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Six zirconocene derivatives were systematically designed;
one of the cyclopentadienyl (Cp) ligands of zirconocene di-
chloride [Cp,ZrCl,] was silylated and this group was then
incrementally increased in size; furthermore, one derivative
with a 4,4'-disilylbiphenyl bridge between the two zir-
conocene fragments was prepared. One zirconium complex
was characterized by single-crystal X-ray analysis. All zirco-
nium complexes were effective catalysts for the cycloaddition

of CO, to propylene oxide. Two complexes containing a bi-
phenyl group attached to a SiMe, group showed higher ac-
tivity than the other complexes. In addition, the dinuclear
complex containing the biphenylenebis(dimethylsilyl) bridge
showed the highest activity among all the zirconium com-
plexes reported. Furthermore, these complexes are the first
examples of zirconocene catalytic systems for the cycload-
dition reaction of CO, to propylene oxide.

Introduction

Cyclic carbonates, valuable intermediates that can be
prepared from the cycloaddition of CO, with epoxides, can
be prepared through one of the most promising reactions
for CO, consumption.['#] They are widely used in a variety
of applications, including as polar aprotic solvents,! elec-
trolytes for Li-ion batteries,®! and synthetic precursors for
producing fine chemicals!”? and polymers.®! Numerous
homogeneous organometallic catalytic systems, including
those with Zn,P! AL[1% Cr,['1] Co,['2 Ni,['3 and Cu,l'" have
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been reported for the synthesis of cyclic carbonates through
cycloaddition reactions of various epoxides with CO,.[
Although various metal complexes with salen-type ligands
are known to be efficient catalysts for the cycloaddition of
CO, to epoxides, homogeneous and heterogeneous catalytic
systems based on group 4 metal complexes have been rarely
investigated.[!3]

Our group previously reported a novel Ti catalytic sys-
tem containing tetrazoyl ligands with a high catalytic ac-
tivity (turnover frequency, TOF = 422 h'!) at 75 °C.['%] In
an effort to develop group 4 metal catalytic systems, we fo-
cused on Zr complexes for the cycloaddition of CO, to ep-
oxides. To the best of our knowledge, zirconocene com-
plexes have never been used as catalysts for cyclic carb-
onates, though zirconium phosphate!!” has been used with
an ionic liquid and zirconium BINOL (1,1’-bi-2-naphthol)
complexes!!'®l have been used enantioselectively with other
epoxides.

In this regard, we chose [Cp,ZrCl,] (Cp = cyclopen-
tadienyl) as a parent compound for the cycloaddition reac-
tion. Generally, silyl-substituted zirconocene complexes can
produce polyethylene with a high molecular weight,['°2 and
biphenylene-bridged dinuclear zirconocene compounds
have displayed higher catalytic activity for olefin polymeri-
zation than their mononuclear counterparts.[!°®1° Despite
their synergistically enhanced activities, low solubilities of
dinuclear complexes in organic solvents and low yields for
the final ligands such as biphenylene-bridged bis(cyclopen-
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tadienyl) ligands have been reported. In this regard, we de-
veloped new biphenylenebis(dimethylsilyl)-bridged dinu-
clear complex 6 in high yield with good solubility. As shown
in Scheme 1, five other compounds, including [Cp,ZrCl,]
(1), [Cp(CpSiMe3)ZrCl,] (2), [Cp(CpSiMe,tBu)ZrCl,] (3),
[Cp(CpSiMe,Ph)ZrCl,] (4), and [Cp(CpSiMe,CsH4CsHs)-
ZrCl,] (5), were systematically prepared through controlled
syntheses; all of these compounds resemble complex 6 in
part. Herein, we report the synthesis and characterization
of these zirconium complexes and their use as catalysts for
producing cyclic carbonates.

@ (3.) (‘I‘) (f) @ rv"’Cl

Zr\
@ Cl )

Scheme 1.

Results and Discussion

Synthesis and Characterization

The ligands CISiMe,C;,Hy (S5L) and [CISiMe,CsHyl»
(6L) were prepared from the reaction of the lithium salt of
4-bromobiphenyl with Me,SiCl, (3 equiv.) in Et,O and the
reaction of the dilithium salt of 4,4'-dibromobiphenyl with
Me,SiCl, (6.2 equiv.) in THF, respectively. Ligands SL and
6L were readily converted into the corresponding
CpSiMe,C;,Hg and [CpSiMe,CgHy), derivatives by treat-
ment with 1.1 equiv. and 2.2 equiv. of NaCp, respectively,
in THFE. Zirconium compounds 5 and 6 were obtained in
good yields (77% for 5 and 61% for 6) in THF, as shown
in Scheme 2. Compounds 5 and 6 were synthesized by the
reaction of the lithium salt derived from CpSiMe,C;,Ho
with [CpZrCls] (0.95 equiv.) and the reaction of the dilith-
ium salt derived from [CpSiMe,CgHyl, with [CpZrCls]
(1.9 equiv.), respectively, in THE. Compounds 5 and 6 were
not stable in air and were insoluble in hexanes, but they
were soluble in toluene and polar organic solvents.

The 'HNMR and "*C{'H} NMR spectra of 5 and 6
were in accord with the suggested structures, and all chemi-
cal shifts of the protons and carbon atoms were in the ex-
pected range. The spectra of ligands 5L and 6L and zirco-
nium compounds 5 and 6 were measured in CDCl;. The
"H NMR spectra of 5L and 6L exhibit singlets at § = 0.74
and 0.72 ppm, which correspond to the Si(Me), group; mul-
tiple peaks at = 7.36-7.74 ppm; and doublets at 6 = 7.65
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Scheme 2. Synthetic route for compounds 5 and 6.

and 7.73 ppm, which correspond to the aryl moieties. In
contrast to SL, zirconium compound 5 exhibits patterns
containing a singlet corresponding to the ZrCp protons at
0 = 6.28 ppm and two triplets corresponding to the SiCp
protons at 0 = 6.55 (J = 2.52Hz) and 6.75 ppm (J =
2.52 Hz). Moreover, the singlet corresponding to the
CpSi(Me), methyl protons is shifted upfield relative to that
of 5L. These features are also evident for compound 6.

The molecular structure of 5 was determined by single-
crystal X-ray diffraction analysis. Single crystals suitable for
X-ray structural analysis were obtained by cooling a solu-
tion of saturated CH,Cl,/Et,0 to —20 °C. The structural pa-
rameters around the zirconium center, including selected
bond lengths and bond angles, are listed in the caption of
Figure 1.

C24
23
\_Cl1
Y @ C12
I\ cio, ®
Cle | 1\C6 \
Cl13
c9 CI0 Cl4\ c17
20 C18
Czl‘\ec19
C20

Figure 1. The crystal structure of 5 and atom labeling. All H atoms
are omitted for clarity. Selected bond lengths [A] and angles [°]: Zr—
Cl1 2.4385(8), Zr—Cl2 2.4384(9), Zr—Cpeent 2.1985(12), Zr-Cp’ cent
2.2029(19), Zr-C1 2.519(3), Zr-C2 2.523(2), Zr-C3 2.510(3), Zr—
C4 2.472(3), Zr-C5 2.486(3), Zr—C6 2.471(3), Zr-C7 2.484(3), Zr—
C8 2.505(3), Zr-C9 2.513(3), Zr-Cl0 2.505(4), Cll-Zr-CI2
95.92(4), Cpeent—Zr-Cp’cent 130.82(8), Cpeen—Zr—Cl1 105.86(4),
CPeent—Zr—CI2 106.40(4), Cp’ cen—Zr—Cl11 107.74(7), Cp’ cenr—Zr—CI12
104.69(8), C1-Si-C11 111.96(12), C1-Si-C23 109.87(14), C1-Si-
C24 104.71(14).

Zirconium complex 5 crystallizes in the P2;/c space
group. The molecular structure of 5 confirms that the zirco-
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nium center is n° bonded to both Cp rings, symmetric with
the Cp ring and asymmetric with respect to the CsH,Si-
Me,C,Hyg ring (Cp’). In addition, the Cl atoms and the
centroids of the Cp ring form a considerably distorted pseu-
dotetrahedral coordination geometry around the zirconium
center with angles ranging from 95.92 (Cl1-Zr-ClI2) to
130.82° (Cpeenc—Z1r—Cp’ cent)- The biphenyl group is signifi-
cantly bent with a bond angle of 111.96° (C1-Si—C11) with
respect to the Cp’ ring, which is somewhat larger than that
observed in similar zirconium complexes, for example,
[(CsH4SiMe,Ph)CpZrMe,], 108.65%2% [(CsH,CMestol)-
CpZrMe,], 106.50%P1 and [(CsH4SiMePh,)CpZrCls],
104.1, 104.5, 107.4, and 110.0°.221 The biphenyl group is
nearly planar and shows no apparent distortion between
the two phenylene planes, despite the possible presence of
nonbonded repulsion between the ortho hydrogen atoms.
The overall molecular symmetry of 5 approaches a C; point
group. The bond length data show that the Cp rings form
with largely uniform Zr-Cc,, distances that average 2.499 A
with a small standard deviation of 0.003 A; this indicates
that both the Cp and Cp' rings were bonded to the Zr atom
in the usual 0’ fashion. The bond lengths of Zr—Cpce, and
Zr-Cp'eene are 2.1985 and 2.2029 A, respectively. The
CPeent—Z1—Cp’ cent (130.82°) and Cl1-Zr—CI2 angles (95.92°)
are in good agreement with those of other zirconocene com-
plexes.2%

Cycloaddition of CO,

The cycloaddition reaction of CO, with propylene oxide
(PO) was performed at 75°C for 7h without solvent by
using zirconium compounds 1-6 as catalysts. The cycload-
dition results are summarized in Table 1. Under our condi-
tions of 75°C for 7 h, additives such as tetrabutylphos-
phonium bromide (nBuyPBr), tetrabutylammonium chlor-
ide (nBuyNCl), tetrabutylammonium bromide (nBusNBr),
tetrabutylammonium iodide (nBu4NI), bis(triphenylphos-
phoranylidene)ammonium chloride (PPNCI), and 4-di-
methylaminopyridine (DMAP) did not show any catalytic
activity (Table 1, entries 1-6). Catalysts 1-6 in the absence
of any cocatalyst also did not show any activity (Table 1,
entry 7). However, in the presence of nBuyPBr as a cocata-
lyst, zirconium compounds 1-6 behaved as catalysts for the
cycloaddition of CO, to PO, and the cyclic carbonates were
produced with high selectivity (>99%; Table 1, entries 8—
13). Compounds 1-6 produced cyclic carbonates efficiently
with conversion yields of 64-92% and with high selectivities
of >99% without any polymerized products. Interestingly,
the overall catalytic activity gradually increased upon going
from catalyst 1 to catalyst 6. Consequently, the catalytic ac-
tivities of 1-6 increase as the substituents on the Cp ring
increase in steric bulkiness. Thus, catalyst 6 showed the
highest activity among the reported Zr compounds
(Table 1, entry 13; TON = 462), though there seems to be
no notable difference in the activity of monomeric 5 relative
to that of dimeric 6. These similar catalytic activities of
these two catalysts were also shown in the polymerization
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of ethylene by using zirconocene containing a biphenyl
group,!'8) despite different reaction mechanistic path-
ways.[1°®l More interestingly, these zirconium complexes are
more efficient catalysts than the reported titanium systems
with respect to conversion.!'°]

Table 1. Cycloaddition of CO, to PO by using complexes 1-6.1

Entry  Catalyst Cocatalyst®  TONI  Conv.  Selectivity
[Yo]i! [Vl
1 none  nBu,PBr 0 0 -
2 none  nBuyNCl 0 0 -
3 none nBuyNBr 0 0 -
4 none  nBuyNI 0 0 -
5 none PPNCI 0 0 -
6 none DMAP 0 0 -
7 1-6 none 0 0 -
8 1 nBuyPBr 319 64 >99
9 2 nBuyPBr 357 71 >99
10 3 nBuyPBr 371 74 >99
11 4 nBuyPBr 408 82 >99
12 5 nBuyPBr 449 90 >99
13 6 nBuyPBr 462 92 >99
14 1 nBuyNCl 220 44 >99
15 1 nBuyNBr 264 53 >99
16 1 nBuyNI 253 51 >99
17 1 nBuyPBr 319 64 >99
18 1 PPNCI 176 35 >99
19 1 DMAP 60 12 >99
20 5 nBuyNCl 318 64 >99
21 5 nBuyNBr 392 78 >99
22 5 nBuyNI 364 73 >99
23 5 nBuyPBr 449 90 >99
24 5 PPNCI 439 88 >99
25 5 DMAP 120 24 >99
26 6 nBuyNCl 330 66 >99
27 6 nBuysNBr 402 81 >99
28 6 nBuyNI 370 74 >99
29 6 nBuyPBr 462 92 >99
30 6 PPNCI 452 90 >99
31 6 DMAP 126 25 >99

[a] Cycloaddition conditions: [PO] = 0.7 mL (10 mmol), [Zr] =
20 pmol, [cocatalyst] = 20 pmol, [PO]/[Zr] = 500, CO, = 1.0 MPa,
T, = 75 °C, time = 7 h. [b] PPNCI = bis(triphenylphosphoranylid-
ene)ammonium chloride, DMAP = 4-dimethylaminopyridine.
[c] Turnover number (TON) = (mol of PO consumed)/(mol of Zr
center). [d] Calculated by '"H NMR spectral integration.

Further studies to determine the effect of the cocatalyst
on the catalytic activity were performed by using catalysts
1, 5, and 6 in the cycloaddition reaction (Table 1, en-
tries 14-31). Six different kinds of cocatalysts including
nBuyPBr, nBuyNCl, nBuyNBr, nBuy;NI, PPNCI, and
DMAP were used. As shown in Table 1 (entries 17, 23, and
29), nBuyPBr showed superior activity to the five other cat-
alysts. Moreover, catalysts 1, 5, and 6 with the non-salt-
type cocatalyst DM AP showed lower activity than the other
cocatalysts (Table 1, entries 19, 25, and 31) because of a
strong interaction of neutral DMAP with the Lewis acidic
metal center.['!-23] These features are very similar to those
of the aluminum complexes previously reported.?4 Al-
though they usually show different catalytic activities in cy-
cloaddition reactions of CO, to epoxides according to the
catalysts and cocatalysts,[>’! our zirconocene catalytic sys-
tems showed the highest activities in the presence of
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Figure 2. A plausible mechanism for the cycloaddition of CO, to epoxides by using a zirconocene catalyst.

nBuyPBr as a cocatalyst. More interestingly, #BuyPBr is the
cheapest among the six commercially available cocatalysts
tested. All zirconium complexes showed the highest activity
in the presence of nBuyPBr. In addition, complexes 5 and
6, which contain a biphenyl group attached to the SiMe,
group, exhibited higher catalytic activities than the other
complexes.

As shown in Figure 2, a plausible mechanism for the cy-
cloaddition of CO, to epoxides by using zirconocene com-
plexes involves attachment of the epoxide to the zirconium
atom of the zirconocene compound; resulting complex I is
activated toward nucleophilic attack by halide ions such as
CI', Br, and I'. It is possible that coordination of an epox-
ide to a Lewis acid center promotes nucleophilic ring open-
ing of the epoxide. Carbonato species II is converted by
insertion of CO, into coordinated zirconocene complex III.
Finally, the cyclic carbonate product is formed by ring-clos-
ing of III. The proposed mechanism is similar to the cyclo-
addition reaction of CO, with epoxides with other catalyst
systems.[26]

Conclusions

Zirconium catalysts bearing silyl-substituted Cp ligands
were easily prepared and their catalytic behavior in the cy-
cloaddition of CO, to propylene oxide was investigated.
Zirconium complex 6 showed the highest activity among
the reported Zr catalysts. To the best of our knowledge, this
is the first example of the zirconocene-catalyzed synthesis
of cyclic carbonates through cycloaddition of CO, to pro-
pylene oxide.
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Experimental Section

General Considerations: All reactions of air- and moisture-sensitive
materials were performed under an atmosphere of dinitrogen by
using standard Schlenk-type glassware with a dual manifold
Schlenk line in a glove box.?”! Dinitrogen was deoxygenated by
using an activated Cu catalyst and was dried with drierite.[?®!
[CpZrCls] was purchased from Strem, and all other chemicals were
obtained from Aldrich and were used without further purification.
All solvents, toluene, diethyl ether, THF, and n-hexane, were dried
by distillation from sodium diphenylketyl under an atmosphere of
nitrogen and were stored over 3 A activated molecular sieves.
CDCl; was dried with activated molecular sieves (4 A) and was
used after vacuum transfer to a Schlenk tube equipped with a J.
Young valve.

Measurements: '"H NMR and '3*C{'H} NMR spectra were recorded
at ambient temperature with a 300 or 400 MHz NMR spectrometer
by using standard parameters. All chemical shifts are reported in &
units with reference to the signals of residual CDCl; (6 = 7.24 ppm,
'HNMR; 6 = 77.0 ppm, '*C{'H} NMR). Elemental analyses were
performed by using an EA 1110-FISONS analyzer (CE Instru-
ments).

Synthesis of 2—4: Complexes 2-4 were prepared according to pre-
viously published procedures.!??!

CISiMe,C,Hy (5L): nBuLi (2.5 M in hexane, 8.8 mL, 22 mmol) was
slowly added by syringe to a solution of 4-bromobiphenyl (2.3 g,
10 mmol) in Et,O (30 mL) at —78 °C. The mixture was warmed to
room temperature. After stirring for 3h, Me,SiCl, (3.6 mL,
30 mmol) was slowly added by syringe at —78 °C. The mixture was
then warmed to room temperature and stirred for 15 h. All of the
volatiles were evaporated under vacuum, which left a colorless
sticky powder to which n-hexane (30 mL) was added. The solution
was filtered, and the solvent was evaporated to afford product 5L
as a colorless powder (99%, 2.5g). '"H NMR (400.13 MHz,
CDCl3): 6 = 7.74 (d, J = 1.72 Hz, 2 H, ArH), 7.60 (m, 4 H, ArH),
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7.45 (m, 2 H, ArH), 7.36 (m, 1 H, ArH), 0.74 [s, 6 H, Si(CH;)]
ppm. BC{'H} NMR (100.63 MHz, CDCl5): 6 = 143.14, 140.67,
134.84, 133.61, 128.83, 127.68, 127.19, 126.82 (Ar), 2.13 [Si-
(CH3),] ppm.

[CpZrCly(CpSiMe,C,Ho)] (5): A solution of NaCp (2.0 m in THF,
1.4 mL, 2.8 mmol) was slowly added by syringe to a solution of 5L
(0.63 g, 2.6 mmol) in THF (20 mL) at —78 °C. The mixture was
then warmed to room temperature and stirred for 15 h. The reac-
tion was stopped by the addition of water (50 mL), and the organic
portion was separated. The aqueous layer was extracted with di-
ethyl ether (3 X 20 mL), and the combined organic phase was dried
with MgSO,, filtered, and concentrated. Removal of the volatile
compounds under reduced pressure gave CpSiMe,Ci,Hg (99%,
0.70 g) as a light yellow sticky oil. Obtained CpSiMe,C;,Hy was
redissolved in Et,O (20 mL) and cooled to —78 °C. nBuLi (2.5 M in
hexane, 1.1 mL, 2.6 mmol) was slowly added to the reaction vessel.
The mixture was warmed to room temperature and stirred for 5 h.
Removal of all volatiles under reduced pressure gave a light ivory
powder, which was mixed with [CpZrCl;] (0.22 g, 0.84 mmol) in
THF (30 mL) at —78 °C. The mixture was warmed to room tem-
perature and stirred for 15h. Removal of all the volatiles under
reduced pressure and recrystallization (n-hexane and CH,Cl,,
5:1 v/v) gave product 5 as a light ivory powder (77%, 0.33 g). 'H
NMR (400.13 MHz, CDCly): 6 = 7.57 (m, 6 H, ArH), 7.41 (m, 2
H, ArH), 7.34 (m, 1 H, ArH), 6.75 (t, J = 2.52 Hz, 2 H, SiCp),
6.55 (t, J = 2.52 Hz, 2 H, SiCp), 6.28 (s, S H, Zr—Cp), 0.63 [s, 6 H,
Si(CH3),] ppm. *C{'H} NMR (100.63 MHz, CDCls): 6 = 142.23,
140.71, 136.39, 134.55, 128.80, 127.55, 127.10, 126.65, 125.27,
123.83, 118.07, 116.05 (Ar, Cp), -1.75 [Si(CH;),] ppm.
Cy4H,4CLSiZr (502.6633): caled. C 57.35, H 4.81; found C 58.47,
H 4.93.

[CISiMe,CgHyl, (6L): nBuLi (2.5 M in hexane, 28 mL, 70 mmol)
was slowly added by syringe to a solution of 4,4'-dibromobiphenyl
(5.0 g, 16 mmol) in Et,O (50 mL) at 0 °C. The mixture was warmed
to room temperature. After stirring for 5h, all volatiles were re-
moved under vacuum, and then THF (50 mL) was added. Me,SiCl,
(12 mL, 99 mmol) was slowly added by syringe to the solution con-
taining the dilithium salt at —78 °C. The mixture was warmed to
room temperature and stirred for 15 h. Removal of all the volatiles
under vacuum and recrystallization (n-hexane, 30 mL) gave product
6L as a colorless powder (74%, 4.0 g). '"H NMR (300.13 MHz,
CDCly): 6 =7.73 (d, J = 8.12Hz, 4 H, ArH), 7.65 (d, J = 7.55 Hz,
4 H, ArH), 0.72 [s, 12 H, Si(CH3),] ppm. C{'H} NMR
(75.47 MHz, CDCl,): 6 = 142.6, 135.42, 133.81, 126.87 (Ar), 2.12
[Si(CH5),] ppm.

[CpZxrCLL{CpSiMe,Cs¢Hy}l; (6): NaCp (2.0Mm in THE, 24 mL,
4.8 mmol) was slowly added by syringe to a solution of 6L (0.73 g,
2.2mmol) in THF (30 mL) at -78 °C. The mixture was then
warmed to room temperature and stirred for 15 h. The reaction
was stopped by the addition of water (50 mL), and the organic
portion was separated. The aqueous layer was extracted with di-
ethyl ether (3 X 30 mL), and the combined organic phase was dried
with MgSQ,, filtered, and concentrated. All of the volatiles were
evaporated under vacuum, which left a yellow sticky oil of
[CpSiMe,CsH,ls (80%, 0.69 g). Obtained [CpSiMe,C¢Hyl, was dis-
solved in Et,O (30 mL), and nBuLi (2.5™ in hexane, 1.5mL,
3.6 mmol, 2.1 equiv.) was slowly added by syringe to a solution of
[CpSiMe,CgH,), at —78 °C. The mixture was then warmed to room
temperature, stirred for 5h, and washed with n-hexane (3 X
20 mL). All of the volatiles were evaporated under vacuum, which
left a colorless powder (0.55g, 1.4 mmol), to which [CpZrCls]
(0.67 g, 2.6 mmol, 1.9 equiv.) was added in a dry box. Then, THF
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(50 mL) was added by cannula at —78 °C. The mixture was then
warmed to room temperature and stirred for 15 h. All volatiles were
evaporated under vacuum, which left a light brown powder.
Recrystallization (n-hexane and CH,Cl,, 5:1 v/v) gave product 6 as
a light brown powder (0.72 g, 61%). '"H NMR (300.13 MHz,
CDCl;): 0 = 7.59 (s, 8 H, ArH), 6.75 (t, J = 2.47 Hz, 5 H, SiCp),
6.56 (t, J = 2.42 Hz, 5 H, SiCp), 6.28 (s, 8 H, Zr-Cp), 0.62 [s, 12 H,
Si(CHs3),] ppm. *C{'H} NMR (75.47 MHz, CDCls): 6 = 134.58,
134.04, 126.61, 125.27, 119.97, 118.06, 116.06, 115.98 (Ar, Cp),
—1.74 [Si(CH3),] ppm. C3¢H33C1Si>Zr, (851.1179): caled. C 50.80,
H 4.50; found C 50.97, H 4.71.

X-ray Structural Determination for 5: Crystallographic measure-
ments of complex 5 were performed at 296(2) K by using a Bruker
APEX 1I diffractometer with Mo-K, (4 = 0.71073 A) radiation.
Specimens of suitable quality and size (0.1 0.1 X 0.1 mm?) were
selected, mounted, and centered in the X-ray beam by using a video
camera. The structure was solved by direct methods and refined
by full-matrix least-squares methods by using the SHELXTLP?
program package with anisotropic thermal parameters for all non-
hydrogen atoms. Final refinement based on the reflections [/ >
2:5(l)] converged at R, = 0.0464, wR, = 0.1126, and GOF = 1.008
for 5.

CCDC-1013633 (for 5) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Cycloaddition of CO, to Propylene Oxide: The cycloaddition reac-
tion of CO, to propylene oxide (10 mmol) was performed in a
15 mL stainless-steel autoclave equipped with a stirring bar, propyl-
ene oxide, zirconium catalyst (20 umol), and cocatalyst (20 pmol)
in a glove box. The autoclave was sealed prior to removal from the
glove box. The autoclave was initially operated at a pressure of
1.0 MPa CO, and then heated to 75 °C for 7 h. After the reactor
was cooled and vented, a small sample of the mixture was taken
for analysis by '"H NMR spectroscopy.

Supporting Information (see footnote on the first page of this arti-
cle): "TH NMR and '3C NMR spectra for 2-6 and details of the X-
ray structure of 5.
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