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Abstract: Coupling reactions of CO2

and epoxide to produce cyclic carbon-
ates were performed in the presence of a
catalyst [L2ZnX2] (L� pyridine or sub-
stituted pyridine; X�Cl, Br, I), and the
effects of pyridine and halide ligands on
the catalytic activity were investigated.
The catalysts with electron-donating
substituents on pyridine ligands exhibit
higher activity than those with unsubsti-
tuted pyridine ligands. On the other
hand, the catalysts with electron-with-
drawing substituents at the 2-position of
the pyridine ligands show no activity;
this demonstrates the importance of the
basicity of the pyridine ligands. The
catalytic activity of [L2ZnX2] was found
to decrease with increasing electronega-
tivity of the halide ligands. A series of

highly active zinc complexes bridged by
pyridinium alkoxy ions of the general
formula [{(�-OCHRCH2L)ZnBr2}n]
(n� 2 for R�CH3; n� 3 for R�H;
L� pyridine or substituted pyridine)
were synthesized and characterized by
X-ray crystallography. The dinuclear
zinc complexes obtained from propylene
oxide adopt a square-planar geometry
for the Zn2O2 core with two bridging
pyridinium propoxy ion ligands. Trinu-
clear zinc complexes prepared from
ethylene oxide adopt a boat geometry

for the Zn3O3 core, in which three zinc
and three oxygen atoms are arranged in
an alternate fashion. These zinc com-
plexes bridged by pyridinium alkoxy
ions were also isolated from the coupling
reactions of CO2 and epoxides per-
formed in the presence of [L2ZnBr2].
Rapid CO2 insertion into the zinc�oxy-
gen bond of the zinc complexes bridged
by pyridinium alkoxy ions leads to the
formation of zinc carbonate species;
these which yield cyclic carbonates and
zinc complexes bridged by pyridinium
alkoxy ions upon interaction with epox-
ides. The mechanistic pathways for the
formation of active species and cyclic
carbonates are discussed on the basis of
results from structural and spectroscopic
analyses.
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Introduction

The transformation of CO2 into cyclic carbonates by the
coupling reaction with epoxides [Eq. (1)] has received much
attention with regard to the utilization of CO2, a gas
responsible for global warming.[1, 2]

Five-membered cyclic carbonates are solvents that can be
used in many different application areas including polyure-
thanes, oils, paints, resins, in foundries, and in the entire life-
science market segment.[3] In addition, cyclic carbonates are
used as raw materials in a wide range of chemical reactions:
the production of ethylene glycol esters, hydroxyalkyl deriv-
atives, carbamates, alkylene sulfides, polyurethanes, polyes-
ters, and polycarbonates.[4, 5] Recently, there has been an
increasing demand for cyclic carbonates for use in secondary
and fuel-cell batteries and as solvents for polymer and gel
electrolytes.[6, 7]

Accordingly, a substantial amount of literature has been
published on catalyst development and mechanisms for the
coupling reactions.[8±10] The use of transition-metal/halide
catalysts along with tert-alkylammonium halides or alkali-
metal halides has been shown to be a highly active combina-
tion for promoting the coupling reactions in which the halide
ligands act as nucleophiles.[11±14] The reactivity pattern of these
catalytic systems suggest that an epoxide is coordinated to the
halogenated metal anion, generated from the interaction of
the metal halide with the halide ion, and the resulting
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coordinated epoxide ring is opened by the halide ion to form
an haloalkoxy species.[13, 14] Nucleophilic attack of the halo-
alkoxy species on CO2 leads to a linear halocarbonate that is
transformed into a cyclic carbonate by the intramolecular
substitution of the halide.

The catalytic systems composed of transition-metal halides
(AlCl3, NiCl2, MoCl5, etc.) and Lewis bases such as amines or
phosphines have also been employed in the selective forma-
tion of cyclic carbonates under mild conditions.[15]

Recently, Mg and Mg ± Al mixed oxides with strong basic
sites on their surface have been shown to effectively catalyze
this coupling reaction. Catalysis has been explained based on
results from surface characterization of catalysts by using
physicochemical methods.[16]

Zinc(��) complexes have also been used as catalysts, because
of their high activity in the cyclization and copolymerization
of CO2 and epoxides.[17±20] However, despite the intensive
studies on the reaction mechanism,[21, 22] active species or
potential intermediates to clarify the reaction pathway for the
formation of cyclic carbonates have never been structurally
characterized or isolated. During the course of our studies on
the development of active catalysts and on the mechanism for
the coupling reaction of CO2 and epoxides, we have found
that [L2ZnX2] complexes (L� pyridine or substituted pyri-
dine; X�Cl, Br, I), prepared from ZnX2 and L, are highly
active for the coupling reaction. Furthermore, we have
isolated an active species, dinuclear zinc bromide complexes
with two bridging pyridinium alkoxy ligands, [Zn2Br4(�-
OCHCH3CH2-NC5H5)2], from the coupling reaction of CO2

and propylene oxide performed in the presence of
[(C5H5N)2ZnBr2].[23] To gain deeper understanding of the
reaction pathway and to elucidate the role of the Lewis base
more clearly, we have conducted mechanistic studies on the
coupling reactions in the presence of a well-defined soluble
catalyst 1 [L2ZnBr2] (1a : L� pyridine, 1b : L� 2-methylpyr-
idine, 1c : L� 4-methyl pyridine, 1d : L� 4-tert-butylpyridine,
1e : L� 2-chloropyridine, 1 f : L� 2-acetylpyridine, 1g� 2,2�-
dipyridyl, 1h� 4-dimethylaminopyridine).

Herein, we report the syntheses, characterization and
reactivities of a series of active zinc complexes of the general
formula [{(�-OCHRCH2L)ZnBr2}n] (n� 2 for R�CH3; n� 3
for R�H; L� pyridine or substituted pyridine) thatclearly
demonstrate the reaction pathway for the formation of cyclic
carbonates and the role of the pyridine ligand in the formation
of active species.

Results and Discussion

In the course of our studies on the mechanistic aspects of the
coupling reaction, we have succeeded in isolating an active
intermediate species (2a-PO) from the coupling reaction of
CO2 with propylene oxide performed at 100 �C and 3.4 MPa
for 1 h in the presence of 1a.

To our surprise, 1H NMR spectroscopy and single-crystal
X-ray diffraction studies revealed that the intermediate
species is a dinuclear zinc complex containing two pyridinium
alkoxo adducts that bridge to the two electrophilic zinc
centers (Figure 1). As described in the Experimental Section,

Figure 1. Molecular structures of complexes 2a-PO (top) and 2b-PO
(bottom) showing the atom labeling scheme.

the dinuclear complex 2a-PO has also been prepared in high
yield from the reaction of 1a with propylene oxide in CH2Cl2

in the absence of CO2. Another dinuclear zinc complex, 2b-
PO, has been similarly prepared by reacting propylene oxide
with the corresponding substituted pyridine. Interestingly, the
reaction of 1a ± c with ethylene oxide leads to the formation of
the trinuclear zinc complexes 2a-EO, 2b-EO, and 2c-EO,
respectively. The aggregation state of the zinc complexes
seems to be largely influenced by the methyl substitution on
the epoxide moiety, but independent of the methyl substitu-
tion on the pyridine ring. Such an aggregation of zinc
alkoxides has previously been observed and well studied by
van Koten et al.[24±26]

The structural analysis of these dinuclear and trinuclear
zinc complexes shows that both pyridine ligands in [L2ZnBr2]
are dissociated from the zinc center. The coordination of an
epoxide is likely to take place by substituting one of the
pyridine ligands, which in turn attacks on the electropositive
carbon atom of the coordinated epoxide to produce a
pyridinium alkoxy ion species.
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Complexes 2a-PO and 2b-PO (Figure 1) and 2a-EO, 2b-
EO, and 2c-EO (Figure 2) have been characterized by X-ray
crystallography. A list of selected bond lengths and angles is
provided in Table 1. Dinuclear zinc complexes 2a-PO and 2b-
PO adopt a square-planar geometry for the Zn2O2 core with
two bridging propoxy ligands between the two zinc centers.

Even though 2a-PO and 2b-PO are prepared from racemic
propylene oxide, they exist as only R, S-diastereomeric dimers
in the crystal structures due to the presence of centers of
symmetry. Accordingly, R,R and S,S diastereomers are not
observed. Trinuclear zinc complexes 2a-EO, 2b-EO, and 2c-
EO adopt a boat geometry for the Zn3O3 core; in which three
zinc and three oxygen atoms are alternately arranged. Each
zinc center in these di- and trinuclear complexes has a
distorted tetrahedral geometry. The Zn�O bond lengths in
these di- and trinuclear zinc complexes are in the range from
1.954 to 1.978 ä, and are comparable to those found in
previously reported zinc alkoxide and phenoxide complexes
(1.864 to 2.061 ä).[24±29]

The structures of di- and trinuclear zinc complexes reveal
various important aspects of zinc-catalyzed coupling reactions
of epoxides and CO2 such as ligand (pyridine) dissociation,

coordination of epoxides, and ring opening of Lewis acids
activated epoxides by Lewis bases (dissociated pyridine)
through the formation of a pyridinium adduct. Ring opening
of epoxides seems to occur exclusively at the less sterically
hindered carbon atom.[30, 31]

The insertion of CO2 into the metal ± oxygen bond of
alkoxides or phenoxides is well established,[32, 33] and, there-
fore, we have tested the reaction of 2a-PO with CO2 to
observe the formation of zinc carbonate species.

The reaction of complex 2a-PO with 0.14 MPa of CO2 in
DMSO at 25 �C for 3 h produced an unknown compound, 3a-
PO. The formation of 3a-PO was monitored by FTIR
spectroscopy under 0.21 MPa of CO2 as described in the
experimental section. Figure 3 shows that two peaks at 1326

Figure 3. FTIR spectra for the interaction of complex 2a-PO with CO2.

and 1605 cm�1, corresponding to the metal carbonate, increase
gradually with time, confirming the formation of a zinc
carbonate species.[34, 35] The interaction of CO2 with 2a-PO
was also confirmed by 1H and 13C NMR studies. Upon
introduction of 13CO2 into a NMR tube containing 2a-PO in
[D6]DMSO, a new set of broad resonances appears in the
1H NMR spectrum (Figure 4B). The newly appeared broad
resonances in the aromatic (�� 8.0 ± 9.0 ppm) and propylene

Figure 2. Molecular structures of complexes 2a-EO (left), 2b-EO (middle), and 2c-EO (right) showing the atom labeling scheme.

Table 1. Selected bond lengths [ä] and bond angles [�] for complexes 2a-PO, 2b-
PO, 2a-EO, 2b-EO, and 2c-EO.

2a-PO 2b-PO 2a-EO 2b-EO 2c-EO
dimer dimer trimer trimer trimer

Zn1�O1 1.956(5) 1.973(5) 1.977(5) 1.964(5) 1.963(2)
Zn1�O2 1.971(5) 1.977(5) 1.964(5) 1.962(5) 1.966(2)
Zn1�Br1 2.338(2) 2.373(2) 2.381(1) 2.393(1) 2.401(6)
O1�C1 1.424(10) 1.426(9) 1.414(9) 1.428(8) 1.420(3)
C1�C2 1.495(13) 1.531(13) 1.525(11) 1.494(11) 1.528(4)
C2�N1 1.477(12) 1.471(12) 1.494(10) 1.486(9) 1.468(4)
N1�C3 1.321(11) 1.345(11) 1.341(10) 1.347(9) 1.360(4)
C3�C4 1.353(14) 1.462(18) 1.360(12) 1.373(12) 1.364(5)
C4�C5 1.365(14) 1.34(2) 1.378(13) 1.368(13) 1.394(5)

O1-Zn1-O2 83.0(2) 83.8(2) 104.2(2) 104.8(2) 107.85(9)
Zn1-O1-Zn2 97.0(2) 96.2(2) 114.9(3) 117.3(2) 115.2(1)
Br1-Zn1-Br2 110.86(6) 113.89(5) 114.28(5) 110.94(5) 113.24(2)
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Figure 4. 1H NMR spectra: A) 2a-PO in [D6]DMSO; B) after introduction
of 0.14 MPa of 13CO2 into A); C) after degassing of B); D) after addition of
propylene oxide to C); E) after reaction of D) at 80 �C for 30 min.

oxide moiety region (�� 4.0 ± 5.0, 1.0 ± 1.2 ppm) are likely to
be associated with formation of zinc carbonate species. After
removal of free 13CO2 under vacuum (Figure 4C), the NMR
tube was charged with propylene oxide and heated at 80 �C for
30 min. As expected, propylene carbonate was produced and
most of the zinc carbonate species disappeared (see Figure 4D
and E), indicating that the carbonate species are the
intermediates for the formation of cyclic carbonates. This
can be more clearly seen in 13C NMR spectra in Figure 5. As
can be seen in Figure 5B, the introduction of 0.14 MPa of
13CO2 into the NMR tube containing 2a-PO in [D6]DMSO
results in the formation of a zinc carbonate species with the
sacrifice of 2a-PO (�). When the sample (B) was degassed
under vacuum to remove free 13CO2, the peak at �� 128 ppm
for free 13CO2 and a broad peak centered at 158 ppm in the
carbonyl region (a), and associated small peaks at 20 ± 80 ppm
(�) completely disappeared. It is likely that 2a-PO reversibly
interacts with CO2 to form a very unstable CO2-coordinated
zinc species, which in turn transforms into the zinc carbonate
species, 3a-PO. The evacuated sample (Figure 5C) clearly
shows the characteristic carbonate resonance at �� 170 ppm
along with the small peaks (*) corresponding to the propylene
moiety connected to the carbonate group. When propylene
oxide (�) was treated with a sample (C) containing the
carbonate species 3a-PO at 80 �C for 30 min, 13C-labeled
propylene carbonate (�) was produced and 2a-PO was
regenerated (see Figure 5D and E). The regeneration of 2a-
PO from 3a-PO can be clearly seen from the comparison of
their peak intensities. From the regeneration of 2a-PO from
3a-PO and the formation of 13C-labeled propylene carbonate,
manifested by the strong intensity of the carbonyl peak for

Figure 5. 13C NMR spectra: A) 2a-PO in [D6]DMSO; B) after introduc-
tion of 0.14 MPa of 13CO2 into A); C) after degassing of B); D) after
addition of propylene oxide to C); E) after reaction of D) at 80 �C for
30 min.

the propylene carbonate at �� 159 ppm, it is evident that the
zinc carbonate species 3a-PO is an important intermediate for
the formation of propylene carbonate.

Attempts to obtain a single crystal of compound 3a-PO for
X-ray crystallographic analysis failed, but based on the above
spectroscopic results compound 3a-PO is assumed to have a
structure similar to 2a-PO.

The activities of various zinc complexes containing pyridine
or substituted pyridine ligands have been tested for the
coupling reactions of epoxides with CO2. The results are
shown in Table 2.

Table 2. Catalytic activities of various catalysts for the coupling reactions
of CO2 and epoxides.[a]

Entry Catalysts TOF[b] [h�1]
PO EO

1 Pyridine (Py) n.r.[c] n.r.
2 ZnBr2 n.r. n.r.
3 [Py2ZnCl2] 38 170
4 [Py2ZnBr2] (1a) 308 890
5 [Py2ZnI2] 420 980
6 [(2-CH3-Py)2ZnBr2] (1b) 435 1216
7 [(4-CH3-Py)2ZnBr2] (1c) 350 980
8 [(4-tert-butyl-Py)2ZnBr2] (1d) 364 755
9 [(2-Cl-Py)2ZnBr2] (1e) tr.[d] tr.

10 [(2-CH3CO-Py)2ZnBr2] (1f) tr. tr.
11 [(2,2�-dipyridyl)ZnBr2] (1g) n.r. n.r.
12 [(4-dimethylaminopyridine)2ZnBr2] (1h) 516 1060
13 2a-EO 327 1180
14 2a-PO 340 1200
15 2b-PO 530 1450

[a] Reaction conditions: T� 100 �C, p (CO2)� 3.4 MPa, reaction time 1 h
for EO and 2 h for PO, molar ratios : EO/Zn� 1500, PO/Zn� 1000.
[b] TOF� turnover frequency (moles of cyclic carbonate produced per
mole of zinc per hour). PO� propylene oxide, EO� ethylene oxide.
[c] n.r.� no reaction. [d] tr.� trace.
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Substitution on the pyridine ligand in 1 is found to have a
striking effect on the catalytic activity for the coupling
reaction between CO2 and epoxides. The catalyst containing
electron-donating alkyl-substituted pyridine ligands, 1b, 1c or
1d exhibits a higher activity relative to 1a. On the other hand,
the catalyst containing pyridine ligands with an electron-
withdrawing chlorine or acetyl group at the 2-position (1e,
1 f), shows very little catalytic activity.

The basicity of pyridine ligands with an electron-donating
group is higher than those with an electron-withdrawing
group, and, therefore, the Zn�N bond strength in [L2ZnBr2]
would be weaker for the less basic pyridine ligand. If the
major role of the pyridine ligands in 1 is to provide
coordination sites for an incoming epoxide by being disso-
ciated from the zinc center, the catalyst containing less-basic
(less-nucleophilic) pyridine ligands should exhibit higher
activity than the catalyst with electron-donating alkyl-sub-
stituted pyridine ligands. In contrast, the catalysts with less-
basic pyridine ligands such as 2-chloro- and 2-acetylpyridine
show very little activity, suggesting the importance of
nucleophilicity of the pyridine ligand. This is confirmed from
the enhanced activity of the zinc complex containing the
highly nucleophilic 4-dimethylaminopyridine (1h). However,
ligand dissociation should also be considered as an important
factor in determining the catalytic activity, since the zinc
complexe containing a strongly chelating 2,2�-dipyridyl ligand
(1g) shows no activity for the coupling reactions.

The effect of added pyridine was investigated and the
results are listed in Table 3. The catalytic activity decreases
with increasing amount of added pyridine, implying that the
pyridine attack on the complexed epoxide is not a rate-
determining step. The coordination of an epoxide to form an
active species seems to be somewhat prevented by the
presence of added pyridine. In other words, epoxide and
added pyridine compete with each other for coordination to
the zinc center.

From the activity test and the structural characterization of
the zinc complexes bridged by pyridinium alkoxy ions, it is
likely that the major role of the pyridine ligands is the ring
opening of the coordinated epoxide. This would form an
active species through a nucleophilic attack on the electro-
positive carbon atom of the epoxide. Therefore, the stronger
the basicity of the pyridine ligand, the easier the ring opening
of the coordinated epoxide. In fact, the inactive catalysts, 1e
and 1 f did not react with the epoxide to produce the
corresponding zinc complexes bridged by pyridinium alkoxy
ions, even at 80 �C for 10 h, supporting the above explanation.

It is interesting to note that the activities of the pyridinium
alkoxy ion bridged complexes 2 are higher than those of the
corresponding precursors, 1. These results can be attributed to
the presence of an induction period for the formation of active
species (2) from their precursors. The effect of solubility of
catalysts on the catalytic activity has not been considered
because 2 is much less soluble than 1 in the reaction media.

To have a better understanding of the active species and the
mechanistic pathway for the formation of cyclic carbonates,
we carried out a series 1H NMR experiments with 2a-PO and
2a-EO.

As shown in Figure 6, complex 2a-PO was found to retain
its integrity even after the coupling reaction of CO2 with
propylene oxide performed at 100 �C under 3.4 MPa of CO2

for 1 h. Likewise, complex 2a-EO was isolated unchanged

Figure 6. 1H NMR spectra of complex 2a-PO recovered after the coupling
reaction of CO2 with propylene oxide performed at 100 �C under 3.4 MPa
of CO2 for 1 h.

from the reaction of CO2 and ethylene oxide in the presence
of complex 2a-EO. These results strongly suggest that
pyridinium alkoxy ion bridged complexes are the active
species. The possibility of the interconversion between 2a-PO
and 2a-EO through an epoxide exchange was investigated by
carrying out the coupling reaction of CO2 and ethylene oxide
at 100 �C and 3.4 MPa for 1 h. However, the 1H NMR spectra
of the product mixtures shown in Figure 7 indicate that the
epoxide exchange is not taking place during catalysis
[Eq. (2)].
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The pyridine exchange reaction, through a C�N bond
cleavage in the bridging pyridinium alkoxy ligands, was also
examined by conducting the coupling reaction of CO2 and
propylene oxide in the presence of 2a-PO and 2-methylpyr-
idine at 100 �C (molar ratio of 2-methylpyridine/2a-PO� 3).
Characterization of the product mixture by 1H NMR spectros-

Table 3. Effect of added pyridine on the catalytic activity for the coupling
reaction of CO2 and ethylene oxide.[a]

Entry Catalyst Added pyridine TOF [h�1]

1 [Py2ZnBr2] 0 equiv[b] 890
2 [Py2ZnBr2] 1 equiv 753
3 [Py2ZnBr2] 3 equiv 486
4 [Py2ZnBr2] 5 equiv 382

[a] Reaction conditions: T� 100 �C, p(CO2)� 3.4 MPa, reaction time 1 h,
molar ratio: EO/Zn� 1500, [b] Number of molar equivalents to catalyst.
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copy showed that the reaction of 2a-PO with 2-methylpyr-
idine to give 2b-PO does not take place. It is likely that the
displacement of pyridine on an alkoxy pyridinium by another
pyridine is an extremely slow process due to the high
activation-energy barrier.

The halide ligands have been considered as nucleophiles to
open the coordinated epoxide ring in most of the metal ±
halide-catalyzed coupling reactions.[13, 14] However, the halide
ligands in complex 1 seem to play a role in controlling the
dissociation of pyridine ligands and not in the ring opening of
the epoxide as nucleophiles. This is somewhat supported by
the experimental results in Table 2. The activity of 1 decreases
with increasing electronegativity of the halide ligand for the
coupling reaction of CO2 and propylene oxide. The substitu-
tion of pyridine ligands by an incoming epoxide would be
more difficult for the catalyst with more electronegative
halide ligands due to the increased Zn�N bond strength.

On the basis of the activity test and the mechanistic studies
described above, a reasonable mechanism for the coupling
reaction of epoxide and CO2 can be proposed, and is shown in
Scheme 1.

The initial coordination of the epoxide by replacing one of
the pyridine ligands is likely to occur first. Nucleophilic attack
of the dissociated pyridine on the less sterically hindered
carbon atom of the coordinated epoxide and the subsequent
dimerization of the resulting pyridinium alkoxy ion species
lead to the formation of active species 2. The insertion of CO2

into the Zn�O bond of 2 would give a carbonate-bridged
intermediate 3. The coordination of an additional epoxide to 3
followed by the elimination of a cyclic carbonate can generate
2. However, the possibility that 2 or 3 exists as monomeric
species under experimental conditions cannot be completely
ruled out.

The structure of 2a-PO in [D7]DMF (m.p. � -61 �C) was
studied by variable temperature NMR spectroscopy to see if
monomeric species are present in solution, and if so, to
determine the equilibrium between dimeric and monomeric
zinc species (Scheme 2). The 1H NMR spectrum of 2a-PO,
compared to that recorded at ambient temperature, remains
unchanged even when recorded at �55 �C. This may imply
that the equilibrium is too fast to observe in this temperature
range, or only one species, either dimer or monomer, exists in

solution. No evidence is found for
the absence of monomeric species in
solution by this NMR experiment.
Cryoscopic molecular weight deter-
mination was employed to unambig-
uously determine the degree of
association of 2 in solution. This
failed due to the extremely low
solubility of di- and trinuclear zinc
alkoxide complexes.

Efforts to obtain a crystal struc-
ture of 3a-PO and to find the
aggregation states of 2 and 3 in
solution are in progress. This should
provide better understanding of the
mechanism of the coupling reactions
between CO2 and epoxides.
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Scheme 1. Proposed mechanism for the coupling reaction of CO2 and
propylene oxide in the presence of 1a.
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Scheme 2. Possible monomer-dimer equilibrium of 2a in solution.

Figure 7. 1H NMR spectra of complex 2a-PO and 2a-EO recovered after the coupling reaction of CO2 with
epoxides performed at 100 �C under 3.4 MPa of CO2 for 1 h. A) catalyst� 2a-PO, epoxide� ethylene
oxide; B) catalyst� 2a-EO, epoxide� propylene oxide.
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Conclusion

Coupling reactions of CO2 and epoxides to produce cyclic
carbonates have been performed in the presence of a catalyst
[L2ZnX2] (L� pyridine or substituted pyridine; X�Cl, Br, I).
The effects of pyridine and halide ligands on the catalytic
activity and the formation of active species have been
investigated. The catalysts with electron-donating substitu-
ents on pyridine ligands exhibit higher activity than those with
unsubstituted pyridine ligands. On the other hand, the
catalysts with electron-withdrawing substituents on pyridine
ligands show no activity; this demonstrates the importance of
the nucleophilicity of the pyridine ligands. A zinc complex
containing a strongly chelating 2,2�-dipyridyl ligand (1g) was
found to be totally inactive, indicating that ligand dissociation
is also an important factor in the catalysis process.

Unlike the most of metal ± halide-catalyzed coupling reac-
tions, halide ions in 1 are found to play a role in controlling the
dissociation of the pyridine ligand, but not in the ring opening
of epoxides as nucleophiles. The catalytic activity of [L2ZnX2]
is found to decrease with increasing electronegativity of the
halide ligands. A series of di- and trinuclear zinc complexes
with bridging pyridinium alkoxy ion ligands have been
synthesized from the reactions of [L2ZnX2] and epoxides with
or without the presence of CO2. The structural character-
ization of these complexes by X-ray crystallography clearly
demonstrates the role of the pyridine ligands in the formation
of active species in the coupling reactions of CO2 with
epoxides performed in the presence of [L2ZnX2]. The
aggregation state of these complexes is likely to be largely
determined by the kind of epoxide, not by the pyridine ligand
in [L2ZnX2]: dinuclear zinc complexes are formed with
propylene oxide and trinuclear zinc complexes with ethylene
oxide. The dinuclear zinc complexes adopt a square-planar
geometry of the Zn2O2 core with two bridging pyridinium
propoxy ion ligands, while trinuclear zinc complexes adopt a
boat geometry for the Zn3O3 core with three bridging
pyridinium alkoxy ion ligands. These di- and trinuclear zinc
complexes show higher activities for the coupling reactions of
CO2 and epoxides than the corresponding precursors
[L2ZnBr2], indicating the presence of an induction period.
NMR and FTIR experiments showed that zinc complexes
bridged by pyridinium alkoxy ions rapidly interact with CO2

to give zinc carbonate species, which in turn react with
additional epoxides to generate further bridged zinc com-
plexes and cyclic carbonates. Pyridine exchange through a
C�N bond cleavage in the pyridinium alkoxy ion ligands and
the structural transformation between di- and trinuclear
complexes have not been observed during the coupling
reactions. This suggests that zinc complexes bridged by
pyridinium alkoxy ions are the active species in the catalysis.

Experimental Section

Method and materials : All manipulations were carried out under argon
unless otherwise stated, with glassware thatwas flame-dried prior to use.
The solvents were freshly distilled before use according to literature
procedures. Ethylene oxide was purchased from Hyundai Petrochemical
Co. and used as received. Propylene oxide was purchased from Aldrich

Chemical Co. and used without further purification. Pyridine, 2-methyl-
pyridine, 3-methylpyridine, 4-methylpyridine, 2,2�-dipyridyl, 4-dimethyl-
aminopyridine, ZnCl2, and ZnI2 were purchased from Aldrich Chemical
Co. ZnBr2 was purchased from Fluka Chemical Co. CO2 and 13CO2 were
purchased from Sin Yang Gas Co. and Aldrich Chemical Co., respectively.
[L2ZnX2] (X: Cl, Br, I; L� pyridine or substituted pyridine) was prepared
according to the published procedure.[36] IR spectra were recorded on a
Mattson Infinity Spectrometer with MCT detector. 1H and 13C NMR
spectra were recorded on a Varian Unity 600 superconducting high-
resolution spectrometer. Elemental analysis was carried out by the
Advanced Analytical Center at KIST using a Perkin ± Elmer 2400 CHNS
analyzer.

Synthesis of [Zn2Br4{�-OCH(CH3)CH2-NC5H5}2] (2a-PO): A solution of
1a (2.00 g, 5.22 mmol) in methylene chloride (30 mL) was treated with
propylene oxide (0.50 mL, 7.15 mmol) in a 60 mL high-pressure glass
reactor and stored at room temperature for 10 h. The precipitate was
filtered onto a glass filter and dried under vacuum to give a white solid.
Yield: 85 %; elemental analysis calcd (%) for C16H22Br4N2O2Zn2: C 26.52,
H 3.06, Br 44.10, N 3.87, Zn 18.04; found: C 25.90, H 2.95, N 3.79, Zn 19.51;
1H NMR (600 MHz, [D6]DMSO, 25 �C): �� 1.20 (d, 2J(H,H)� 6 Hz, 3H;
CH3), 4.04 (m, 1 H; CH), 4.36 (dd, 2J(H,H)� 13 Hz, 1H; CH2), 4.73 (dd,
2J(H,H)� 13 Hz, 1 H; CH2), 8.15 (t, 3J(H,H)� 6 Hz, 2H; C5H5N), 8.61 (t,
3J(H,H)� 8 Hz, 1 H; C5H5N), 8.97 ppm (d, 2J(H,H)� 6 Hz, 2 H; C5H5N).

Synthesis of [Zn2Br4{�-OCH(CH3)CH2-NC5H4(2-CH3)}2] (2b-PO): Com-
plex 2b-PO was prepared in a manner similar to that employed in the
preparation of 2a-PO by simply replacing 1a with 1b. Yield: 70%;
elemental analysis calcd (%) for C18H26Br4N2O2Zn2: C 28.72, H 3.48, Br
42.46, N 3.72, Zn 17.37; found: C 28.70, H 3.65, N 3.73, Zn 17.41; 1H NMR
(600 MHz, [D6]DMSO, 25 �C): �� 1.20 (d, 2J(H,H)� 6 Hz, 3 H; CH3), 2.80
(s, 3H; CH3), 4.03 (m, 1H; CH), 4.37 (dd, 2J(H,H)� 12 Hz, 1H; CH2), 4.71
(dd, 2J(H,H)� 13 Hz, 1 H; CH2), 8.13 (t, 3J(H,H)� 7 Hz, 1H; C5H5N), 8.19
(d, 2J(H,H)� 8 Hz, 1 H; C5H5N), 8.64 (t, 3J(H,H)� 6 Hz, 1 H; C5H5N),
8.98 ppm (d, 2J(H,H)� 6 Hz, 1H; C5H5N).

Synthesis of [Zn3Br6(�-OCH2CH2-NC5H5)3] (2a-EO): Complex 2a-EO
was prepared in a manner analogous to that described above for complex
2a-PO by replacing propylene oxide with ethylene oxide. Yield: 87%;
elemental analysis calcd (%) for C21H27Br6N3O3Zn3: C 24.14, H 2.60, Br
45.88, N 4.02, Zn 18.77; found: C 23.52, H 2.57, N 3.92, Zn 17.54; 1H NMR
(600 MHz, [D6]DMSO, 25 �C): �� 3.90 (t, 3J(H,H)� 5 Hz, 2 H; CH2), 4.71
(t, 3J(H,H)� 5 Hz, 2 H; CH2), 8.20 (t, 3J(H,H)� 7 Hz, 2H; C5H5N), 8.66 (t,
3J(H,H)� 8 Hz, 1 H; C5H5N), 9.05 ppm (d, 2J(H,H)� 6 Hz, 2 H; C5H5N).

Synthesis of [Zn3Br6{�-OCH2CH2-NC5H4(2-CH3)}3] (2b-EO): This com-
plex was prepared in a manner analogous to that described above for
complex 2a-EO by simply replacing 1a with 1b. Yield: 78 %; elemental
analysis calcd (%) for C24H33Br6N3O3Zn3: C 26.52, H 3.06, Br 44.10, N 3.87,
Zn 18.04; found: C 26.02, H 3.00, N 3.73, Zn 17.52; 1H NMR (600 MHz,
[D6]DMSO, 25 �C): �� 2.96 (s, 3H; CH3), 3.96 (t, 3J(H,H)� 6 Hz, 2H;
CH2), 4.75 (t, 3J(H,H)� 6 Hz, 2 H; CH2), 8.07 (t, 3J(H,H)� 7 Hz, 1H;
C5H5N), 8.14 (d, 2J(H,H)� 8 Hz, 1 H; C5H5N), 8.58 (t, 3J(H,H)� 6 Hz, 1H;
C5H5N), 8.99 ppm (d, 2J(H,H)� 6 Hz, 1 H; C5H5N).

Synthesis of [Zn3Br6{�-OCH2CH2-NC5H4(4-CH3)}3] (2c-EO): Complex
2c-EO was prepared by reacting 1c with ethylene oxide in methylene
chloride (30 mL) at room temperature for 10 h in a 60 mL high-pressure
glass reactor. After the reaction, the solution was dried under vacuum to
give a white solid. Yield; 68 %; elemental analysis calcd (%) for
C24H33Br6N3O3Zn3: C 26.52, H 3.06, Br 44.10, N 3.87, Zn 18.00; found: C
25.82, H 3.10, N 3.79, Zn 17.83; 1H NMR (600 MHz, [D6]DMSO, 25 �C):
�� 2.70 (s, 3H; CH3), 3.93 (t, 3J(H,H)� 5 Hz, 2 H; CH2), 4.68 (t, 3J(H,H)�
6 Hz, 2H; CH2), 8.08 (d, 2J(H,H)� 6 Hz, 2H; C5H5N), 8.94 ppm (d,
2J(H,H)� 7 Hz, 2H; C5H5N).

Reaction of CO2 with [Zn2Br4{�-OCH(CH3)CH2-NC5H5}2] (3a-PO): A
60 mL high-pressure glass reactor containing solution of 2a-PO (0.50 g,
0.66 mmol) in DMSO (10 mL) was charged with 0.5 MPa CO2 and stored at
room temperature for 3 h. The precipitate obtained was filtered, washed
with CH2Cl2, and dried under vacuum to give a white solid (0.21 g).

Coupling reactions of epoxides and CO2 : All the coupling reactions were
conducted in a 100 mL stainless-steel bomb equipped with a stirring bar
and an electrical heater. The reactor was charged with the appropriate
catalyst and epoxide, and pressurized with CO2 (� 1.4 MPa). The bomb
was then heated to 100 �C with the addition of CO2 from a reservoir tank to
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maintain the pressure at 3.4 MPa. After the reaction, the bomb was cooled
to room temperature and the remaining epoxide was removed. The product
mixtures were analyzed by an Hewlett ± Packard 6890 gas chromatograph
equipped with a flame-ionization detector and a DB-wax column (30 m�
0.32 mm� 0.25 �m) and Hewlett ± Packard 6890 ± 5973 MSD GC-Mass
spectrometer. In the case of epoxide or pyridine exchange reactions, the
molar ratio of epoxide to catalyst was reduced to 10 for the NMR
investigations.

CO2 insertion reaction for IR and NMR experiments : Inside a dry box, 2a-
PO (15 mg) dissolved in [D6]DMSO (0.5 mL) was charged into a thick-
walled NMR tube (o.d.: 5 mm) equipped with a Teflon valve. The tube was
pressurized with 13CO2 (0.14 MPa) and subjected to NMR analysis. A
solution of 2a-PO (0.1 g, 0.14 mmol) in methanol (5 mL) was coated onto a
25 mm� 3 mm CaF2 window for IR analysis. The coated window was dried
and placed in a specially designed gas cell. The IR cell was charged with
CO2 (0.21 MPa) and the absorption changes were recorded with time in the
carbonate region.

X-ray crystallographic studies of complexes. Data collection for the crystal
structure of 2a-PO were performed at 293 K using a CAD-4 diffractom-
eter.[23] Details of all structure determinations are collected in Table 4. All
the procedures to obtain single crystals suitable for X-ray analysis were
carried out inside a dry box under an atmosphere of argon. Each complex
(0.1 g) was dissolved in DMSO (7 mL) in a vial, which was contained inside
a larger vial with approximately 2 mL of methylene chloride. Methylene
chloride was allowed to slowly diffuse into the DMSO solution by keeping
the vial at ambient temperature for several days. Crystals of 2b-PO, 2a-EO,
2b-EO, and 2c-EO with appropriate dimensions were mounted on glass
fiber in random orientation. Preliminary examination and data collection
were performed at 173 K by using a Siemens SMART CCD Detector
single-crystal X-ray diffractometer equipped with MoK� radiation (��
0.71073). Structure solution and refinement were carried out by using the
SHELXTL-PLUS (5.1) software package (G. M. Sheldrick, Siemens
Analytical X-Ray Division, Madison, WI, 1997). The non-hydrogen atoms
were refined anisotropically and the hydrogen atoms were treated by using
an appropriate riding model. The final residual values for the observed
reflections [I� 2�(I)] and for all reflections, and relevant structure
refinement parameters are listed in Table 4. CCDC-182781 (2b-PO),
CCDC-182779 (2a-EO), CCDC-182780 (2b-EO), CCDC-182782 (2c-EO)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223-336-033; or e-mail :
deposit@ccdc.cam.ac.uk).
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