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Conversion of carbon dioxide to industrially useful compounds
has been a challenge for synthetic chemists and has recently
attracted much interest in view of the so-called “Sustainable
Society”1 and “Green Chemistry”.2 One of the most attractive
synthetic goals starting from CO2 is dimethyl carbonate (DMC).3

Indeed, the straightforward reaction of methanol and CO2

catalyzed by R2Sn(OMe)2 leading to DMC has been intensively
studied although catalytic performance is still far from satisfactory
(eq 1).4 Catalyst deactivation and hydrolysis of DMC caused by

coproduced water were postulated as the reason for the low
productivity. We have recently enhanced the catalytic efficiency
of R2Sn(OMe)2 using dehydrated derivatives of methanol (e.g.,
ortho esters and acetals) as a starting material5,6 under supercritical
CO2 conditions.7 Especially, the reaction of acetals is attractive
because the starting material is much more inexpensive compared
with ortho esters, and the coproduced carbonyl compounds can
be recycled (eq 2). Hence, the reaction can be regarded as the

DMC synthesis from CO2 and methanol. In these reactions,
carbonate complexes generated via CO2 insertion into the tin-
oxygen bond of R2Sn(OMe)2 are proposed as a key intermediate.
However, the structure and reactivity of the postulated complex

has not been well defined. In this paper, we report (i) the crystal
structures of Me2Sn(OMe)2 and its CO2 insertion product, and
(ii) DMC formation via thermolysis of the resulting carbonate
complex. This is the first report to elucidate the transformation
pathway of CO2 to DMC by R2Sn(OMe)2 at a molecular level.

R2Sn(OMe)2 is an active catalyst for various reactions such as
DMC synthesis from CO2,5,6 polycarbonate synthesis from CO2

and epoxides,8 stereoselective ring-opening polymerization of
â-lactones,9 and so on. However, the structure of R2Sn(OMe)2 is
still unclear and has long been a matter of discussion. Although
some papers proposed the polymeric nature of R2Sn(OMe)2 (R
) Me, Et, Bu) based on Mo¨ssbauer and NMR studies,10 further
investigation was required to prove the structure. We have
succeeded in obtaining single crystals of Me2Sn(OMe)2 from a
tert-BuOH solution at room temperature. The X-ray structure of
the crystal is different from the previously proposed polymeric
one and exhibited a distinct methoxo-bridged dinuclear framework
as shown in Figure 1.11 The configuration of the tin center can
be regarded as distorted trigonal-bipyramidal. A sharp119Sn NMR
signal in solution atδ -162 ppm is also consistent with the five-
coordinated dimeric structure.

The reaction of1 with excess CO2 (4 equiv) quantitatively
afforded a complex having two kinds of new methoxy groups
based on the1H and13C NMR data.13C NMR also revealed the
presence of a carbonyl group, indicating that CO2 insertion
occurred only at one of the two methoxy groups of1 (eq 3). The

observation of a strong IR peak at 1682 cm-1 was another support
for the CO2 insertion. On the other hand, low temperature119Sn
NMR exhibited one sharp signal atδ -171 ppm, indicating a
five-coordinated structure. Broadening of the signal at around
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Figure 1. X-ray crystal structure of1. Selected bond distances (Å) and
angles (deg): Sn(1)-O(1), 2.038(5); Sn(1)-O(1*) 2.324(6); Sn(1)-O(2)
2.038(7); Sn(1)-C(1) 2.121(9); Sn(1)-C(2) 2.130(8); O(1)-C(3)
1.445(10); O(2)-C(4) 1.30(1); O(1)-Sn(1)-O(1*) 68.9(2); O(1)-
Sn(1)-O(2) 93.2(3); O(1)-Sn(1)-C(1) 110.0(3); O(1)-Sn(1)-C(2)
109.4(3); O(1*)-Sn(1)-O(2) 161.7(3); O(1*)-Sn(1)-C(1) 86.6(3);
O(1*)-Sn(1)-C(2) 88.3(3); O(2)-Sn(1)-C(1) 96.4(3); O(2)-Sn(1)-
C(2) 101.8(3); C(1)-Sn(1)-C(2) 135.1(3); Sn(1)-O(1)-Sn(1*)
111.1(2); Sn(1)-O(1)-C(3) 122.8(5).
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room temperature suggests a partial and rather slow dissociation
process. Taking these NMR data into account, two kinds of
carbonate complexes were readily postulated. One is a methoxo-
bridged dinuclear complex (2) and the other is a mononuclear
complex having an intramolecularly coordinated carbonyl group
(3).

Single crystals of2 were obtained from a CO2-saturated CH2-
Cl2-Et2O solution at 4°C; 2 is unstable in solution at room
temperature under nitrogen and easily releases CO2. The X-ray
crystal structure of2 was dinuclear as exhibited in Figure 2 and
was completely consistent with the above-stated NMR data.12 The
interaction, if any, between the carbonyl oxygen and the tin center
is very weak because the bond length between these atoms is
rather long (2.822 Å) and the119Sn NMR chemical shift is in the
range of those of five-coordinated complexes.13 Although no
precise structural information on the CO2 insertion products of
R2Sn(OMe)2 is available,14 polymeric structures rather than
dimeric ones were proposed for R3SnOC(O)OSnR3.15 On the other

hand, Darensbourg et al. have very recently reported the X-ray
structure of the CS2 insertion product of Cd(OAr)2; the structure
is dimeric with a thiocarbonyl group coordinating to the metal
center.16 Unfortunately, the quality of the X-ray data was not good
(R ) 12%) and the attempt to identify the CO2 insertion products
failed.

As we succeeded in elucidating the structure of the CO2

insertion product of R2Sn(OMe)2, we next investigated the DMC
formation from2. Upon heating to 180°C under supercritical
CO2 (300 atm),2 was converted to DMC in a reasonable yield
as shown in eq 4.17 Very interestingly, the carbonate complex

prepared from Bu3Sn(OMe),14c which is inactive for catalytic
DMC formation,5,6 did not give DMC under the same conditions
(eq 5). Thus, the reactivities in stoichiometric reactions correspond

well with the difference in catalytic activities between Bu2Sn-
(OMe)2 and Bu3Sn(OMe). Although precise mechanistic discus-
sion is premature, an intramolecular pathway is presumably
important to obtain DMC from2. Such an intramolecular process
was discussed for a dialkyltin-catalyzed carbonate synthesis from
carbamates (eq 6).18

In summary, we elucidated the structure of Me2Sn(OMe)2 and
its CO2 insertion product, Me2Sn(OMe)(OCO2Me), by X-ray
crystallography. Thermolysis of the latter complex resulted in
DMC formation, while thermolysis of Bu3Sn(OCO2Me) did not
produce DMC. These results are enlightening for understanding
the mechanism of CO2 transformation catalyzed by metal
complexes and will stimulate the development of a more efficient
catalysis.
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Figure 2. X-ray crystal structure of2. Selected bond distances (Å) and
angles (deg): Sn(1)-O(1), 2.086(2); Sn(1)-O(1*) 2.223(2); Sn(1)-O(2)
2.192(2); Sn(1)-C(1) 2.102(3); Sn(1)-C(2) 2.110(3); O(1)-C(3)
1.413(4); O(2)-C(4) 1.292(4); O(3)-C(4) 1.201(4); O(4)-C(4)
1.353(4); O(4)-C(5) 1.426(5); O(1)-Sn(1)-O(1*) 71.79(9); O(1)-
Sn(1)-O(2) 84.06(9); O(1)-Sn(1)-C(1) 102.1(1); O(1)-Sn(1)-C(2)
104.6(1); O(1)-Sn(1)-O(2) 155.85(9); O(1)-Sn(1)-C(1) 91.8(1); O(1)-
Sn(1)-C(2) 91.6(1); O(2)-Sn(1)-C(1) 94.0(1); O(2)-Sn(1)-C(2)
93.8(1); C(1)-Sn(1)-C(2) 152.8(1); Sn(1)-O(1)-Sn(1*) 108.2(1);
Sn(1)-O(1)-C(3) 124.3(2); O(2)-C(4)-O(3) 125.9(3); O(2)-C(4)-
O(4) 115.9(3).
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