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Figure. Image of the true catalytically active structure of
Ind-MoVMO for selective oxidation of ACR.

1) T. V. Andrushkevich, Catal. Rev. Sci. Eng., 35, 213
(1993)
2) C. Chen, W. Ueda, et al, ChemCatChem., 5, 2869 (2013)
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[1]J. A. Labinger,; K. C. Ott, J. Phys. Chem. 1987, 91, 2682
—2684.
[2] K. Takanabe, et al., Angew. Chem. Int. Ed. 2017, 56,
10403-10407.
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New Synthesis of Diethyl Carbonate (DEC) from CO, and alkoxysilanes using Zr

catalysts

(AIST*, Tosoh Company**) O Wahyu S. Putro*, Akira Ikeda*, Shinji Shigeyasu**,

Satoshi Hamura**, Seiji Matsumoto**, Jun-Chul Choi*, Norihisa Fukaya*

1. Introduction

DEC, the second homologue of the dialkyl carbonate
family, shows a promising candidate to be a fuel
additive replacing methyl fert-butyl ether (MTBE),
because DEC has high oxygen content (40.6%), and the
addition of 5 wt% DEC in fuel can reduce particulate
emission by up to 50%." Various methods have been
developed to substitute the traditional phosgenation
method, such as oxidative carbonylation, alcoholysis of
urea and ethyl nitrite route.? Direct route from alcohol
and CO; seems promising, but this route is remarkably
limited by chemical equilibrium (due to the water
byproduct). Accordingly, an effective combination of
catalyst and dehydrating agent is crucial to counteract
the limitation. Herein, we report a new reaction route
where water species is not generated, which the DEC
is synthesized from CO; and alkoxysilane compounds
using Zr(OEt)s catalysts. The substrate of
alkoxysilanes is regenerable from the disiloxane
byproducts allowing the realization of catalytic
sustainability for DEC synthesis.
2. Experimental

DEC Synthesis. Alkoxysilane substrate and Zr(OEt)4
catalyst were loaded into an autoclave, and pressurized
with 5 MPa CO; at room temperature. The autoclave
was then heated to 180 °C. After reaction, mesitylene
was added for gas chromatography (GC) analysis.

TEOS regeneration. The disiloxane, KOH catalyst
and ethanol were added to the autoclave. Molecular
sieve 3 A was added to the joint and connected with the
autoclave and condenser so that the reaction mixture
can be circulated. The autoclave was subsequently
heated to 240 °C for 3 h. After reaction, mesitylene was
added to the liquid phase for GC analysis.

3. Results and Discussion

From the reaction of tetraethyl orthosilicate (TEOS)
and CO», 51% yield of DEC was obtained at 180 °C,
24-h reaction with 0.3 g of Zr(OEt)4 (Table 1, entry 1),
and the TON number achieved to 43 (Entry 2). This is
the highest TON for DEC synthesis ever reported in the
literature. The large-scale experiment using 200-mL
reactor indicated that 58% yield of DEC was achieved
with TON of 3.8 (Entry 3). This result indicates the
possibility of TEOS regeneration from the disiloxane
byproduct. In the presence of KOH as a catalyst and
excess ethanol, the disiloxane was converted to TEOS
with 74% yield at 240 °C in 3 h (Scheme (B)). The
combination of these cyclic protocols offers a new
promising direction for the development of waste-free

synthesis of DEC (Scheme (C)).
A > DEC synthesis from TEOS and CO,

CO, ) + 2 Si(OEt)y w

3.5mL 180°C
5MPa (15,67 mmol)

Table 1. DEC synthesis in various conditions
~ Reactor Zr(OEt); Reaction DEC
Entry  “nr) ) time () (%)  TON

+ {(Et0)sSi},0

1 10 0.3 24 51 3.6
2 10 0.01 72 21 43
3 200 6 24 58 3.8

B  TEOS regeneration from disiloxane

KOH (5mol%):;
MS3A (8 g) .
[(EtO);Si|,0 + 2 EtOH ——— 2 Si(OEt),

240 °C, 3 L * H20
et Yield 74%

1.8 mmol 8 mL

C - Catalytic sustainability of DEC formation

o//C"O Si(OEt) 4 H,0
TEOS
MS
0
EtO)kOEt [(EtO)38Si],0 EtOH
DEC Disiloxane

1) B. Dunn, C. Guenneau, Energy Fuels, 16, 177 (2002)
2) K. Shukla, RSC Adyv., 6, 32624 (2016)
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Fig. 1 (A) STEM image and (B) XRD pattern of
HEA/TiO,, and (C) In situ FT-EXAFS spectra at the Co,
Ni, Cu, Ru, and Pd K-edge of (a) CoNiCuRuPd/TiO,

acquired during reduction under H» at 500 °C and (b) the
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corresponding foil references.
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[1] K. Mori, K. Miyawaki, H. Yamashita, ACS Catal.,
2016, 6, 3128-3135.

[2] S. Masuda, K. Shun, K. Mori, Y. Kuwahara, H.
Yamashita, Chem. Sci., 2020, 11, 4194-4203.
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Figure 1. Time-course profiles of the yields of 2a at 140
oC (bath temp). Conditions of the reaction in air: NHs (2
mmol, 28% aqueous solution), 1la (10 mmol), Ir/TIO-10
catalyst (3 mol% as Ir, 6 wt%, 200 mg): In Ar: NH; (0.5
mmol, 28% aqueous solution), 1la (2.5 mmol), Ir/TIO-10
catalyst (3 mol% as Ir, 6 wt%, 50 mg).

1) Forexample, K. Wada, H. Yu, Q. Feng, Chinese Chem. Lett.
31, 605 (2020); H. Yu, K. Wada, T. Fukutake, Q. Feng, S.
Uemura, K. Isoda, T. Hirai, S. Iwamoto, Catal. Today
(2020), 10.1016/j.cattod.2020.02.014.

2) R. Kawahara, K.I. Fujita, R. Yamaguchi, J. Am. Chem. Soc.
132, 15108 (2010); K.I. Shimizu, S. Kanno, K. Kon, S.M.A.
Hakim Siddiki, H. Tanaka, Y. Sakata, Catal. Today. 232,
134 (2014); J. He, J.W. Kim, K. Yamaguchi, N. Mizuno,
Angew. Chem. Int. Ed. 48, 9888 (2009).
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Figure 1. TEM image (a) and particle size distribution of gold (b) of
Au/Nb,Os prepared by sol immobilization method.
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Figure 2. Effects of the deposition method on catalytic
activity over Au/Nb,Os and Au/Ta,Os(loading weight
of gold, 1 wt%; cat., 0.15 g; 1 vol% CO in air at a flow

rate of 50 mL min™).
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Figure 3. NH; conversions and N, selectivities over
Au/MOx at 150°C. The gold loading amount was 1
wt%. Reaction conditions: catalyst, 0.15 g; 50 ppm
NHj; and 20% O- balanced with Ar; space velocity,
40000 mL h! gesl.
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Figure 4. Comparison of NHj; conversions and N,

selectivities on Au/Nb,Os and Au/Nb,Os-NaOH.
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1) T. Ishida, et al., Chem. Rev., 2020, 120, 2, 464.
2) M. Haruta, Chem. Rec., 3,75 (2003)
3) T. Murayama, et al., ChemCatChem, 8 (2016),
2620.
4) M. Lin, et al., J. Catal., 2020, 389 (2020) 9.
5) M. Lin, et al., ACS Catal, 2020, 10, 16, 9328.
6) T. Murayama, et al., Catal. Sci. Technol., 2014,
4, 4250.
7) T. Fujita, et al., Chinese J. Catal., 2016, 37:

NHy,q + O — NH,, & HNO,, N, N, + H,0 1651

8) M. Lin, et al., ACS Catal., 2019, 9, pp 1753.

Scheme 1. Proposed reaction mechanism of selective catalytic

oxidation of NH3 on Au/Nb,Os.

9)M. Lin, et al., J. Catal., 2020, 389 (2020) 366.
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Fig.1 Effect of sulfation treatment on dehydrogenation
performance of transition metal oxide catalyst.
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Fig.2 Propylene yield with reaction time and Sy, XPS
spectrum of Co/SO4%/A1,0; catalyst.
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Fig.5 Redox mechanism of metal sulfides induced by

H>S co-feeding.
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4)
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S. De Rossi, G. Ferraris, S. Fremiotti, A. Cimino,
V. Indovina, Applied Catalysis A: General, 81(1)
(1992) 113-132.

R. Watanabe, N. Hirata, C. Fukuhara, Journal of
the Japan Petroleum Institute, 60(5) (2017) 223-
231.

R. Watanabe, N. Hirata, K. Miura, Y. Yoda, Y.
Fushimi, C. Fukuhara, Applied Catalysis A:
General, 587 (2019) 117238.

R. Watanabe, N. Hirata, Y. Yoda, Y. Fushimi, C.
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Fig. 2 Activation energy of elementary step.
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Fig. 2. Dependence of deactivation rate on fraction of Pt
bridge site.
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