerization pro-
cess, the viscosity of the reaction medium increases with polymer
formation and diffusion of the monomer to the active catalyst
site is therefore impeded. Higher solvent contents can facili-
tate monomer diffusion; however activities have a propensity
to drop at high catalyst dilutions, principally due to an overall
decrease of monomer concentration and due to the spatial sep-
aration of two potentially interacting species. The combination
of two metal centers or linkage of two binary components into
one ligand framework can counter this effect (Sections 2.4.1 and
2.4.2).

2.1.2.2. Side reactions. Side reactions typically occur when epox-
ides are consecutively inserted into the growing polymer chain or
through the production of cyclic carbonate via a back-biting path-
way (Scheme 5). The consecutive insertion of two CO2 molecules
has never been observed as this is strongly disfavored from a ther-
modynamic perspective [26].

One advantage of two adjacent interacting species in cooper-
active metal center during the reaction. Therefore the so-called
back-biting reaction is suppressed and depolymerization is mini-
mized. This back-biting can occur from an anionic carbonate group
or an anionic alkoxide chain end (Scheme 6) [50].
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Scheme 5. Side product: polyether formation through consecutive

Factors enhancing the back-biting and therefore cyclic carbon-
te content include higher temperatures and cocatalysts that help
issociate the growing polymer chain from the metal center.

.1.2.3. Chain transfer. Any traces of water, alcohol or acid in
he polymerization medium can initiate a chain transfer, which
esults in lower molecular weights than theoretically calculated
82–84]. The minor contribution of a consecutive back-biting mech-
nism and the release of the by-product cyclic carbonate has been
reviously discussed [84]. However, the protonated chain-end is
onsidered to be insufficiently nucleophilic for the back-biting
vent to take place [82]. Although the copolymerization reagents
re generally dried, molecular weights and PDI usually differ from
hose expected, an effect which has to be accounted for in this field
f chemistry.

.2. Heterogeneous catalysts systems

.2.1. Zinc dicarboxylates
Even though huge steps in homogeneous catalysis have been
ade over the last years, the traditional heterogeneous zinc-
icarboxylate systems remain industrially relevant as they are easy
o prepare and handle, non-toxic and economically viable. An excel-
ent set of reviews on this topic has been published [26–28,85]. This
eview therefore summarizes the most recent observations for het-

Scheme 6. Chain back-biti
sertions, formation of cyclic carbonate through chain back-biting.

erogeneous systems with particular emphasis upon polymerization
mechanisms on heterogeneous surfaces and directions for future
catalyst development.

Despite the numerous advantages of the heterogeneous zinc
carboxylate system, the exact nature of the catalytically active
species is still unknown, which renders systematic modifications
of the system difficult.

The zinc glutarate (ZnGA) system, comprising Zn and glu-
taric acid, has been subject to the most intensive studies. There
are several ways to prepare ZnGA, namely by the introduction
of different Zn sources (e.g. ZnO, Zn(OH)2, Zn(OAc)2, Zn(NO3)2,
Zn(ClO4)2, ZnEt2) and carboxylate sources (e.g. glutaric acid, anhy-
dride, methyl ester, glutaronitrile) [35,40,86–88]. Although the
same product structure is found for all synthetic strategies (X-ray
powder diffraction studies) [86–89], activities can vary consider-
ably. The standard procedure combining zinc oxide and glutaric
acid affords ZnGA with the highest activity [87].

The molecular structure of ZnGA has only recently been elu-
cidated [90,91] and consists of a unique structure type with four
carboxyl groups coordinating one Zn center with the glutarate lig-

ands in either a bent or an extended conformation (Fig. 2). This
particular conformation leads to the formation of two metallacy-
cles A and B that introduce a porosity which is not conducive for
monomer diffusion [86]. These investigations showed that overall
activity is restricted to the outer surface of the ZnGA-particles.

ng mechanism [50].
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ig. 2. Crystal structure of ZnGA; view along b-axis including the material porosity
90,91].

Strategies to increase the activity were therefore focused on
ncreasing the ZnGA surface area [89,92] by one of four methods:

variation of stirring procedure: magnetic or mechanic;
post-modification: ball-milling or ultrasonic preparation;
introduction of additives: substrates with high surface area;
addition of growth controllers: block copolymers or monoacids.

Each of these strategies has been tested in the literature and
hown to enhance activity, although the desired high activities
hat have been realized for several homogeneous catalysts have
ot been achieved with ZnGA to date. Indeed, Coates et al. catego-
ized catalyst systems by their catalytic activity (low TOF < 5 h−1,
oderate TOF between 5 and 200 h−1, high TOF > 200 h−1; all val-

es given in mol epoxide converted/mol catalyst × time interval)

nd heterogeneous catalysts still remain in the lower region of this
cale [26].

A supported ZnGA on montmorillonite was obtained by
solution procedure and showed a slightly increased activ-

ty (TOF = 5.51 h−1) compared to more standard procedures

Fig. 3. Initiator groups ZnOH, ZnEt2 and Zn(SO2Et) on the surface of heter
Reviews 255 (2011) 1460–1479 1465

(TOF ≈ 3.00 h−1) [93]. Introduction of templates, such as
amphiphilic block copolymers, during the synthesis of ZnGA
can slightly increase the activity, presumably due to the inhi-
bition of agglomeration (before: TON = 64 g/g, TOF = 3.06 h−1;
after: TON = 83 g/g, TOF = 3.97 h−1) [86,94]. The different stirring
methods (magnetic, mechanical) and particularly the ultrasonic
preparation of ZnGA considerably increase the efficiency, thus
yielding the highest activity achieved for a zinc carboxylate system
[89,95]. Regeneration of zinc carboxylate catalysts after complete
polymerization gave less product than the freshly synthesized
catalyst [96]. The influence of traces of water, ethanol, remaining
residues of unreacted glutaric acid or other proton donors as chain
transfer agents upon catalytic activity has already been suggested
[84].

With regards to the surface constitution of the carboxylate cat-
alysts, the active species is still unidentified. MALDI–TOF mass
spectrometric studies have shown that the copolymer is termi-
nated by an OH group, thereby indicating that Zn–OH groups are
the active initiating species in the ZnGA system (Fig. 3) [84,97]. In
an early study, Inoue et al. combined diethyl zinc and glutaric acid
to yield a ZnGA with very low activity [35], presumably due to the
presence of ethyl groups at Zn (which are known to react sluggishly
with epoxide and CO2) [38,47,98]. However, post-activation of the
surface-situated Zn-ethyl species with SO2 leads to ethyl-sulfinato
groups and a considerable increase in activity, achieving activities
approaching the best known for ZnGA to date (Fig. 3) [99].

Another aspect often and ambivalently discussed is the crys-
tallinity of the resulting Zn-containing materials, as it seems that
amorphous catalysts are less active than their highly crystalline
counterparts [86–89,92,100,101]. However, the crystallinity of the
catalyst prepared from ZnEt2 is less than that of a catalyst prepared
by the standard procedure with ZnO [86], but a higher surface area
and potentially better initiator groups on the surface are probably
responsible for the higher activity.

Other investigations have introduced various dicarboxylic acids,
derivatives of zinc glutarate and mixtures of di- or mono-acids

with variable success [86,92,102]. In particular the substitution of
glutaric acid by derivatives with other functionalities in the hydro-
carbon chain (e.g. 2-ketoglutaric acid, 3,3-dimethylglutaric acid,
diglycolic acid) afforded materials with no appreciable activity,
presumably due to different solid-state constitutions and asso-

ogeneous zinc-dicarboxylates and associated polymer end groups.
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Fig. 4. Various dicarboxylic acids used in the syn
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(DMAP)) which predominantly yield copolymer with the CHO/CO2
ig. 5. Representative metal distances in zinc glutarate (Zn–Zn distance = 4.6–4.8 Å).

iated variations of the local environment around the Zn center
86,99,103].

Further attempts to form active heterogeneous Zn-containing
ystems were based on the exchange of glutaric acid for its higher
r lower homologues. It was long thought that the zinc carboxy-
ate system with glutaric acid (GA, C5) was the only system with

considerably high activity for copolymerization, whereas other
ariants such as succinic acid (SA, C4), adipic acid (AA, C6) or pimelic
cid (PA, C7) were presumed to be inactive (Fig. 4). However, recent
eports have demonstrated that ZnAA [104,105] (TOF = 5.65 h−1)
nd ZnPA [101] (TOF = 5.20 h−1) show similar activities to ZnGA
hen appropriately treated. Adipic acid is of particular interest as

his is a large-scale industrial product.
Interestingly the same trend of activity for analogous struc-

ures of ZnGA is observed when the functionalization route with
nEt2, followed by SO2 activation, is employed. Almost no activ-
ty is observed for ZnSA (TOF = 0.07 h−1), whereas the activity

lightly decreases in the order of ZnGA (TOF = 6.17 h−1) > ZnAA
TOF = 5.18 h−1) > ZnPA (TOF = 4.50 h−1) [99].

These results indicate that the activity of heterogeneous zinc
icarboxylate systems of this type is dependent on a defined spatial

Fig. 6. Representative structure of the porphyrin
thesis of heterogeneous catalyst systems.

structure which is influenced by the dicarboxylic acid used. Of these
systems, only the solid state structures of ZnGA and ZnSA [106,107]
have been reported so far. In the structure of ZnSA, the necessary
Zn–Zn distance is only found on one of the main hkl-indiced plains,
whereas for ZnGA, the corresponding distance of 4.6–4.8 Å is found
on each main hkl plain (Fig. 5). From the molecular structures of
ZnSA and ZnGA, it can be concluded that at least two zinc cen-
ters in spatial proximity need to be present for copolymerization
activity.

The optimal Zn–Zn distance for CO2/epoxide copolymerization
is assumed to lie between 3 and 5 Å, as can also be deduced from
investigations with homogeneous systems (see following sections).
These results strongly indicate that for heterogeneous systems a
very specific metal–metal distance is required for high copoly-
merization activities. However the activities with such systems
are restricted due to a restrained surface and diffusion limitations.
Therefore, new strategies have to focus on homogeneous systems
that comprise two metal centers or a cooperative binary linked
ligand system.

2.3. Traditional homogeneous catalyst systems

2.3.1. Porphyrin systems
Shortly after the first tetraphenylporphyrin ligand (tpp) with

an aluminum metal center was developed, trials with the addi-
tion of cocatalysts were reported (Fig. 6). Porphyrin (tpp)AlCl
catalysts, in conjunction with quaternary organic salts or triph-
enylphosphine, are active at ambient temperature and relatively
high catalyst loadings with low TOFs. Following these results, Kru-
per and Dellar investigated the activity of (tpp)CrX (X = Cl, Br, OAc)
complexes (in addition to 4–10 equivalents of nitrogen donors such
as N-methylimidazole (N-MeIm) or (4-dimethylamino)pyridine
system, but only cyclic carbonate with PO/CO2 [108–110]. The
DMAP cocatalyst fulfils two roles; firstly the amine labilizes the
metal–X bond and secondly it promotes insertion of CO2 into the
metal–OR bond [58].

system and commonly used cocatalysts.
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Fig. 7. Active phenoxide systems for CO2

Whilst cobalt–porphyrin systems have been traditionally over-
ooked in favor of other metal-containing systems, Wang and
o-workers have shown through a series of experiments that
he (tpp)CoCl/cocatalyst system is indeed active in the PO/CO2
opolymerization. Furthermore they demonstrated that the effi-
iency of this binary system decreases with the exchange of
ocatalyst in the order PPNCl > Bu4NCl > Et4NBr ∼ Bu4NBr � Bu4NI
111]. This study directly challenged the assumption that Co-
orphyrins demonstrate low activity (as a result of the reduced
ewis acidity of the cobalt center in these complexes) [112].
lso (tpp)CoCl complexes, in association with DMAP [113] and
henyltrimethylammonium tribromide [114] are efficient systems
or the catalytic coupling of CO2 and PO, affording cyclic carbon-
te. Without cocatalyst, the effect of the substituent X in (tpp)CoX
n the catalytic activity decreases in the order Cl ∼ Br > I � OAc
with the (tpp)CoOAc system being completely inactive for PPC
ormation).

These new developments with porphyrin systems give a strong
ndication for a favorable cooperative mechanism in CO2/epoxide
opolymerization which is highly dependent on the catalyst and
ocatalyst combination used.

.3.2. Phenoxide systems
The discovery in 1986 of the first soluble and therefore well-

haracterized aryl-oxide zinc complex initiated the development
f a new family of complexes [115] which have been demonstrated
o be active catalysts for epoxide/CO2 copolymerizations.

Numerous investigations have shown that the activity of these

omplexes is linked to the substitution pattern of the aryl ligand
ramework and the “base” ligand present at the metal center. The
xchange of Zn for other metals (e.g. Cd) [116] demonstrated a loss
n activity. However, Zn-containing systems have demonstrated the
ighest activities.
ide copolymerizations [44–46,117,118].

The effect of ligand substitution on CHO/CO2 copolymerization
was demonstrated with monomeric Zn complexes bearing different
substituents (R) in the ortho-position of the aryl rings (2a–d, Fig. 7).
For early investigations on phenoxides, no TOF values were given
and therefore values in this section are reported in g polymer/g
Zn. The R group significantly affects the catalyst efficiency, where
the yield increases with decreasing substituent size (477 g/g (iPr),
602 g/g (Ph), 677 g/g (tBu), 1441 g/g (Me)) [45].

Dimeric phenoxide complexes of the type 3 (Fig. 7) have shown
activities around 88 g/g in CHO/CO2 copolymerizations, whereas no
copolymer formation was observed for the PO/CO2 system. How-
ever, complex 3a is an active system for the terpolymerization of
CHO, PO and CO2 with moderate incorporation of PO (ca. 20%) [44].

The introduction of halides in the ortho-position of the aryl rings
increases the activity of the correspondent catalyst in the order
Br < Cl < F (Fig. 7, 4a–c) [46,117]. The authors attribute this trend to
a decrease in electron density at the metal center, which reflects
the increased electronegativity of the substituted halide, thereby
increasing the binding ability of the metal center to the epoxide.
This emphasizes that epoxide activation is generally more impor-
tant than CO2 insertion in complexes of this nature.

Analysis of the polymer with 19F NMR spectroscopy demon-
strated the presence of different F-containing environments in
the polymer. This indicates that the initiation mechanism occurs
via nucleophilic addition of the zinc-bound phenoxide to the first
monomer (Scheme 7) [117].

Replacement of the labile Et2O and THF bases by phosphorus
donors in Zn-phenolate complexes of the type 3 and 4a–c has a

pronounced impact on the complex activities, as phosphines can
irreversibly bind to the active metal site (4d) [117]. However the
introduction of phosphine donors such as PPh2Me (5a) and PCy3
(5b) in monometallic Zn phenolate complexes increases the per-
centage of polymeric carbonate linkages without loss of catalytic
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both steric and electronic properties. This versatility is a helpful
tool in understanding the underlying mechanisms of CO2/epoxide
copolymerization

Over the years, a broad range of BDI catalysts have been
developed (Fig. 9). These generally incorporate a Zn metal cen-
Scheme 7. Initiation step in flu

ctivity. This demonstrates that two adjacent coordination sites are
eeded for consecutive epoxide insertions [118].

Mechanistic investigations with Zn-phenoxide complexes of
his type have long been frustrated due to the lack of a spec-
roscopic probe suitable for Zn systems. It is for this reason that
arly mechanistic studies focused on Cd complexes as these anal-
gous compounds are active for epoxide/CO2 copolymerizations
albeit with lower activities than their respective Zn complexes)
nd adopt similar geometries to the analogous Zn complexes (Fig. 8)
117,118].

113Cd NMR spectroscopic investigations with LnCd(THF)
acetate) demonstrated that the labile THF ligands in these sys-
ems can be easily replaced by a CHO (6a) or PO (6b) molecule
119]. In both cases the epoxide was weakly bound to the Cd-center
nd solution-state equilibrium studies permitted the determina-
ion of the thermodynamic parameters for epoxide insertion. The
omplexes with coordinated PO and CHO were both crystallo-
raphically characterized and therefore represent the first isolated
ntermediates in the initiation step of CO2/CHO and CO2/PO copoly-

erizations with metal carboxylate complexes [120].
By the combination of experimental Zn studies and their related
d systems, it has been determined that both mono- and bimetal-
ic Zn-phenoxides have the potential to produce high molecular

eight PCHC. Unfortunately, copolymerizations with PO and CO2
emain challenging and progress with these systems been frus-

Fig. 8. Cd model complexes for epoxide insertions [119].
henolate Zn complexes [117].

trated by low activities and a propensity for chain back-biting to
form PC. However successful terpolymerizations of PO/CHO/CO2
have demonstrated that Zn-phenoxides have great potential in this
area to produce novel mixed polycarbonate materials.

2.3.3. ˇ-Diiminate systems (BDI)
2.3.3.1. Influence of ligand framework. �-Diiminate ligands have
recently gained considerable attention in the areas of coordination
chemistry as well as in CO2/epoxide chemistry [121]. The steri-
cally demanding environment of BDI ligands inhibits bis-ligation
of the complexed metals, allowing the BDI metal system to retain
free coordination sites crucial for any catalytic process. The struc-
ture of the BDI ligand framework lends itself towards variation of
Fig. 9. Generalized �-diiminate (BDI) ligand framework and representative cata-
lysts for epoxide/CO2 copolymerization.
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er and demonstrate copolymerization activities at relatively
ow pressures (7 bar CO2) and moderate temperatures (<50 ◦C)
47–49,77,122–125]. The majority of these catalysts are only active
or CHO/CO2 copolymerization but adjustment of the reaction con-
itions can significantly modify the selectivity towards PO, with a
educed temperature generally increasing the polymeric carbonate
ver cyclic carbonate ratio [49,97,126].

Minor modifications of the N-aryl ligands (R1, R2) significantly
nfluence the catalytic activity. Methyl-substituted BDI ligands are
nactive (7, TOF = 0 h−1), whereas the incorporation of ethyl and iso-
ropyl substituents at the N-aryl ring enhance the activity towards
HO/CO2 copolymerization (8, TOF = 729 h−1) [77,122,127]. Sym-
etrical ligands, where R1 and R2 are either Et or iPr are inactive for

oth PC and PPC formation [49]. The introduction of an unsymmet-
ical ligand framework and electron-withdrawing groups on the
iimine backbone (e.g. R3 or R4 = CN, CF3) considerably enhance the
ctivity, especially towards PO (9, TOF = 424 h−1) [48,49,127,128].
evertheless, it should be mentioned that the incorporation of
ore electron-withdrawing groups results in inactivity of the cat-

lyst, presumably due to the high Lewis acidity of the metal
enter which results in a very strong, irreversible Zn-epoxide
ond (10). Other modifications of the backbone, such as utilization
f the aminoamidoacrylate 11 and amidoimidomalonate pattern
nly slightly modulate the catalytic efficiency (11, TOF = 158 h−1)
126,128,129].

.3.3.2. Bimetallic considerations. Most reports only consider
imeric BDI species as being the active complex for CO2/epoxide
opolymerization. In the dimeric state the two metal centers are
eld in close proximity to each other by bridging anionic ligands,
hus permitting facile interaction to form the respective polycar-
onate. Molecular structure investigations have shown that, in the
olid state, most �-diiminate complexes are dimeric. However, in
olution a monomer–dimer equilibrium exists, being highly depen-
ent on temperature as well as on catalyst concentration and steric
roperties of the ligand [47,77,122,125,128]. Dilution of the sys-
em by addition of monomer or an inert solvent shifts the position
f equilibrium to the monomeric side, resulting in a reduced cata-
yst activity. At very low catalyst concentration, the equilibrium is
ompletely shifted to the monomeric side and almost no catalytic
ctivity is observed [130,131]. However at high catalyst concentra-
ions, the epoxide conversion is limited due to resulting viscosity
roblems [66,130,131].

The possibility of some contribution from a monometallic

echanism with these catalysts cannot be discounted. Zn-BDI

erivatives comprising sterically encumbering initiators, such as
tBu or OSiPh3, retain their monomeric form in both the solid
nd solution state. The monomeric complex 12 however is effec-
ive (but exhibits lower activities than the dimeric complexes)

ig. 10. Monomeric complex 12 incapable of dimerization (generally considered as unre
omplex 14 (unreactive) [77,122,132,133].
Reviews 255 (2011) 1460–1479 1469

for the copolymerization of CHO and CO2 (Fig. 10) [132,133]. In
such monomeric catalyst species, the initial ring-opening step
involving the bulky alkoxide initiators presumably proceeds via a
monometallic transition state.

In other catalytic systems, the metal–metal distances differ from
complex to complex but are generally found in the range of 3–5 Å
[49,77,128]. For dimeric BDI complexes the distance between the
two metal centers is flexible and the system is able to adjust the
metal–metal distance necessary for copolymerization.

The metal–metal distance as well as the monomer–dimer equi-
librium can be controlled by the ortho-substituents of the N-aryl
ring, with more sterically congested complexes having increased
zinc-zinc separations in the solid state (Fig. 10). Furthermore, the
aggregatory state in solution shows a monomer–dimer equilibrium
which is strongly influenced by the N-aryl substituents. Finally the
nature of the bridging ligand influences the monomer–dimer equi-
librium.

The introduction of bulky groups on the N-aryl substituents in
BDI frameworks (Ph, 4-tBu-Ph) affords predominantly monomeric
complexes in solution which consequently exhibit lower activi-
ties than their dimeric counterparts. Asymmetrically substituted
complexes with moderately bulky iPr- and Et groups 13 exist in a
loosely bound dimeric form and are effective catalysts for alternat-
ing CO2/CHO copolymerization. Exchange of the iPr substituent for
a less bulky Me group on the N-aryl ring leads to more tightly bound
dimers 14 which are completely unreactive for copolymerization
[77,122]. Studies imply that the monomer/dimer equilibrium can
be shifted by temperature with the dimeric complex being present
at lower temperatures [77,134]. Kinetic studies with different BDI
complexes show that the copolymerization follows a zero-order
in CO2, a first-order in epoxide and a 1.0–1.8 order dependence
in total metal [77]. Therefore, variations in ligand sterics and elec-
tronics, alongside polymerization temperature, play a major role in
discriminating one catalytic pathway over other alternatives.

2.3.3.3. Influence of initiating group. The activity of the catalytic
system can be modified and examined by the introduction of ini-
tiating groups. For instance, acetate serves as an initiating group
which mimics CO2. Mechanistic studies have revealed that the
epoxide is attacked by the metal–acetate bond in the initial step of
the copolymerization [77]. Complexes with alkoxide groups [122]
and ethylsulfinato groups [98] as initiators exhibit comparable or
slightly enhanced activities, respectively (Fig. 11, 16).

In general the order of catalytic activity of BDI-Zn complexes

of the general formula LnZnX with different initiation groups
decreases with X = SO2Et > OiPr > OMe > OAc, where the order of
reactivity is the opposite of the order of the leaving ability of the ini-
tiation groups [98,135]. The bimodal distribution in GPC elugrams
leads to the assumption that, for the ethylsulfinato complexes,

active), loosely bound dimeric complex 13 (highly reactive), tightly bound dimeric
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Fig. 11. BDI complex with bulky iPr groups: monomeric 15 and ethylsulfinato-
bridged dimeric form 16 [98,122].
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Fig. 12. Lanthanoid-based BDI complex [137,138].

monomer–dimer equilibrium is also present in which the two
pecies possess different activities/polymerization rates, thus lead-
ng to different molecular weights in the obtained polymer [98].

.3.3.4. Influence of metal center. The Lewis acidity of the metal cen-
er and its steric and electronic environment is of major importance
or the activity of a complex. The introduction of Cu and Mg into BDI
rameworks affords inactive systems for CO2/epoxide copolymer-
zation [133,136]. By contrast, rare earth metal complexes (Ln = La,
) show some activity (Fig. 12, 17, TOF = 12.7 h−1) which is rather

ow in comparison to the most active zinc- and chromium-based
atalyst systems [137,138].

Molecular structure and solubility studies suggest that only the
onomeric species is present in these complexes in the solid state

s well as in solution and therefore a monometallic mechanism is
revalent. However, blind tests with the precursors Y[N(SiMe3)2]3
TOF = 8.9 h−1) and La[N(SiMe3)2]3 (TOF = 0.86 h−1) show that these
omplexes are also active for copolymerization reactions. These
xperiments show that to date the most successful BDI systems
re still Zn-based.
The observations with various BDI system over recent years
trongly imply a bimetallic mechanism in CO2/epoxide copolymer-
zation. The system is strongly influenced by modifications in the
igand framework, the initiator group, the bridging ligand and the
ncorporated metal center. New strategies therefore have focused

Fig. 13. Representative (salen)MX (18a), (salan)M
Reviews 255 (2011) 1460–1479

on the development of dinuclear BDI and BDI-like structures (Sec-
tion 2.4.1).

2.3.4. Salen systems
The salen system represents the most investigated homoge-

neous system for CO2/epoxide copolymerization and considerable
developments have been made with this system. An excellent and
extensive review on (salen)MX catalyst systems has been provided
by Darensbourg in 2007 [27]. This section of our review focuses on
the newest developments and advances in the field of (salen)MX
catalysts and only repeats data reported previously if necessary for
a more in-depth understanding.

Although the first generation of salen catalysts demonstrated
lower activities than representative BDI-Zn [49] (TOF = 160 h−1,
PPC = 71%) catalysts (vide supra), they introduced several advan-
tages such as high polymer selectivity as well as excellent
regioselectivity. Moreover, the copolymerization with salen com-
plexes typically proceeds under mild temperatures and pressures.

Initial investigations focused on Cr as the incorporated metal
center, but recently the (salen)CoX complex system has gar-
nered more attention (Fig. 13, 18a) [54,55,60,61,64,67,139]. The
first cobalt catalyst 18a with M = Co and X = OAc was reported
by Coates et al. in 2003 and produced PPC with 99% carbonate
content with TOFs around 70 h−1 [67]. In addition to exchange
of the metal center, simple changes to the axial group X of
(salen)MX complexes drastically affect the PPC/PC selectivity,
which emphasizes the potential effect of cocatalyst addition (e.g.
PPNCl, DMAP, N-MeIm, Fig. 6) [54,60,61]. For example, addition
of substoichiometric PPNCl amounts to complex 18a with M = Co
and X = pentafluorobenzoate increases the activity up to TOFs of
620 h−1 [54]. From GPC analyses, it was concluded in this study that
one copolymer chain is produced from one complex, whereas upon
addition of cocatalyst, two copolymer chains are formed per metal
center.

In general, the ideal ionic cocatalyst for high activities and selec-
tivities consists of a bulky cation, which decreases in the order
[PPN]+ > [nHept4N]+ > [nBu4N]+ > [nEt4N]+ and an anion with poor
leaving group ability, where Cl− > Br− > I− > ClO4

− [61]. For neutral
cocatalysts, bulky Lewis bases (e.g. DMAP) are preferred over their
less sterically hindered counterparts (e.g. N-MeIm), as such bases
render the catalyst system completely inactive due to their tight
bonding to the metal center, which hinders effective epoxide bind-
ing and activation.

Studies conducted by us have shown that traditional (salphen)-
Cr(III) complexes 18c only gave activity in combination with DMAP,
whereas reactions in the absence of cocatalyst showed no activity,
producing neither PPC nor PC [73]. At higher cocatalyst concen-
trations however, the polymer chain end is in a coordination
equilibrium with the cocatalyst and is detached from the metal cen-

ter, which promotes depolymerization through back-biting [70].
This effect is attributed to a reduced activation barrier, which facil-
itates backbiting. Therefore no more than one or two equivalents
of ionic cocatalysts should be added during copolymerization if a
high polymer content is desired in the end-product.

X (18b) and (salphen)MX (18c) complex.
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The cocatalyst can also give both a positive and a negative
ffect on the overall rate of copolymerization [74]. The initia-
ion time is generally lengthened due to competitive insertion
ith epoxide at the metal-site trans to the nucleophile, which

eads to an induction period. This effect is much more pronounced
or (salen)MX-systems 18a than for the corresponding saturated
salan)MX-systems 18b [59]. Meanwhile propagation is enhanced
onsiderably and as a result, accelerated overall activities can be
bserved [59,73,74,76]. The combination of (salan)MX-complexes
n conjunction with (neutral) cocatalysts efficiently enhances the
atalytic activity as well as the regio- and stereo-selectivity of the
lternating copolymerization of CO2 and PO [59,76]. This effect is
ttributed to the sp3-hybridized amino donors in the salan lig-
nd, the resulting reduced Lewis acidity of the metal center and
he facilitated reversible epoxide/cocatalyst binding. It was also
roposed that the salan-ligand system is conformationally much
ore flexible than its rigid and planar salen counterpart. Therefore
penta-coordinate complex is formed, in which one vacant coor-
ination site can be found in an equatorial or an axial position of
he coordination octahedra [59]. The reduced nucleophilicity of the

etal center and the coordinative flexibility could both facilitate
issociation and re-association of the cocatalyst and the growing
olymer chain, thereby increasing back-biting, but simultaneously
onsiderably enhancing the activity [50,59,76].

During copolymerization, the Lewis base coordinates to the
salen)MX metal center in the axial position (trans to the propagat-
ng species) forming the resulting complex (salen)M-XNu, which
esults in an improved electronic environment for propagation. The
salen)M-X can also be ligated by corresponding epoxides or coordi-
ating solvents such as THF [53,140]. The competitive equilibrium
etween (salen)MX-epoxide and (salen)MX-Nu is shifted depend-

ng on the catalyst/cocatalyst/epoxide ratio and can have profound
ffects on the PPC/PC (respectively PCHC/CHC) ratio and overall
ctivity, with an excess of cocatalyst generally leading to reduced
ctivity and higher PC (respectively CHC) content [30,57,65,70,73].
n the presence of very strongly coordinating nucleophiles, the lig-
tion process is irreversible and subsequent exchange by epoxide
s precluded.

These conclusions, in addition to the observations from related
omogeneous systems, have recently lead to reports of binary

inked salen systems which are reviewed later in this article (Sec-
ion 2.4.2).

.4. New strategies with homogeneous catalyst systems

.4.1. Dinuclear BDI catalysts and similar systems
As indicated in the previously discussed BDI catalysts, a bimetal-

ic mechanism is needed for enhanced activities in CO2/epoxide
opolymerizations. It is for this reason that dinuclear BDI and BDI-
ike systems have been developed over the last years.

In 1999 Nozaki et al. used diethyl zinc and a chiral amino alcohol
S)-diphenyl(pyrrolidin-2-yl)methanol (Scheme 8) for the copoly-
erizations of cyclohexene, cyclopentene and cis-butene oxide
ith CO2, respectively [141]. The copolymerizations with cyclo-
exene oxide were carried out under 30 bar CO2 using equimolar
atios of diethyl zinc to amino alcohol. The resulting copolymers

Scheme 8. Chiral amino alcohol complex [141].
Fig. 14. Dinuclear homo- and hetero-chiral zinc complexes [142].

were the first alternating polycarbonates with isotactic units up to
70%.

The hydrolysis of the copolymers with aqueous NaOH leads to
the corresponding diols. In the case of CHO the meso-cyclohexane
diol was not obtained, which clearly confirmed SN2-type ring
opening of the epoxide. The trans-cyclohexane diol yielded an
enantiomeric excess of up to 70% (R,R)-cyclohexane diol.

In a further study in 2003, Nozaki and co-workers crystallized
the desired complex 19 from the synthesis of diethyl zinc and (S)-
diphenyl(pyrroridin-2-yl)methanol (Fig. 14) [142]. The obtained
catalyst adopts a dimeric structure with the two zinc centers adopt-
ing a distorted tetrahedral geometry. The zinc-zinc distance in this
catalyst was determined to be 3.00 Å.

The copolymerization reaction of CHO and CO2 was performed
in toluene at 40 ◦C and yields perfectly alternating polycarbonate.
However the isotactic ratio never exceeded 50% and was therefore
lower than in the previous report. The MALDI–TOF mass spectrum
showed a series of peaks, which could be attributed to copolymers
initiated by the amino alcohol ligand. Therefore presumably the
enantiomerically pure ligand dissociates from the active metal site
and the chiral information around the zinc center is lost. To over-
come this problem, ethanol was added to the reaction mixture,
which lead to the formation of new Zn-OR moieties. These new
Zn-alkoxide groups could initiate the copolymerization, whereas
ethyl groups were unable to initiate the reaction.

The MALDI–TOF mass spectrum of these polymers showed a
series of peaks with an ethoxy-end group and an increased iso-
tactic ratio in the polymer of 75%. Several different alcohols were
tested in the in situ initiation for the copolymerization, with a higher
nucleophilicity of the alkoxide species leading to better copolymer-
ization results.

Nozaki and co-workers used the R- and S-enantiomer of the
ligands to form a hetero-chiral complex (Fig. 14, 20) [143]. This
catalyst is less active than those previously reported, however the
complex indicated an asymmetric amplification, which is the first
reported for the copolymerization process. However no TOF values
were given for this kind of catalyst.

In 2003 Coates et al. introduced a new type of ligand for
dinuclear structures [125]. The �-oxo-�-diimine (BODDI) ligands
can be coordinated with diethyl zinc to form a dinuclear complex.
The reaction of these complexes with acetic acid affords zinc acetate

systems (Fig. 15, 21) which are potentially active in the copoly-
merization of CO2, but corresponding experiments have not been
reported to the best of our knowledge.

In 2005 Ding and co-workers used Trost’s intramolecular din-
uclear zinc complex for the copolymerization of CHO and CO2

Fig. 15. Dinuclear BODDI catalyst [125].
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Fig. 16. Dinuclear Trost complex [144].

Fig. 16, 22) [144]. The catalyst was prepared in situ by complex-
tion of the ligand with ZnEt2 and the copolymerization reaction
arried out under 30 bar CO2 in toluene at 80 ◦C and a catalyst/CHO
oading of 1:500. The TOFs at these conditions were around 140 h−1

nd the conversion and selectivity for poly(cyclohexene carbonate)
p to 99%.

The dinuclear Zn catalysts 22 were also highly active in diluted
olutions and retained their selectivity even under very low CO2
ressures (i.e. 1 bar), even though the activities decreased to 3 h−1.
he analogous Mg complex was also active in CHO/CO2 copolymer-
zation [145].

By substitution of the prolinol framework, varied ligand struc-
ures were tested in copolymerization reactions. Electron donating
roups lead to a decrease in epoxide conversion, however the
ntroduction of electron withdrawing groups promoted consecu-
ive epoxide insertions, yielding a polymer with a high degree of
olyether linkages.

In 2005 Lee et al. reacted the anilido-aldimine ligands with
imethyl zinc and subsequently with SO2 to generate “closed” and
open” dinuclear zinc complexes (Fig. 17, 23 and 24) [130]. A com-
ination of NMR spectroscopic studies at varying temperatures and
-ray crystallographic analysis demonstrated the dinuclear nature
f these catalysts, with zinc-zinc distances of 4.88 Å and 4.69 Å for

he “open” and “closed” structure, respectively. The distances are
n the same range as the previously reported �-diketiminato ethyl
ulfinato zinc complexes (4.98 Å) [98].

These dinuclear catalysts are highly active for the copolymer-
zation of CHO and CO2 even under highly diluted conditions

Fig. 17. “Open” and “closed” dinu
Fig. 18. Fluorinated dinuclear zinc complex [146].

(catalyst/CHO = 1:17 000) and showed TOFs of up to 200 h−1 with
molecular weights of up to 280 000 g/mol and a carbonate content
around 90%. The copolymerization activity is very sensitive to the
nature of the ortho-substituents of the aromatic moiety and the
“open” catalyst is active, whereas the “closed” is completely inac-
tive. The difference in efficiency is probably due to better access to
the metal centers in the “open” structure.

In 2006 Lee et al. prepared fluorinated anilido-aldimine ligands,
which through complexation with dimethyl zinc afforded dinuclear

complexes [146]. Reaction of these complexes with SO2 converts
the complexes into active catalysts for the copolymerization of CHO
and CO2 (Fig. 18, 25).

The Zn–Zn separation of compound 25 is slightly smaller
(about 4.82 Å), compared to the non-fluorinated complex 23.

clear zinc complexes [130].
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Fig. 19. Dinuclear xanthdim complexes [147].

gain, copolymerization reactions can be carried out, with the
ighest TOF of 2860 h−1 being obtained at high dilutions (cat-
lyst/CHO = 1:50 000). The electron-withdrawing fluorine groups
resumably influence the Lewis acidity of the metal center, thereby

ncreasing its CO2/epoxide binding strength. At the same time the
ystem is less sensitive to chain transfer agents, due the reduced
asicity of the ligand nitrogen donors. As a drawback, the per-
entage of carbonate linkages is lower for the fluorinated than for
he non-fluorinated system, which is attributed to the increased
eaction speed and the lowered selectivity.

Limberg, Hultzsch and co-workers reported in 2007 xanthdim
igands which afforded dinuclear zinc complexes after complexa-
ion with diethyl zinc (Fig. 19, 26 and 27) [147]. Zn–Zn distances
f 4.92 Å and 5.60 Å were reported for the fluorinated and non-
uorinated complexes, respectively. The ligand structure allows
he parallel orientation of two metal centers, in comparison to the
bove-mentioned dinuclear structures in which they are generally
rientated face to face.

The reaction of the zinc ethyl moieties in the dinuclear xan-
hdim complexes with SO2 was unsuccessful due to the formation
f oligomeric or polymeric coordination species. However the com-
lexes comprising zinc ethyl groups were tested successfully in the
opolymerization of CHO and CO2. In traditional mononuclear BDI
omplexes the ethyl groups are not able to bridge two monomers to
orm an active dimer. However this unfavorable dimerization with
thyl groups can be overcome by activation with SO2, which affords
n active dimeric system with bridging ethylsulfinato-groups [98].
owever, for complexes 26 and 27 the dinuclear nature implies an
ctivity even with non-activated ZnEt moieties.

The non-fluorinated catalysts lead to poly(cyclohexene carbon-
te) with a relatively low content of carbonate linkages (50%). This
roblem could be overcome by dilution of the reaction mixture
ith toluene which increases the content of the carbonate groups

up to 91%) with a low TOF of 9 h−1. The fluorinated complex mainly
ffords polyether formation (8% carbonate linkages), the reason for

his being the higher Lewis acidity of the metal center and therefore
he accelerated ring opening of the epoxide [147]. The experiments
how that these dinuclear xanthdim catalysts with parallel BDI-
ype ligands are only moderately active, which is attributed to
vercrowding of the reaction pocket [147].

Fig. 20. Bridged dinuclear Zn
Fig. 21. Dinuclear Robson-type complexes [149,150].

Harder and co-workers used bridged �-diiminato ligands for
the preparation of dinuclear zinc and calcium complexes (Fig. 20)
[148]. The zinc complexes were all characterized by X-ray crystal
diffraction, with the Zn–Zn distances for the 1,4-phenylene, 1,3-
phenylene and 2,6-pyridylene complexes being 8.17 Å, 6.10 Å and
3.79 Å, respectively.

Again, the proposed bimetallic mechanism is an important
aspect of such dinuclear zinc catalysts. Dinuclear para-(ZnEt)2 28
and meta-(ZnEt)2 29 complexes initiate CHO/CO2 copolymerization
without SO2 activation, a trend which has already been reported for
the previously mentioned xanthdim catalysts 26 and 27.

The activity is considerably higher for the meta-(ZnEt)2 com-
plex 29 (TOF = 129 h−1) than for the para-(ZnEt)2 complex 28
(TOF = 36 h−1), presumably because the zinc-zinc distance in the
meta-substituted ligand is much more suitable for the copolymer-
ization. This illustrates the importance of a controlled metal–metal
distance in these catalyst systems. Activation with SO2 increases
the activity of meta-(ZnSO2Et)2 (TOF = 181 h−1) and a three-fold
dilution raises the activity even further (TOF = 262 h−1) delivering
polymer with a molecular weight of up to 100 000 g/mol and 99%
carbonate linkages.

Complex 30, which comprises a pyridine fragment in the center
of the ligand framework is inactive, presumably due to the presence
of the heterocyclic N-atom. This alters the complex conformation
or coordinates to the Zn atoms thereby reducing their Lewis acidity,
thus inhibiting CHO coordination and subsequent ring-opening.

In 2009 Williams et al. reported a dinuclear zinc catalyst with
a reduced Robson-type ligand structure for the copolymerization
of CHO and CO2 (Fig. 21, 31) [149], with an acetate group initia-
tor at the zinc centers and the Zn–Zn distance being around 3.11 Å
[150].

Copolymerization reactions can be carried out with 31 at pres-
sures as low as 1 bar CO2, with activities and TOFs up to 25 h−1 and

−1
a high copolymer to cyclic carbonate ratio (TOF = 140 h at 10 bar
CO2). Room temperature NMR spectra of this complex showed
broad resonances, whilst in higher temperature measurements, the
peaks coalesce to observable resonances. This behavior indicates a
fluxional complex structure in the solution state.

-BDI complexes [148].
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In further work, Williams and co-workers altered the sub-
tituents in the para-position of the phenolic moieties (Fig. 21,
1–33) [150]. Introduction of a methyl 32 or methoxy group 33

n the para-position of the aryl backbone of the ligand moderately
ecreases activity in the copolymerization of CHO and CO2 (32:
OF = 8.3 h−1, 33: TOF = 6 h−1). This effect is associated with the
ower Lewis acidity of the metal center and a decreased binding
nd activation of epoxide and CO2.

In 2010 Williams et al. used the same ligand structure for the
ynthesis of dinuclear cobalt and iron complexes for the copoly-
erization of CHO and CO2 (Fig. 22, 34a–c) [151]. Complexes

omprising cobalt acetate centers were selected for these studies in
rder to compare the complexes with the previously reported zinc
atalysts. Complexation was achieved by reaction of the ligand with
obalt(II) acetate which affords the desired Co(II) compound 34a
ith a TOF of 410 h−1 at 1 bar CO2. The subsequent aerial oxidation

eads to a mixed valency Co(II)/Co(III) complex 34b with a slightly
ncreased TOF of 480 h−1 at this pressure and a TOF of 1700 h−1 at
0 bar.

The Co-Co distances in 34a and 34b are close to 3 Å. Copoly-
erizations of CHO and CO2 under 1 bar CO2 pressure and at 80 ◦C

emonstrate activities of an order of magnitude greater than those
f the zinc analogues (TOF up to 172 h−1). Additionally the selec-
ivity of the cobalt catalysts (1% cyclic carbonate) for the polymer
ormation is higher than that of the zinc complexes (4% cyclic
arbonate). The activity of these complexes at low pressures is
ttributed to the coordinative flexibility of the ligand system. Fur-
hermore, the two closely linked metal centers facilitate a bidentate
arboxylate binding mode, thus lowering the energy barrier for CO2
nsertion. The higher activity of the cobalt catalysts is attributed to
he enhanced nucleophilicity of the metal-bound carbonate group
nd thus better incorporation of the epoxide.

Recently, Williams et al. reported two iron(III) centers in this
igand framework and the corresponding copolymerization data
Fig. 22, 34c) [152]. This system was able to produce copolymer
ith CHO/CO2 and demonstrated a TOF of 107 h−1 at 80 ◦C, 10 bar

nd a [Fe]/[CHO] ratio of 1000. The system did not yield copolymer
ith PO, but introduction of one equivalent of PPNCl per Fe-center

llowed the conversion of PO into cyclic propylene carbonate with
OFs around 25 h−1.

Independently, we recently reported a mononuclear Fe-system
hat shows similar behavior towards PO and produces cyclic
ropylene carbonate in relatively high yields (Fig. 23, 35) [153]. Pre-

iminary experiments also indicate the copolymer formation with
HO/CO2 and a strong dependence on the cocatalyst system. These
tudies show for the first time that CO2/epoxides can be copolymer-
zed into polycarbonates via iron-complexes. In the near future, this

ould allow an ecological as well as economical favorable alterna-
ive to the preferentially used toxic metals cobalt and chromium.

These reports all indicate that future work should focus on din-
clear ligand structures or binary linked systems as presented in

Fig. 22. Dinuclear Robson-type complex with Co- and Fe-centers [151,152].
Fig. 23. Mononuclear tetraamine-iron complex [153].

the next section, especially when factors such as high dilutions and
temperatures are considered.

2.4.2. Binary linked salen systems
In order to increase the activity of the previously investigated

salen complexes, different aspects have been addressed. As dis-
cussed previously (vide supra), a binary or a dinuclear catalytic
system is presumably needed for CO2/epoxide copolymerization
with high activities. At the same time higher catalyst dilutions
are needed to overcome diffusion limitations and enhance TON,
and therefore TOF values. At such high dilutions, all associative
processes are disfavored by the mass action law. The probability
of formation of an active species by interaction of two catalyst
molecules or a catalyst and a cocatalyst molecule is therefore
decreased and activities tend to drop.

In order to overcome the low activities typically observed at low
catalyst concentrations, new strategies are centered on tethering
the cocatalyst to the same ligand framework. In this way, even at
high dilutions, the interacting species remain in close proximity
and these systems therefore retain their activity.

Nozaki et al. synthesized a piperidinium end-capped
(salen)Co(III) complex which copolymerizes PO and CO2 without
the generation of cyclic propylene carbonate (PC) with a TOF of
254 h−1 (Scheme 9) [82].

The high polymer selectivity observed with 36 is presumably
achieved due to the piperidinium arm, which inhibits the forma-
tion of cyclic carbonate by protonation of the anionic propagating
species when it dissociates from the metal center.

This protonation leads to a reduced nucleophilicity of the chain-
end and hinders chain back-biting, a process leading to cyclic
carbonate formation. Therefore the [epoxide]/[catalyst] ratio can
be raised to 6500 and the polymerization temperature can be
increased to 60 ◦C, whereupon activities reach TOF = 600 h−1 and
a high PPC/PC ratio is retained. Complete epoxide conversion
could be achieved by addition of solvents such as DME (1,2-
dimethoxyethane), toluene or dichloromethane. In this way, the
polymerization mixtures become less viscous and diffusion of the
monomers to the active site is retained. Another advantage of this
system is that following complete monomer consumption, another
monomer feedstock (e.g. 1-hexene oxide) can be added resulting in
the formation of block terpolymers.

A similar strategy has been employed in related salen-type sys-
tems. A quaternary ammonium cation has been anchored on the
salen ligand framework 39 resulting in higher activities, higher
PPC/PC content and the possibility of terpolymerizing CHO, PO and
CO2 (Fig. 24) [154–157].

In contrast to the piperidinium-anchored catalyst 36 reported

above, inhibition of back-biting occurs due to higher coulombic
interactions of the growing chain with the catalyst molecule 39
as a whole. Therefore the polymer is considered to not diffuse to
any great distance from the active metal site in complex 39. Addi-
tionally the nucleophilicity of the anionic chain end is decreased
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Scheme 9. Piperidinium end-capped (salen)Co(III) [82].
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Fig. 24. Representative (salen)Co(III) complexes with tethered steri

hrough interaction with the positively charged groups. In this way
he activity of the quaternary ammonium salt anchored (salen)CoX
omplex remains high (37, X = OAc, TOF = 7100 h−1; 38, X = NO3,
OF = 7 h−1; 39, X = 2,4-dinitrophenoxy: TOF = 3500 h−1) even at
igh [monomer]/[catalyst] ratios of >25 000 and high tempera-
ures >80 ◦C. The copolymers produced have a molecular weight of
round 50 000–100 000 g/mol and narrow PDI’s around 1.3. At such
onditions the traditional binary systems comprising (salen)CoX
nd PPNCl produce only cyclic carbonate or are completely inactive.

A considerable improvement to these anchored motifs was
ade by Lee et al., who included four (or more) quaternary ammo-

ium groups attached to the salen framework (Fig. 25, 40–42)
158–160].
This anchoring strategy gives rise to a catalyst which is able to
e recovered after copolymerization whilst retaining its activity.
t the same time, the catalyst residues can be removed from the
roduced polymer in a simple manner. In contrast to other salen
ystems, such binary linked complexes are strongly influenced by

Fig. 25. Salen with four anchored ammonium salt units [158–160].
indered organic bases and quaternary ammonium salts [154–157].

the nature of the ortho-substituent in the salicylaldimine moiety.
The highest TOFs were achieved with a methyl substituted salen
42 and four anchored ammonium salt units; 25% PO conversion
was observed in 15 min at [PO]/[cat] ratio of 25 000 which cor-
responds to TOF = 26 000 h−1, a PPC/PC selectivity of greater than
99% and a carbonate content above 99% [158]. The TON and TOF
could be considerably improved by increasing the reaction time
at higher PO/catalyst loadings of up to 100 000 (TOF = 22 000 h−1,
TON = 22 000). At such high TONs, the copolymer produced has a
molecular weight of 285 000 g/mol (PPC/PC selectivity 96%) and
the cobalt level in the isolated polymer reaches 26 ppm and can
even be lowered by separating the residual cobalt complex by fil-
tration of the polymerization mixture through a short pad of silica
gel. The salen complex can be recovered and reactivated with 2,4-
dinitrophenol and exhibits a comparable catalytic performance.

The authors propose that in this type of catalyst, the imino-
nitrogens do not coordinate to the metal center, instead the counter
anions of the quaternary ammonium cations ligate the cobalt (in
this case 2,4-dinitrophenolate, DNP) (Fig. 26) [160]. As a result,
the tetradendate coordination of regular salen systems shifts into
an unusual bidentate coordination mode, which is presumably
responsible for the high activity (Fig. 25, 43 and 44). Introduction of
bulkier aryl substituents such as tBu (40) or iPr (41) prevent biden-
tate coordination in favor of tetradentate coordination. As a result
the activities drop, thus emphasizing the importance of a biden-

tate binding mode for this catalyst system. The tethered cationic
side arms hold the anionic chain ends in the coordination sphere of
the metal center, thus allowing rapid and efficient copolymeriza-
tion. The growth of the polymer chains commences from the DNP
initiator in the catalysts and hence most polymer chains contain
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Fig. 26. Unusual binding mode of binary linked salen complexes [160].
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2.4.4. Immobilized salen and BDI systems
Fig. 27. Polyisobutylene supported salen Cr(III) complex [161].

DNP end group. However a bimodal distribution is found in GPC
lugrams, a certain amount being initiated by DNP, the rest showing
nitiation via hydroxyl groups that result from chain-transfer reac-
ions with water. However as DNPs are highly explosive in the dry
tate, new catalysts with inexpensive anions (e.g. 4-nitrophenolate,
,4-dichlorophenolate) that replace the hazardous DNP have been

nvestigated [160].
Another strategy to separate the catalyst after copolymerization

as been investigated by Darensbourg et al. The salen derivative 45
ontains two polyisobutylated (PIB) phenol groups and is phase-
electively soluble in the heptane phase of a heptane/DMF or similar
ixtures (Fig. 27) [161].
Complex 45 could be completely separated from the polymer

y extraction after copolymerization at 80 ◦C, 35 bar CO2. The same
nitial rates of polymerization were observed as for Cr(salen) com-
lexes without PIB-anchors. Recycling of the catalyst however

ead to a 20–30% reduction in polymerization activity, presum-
bly due to acidolysis of the Cr(III) center from the PIB-salen
omplex.

The addition of cocatalysts to traditional salen complexes can
onsiderably influence the efficiency of the system. Through teth-
ring of cocatalyst functionalities to the salen ligand framework,

he activity and selectivity towards polymerization can therefore
e increased by a factor of several orders of magnitude in compar-

son to earlier systems indicating a potentially successful direction
or future catalyst development.

Fig. 28. Mono- and dinuclear sa
Reviews 255 (2011) 1460–1479

2.4.3. Dinuclear salen systems
Jacobsen et al. suggested that the activity of catalytic

CO2/epoxide copolymerization can be increased by utilization of
flexibly linked dinuclear species and prepared bifunctional salen
complexes [51,162]. Other early experiments reported a com-
bined gas-phase and solution-phase study of mono- and dinuclear
(salen)CrIII complexes, which suggested the important role of din-
uclear species in the homopolymerization of epoxides [163].

In 2010, Nozaki et al. further investigated this system and syn-
thesized a series of complexes with different spacer lengths (Fig. 28,
46–49) [164]. Copolymerization experiments under 53 bar and at
22 ◦C in 2 h with a [PO]/[Co] ratio of 1000 indicated the opti-
mal spacer length to be n = 4 (48, TOF = 180 h−1), in comparison
to n = 10 (46, TOF = 150 h−1), n = 7 (47, TOF = 130 h−1) and n = 3 (49,
TOF = 140 h−1). The racemic mixture of the mononuclear catalyst 50
shows a comparable activity at such copolymerization conditions
(TOF = 100 h−1). The optimal distance between two metal centers
not only accelerates the alternating copolymerization, but also the
homopolymerization of PO, which results in a somewhat lower
content of carbonate linkages in the resulting polymer.

The main characteristic of the dinuclear cobalt complex
however was the retention of catalytic activity even under
low concentrations [PO]/[Co] = 3000 (e.g. for 48, TOF = 150 h−1),
whereas the efficiency of the mononuclear complex 50 decreases
(TOF = 20 h−1) under such conditions. Addition of 0.5 equivalent
PPNCl cocatalyst further increased the activity of the dinuclear sys-
tem (48, TOF = 1280 h−1), as well as that of the mononuclear system
(50, TOF = 1180 h−1). This indicates, as previously discussed that in
presence of cocatalysts a binary mechanism is operating, which is
independent of the dinuclearity of the system. Therefore activity
and selectivity can easily improved by controlling the amount and
nature of added cocatalyst.

In 2010, a similar study was independently conducted by
us. A new synthetic route allowed the preparation of dinuclear
salphen(Cr) complexes with different linker lengths (Fig. 29, 51
and 52) [165]. Even though such systems generally show a slightly
lower activity than mononuclear salen systems, the same trend
upon dilution is observed. Complex 51 with a spacer length of n = 6
shows a TOF of up to 49 h−1 under copolymerization conditions
of 40 bar and 60 ◦C, with a [PO]/[Cr] ratio of 2000. At a [PO]/[Cr]
ratio of 20 000, the TOF even increases to 82 h−1. In contrast, the
activity of the mononuclear complex 53 drops from TOF = 67 h−1 to
TOF = 7 h−1 upon dilution.

These investigations strongly indicate the copolymerization of
CO2 and epoxides to proceed via a bimetallic mechanism.
Immobilization of catalysts on a surface provides an effective
means to recover and regenerate the catalyst after copolymeriza-
tion. Immobilization of Zn-BDI catalysts for the copolymerization
of epoxides and CO2 onto silica materials (mesoporous SBA-15

len(Co) complexes [164].
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Fig. 29. Mono- and dinucle

nd controlled-pore glass (CPG)) (Fig. 30, 54) gave moderate
olymerization activities in comparison with their homogeneous
nalogues, presumably as a result of pore diffusion effects [166].
ecovery and potential regeneration of the catalyst were not
eported.

García et al. described recyclable salen(Cr)Cl and salen(Al)X
erivatives which were covalently anchored to a silicon polymer-

upport via a linker (Fig. 31, 55 and 56) but only exhibited
ctivity towards cyclic carbonate production from styrene oxide
52,167,168].

Fig. 30. Immobilized BDI complexes [166].

Fig. 31. Silica supported Cr- and Al-salen complexes [52,167,168].
phen(Cr) complexes [165].

3. Summary and outlook

From the data covered in this review, it is apparent that huge
progress has been made in CO2/epoxide copolymerization catalysis.
After 40 years of intense research, clear ligand/complex families
have been developed, mechanistic insights have been gained and
significant advances in activity and selectivity have been made.

Investigations with traditional phenoxide and BDI catalysts have
indicated that a bimetallic mechanism is probable in CO2/epoxide
copolymerization. The same mechanism has also been proposed
for the long known but poorly understood heterogeneous zinc-
dicarboxylate systems. Unfortunately an intrinsic activity limit is
hindering further development of these systems.

The development of dinuclear BDI complexes indicates that the
introduction of two metal species into a single ligand framework
can considerably increase yield and selectivity towards copoly-
merization. The main advantage of such BDI systems is their high
activity and the commonly used Zn metal as the active center,
which renders these catalysts suitable for industrial usage. Unfor-
tunately, to date most of these systems only demonstrate activity
for CHO/CO2 copolymerizations with only cyclic carbonate being
produced in PO/CO2 processes.

The addition of cocatalysts to traditional porphyrin and salen
complexes can considerably influence the efficiency of these sys-
tems. Through careful modification of the long established salen
ligands, anchored binary catalytic systems have been developed
that are able to increase the activity towards polymerization by
a factor of several orders of magnitude in comparison to earlier
systems.

Immobilization of salen and BDI systems affords materials with
lower activities for copolymerization, but make a separation of the
catalyst from the product achievable.

All of these results imply that through the development of dinu-
clear and binary anchored catalyst systems, high catalytic activities
can be achieved for epoxide/CO2 copolymerizations even at high
dilutions and temperatures. However, most of these systems still
are incapable of copolymerizing propylene oxide with CO2. More-
over, many of the systems comprise a toxic metal center and a
high degree of metal content in the final polymer, which disfa-

vors their industrial application. Furthermore, a rather lengthy
synthesis route towards the ligand framework renders most of
the complexes unsuitable for industrial purposes. Therefore future
research activity will have to focus on the development of sys-
tems with easily accessible complexes that comprise non-toxic
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etals, which additionally can be completely separated from the
olymer.

In conclusion, the advances that have been made in the research
eld of CO2/epoxide copolymerization catalysis over recent years
re very promising and allow us to look forward to a new class of
olymeric materials which are accessible on an industrial scale in
he near future.
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