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Carbon dioxide is an attractive chemical feedstock. In
addition to the fact that CO2 is an inexpensive substance of
practically inexhaustible supply, it is also nonflammable and
exhibits low toxicity.[1±3] Since CO2 is believed to contribute
significantly to global warming, its removal from the atmos-
phere has added environmental benefits. Consequently, the
alternating copolymerization of carbon dioxide with epoxides
to aliphatic polycarbonates has been a topic of increasing
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interest over the past decade.[4] Not only do these polymers
exhibit interesting material properties, but they have the
additional environmental advantage that they biodegrade
under composting conditions.[5, 6] Thus the development of
efficient and versatile catalysts that can enchain CO2 with a
range of epoxides remains a significant scientific goal.

In 1969, Inoue first reported that ZnEt2/H2O mixtures
catalyzed the copolymerization of propylene oxide and
CO2.[7] Although these original catalysts exhibited extremely
low activities, requiring days to make appreciable amounts of
polymer, they represent a truly remarkable achievement in
the field of CO2 utilization. Detailed information of the active
species is not available owing to the heterogeneous nature of
the catalyst, but propagation sites are generally thought to
consist of zinc alkoxide and carbonate propagating species. In
the ensuing two decades, a substantial amount of work was
reported regarding the development of related heterogeneous
catalyst mixtures for epoxide/CO2 polymerization.[4, 8, 9] In the
past decade, significantly improved catalysts for cyclohexene
oxide (CHO)/CO2 copolymerization were reported, including
chromium porphyrins,[10±12] discrete zinc phenoxides,[13±17] and
ZnO/fluorinated carboxylic acids.[18] We recently discovered
�-diiminate zinc alkoxides ([{Zn(OMe)(bdi)}2]; Scheme 1), as
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Scheme 1. Epoxide/CO2 copolymerization with [{Zn(OMe)(bdi)}2]
catalysts.

well as zinc carboxylates, that exhibit unprecedented rates for
CHO/CO2 polymerization under mild reaction condi-
tions.[19, 20] In addition, these were the first catalysts reported
for the living synthesis of high molecular weight polymers
from epoxides and CO2. Subsequent work centered on the
development of chiral imine/oxazoline ligated complexes for
the enantioselective copolymerization of epoxides with
CO2.[21] One of the key design features of these complexes
is a permanent ligand set that remains bound to the active zinc
center throughout the polymerization and thus improves its
catalytic behavior.

Mechanistic studies involving [{Zn(OR)(bdi)}2] complexes
revealed that subtle ligand modifications led to dramatic
differences in catalytic activity. For example, the 2,6-substitu-
ents of the aryl group have a profound effect on activity; small
methyl and large n-propyl groups result in inactivity, while
ethyl and isopropyl groups result in excellent activity.[20]

Preliminary kinetic studies have revealed that the polymer-
izations are second order in [Zn(OR)(bdi)] which suggests a
bimetallic enchainment of monomer. Therefore, we interpret
the inactivity of complexes bearing ortho-methyl groups to
result from a strongly bound dimer, while the inactivity of
complexes bearing ortho-n-propyl groups stems from the high
energy of the bimetallic transition state required for enchain-
ment. Given the fact that extremely subtle steric effects
produced such dramatically different catalytic activities, we
embarked on the investigation of unsymmetrically substituted
complexes in search of improved activities. In addition, we
sought to understand the effect of electronic perturbation of
the ligand on polymerization rate.[22, 23] Herein, we report a
significantly improved class of single-site catalysts for
CHO/CO2 polymerization as a result of these studies.
Under the premise that a more electron-deficient zinc

center would increase the reaction rate due to more effi-
cient epoxide coordination, we investigated the addition of
an electron-withdrawing cyano group to the �-diiminate
ligand (Scheme 1). Ligand (bdi-2)H was synthesized by the
deprotonation of (bdi-1)H followed by reaction with p-
toluenesulfonylcyanide.[24] The complexes [{Zn(�-OMe)-
(bdi-1)}2][20] and [{Zn(�-OMe)(bdi-2)}2] were made by reac-
tion of the ligand with ZnEt2 followed by reaction with
methanol.[25] In Table 1, we report the data for alternating
copolymerization of CHO and CO2 with [{Zn(�-OMe)-
(bdi)}2], with ligands (bdi-1)H and (bdi-2)H. Reactions were

Table 1. Combined ligand effects on CHO/CO2 copolymerization.[a]

Complex t [min] CO2 pressure
[psi/MPa]

TON[b] TOF[c]

[h�1]
gpoly gM

�1

[h�1]
Carbonate linkages
[%][d]

Mn

[kgmol-1][e]
Mw/Mn

[e]

[{Zn(�-OMe)(bdi-1)}2] 120 100/0.69 478 239 518 96 23.7 1.14
[{Zn(�-OMe)(bdi-2)}2] 10 100/0.69 282 1690 3670 93 17.8 1.08
[{Zn(�-OMe)(bdi-3)}2] 10 100/0.69 362 2170 4710 89 22.8 1.11
[{Zn(�-OMe)(bdi-4)}2] 10 100/0.69 382 2290 4980 90 22.9 1.09
[CrCl(tfpp)]/DMAP[f] 1080 3300/23 3120 173 472 97 3.9 1.16
[Zn(O-2,6-F2C6H3)2 ¥ THF]2[g] 2880 800/5.5 365 8 17 � 99 42.0 6.0
HO2CCH�CHCO2(CH2)2C6F13/ZnO[h] 1440 2000/14 216 4 9 93 17.0 6.4

[a] All of the [{Zn(�-OMe)(bdi)}2] polymerizations were performed in neat cyclohexene oxide with [monomer]/[Zn]� 1000 at 50�C. [b] Turnover number;
moles of CHO consumed per mole of metal. [c] Turnover frequency; moles of CHO consumed per mole of metal per hour. [d] Calculated by integration of
methine resonances in the 1HNMR spectrum of polymer (CDCl3, 300MHz). [e] Determined by gel permeation chromatography, calibrated with polystyrene
standards in tetrahydrofuran. [f] tfpp� tetraperfluorophenylporphyrin, DMAP� 4-dimethylaminopyridine; data from ref. [11] (T� 110 �C). [g] Data from
ref. [16] (T� 80 �C). [h] Data from ref. [18] (T� 100 �C).
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run to moderate conversions (�40%) in neat epoxide to
emphasize differences in reactivity, although reactions in THF
and toluene at longer reaction times proceed to near
quantitative conversion. [{Zn(�-OMe)(bdi-1)}2] is an ade-
quate catalyst over the course of 2 hours and produces
monodisperse carbonate polymer with a turnover frequency
of 239 h�1. In a short 10-minute reaction, [{Zn(�-OMe)-
(bdi-1)}2] produces only a trace amount of polymer. In
contrast, [{Zn(�-OMe)(bdi-2)}2] exhibits substantially higher
activity for the polymerization, with a turnover frequency of
1690 h�1. Although the polymer is still monodisperse, the
percentage of carbonate linkages is slightly lower (93%).

During our prior copolymerization studies of CHO and
CO2, we found that the [{Zn(OMe)(bdi)}2] complex containing
2-ethyl-6-isopropylphenyl groups exhibits superior activity to
those with either 2,6-diisopropylphenyl or 2,6-diethylphenyl
groups.[20] We therefore believed that further modification of
the ligand geometry could provide an optimal active site for
monomer enchainment to result in dramatically improved
activities. To probe this we decided to synthesize complexes
with ligands bearing different aryl groups. Unsymmetrical
ligands were synthesized by refluxing two different anilines
(one equivalent of each) plus one equivalent of 2,4-pentane-
dione in acidic ethanol. Isolation of the unsymmetrical ligands
was accomplished through repeated crystallization from
ethanol. Cyanation of the ligands and complex synthesis was
performed as previously described to give the complexes
[{Zn(�-OMe)(bdi-3)}2] and [{Zn(�-OMe)(bdi-4)}2] in 25%
and 18% yield, respectively (Scheme 1). The unsymmetrical
ligand allows for two potential dimeric complex structures,
where the diisopropylphenyl substituents are either syn or anti
to each other. A steric argument would suggest the molecules
would rather crystallize to alleviate unnecessary repulsions. A
single-crystal X-ray diffraction study[26] was performed on
[{Zn(�-OMe)(bdi-4)}2] and interestingly, the dimeric zinc
methoxide aligns the more bulky isopropyl groups adjacent to
one another causing minor distortion of the dimer versus
symmetrical complexes (Figure 1). The Zn�Zn separation is

Figure 1. X-ray crystal structure of [{Zn(�-OMe)(bdi-4)}2]. Selected bond
lengths [ä] and bond angles [�]: Zn(1)-N(1) 2.003(2), Zn(1)-N(2) 1.997(2),
Zn(1)-O(1) 1.9427(17), Zn(1)-O(1A) 1.9780(17), O(1)-C(1) 1.408(3); O(1)-
Zn(1)-O(1A) 80.89(7), N(1)-Zn(1)-N(2) 94.19(8), N(1)-Zn(1)-O(1A)
116.38(8), N(2)-Zn(1)-O(1) 119.85(8) Zn(1)-O(1)-Zn(1A) 99.11(7), C(1)-
O(1)-Zn(1) 131.5(2), C(1)-O(1)-Zn(1A) 128.2(2).

2.98 ä, and each zinc atom adopts a distorted tetrahedral
geometry. The six-membered chelate is fairly planar (a slight
boat-shaped conformation is achieved) with a Zn deviation of
0.64 ä from the plane defined by N(1)-N(2)-C(4). The Zn�O
bond lengths are 1.94 and 1.98 ä, and the bond angles of
N(1)-Zn(1)-N(2) and O(1)-Zn(1)-O(1A) are 94.19� and
80.89�, respectively. It is unclear why {Zn(OMe)(bdi-4)}
dimerizes and then crystallizes in this fashion, although
1H NMR spectra of both [{Zn(�-OMe)(bdi-3)}2] and [{Zn(�-
OMe)(bdi-4)}2] show a mixture of the two dimeric structures
in C6D6 solution. We therefore propose that the sterically
disfavored dimeric structure is merely more crystalline.

To the best of our knowledge, [{Zn(�-OMe)(bdi-3)}2] and
[{Zn(�-OMe)(bdi-4)}2] exhibit the highest reported activity
for CHO/CO2 copolymerization. Table 1 gives polymerization
data for these compounds, as well as literature data for
competing catalysts. At 50 �C and 100 psi (0.69 MPa) of CO2

the catalysts exhibit turnover frequencies of 2170 and
2290 h�1. The polymers produced are nearly identical with
�90% carbonate linkages, Mn� 23000 Da, and molecular
weight distributions of �1.1. Despite the small presence of
polyether linkages, these complexes are inactive for the
homopolymerization of CHO over one day. We are currently
investigating the mechanistic issues as to why polyether
linkages are observed, while CHO homopolymer is not
synthesized.

In conclusion, we have systematically improved the activity
of �-diiminate zinc methoxide complexes for CHO/CO2

copolymerization. [{Zn(�-OMe)(bdi-4)}2] exhibits the highest
reported activity for this reaction. In addition, these com-
plexes offer new opportunities for control of molecular
weights and block copolymer synthesis owing to the living
nature of the copolymerizations. The well-defined nature of
the complexes provides excellent opportunities to probe the
mechanism of the polymerization steps in detail, and these
studies are currently underway. Work is also centered on
employing these catalysts for the polymerization of new
classes of epoxides with CO2, as well as other monomers.
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A Novel Polymer-Supported Arene±Ruthenium
Complex for Ring-Closing Olefin Metathesis**
Ryo Akiyama and Shu≈ Kobayashi*

Arene ± ruthenium complexes are very useful precatalysts
for several organic reactions, such as transfer hydrogena-
tion,[1] Diels ±Alder reaction,[2] olefin cyclopropanation,[3]

enol formate formation,[4] cyclization of dienylalkyne,[5] and
olefin metathesis.[6] While the catalysts prepared from the

arene ± ruthenium complexes are air- and moisture-sensitive,
expensive, and cannot be recovered in many cases, immobi-
lized catalysts are expected to solve these problems. Although
several polymer-supported ruthenium complexes have been
reported,[7] however, these are not without problems, such as
tedious procedures for the preparation of the complexes, low
activity compared with the original catalysts, and difficulty of
applying the catalysts to other reactions. Therefore, develop-
ment of more versatile polymer-supported ruthenium com-
plexes is strongly demanded. Herein, we describe a novel
polymer-supported arene ± ruthenium complex that is recov-
ered quantitatively and reused for ring-closing olefin meta-
thesis and other reactions.

Our idea is to utilize the benzene rings of polystyrene
as ligands to immobilize arene ±metal complexes. However,
it is known that arene-displacement reactions at RuII

centers are often sluggish.[8] Thus, we carefully chose
[{Ru(�6-C6H5CO2Et)Cl2}2] (1) as the starting material, be-
cause it was reported that an intramolecular arene exchange
proceeded in good yield using 1 instead of [{Ru(�6-p-
cymene)Cl2}2].[9] Dimer 1 was easily prepared according to
the literature procedure,[8, 9] and treatment of 1 with tri-
phenylphosphane or tricyclohexylphosphane gave [Ru-
(�6-C6H5CO2Et)(PR3)Cl2] (2a : R�Ph, 2b : R�Cy) quanti-
tatively.

Preparation of the polymer-supported arene ± ruthenium
complexes using 2 was successfully performed based on a
procedure which is similar in part to that of formation of
microcapsules (Scheme 1).[10, 11] All other methods we tested

Ru
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Scheme 1. Synthesis of polymer-supported [(arene)RuCl2(PR3)] (3).

did not give satisfactory results. The structure of the polymer-
supported arene ± ruthenium complexes was confirmed by
NMR spectroscopic analysis. We measured the 31P swollen-
resin magic-angle spinning (SR-MAS) NMR spectra[12] of the
catalysts, and only one peak arising from PR3 (3a R�Ph: ��
25.7 ppm, 3b R�Cy: �� 28.5 ppm) coordinating to the
ruthenium was observed.[13] From these results, we concluded
that the catalyst was supported as [(arene)RuCl2(PR3)]
(polymer-supported [(arene)RuCl2(PR3)] (3; PS-RuCl2-
(PR3))). To our knowledge, this is the first example of a
polymer-supported ruthenium catalyst, in which the benzene
rings of the polymer coordinated to the ruthenium to
immobilize the catalyst onto the polymer.

PS-RuCl2(PR3) was used in the ring-closing olefin meta-
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