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ABSTRACT: The mono(cyclopentadienyl)-ligated rare earth metal bis(alkyl) complexes (C5Me4SiMe3)Ln(CH2-
SiMe3)2(THF) (Ln ) Y (1a), Dy (1b), Lu (1c), Sc (1d)) and polyhydride complexes [(C5Me4SiMe3)Ln(µ-
H)2]4(THF)x (2a: Ln ) Y, x ) 1; 2b: Ln ) Dy, x ) 2; 2c: Ln ) Lu, x ) 1) are active as single-component
catalysts, not only for the ring-opening homopolymerization of cyclohexene oxide (CHO), but also for the
alternating copolymerization of CHO and CO2. The homopolymerization of CHO in bulk took place much
more rapidly than that in solution and afforded in high yields the corresponding polyether with Mn )
(50-80) × 103 and Mw/Mn = 2 in most cases. The copolymerization of CHO and CO2 by 1a-c and 2a-c
at 70-110 °C under 12 atm of CO2 yielded the corresponding polycarbonate with Mn ) (14-40) × 103,
Mw/Mn ) 4-6, and carbonate linkages ) 90-99% with TOF ranging from 1000 to 2000 g polymer/(mol-
Ln h). In contrast, the Sc alkyl complex 1d gave a polymer containing high ether linkages (carbonate
linkages ) 23%) under the similar conditions because of its higher activity for CHO homopolymerization.
The stoichiometric reaction of the bis(alkyl) complexes 1a, c, and d with CO2 afforded quantitatively the
corresponding bis(carboxylate) complexes [(C5Me4SiMe3)Ln(µ-η1:η1-O2CCH2SiMe3)2]2 (Ln ) Y (3a), Lu (3b),
Sc (3c)), which adopt a dimeric structure through the carboxylate bridges. The isolated carboxylate
complexes 3a, b also showed moderate activity for the alternating copolymerization of CHO and CO2,
which thus constituted a rare example of a well-defined, catalytically active carboxylate intermediate
that was isolated directly from the reaction of a true catalyst system.

Introduction

The copolymerization of CO2 with epoxides has re-
ceived much current interest1 because it provides an
environmentally friendly route to convert CO2 into
biodegradable polymers and a pathway to a value-added
product incorporating the ubiquitous CO2 molecule as
a C1 feedstock. Since Inoue and co-workers first re-
ported the copolymerization of CO2 with propylene oxide
by use of a mixture of ZnEt2 and H2O in 1969,2a

extensive studies have been carried out in this area, and
a variety of catalyst systems based on various metals
such as zinc,2 aluminum,3 chromium,4 cadmium,5 and
cobalt6 have been reported. Despite these extensive
researches and recent breakthroughs in this area,
however, only Zn, Co, and Cr compounds were found to
show significant activity for the copolymerization of CO2
and epoxides.1 Further exploration of new catalyst
systems with these and other elements is therefore of
obvious interest.

Rare earth metals have received much less attention
in this area. Although a few rare-earth-containing
multiple-component heterogeneous systems were re-
ported for the copolymerization of CO2 with propylene
oxide7 or cyclohexene oxide (CHO),8 a well-defined
homogeneous rare earth metal catalyst for the copo-
lymerization of CO2 and an epoxide has not been
reported previously.9 During our recent studies on
mono(cyclopentadienyl)-supported rare earth metal bis-
(alkyl) and dihydride complexes,10 we became interested
in their reactivity toward CO2 and epoxides. We report
here that such half-sandwich rare earth metal com-

plexes can act as excellent single-component catalysts
for the copolymerization of CO2 and cyclohexene oxide
(CHO). The homopolymerization of CHO and isolation
and reactivity of the CO2-inserted carboxylate inter-
mediates are also described.

Results and Discussion

Homopolymerization of Cyclohexene Oxide
(CHO). The reactivity of the rare earth metal bis(alkyl)
complexes (C5Me4SiMe3)Ln(CH2SiMe3)2(THF) (Ln ) Y
(1a), Dy (1b), Lu (1c), Sc (1d)) and the polyhydride
complexes [(C5Me4SiMe3)Ln(µ-H)2]4(THF)x (2a: Ln ) Y,
x ) 1; 2b: Ln ) Dy, x ) 2; 2c: Ln ) Lu, x ) 1) (Chart
1) toward cyclohexene oxide (CHO) was first examined
in toluene. All of these complexes showed an activity,
albeit low, for the ring-opening polymerization of CHO
in toluene (Table 1). In contrast, when the reaction was
carried out in the absence of a solvent, the polymeriza-
tion occurred much more rapidly and exothermally to
yield the corresponding polyether with high molecular
weight and moderate molecular weight distribution
(Table 2 and Figure 1). Generally, the polymerization
took place very fast at the early stage, leading to a
conversion of higher than 50% within 30 min (Figure
1). At the later stage, the reaction became sluggish
probably because of the difficulty of monomer diffusion.
However, a conversion of as high as 70-85% could be
achieved in 3 h in most cases.

Copolymerization of Cyclohexene Oxide (CHO)
and CO2. The copolymerization of CHO and CO2 was
examined first by use of the bis(alkyl) complexes 1a-d
as catalysts under 12 atm CO2 at 70 °C in toluene (Table
3). In the case of Y (1a), Dy (1b), and Lu (1c), the
resulting copolymers all showed high carbonate linkages
(>90%), high molecular weights, and moderate molec-
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ular weight distributions (Table 3, entries 1-3). The Lu
complex 1c showed the highest activity (1250 g polymer/
(mol-Ln h)). In contrast, the Sc complex 1d was much
less efficient for the copolymerization, which yielded a
copolymer containing high ether linkages (carbonate
linkages ) 23%, Table 3, entry 4), probably because of
its higher activity for the homopolymerization of CHO
in toluene as shown in Table 1.

Since the Lu complex 1c showed the highest activity,
it was then chosen as a catalyst for further investigation
of the CHO/CO2 copolymerization under various condi-
tions. Table 4 summarizes the influence of the catalyst
and CHO monomer concentrations. Under a constant
CHO concentration (5.02 mol/L), increase of the catalyst
concentration led to increase of the polymer yield to
some extent (Table 4, entries 1-3, 5), but the highest

TOF (turnover number frequency) was observed at [1c]
) 12.3 mmol/L in the catalyst concentration range of
6.1-32.0 mmol/L. The molecular weight, molecular
weight distribution, and carbonate linkage content of
the resulting copolymers were not much influenced by
the catalyst concentration. In contrast, when the CHO
monomer concentration was raised under a constant
catalyst concentration ([1c] ) 12.3 mmol/L), the carbon-
ate linkage content of the polymer products decreased
significantly as a result of more CHO homocouplings
(Table 4, entries 4-7).

The reaction temperature also showed significant
influence on the copolymerization (Table 5). The poly-
mer yield increased gradually when the temperature
was raised in the range of 50-110 °C. At 110 °C, the
turnover frequency (TOF) increased to 2000 g polymer/
(mol-Lu h), and the carbonate linkages of the resulting
copolymer reached 97% (Table 5, entry 4). When the
temperature was raised to 130 °C or higher, a decrease
in polymer yield and molecular weight was observed
(Table 5, entry 5). The similar temperature influence
was also observed previously in other catalyst
systems.1b,2e,2q,4b,c

Table 1. Homopolymerization of Cyclohexene Oxide (CHO) in Toluenea

entry cat yield (%) Mn
b × 10-3 Mw/Mn

b

1 (C5Me4SiMe3)Y(CH2SiMe3)2(THF) (1a) 15.0 38.0 2.01
2 (C5Me4SiMe3)Dy(CH2SiMe3)2(THF) (1b) 12.5 21.7 1.79
3 (C5Me4SiMe3)Lu(CH2SiMe3)2(THF) (1c) 23.0 41.0 2.00
4 (C5Me4SiMe3)Sc(CH2SiMe3)2(THF) (1d) 39.8 147.0 2.38
5 [(C5Me4SiMe3)Y(µ-H)2]4(THF) (2a) 10.4 57.8 2.60
6 [(C5Me4SiMe3)Dy(µ-H)2]4(THF)2 (2b) 8.1 52.6 1.88
7 [(C5Me4SiMe3)Lu(µ-H)2]4(THF) (2c) 17.3 79.2 2.11

a Condition: [Ln] ) 0.063 mmol; CHO: Ln ) 400 (mol/mol); toluene: 2 mL. b Determined by GPC against polystyrene standard.

Table 2. Homopolymerization of Cyclohexene Oxide (CHO) in Bulka

entry cat yield (%) Mn
b × 10-3 Mw/Mn

b

1 (C5Me4SiMe3)Y(CH2SiMe3)2(THF) (1a) 82.7 45.0 2.06
2 (C5Me4SiMe3)Dy(CH2SiMe3)2(THF) (1b) 71.7 30.6 2.27
3 (C5Me4SiMe3)Lu(CH2SiMe3)2(THF) (1c) 84.4 54.3 2.23
4 (C5Me4SiMe3)Sc(CH2SiMe3)2(THF) (1d) 85.3 50.8 2.89
5 [(C5Me4SiMe3)Y(µ-H)2]4(THF) (2a) 76.9 69.3 2.01
6 [(C5Me4SiMe3)Dy(µ-H)2]4(THF)2 (2b) 60.0 65.5 2.22
7 [(C5Me4SiMe3)Lu(µ-H)2]4(THF) (2c) 78.7 88.2 2.02

a Conditions: [Ln] ) 0.063 mmol; CHO: Ln ) 400 (mol/mol). b Determined by GPC against polystyrene standard.

Chart 1. Lanthanide Alkyl and Hydride Complexes
Bearing Monocyclopentadienyl Ligand

Figure 1. Bulk polymerization of CHO by 1c, 1d, and 2c:
Plots of conversion versus reaction time. Condition: Ln ) 0.063
mmol; CHO: Ln ) 400 (mol/mol), room temperature, 1 atm.
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Table 6 summarizes some representative results of
the CHO/CO2 copolymerization catalyzed by the rare
earth metal polyhydride complexes [(C5Me4SiMe3)Ln-
(µ-H)2]4(THF)x (2a: Ln ) Y, x ) 1, 2b: Ln ) Dy, x )2;
2c: Ln ) Lu, x ) 1). The general polymerization
behaviors observed for the hydrides 2a-c were basically
similar to those for the alkyl complexes 1a-c and need
not be further discussed.

Isolation and Reactivity of the CO2-Insertion
Intermediates. To gain more information on the
mechanistic aspects of the copolymerization reactions,
isolation and structural characterization of some reac-
tion intermediates were attempted. Since all of our
complexes were active for the homopolymerization of
CHO, it was difficult to isolate a structurally charac-
terizable intermediate in the reaction with CHO. How-

ever, the corresponding CO2-insertion intermediates
were successfully isolated and structurally characterized
in the reactions of the alkyl complexes 1a, c, and d with
CO2. The CO2 insertion reaction took place very rapidly
at both of the two alkyl groups, which finished within
a few minutes even at low temperature under 1 atm of
CO2 (Scheme 1). Each alkyl group reacted with one
molecule of CO2 to yield the corresponding carboxylate
complexes [(C5Me4SiMe3)Ln(µ-η1:η1-O2CCH2SiMe3)2]2 (Ln
) Y (3a), Lu (3b), Sc (3c)) in almost quantitative yields.

Complexes 3a-c are isostructural and isomorphous.
The X-ray structure of the Y complex 3a is shown in
Figure 2. Some selected bond distances for 3a-c are
summarized in Table 7. Complexes 3a-c all adopt a
dimeric structure through the carboxylate bridges.
There is a crystallographic inversion center at the center
of the molecule. The C-O bond lengths in 3a-c are

Table 3. Copolymerization of Cyclohexene Oxide (CHO) with CO2 by Organolanthanide Bisalkyl Complexesa

entry cat TONb TOFc Mn
d × 10-3 Mw/Mn

d
carbonate

linkages (%)e

1 (C5Me4SiMe3)Y(CH2SiMe3)2(THF) (1a) 24.0 1000 19.1 4.30 94
2 (C5Me4SiMe3)Dy(CH2SiMe3)2(THF) (1b) 17.2 716 14.5 3.99 93
3 (C5Me4SiMe3)Lu(CH2SiMe3)2(THF) (1c) 30.0 1250 23.0 4.03 92
4 (C5Me4SiMe3)Sc(CH2SiMe3)2(THF) (1d) 13.6 567 8.4 3.68 23

a Conditions: 12 atm of CO2, [Ln] ) 16.3 mmol/L, [CHO] ) 6.5 mol/L. b TON ) kg/mol-Ln. c TOF ) g/(mol-Ln h). d Determined by GPC
against polystyrene standard. e Calculated by the integration of the methine resonances in the 1H NMR of the copolymer (CDCl3, 300
MHz).

Table 4. Concentration Influence on Copolymerization of Cyclohexene Oxide (CHO) with CO2 by 1c

entry [1c] (mmol/L) [CHO] (mol/L) TONa TOFb Mn
c × 10-3 Mw/Mn

c
carbonate

linkages (%)d

1 6.1 5.02 6.7 278 nd nd 90
2 19.7 5.02 27.5 1146 22.1 4.50 92
3 32.0 5.02 20.5 854 18.1 4.11 90
4e 12.3 3.78 18.9 395 16.8 2.45 97
5 12.3 5.02 31.0 1292 21.1 5.62 94
6 12.3 6.50 31.2 1300 18.1 5.21 91
7 12.3 8.00 32.4 1350 16.9 4.52 72

a TON ) kg/mol-Ln. b TOF ) g/(mol-Ln h). c Determined by GPC against polystyrene standard. d Calculated by the integration of the
methine resonances in the 1H NMR of the copolymer (CDCl3, 300 MHz). e 48 h.

Table 5. Temperature Influence on Copolymerization of
Cyclohexene Oxide (CHO) with CO2

a

entry
temp
(°C) TONb TOFc Mn

d × 10-3 Mw/Mn
d

carbonate
linkages (%)e

1 50 15.0 625 12.6 2.46 92
2 70 31.0 1292 21.1 5.62 94
3 90 44.0 1833 25.9 4.96 95
4 110 48.0 2000 23.7 6.03 97
5 130 46.0 1917 20.1 6.81 95

a Condition: [1c] ) 12.3 mmol/L, [CHO] ) 5.02 mol/L. b TON
) kg/mol-Ln. c TOF ) g/(mol-Ln h). d Determined by GPC against
polystyrene standard. e Calculated by the integration of the me-
thine resonances in the 1H NMR of the copolymer (CDCl3, 300
MHz).

Scheme 1. Stoichiometric Reaction of CO2 with Rare
Earth Metal Alkyl Complexes
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within the range of 1.258(2)-1.283(3) Å and are typical
for delocalized carboxylate species. Other bond distances
and angles in 3a-c are also normal and need not be
further discussed.

Complexes 3a-c all showed one set of well-resolved
1H and 13C NMR resonances in THF-d8. Their NMR
spectra remained almost unchanged at the temperature
range from -70 to 70 °C, which is in contrast with what
was observed previously for the samarocene carboxylate
complex [(C5Me5)2Sm(O2CCH2CHdCH2)]. In the latter
case, two sets of 1H NMR resonances were observed in
THF-d8 because of the existence of an equilibrium
between monomeric and dimeric forms.9a These results
might suggest that the dimeric structure of 3a-c could
remain intact in solution.

It is also noteworthy that the isolated carboxylate
complexes 3a, b could also catalyze the CHO/CO2
copolymerization (Table 8), although the activity was
lower than those of their alkyl precursors under the
same conditions. Therefore, complexes 3a, b represent
a rare example of well-defined active carboxylate inter-

mediates that were isolated directly from a true catalyst
reaction system. Since the reaction of the alkyl com-
plexes 1a-c with CO2 was much faster than that with
CHO in toluene, the CHO/CO2 copolymerization in the
present systems must be initiated by insertion of CO2
into a Ln-CH2SiMe3 bond, followed by nucleophilic
attack of the resulting carboxylate species to CHO. To
form an alternating copolymer, the insertion of CO2 into
the Ln-O(CHO) bond should be faster than that of
CHO.

In the reactions of the polyhydride complexes 2a-c
with CO2, a structurally characterizable species was not
isolated. However, a methylene diolate species [CH2O2]2-

rather than a formate [CHO2]- might be formed as
shown by appearance of new signals at δ 4.6-4.8 in the
1H NMR spectrum. The formation of such a methylene
diolate species (e.g., [(C5Me4SiMe3)Y]4(O2CH2)2(Me3-
SiCC(H)C(H)CSiMe3)) has been recently confirmed in
the reaction of the yttrium tetrahydride complex [(C5-
Me4SiMe3)Y(µ-H)]4(Me3SiCC(H)C(H)CSiMe3) with CO2.10e

We found that this isolated methylene diolate complex
[(C5Me4SiMe3)Y]4(O2CH2)2(Me3SiCC(H)C(H)CSiMe3) was
also active for the copolymerization of CO2 and CHO at
70 °C and 12 atm of CO2 (TOF ) 554 g polymer/
(mol-Ln h), Mn ) 14.2 × 103, Mw/Mn ) 2.15, carbonate
linkage ) 93%).

Conclusion
We have demonstrated that rare earth metal half-

sandwich bis(alkyl) complexes such as 1a-c and hy-
dride complexes such as 2a-c can act as excellent
single-component catalysts for the alternating copolym-
erization of CO2 and cyclohexene oxide (CHO) to give
the corresponding poly(carbonate) with high molecular
weight and moderate molecular distribution. The ho-
mopolymerization of CHO can also be achieved by use
of these complexes. The isolation of the CO2-insertion
intermediates 3a, b and their catalytic behavior in the
copolymerization of CHO and CO2 suggest that the
present CHO/CO2 copolymerization is initiated by inser-

Table 6. Copolymerization of Cyclohexene Oxide (CHO) with CO2 by Organolanthanide Polyhydride Complexesa

entry cat temp (°C) time (h) TONb TOFc Mn
d × 10-3 Mw/Mn

d
carbonate

linkages (%)e

1 2a 70 48 21.0 437 34.5 4.39 97
2 2b 70 48 17.7 368 29.6 7.48 99
3 2c 70 48 25.8 538 39.7 4.67 96
4 2c 50 48 13.0 270 21.0 4.76 93
5 2c 90 48 30.1 631 30.0 4.49 96
6 2c 110 24 31.4 1310 21.5 9.83 98
7 2c 130 7.5 27.7 3693 12.6 10.68 95
8 2c 90 24 26.9 1121 39.8 4.49 99
9 2cf 90 24 17.6 732 27.8 4.95 98
10 2cg 90 24 24.2 1007 2.53 7.40 87

a Condition: 12 atm CO2, [Ln] ) 16.3 mmol/L, [CHO] ) 3.8 mol/L, in toluene, unless otherwise noted. b TON ) kg/mol-Ln. c TOF )
g/(mol-Ln h). d Determined by GPC against polystyrene standard. e Calculated by the integration of the methine resonances in the 1H
NMR of the copolymer (CDCl3, 300 MHz). f In THF. g In chlorobenzene.

Figure 2. X-ray structure of 3a with 30% probability of
thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Table 7. Selected Bond Distances (Å) for 3a-c

3a (Ln ) Y) 3b (Ln ) Lu) 3c (Ln ) Sc)

Ln-C(Cp′) (av) 2.646(3) 2.599(3) 2.496(1)
Ln-O (av) 2.284(1) 2.236(1) 2.128(1)
Ln‚‚‚Ln* 3.6457(6) 3.6034(3) 3.5696(6)
C(13)-O(1) 1.280(3) 1.283(3) 1.272(2)
C(13)-O(2) 1.262(3) 1.260(3) 1.258(2)
C(18)-O(3) 1.275(3) 1.271(3) 1.270(2)
C(18)-O(4) 1.263(3) 1.264(3) 1.261(2)

Table 8. Copolymerization of Cyclohexene Oxide (CHO)
with CO2 by Carboxylate complexes 3a,ba

cat TONb TOFc Mn
d × 10-3 Mw/Mn

d
carbonate

linkages (%)e

3a 25.1 523 12.7 2.73 92
3b 34.0 708 17.4 2.66 94

a Condition: [Ln] ) 12.3 mmol/L, [CHO] ) 5.02 mol/L, 12 atm
CO2, 90 °C, 48 h, in toluene. b TON ) kg/mol-Ln. c TOF ) g/(mol-
Ln h). d Determined by GPC against polystyrene standard. e Cal-
culated by the integration of the methine resonances in the 1H
NMR of the copolymer (CDCl3, 300 MHz).
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tion of CO2 into a metal-alkyl bond, followed by
nucleophilic attack of the resulting carboxylate species
to CHO. In the copolymerization catalyzed by the
polyhydride complexes 2a-c, however, the first step
might be formation of a methylene diolate species
through insertion of one molecule of CO2 into two Ln-H
bonds.

Experimental Section

General Methods. All reactions were carried out
under a dry and oxygen-free argon atmosphere by using
Schlenk techniques or under a nitrogen atmosphere in
an MBRAUN glovebox. Organometallic samples for
NMR spectroscopic measurements were prepared in the
glovebox by use of J. Young valve NMR tubes. 1H and
13C NMR spectra were recorded on a JNM-EX 300 (FT,
300 MHz for 1H; 75 MHz for 13C) spectrometer. NMR
assignments were confirmed by the 1H-13C HMQC
experiments when necessary. Elemental analyses were
performed by the Chemical Analysis Team, Advanced
Development and Supporting Center, RIKEN. IR spec-
tra were recorded on a Shimadzu FTIR-8100M spec-
trometer using Nujol mulls between KBr disks. The
molecular weight and molecular weight distribution of
the polymers were measure by GPC (TOSOH HLC-8220
GPC; column, Super HZM-H ×3; temperature, 40 °C;
eluent, THF; polystyrene standard). Solvents were
distilled from sodium/benzophenone ketyl, degassed by
the freeze-pump-thaw method (three times), and dried
over fresh Na chips in the glovebox. Cyclohexane oxide
was dried over molecular sieves (4A) for 2 days and
distilled from CaH2 under reduced pressure. CO2 (purity
grade, 99.995%) was used as received. Complexes 1a,
1c, 1d, 2a, and 2c were prepared according to lit-
erature.10c-f

(C5Me4SiMe3)Dy(CH2SiMe3)2(THF) (1b). To a hex-
ane solution (15 mL) of Dy(CH2SiMe3)3(THF)2 (2.168 g,
3.811 mmol), which was prepared from the reaction of
DyCl3 and LiCH2SiMe3, was added 1 equiv of C5Me4H-
(SiMe3) (0.741 g, 3.811 mmol). The reaction mixture was
stirred at room temperature for 1.5 h. The concentrated
solution was cooled at -30 °C overnight to give colorless
crystals of 1b (2.066 g, 3.430 mmol, 90%). The 1H NMR
spectrum of 1b was not informative because of the
influence of the paramagnetic Dy(III) ion. IR (Nujol):
1377, 1349, 1323, 1250, 1238, 1130, 1038, 1016, 854,
818, 750, 721, 671, 630 cm-1. Anal. Calcd for C24H51-
OSi3Dy: C, 47.85; H, 8.53. Found: C, 47.13; H, 8.34.

[(C5Me4SiMe3)Dy(µ-H)2]4(THF)2 (2b). A toluene
solution (15 mL) of 1b (1.050 g, 1.743 mmol) in a 100-
mL Schlenk flask equipped with a J. Young valve was
frozen in liquid nitrogen, pumped, and refilled with H2.
The mixture was allowed to warm to room temperature
and stirred for 2 h. For complete conversion, a second
charge of H2 was carried out in an identical way, and
the mixture was further stirred for 2 h. Evaporation of
the solvent under reduced pressure afforded a light-
yellow powder, which after recrystallization from THF/
hexane at -30 °C yielded crystals of 2b (0.596 g, 0.378
mmol, 88%). The 1H NMR spectrum of 2b was not
informative because of the influence of the paramagnetic
Dy(III) ion. IR (Nujol): 1460, 1377, 1325, 1244, 1198,
1132, 1018, 978, 846, 835, 684 cm-1. Anal. Calcd for
C56H108O2Si4Dy4: C, 42.68; H, 6.91. Found: C, 41.96;
H, 6.77.

[(C5Me4SiMe3)Y(µ-η1:η1-O2CCH2SiMe3)2]2 (3a). A
benzene solution (10 mL) of (C5Me4SiMe3)Y(CH2SiMe3)2-

(THF) (1a) (0.20 g, 0.38 mmol) in a Schlenk tube was
frozen in a cold bath (-10 °C), evacuated under vacuum,
and then backfilled with carbon dioxide (1 atm). The
cold bath was removed, and the mixture was stirred at
ambient temperature for 10 min. The volatiles were
removed under reduced pressure to afford white powder
of complex 3a (0.20 g, 0.185 mmol, 98%). Recrystalli-
zation from THF/benzene at room temperature gave
single crystals suitable for X-ray analysis.1H NMR (300
MHz, THF-d8, 22 °C): 0.16 (s, 36H, O2CCH2SiMe3), 0.27
(s, 18H, C5Me4SiMe3), 1.88 (s, 8H, O2CCH2SiMe3), 1.97
(s, 12H, C5Me4SiMe3), 2.15 (s, 12H, C5Me4SiMe3). 13C
NMR (100 MHz, THF-d8, 22 °C): -0.40 (12C, O2CCH2-
SiMe3), 2.82 (6C, C5Me4SiMe3), 12.03 (4C, C5Me4SiMe3),
13.54 (4C, C5Me4SiMe3), 30.94 (4C, O2CCH2SiMe3),
114.86 (d, JC-Y ) 2.5 Hz, 2C, ipso-C5Me4SiMe3), 123.27
(4C, C5Me4SiMe3), 126.81 (4C, C5Me4SiMe3), 185.04 (4C,
O2CCH2SiMe3). IR (Nujol): ν ) 1566, 1458, 1440, 1373,
1331, 1248, 1134, 1107, 849, 752, 721 cm-1. Anal. Calcd
for C44H86O8Si6Y2: C, 48.50; H, 7.68. Found: C, 47.91;
H, 7.28.

[(C5Me4SiMe3)Lu(µ-η1:η1-O2CCH2SiMe3)2]2 (3b).
Following the procedure described for the preparation
of 3a, the reaction of (C5Me4SiMe3)Lu(CH2SiMe3)2(THF)
(1c) (0.200 g, 0.325 mmol in 10 mL of benzene) with
carbon dioxide afforded 3b (0.202 g, 0.161 mmol, 99%).
1H NMR (300 MHz, THF-d8, 22 °C): 0.18 (s, 36H, O2-
CCH2SiMe3), 0.27 (s, 18H, C5Me4SiMe3), 1.90 (s, 8H,
O2CCH2SiMe3), 1.97 (s, 12H, C5Me4SiMe3), 2.16 (s, 12H,
C5Me4SiMe3). 13C NMR (75 MHz, THF-d8, 22 °C): -0.28
(12C, O2CCH2SiMe3), 2.89 (6C, C5Me4SiMe3), 12.17 (4C,
C5Me4SiMe3), 14.48 (4C, C5Me4SiMe3), 31.07 (4C,
O2CCH2SiMe3), 113.88 (2C, ipso-C5Me4SiMe3), 122.38
(4C, C5Me4SiMe3), 125.89 (4C, C5Me4SiMe3), 185.22 (4C,
O2CCH2SiMe3). IR (Nujol): ν ) 1572, 1454, 1377, 1331,
1246, 1136, 1107, 849, 829, 750, 721 cm-1. Anal. Calcd
for C44H86O8Si6Lu2: C, 41.89; H, 6.87. Found: C, 40.97;
H, 6.67.

[(C5Me4SiMe3)Sc(µ-η1:η1-O2CCH2SiMe3)2]2 (3c). Fol-
lowing the procedure described for the preparation of
3a, the reaction of (C5Me4SiMe3)Sc(CH2SiMe3)2(THF)
(1d) (0.100 g, 0.206 mmol) with carbon dioxide gave 3c
(0.103 g, 0.103 mmol, 100%). 1H NMR (300 MHz, THF-
d8, 22 °C): 0.19 (s, 36H, O2CCH2SiMe3), 0.27 (s, 18H,
C5Me4SiMe3), 1.87 (s, 8H, OCOCH2SiMe3), 1.94 (s, 12H,
C5Me4SiMe3), 2.12 (s, 12H, C5Me4SiMe3). 13C NMR (75
MHz, THF-d8, 22 °C): -0.01 (12C, O2CCH2SiMe3), 2.70
(6C, C5Me4SiMe3), 12.42 (4C, C5Me4SiMe3), 15.01 (4C,
C5Me4SiMe3), 30.51 (4C, O2CCH2SiMe3), 117.36 (2C,
ipso-C5Me4SiMe3), 125.83 (4C, C5Me4SiMe3), 128.70 (4C,
C5Me4SiMe3), 181.67 (4C, O2CCH2SiMe3). IR (Nujol):
ν ) 1586, 1454, 1375, 1337, 1246, 1115, 849, 714, 633
cm-1. Anal. Calcd for C44H86O8Si6Sc2: C, 52.76; H, 8.66.
Found: C, 52.47; H, 8.43.

X-ray Crystallographic Studies. Crystals for X-ray
analysis were obtained as described in the preparations.
The crystals were manipulated in a glovebox under a
microscope and were sealed in thin-walled glass capil-
laries. Data collections were performed at -80 °C on a
Bruker SMART APEX diffractometer with a CCD area
detector using graphite-monochromated Mo KR radia-
tion (λ ) 0.71073 Å). The determination of crystal class
and unit cell parameters was carried out by the SMART
program package. The raw frame data were processed
using SAINT and SADABS to yield the reflection data
file. The structures were solved by using SHELXTL
program. Refinement was performed on F2 anisotropi-
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cally for all the non-hydrogen atoms by the full-matrix
least-squares method. The hydride ligands were found
by difference Fourier synthesis and were refined iso-
tropically. Other hydrogen atoms were placed at the
calculated positions and were included in the structure
calculation without further refinement of the param-
eters. The residual electron densities were of no chemi-
cal significance. The crystallographic data and process-
ing parameters for 1b, 2b, and 3a-c are summarized
in Table 9.

Homopolymerization of Cyclohexene Oxide
(CHO). A typical procedure for bulk CHO polymeriza-
tion (Table 2, entry 1): to neat CHO (2.473 g, 25.2
mmol) in a 50-mL flask was added 1a (0.033 g, 0.063
mmol; CHO/1a (mol/mol) ) 400) under magnetic stir-
ring at room temperature in the glovebox. Polymeriza-
tion took place immediately with an exotherm. After 3
h, the reaction was terminated by addition of a large
amount of methanol. The polymer product was collected
by filtration, washed with methanol, and then dried at
60 °C for 24 h in a vacuum to give a white powder (2.045
g, 82.7%).

Copolymerization of Cyclohexene Oxide and
CO2. A typical procedure for the copolymerization of
CHO and CO2 (Table 3, entry 1): a 100-mL stainless
steel autoclave with a stir bar inside was put into a 70
°C oil bath, dried under vacuum for 1 h, cooled to room
temperature, and then backfilled with N2. A toluene
solution (1.0 mL) of 1a (0.026 g, 0.05 mmol) was injected
into the autoclave with a syringe under N2. CHO (1.963
g, 20.0 mmol) was then loaded ([Y] ) 16.3 mM, [CHO]
) 6.5 M). The autoclave was pressured to 11 atm with
CO2 and then heated to 70 °C, at which the pressure
rose to about 12 atm. The mixture was stirred at 70 °C
for 24 h and then cooled to room temperature. The
viscous reaction mixture was dissolved with chloroform
and poured into methanol to precipitate a white solid
polymer product. The polymer product was collected by
filtration, washed with methanol, and then dried at 60
°C for 24 h in a vacuum to give a white powder (1.20 g).
The percentage of the carbonate linkages was calculated
from the relative intensities of the 1H NMR signals of
the methine protons adjacent to the carbonate linkages
(δ 4.62) and ether linkages (δ 3.42).
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