4506 J. Org. Chem. 1999, 64, 4506—4508

Notes

Metal-Catalyzed Dimethyl Carbonate
Synthesis from Carbon Dioxide and Acetals

Toshiyasu Sakakura,* Jun-Chul Choi, Yuko Saito,
Takashi Masuda, Takeshi Sako, and Takeshi Oriyama

National Institute of Materials and Chemical Research,
1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan, and
Ibaraki University, Bunkyo, Mito, Ibaraki 310-8512, Japan

Received January 27, 1999

The transformation of carbon dioxide, an inexpensive
and abundant C, building block, to useful compounds has
been a challenge for synthetic chemists and is getting
more important because of its environmentally friendly
nature (nontoxic and nonflammable).! In particular,
utilization as a phosgene alternative is quite fascinating.
A significant synthetic target starting from CO, is
dimethyl carbonate (DMC).?2 A considerable effort has
already been devoted to the straightforward synthesis of
DMC as shown in eq 1 using tin methoxides as a catalyst.
However, the catalytic activity is still at the few turn-
overs level.? This poor yield is ascribed to the formation
of water that decomposes both tin methoxide and DMC.
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In a previous paper, we achieved improved catalytic
efficiencies by reacting trimethyl orthoacetate (a dehy-
drated MeOH derivative) with supercritical CO, (eq 2).*
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However, ortho esters are relatively expensive as an
industrial raw material. In this paper, we wish to report
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Table 1. DMC Synthesis from CO; and Dimethyl

Acetals?
R! R2 yieldP
entry (seeeq3) metal complex additive (%)
1 Me Me  BuSn(OMe), none 57 (3000)
2d Et Et Bu,Sn(OMe), none 58 (3380)
3 Et Et Bu,Sn(OMe),  none 26 (1530)
4 Ph H Bu,Sn(OMe),  none 14 (790)
5 Ph H  BuzSn(OMe); Bu,PI 7 (430)
6 Ph H Cp*;TiCl, Mg(OMe); 8 (460)
7 Ph H Mg(OMe), none 1 (65)
8¢ Me Me  BuzSn(OMe), none 88 (5180)

2 Reaction conditions. Acetals (10 mmol), metal complex (0.17
mmol), additive (0.17 mmol), methanol (8.1 cm3), CO; (300 atm),
180 °C, 24 h. Mg(OMe), was added as a methanol solution (1.2
cm?3). b Based on acetals. Figures in parentheses are the yields
based on metal. ¢ After 96 h. 9 After 72 h. ¢ CO, (2000 atm), 180
°C, 24 h.

the DMC synthesis from acetals and CO,.> Note that
acetals are much more inexpensive than ortho esters and
easily regenerated from carbonyl compounds (eq 3).
Hence, the reaction can be considered as a formal DMC
synthesis from CO, and MeOH.
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The reaction of acetals takes place under conditions
similar to the ortho ester reaction* (catalyzed by Bu,Sn-
(OMe),, CO, 300 atm, 180 °C, 24 h). Generally speaking,
acetals derived from dialkyl ketones gave higher yields
than aromatic acetals; the yields under the above condi-
tions were in the order 2,2-dimethoxypropane (26%) =
3,3-dimethoxypentane (26%) > 1,1-dimethoxycyclohexane
(23%) > dimethoxyphenylmethane (14%). Some typical
results are summarized in Table 1. Since the 72 h
reactions gave higher DMC yields compared with the 24
h reactions for the above acetals (e.g., entries 2 and 3),
the relatively low yields of entries 3—7 are not due to
thermodynamic limitations. A rather large MeOH/acetal
molar ratio (e.g., 200/10) was effective to prevent the enol
ether formation. This is probably related to the equilib-
rium between enol ethers and acetals.®

The effect of the catalyst structure is very significant.
Although Bu,Sn(OMe), was a productive catalyst, Bus-
Sn(OMe) was almost inactive. The same tendency was
observed in the eq 1 and eq 2 reactions.* Other group 14
element dialkoxides such as Me,Ge(OMe), and Ph,Si-
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Figure 1. Pressure effect on the Bu,Sn(OMe),-catalyzed DMC
synthesis from CO, and acetal. Reaction conditions: 1,1-
dimethoxycyclohexane (10 mmol), Bu,Sn(OMe), (0.17 mmol),
MeOH (8.1 cm3), 180 °C, 24 h.

(OMe), did not show catalytic activities. Interestingly,
titanocene dichloride coupled with Mg(OMe), also pro-
moted the catalysis (entries 6 and 7). Onium salts such
as BuyPl, which remarkably accelerate the ortho ester
reaction, did not promote the present catalysis (entry 5).

The reaction is also highly dependent on the CO,
pressure, as shown in Figure 1: the pressures described
below correspond to the total pressure of the reaction
mixtures at 180 °C. DMC yield increased fairly steadily
with the increase in pressure, and the change was
especially significant in the region up to 100 atm. The
yield finally reached 88% in 24 h at 2000 atm using 2,2-
dimethoxypropane as a substrate (entry 8). The entire
consequence of this reaction is outlined in eq 4. The
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amount of DMC was almost the same as that of acetone
to give a good material balance. The formation of dimeth-
yl ether, a major byproduct in the ortho ester reaction,
was negligible.

The phase behavior of the reaction was investigated
using an autoclave with sapphire windows. Two phases
were observed at or below 150 atm, while the reaction
mixture was homogeneous above 300 atm. These phe-
nomena and the enhancement of DMC yield at high
pressures are presumably attributable to the increase in
CO; density. Thus, the densities of pure CO, at 180 °C
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Scheme 1. Possible Catalytic Cycle
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are calculated to be 0.200, 0.417, and 1.025 g/cm? under
150, 300, and 2000 atm, respectively.”

A possible catalytic cycle of the tin-based system is
shown in Scheme 1. The insertion of carbon dioxide into
R,Sn(OMe), afforded R,Sn(OMe)(OCO,Me), and the for-
mation of DMC upon thermolysis of the resulting carbon-
ate complex has already been confirmed.® The carbonate
complex formed from R,Sn(OMe), and CO, easily loses
CO, under a N, atmosphere even at room temperature
to give the starting dialkoxide. In addition, the equilib-
rium between the dialkoxide and the carbonate complex
should shift in the direction of CO, release at higher
temperatures. Hence, at the reaction temperature (180
°C), high pressure would be required to generate the
carbonate complex at a fair concentration.

From a mechanistic viewpoint, the following observa-
tions are also informative and suggest a mechanism
moderately different from that for the ortho ester reac-
tion. (i) Onium salts do not improve the catalytic activity.
(i) The addition of MeOH is needed to obtain DMC. (iii)
A byproduct is the enol ether rather than dimethyl ether.
Presumably, the major role of the acetals is to remove
water from the system in order to prevent catalyst
decomposition and DMC hydrolysis.

In summary, we have achieved the catalytic formal
DMC synthesis from CO, and methanol. This work
demonstrates the promising prospect of using carbon
dioxide, especially under supercritical conditions, as a
phosgene substitute in molecular catalysis.

Experimental Section

General Comments. 2,2-Dimethoxypropane, 1,1-dimethoxy-
cyclohexane, dimethoxyphenylmethane, dibutyltin dimethoxide,
tributyltin methoxide, bis(pentamethylcyclopentadienyl)titanium
dichloride, and magnesium dimethoxide (methanol solution)
were purchased from Aldrich Chemical Co. (Milwaukee, WI).
Carbon dioxide (Showa Tansan Co., Kawasaki, purity over
99.9%, water content less than 0.01%) was used without further
purification. 3,3-Dimethoxypentane® and tetrabutylphosphonium
iodide!® were synthesized according to the literature methods.
Reaction products were analyzed by GC using capillary col-
umns: J & W Science DB-1 (60 m) and GL Science TC-WAX

(7) CO, densities were calculated according to the literature method;
see: Huang, F.-H.; Li, M.-H.; Lee, L. L.; Starling, K. E.; Chung, F. T.
H. J. Chem. Eng. Jpn. 1985, 18, 490—495.
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Kagaku Kaishi 1975, 1789—-1794.
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(60 m) on a Shimadzu GC-9A or GC-17A gas chromatograph
equipped with a flame ionization detector (FID) using 1,3,5-
trimethylbenzene as the internal standard. All the volatile
products were also characterized with GC—MS using a HP-5890
gas chromatograph connected to a HP-5971A mass spectrometer
(E1 70 eV).

General Procedure. All manipulations were carried out
under purified argon. In a stainless steel autoclave (20 cm? inner
volume), carbon dioxide (liquid, 65 atm) was added to a mixture
of dimethyl acetal (10 mmol), a metal alkoxide (0.17 mmol),

Notes

additive (0.17 mmol), and methanol (8.1 cm?3) at room temper-
ature. The autoclave was heated in an oil bath, and the initial
pressure was adjusted to 300 atm at 180 °C. After cooling, 1,3,5-
trimethylbenzene (50 «L) was added to the reaction mixture as
the internal standard in order to determine product yields by
GC. Products were further identified using GC—MS by the
comparison of the retention times and fragmentation patterns
with the authentic samples.
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