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A new process for simultaneously obtaining two chemical building
blocks, methanol and silanol, was realized starting from silyl
formates which can be derived from silane and carbon dioxide.
Understanding the reaction mechanism enabled us to improve the
reaction efficiency by the addition of small amount of methanol.

Selective reduction of carbon dioxide (CO,) is a fascinating
approach for the production of methanol,” which is a versatile
commodity chemical® and a future energy source.® Methanol is
commercially produced from fossil-fuel-based syngas at high
temperatures and pressures.4 Research on the catalytic
hydrogenation of carbon dioxide® and alternative approaches
such as reduction of carbonates® and formic acid’ is being
pursued to realize a highly efficient and economically viable
conversion of carbon dioxide to methanol (Scheme 1A). In
heterogeneous catalysis, Cu-based catalysts have been actively
investigated for the industrial scale production of methanol by
the hydrogenation of COZ.8 In homogeneous catalysis,
improvement of the overall catalytic efficiency for the selective
production of methanol from CO, is a current challenge.

Silanol is widely utilized in industry as a monomer for
polysiloxane synthesis,9 precursor for cross-coupling
reactions,10 and key functional group on silicon surfaces.™
Silanol can be produced by the hydrolysis of silyl halides
(Scheme 1B),12 however in this case, toxicological and
environmental problems may arise because of the toxic
reagents required for the process, i.e., acid, or base and the
generated halide waste. To address this issue, catalytic
oxidation of hydrosilanes with water producing silanols has
been developed using homogeneous13 and heterogeneous14
catalysts (Scheme 1B).
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Scheme 1 Synthesis of methanol and silanols.

The use of silane derivatives to fixate CO, has been actively
investigated.ls' % n 2009, the Zhang and Ying group153
reported N-heterocyclic carbene (NHC)-catalyzed reduction of
CO, to methanol using hydrosilane,
generated as a coproduct (Scheme 1C). However, the major

where silanol was
silicon product was siloxane (two-third molar equiv of [Si]), the
competitive side product in NHC-catalyzed reaction;
consequently, the atom economy for the production of silanol
was reduced. Besides, the direct catalytic Si-H oxidation is only
applicable to diphenylsilane, and this limits the utility of the
method.

Inspired by the recent development of readily available
silyl formate synthesis from COZ16 and the Ru-catalyzed
hydrogenation of carbonates,6 we envisioned a new process
for the simultaneous production of highly valuable silanol and
methanol via the reduction of silyl formates, which can serve
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as a novel process for the concurrent production of the value-
added products from economical and sustainable hydrosilane
and CO,. Additionally, our developed reaction does not
generate waste and requires no additive such as base, oxidant,
or halide.

To realize the aforesaid goal, hydrogenation of triethylsilyl
formate 7a was first investigated with ruthenium complexes,
and excellent activity for the hydrogenation of carbonyl
compounds was observed.” Milstein catalyst 1'® was not
effective for this reaction (entry 1). Ru-MACHO catalyst 2" did
not show any notable reactivity in the presence of a base
(entry 2). When Ru-MACHO-BH 3 was used as the precatalyst,
the two desired products were obtained in quantitative
amounts without the need of any base or additive (entry 3).
Complexes 4 and 5, which showed better performance in the
hydrogenation of ester derivatives®® were further tested, but
they were not active for this reaction (entries 4 and 5). Among
the tested solvents, THF showed the highest yields for both
products (entries 3, 6-9). When we decreased the H, pressure
to 10 bar, the product was isolated in excellent yield (entry
10).

Table 1 Optimization of reaction conditions.”

o 3 (1 mol%) :
BtsSi \o)LH T 2n TH 0028 W, 150G BLSToR oo
7a 40 bar 8a
entry [Ru] base solvent H; (bar) vield (%)
8a CH3;OH

1 1 - THF 40 56 75
2 2 KOtBu  THF 40 11 50
3 3 - THF 40 99 99
4 4 KOtBu  THF 40 16 43
5 5 KOtBu THF 40 11 54
6 3 - toluene 40 79 99
7 3 - ethanol 40 0 0
8 3 - dioxane 40 68 81
9 3 - hexane 40 46 92
10 3 - THF 10 90 91
O P(Bu), % H/BHS Hy CI\ 2
N N\R'u< ’ (HN/'R‘FPPM HN{ xpphz " Ru:\Pph (HN’/ ?SE‘
S I G T e

1 2 3 4 5

? Reaction conditions: triethylsilyl formate 7a (0.5 mmol), [Ru] (1 mol%),
base (1 mol%), THF (20 mL), 150 °C, 12 h, H, (40 bar). Yields were
determined by GC analysis using p-xylene as an internal standard. THF =
tetrahydrofuran.

Various silyl formates, which were synthesized from silane
and carbon dioxide (Scheme S1 and S$2),** ** were
hydrogenated to silanol and methanol in good to excellent
yields under the optimized conditions (Table 2). Triethylsilyl
formate 7a was efficiently reduced in excellent yield even with
reduced loading of the catalyst (0.1 mol%). Additionally, 7a

exhibited good turnover numbers (8a: 1680, CH;OH: 1900, see

2| J. Name., 2012, 00, 1-3

Table S1 in the Supporting Information) under 500 ppm
catalyst loading. Tri-n-propylsilyl formate 7b and dimethyl(2-
methylphenyl)silyl formate 7d required a higher catalyst
loading (2 mol%) to provide good yields, presumably due to
the steric hindrance at the silicon center. Aryl-substituted
compounds such as dimethylphenylsilyl formate 7c reacted
smoothly to produce methanol and silanol in good yields. To
investigate electronic effects, silyl formates with electron-
withdrawing or electron-donating groups at the para-position
of the phenyl group were prepared. Electron-rich compounds,
methoxyphenyl- and tolyl- substituted silyl formates (7e and
7f), exhibited limited reactivity for the desired products,
generating byproducts such as methoxysilane (22%, 7e; 42%,
7f) and dimerized siloxanes (10%, 7e; 24%, 7f). A further
increase in H, pressure to 80 bar enabled the selective
reduction of 7e and 7f in good yields. Reduction of
methyldiphenylsilyl formate 7g required an elevated pressure
of 40 bar H, to achieve good yields of the products. Relatively
electron-deficient substrates with para trifluoromethyl- or
chloro- substituted phenyl groups (7h and 7i) showed fair to
good yields under 10 bar H,. When the H, pressure was
increased to 40 bar, nearly quantitative yields of both
methanol and silanol were obtained.

Table 2 Hydrogenation of silyl formate to silanol and methanol catalyzed by 3.°

o]
3
" + H
R3Si \o)kH 2 12 h, THF (0.025 M), 150 °C
7 10 bar 8

w9

RySi—OH + CH3OH

\*Si(o ‘ Q
o>/* H < o>ﬁ H 0% H
7ab 7b° Tc

R5SIOH (8a): 92%
CH5OH: 96%

[o}

\/)'L

Si.
o

7d°
RSIOH (8d): 82%
CH5OH: 85%

79
RsSiOH (8g): 28% (75%)°
CH5OH: 29% (81%)°

R3SIOH (8b): 92%
CH5OH: 86%

N/ 0
o
o

Te
R3SIOH (8e): N.D. (76%)¢
CH3OH: N.D. (78%)¢

\/i

Si
o
F3C’

3
7h
RsSiOH (8h): 68% (99%)°
CHsOH: 72% (99%)°

R3SIOH (8¢): 92%
CH3OH: 99%

7f
R3SiOH (8f): trace (75%)?
CH3OH: trace (79%)¢

\/i

Si
/©/o H
cl

7i
R3SiOH (8i): 53% (95%)°
CH3OH: 58% (98%)°

“ Reaction conditions: silyl formate 7 (0.5 mmol), 3 (1 mol%), THF (20 mL), 150 °C,
12 h, H; (10 bar). Methanol was checked by GC analysis using p-xylene as an
internal standard. Silanol was isolated by silica column chromatography. b3 (0.1
mol%). €3 (2 mol%). ¢ 3 (5 mol%), H (80 bar). ° H, (40 bar). N.D.=not detected.

During the reactions depicted in Table 2, a small amount of
methyl formate 9 was observed in the case of 7b, 7d, 7f, 7g,

This journal is © The Royal Society of Chemistry 20xx
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and 7i. Under the reaction conditions, 9 could be generated
via a simple nucleophilic substitution (Sy) to silyl formate 7
with methanol, which is initially obtained from the direct
hydrogenation of 7. To demonstrate the postulation, a
stoichiometric reaction between 7a and methanol was
conducted (Scheme 2). The reaction proceeded via two
pathways—one involving carbon attack (SyA) to produce
triethylsilanol 8a and 9, and the other involved silicon attack
(SyB) pathway to produce triethyl(methoxy)silane 10a (Table
S2 and Figure S1). The results indicated that the initially
formed methanol can react with the starting silyl formate,
leading to divergent pathways.

carbon attack (SyA)

[ 0
\—SPOH . PR
) H,CO
8a 0.23 mmol 9 0.21 mmol
\gj 3 (1 mol%,
Si—Q +  CHiOH _ sOmh) +
4 h, THF, 150 °C
IS silicon attack (SyB)
7a 0.5 mmol 0.5 mmol : :

! 10a 0.13 mmol 11 0.0 mmol |

Scheme 2 Reaction of silyl formate 7a with methanol.

Hy

&Ru]
R35|DH €0, H,0

R;SI ocH3
Hydrolysis s,.a
/\ CH;0H
Wi | RSOH | + | CHOH
H 8

o
RySi— OJ\ 2
[Direct hydrogenation)
RJS| S|RJ
CHJOH
H,0
Autocatalysis
reaction
CHZ0H RySi7 \S|R3
12
[Ru] HJCO H

Hy

Scheme 3 Proposed mechanism for hydrogenation of silyl formate.

Based on this observation, we propose a plausible reaction
mechanism (Scheme 3). The initially postulated direct
hydrogenation (DH) of silyl formate 7 can generate methanol
and silanol 8 simultaneously. The initially formed methanol can
react with 7 via nucleophilic substitution (Sy). If methanol
attacks the carbon center of 7 (SyA), methyl formate 9 and
silanol 8 can be generated. Then, 9 can be reduced to
methanol under our catalytic conditions. A control experiment
confirms that reduction of 9 is efficient under our catalytic
conditions (eq 1). Instead of SyA, if methanol reacts with the
silicon center of 7 (SyB), methoxysilane 10 and formic acid 11
can be formed. Although 11 can be hydrogenated to
methanol,7b lower efficiency is observed under the conditions

This journal is © The Royal Society of Chemistry 20xx
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with two-third of the molar equivalents of carbon being
consumed to afford CO,, suggesting that this is a minor and
undesirable pathway (eq 2). Additionally, hydrolysis of 7 by
water'®® generated from the dimerization of silanol 8 (eq 3) or
disproportionation of formic acid 11" (eq 2) may occur,
inducing the regeneration of 11 and 8. Thus, it is essential to
control the reaction pathway preferably to DH and SyA for a
more efficient production of the desired silanol and methanol.

3 (1 mol%)

+H, X . 2 CH;0H 0)
HiCO™ “H 15 min, THF, 150 °C
9 10 bar 97%
o
3 (1 mol%
S (1 mol%) CH,OH ®
Ho” N 12 h, THF, 150 °C
-2C0,, -Hy0
1 10 bar 16%
3 (1 mol%) 0.
2 Et;SiOH EtsSi7 SiEt
N 21 h, THF, 150 °C 3 3 @
8a -H0 12a 9%

Table 3 Improvement of reactivity by the addition of methanol”

3 (1 mol%) .
RS )L +  Hy - RsSi—OH  +  CH3O0H
381N H 12 h, THF (0.025 M), 150 °C
7 10 bar 8/ CH3;OH
without methanol
with methanol
with increased H, pressure

Facilitated by SyA or DH

Q o
\/ \ /
Q Si\o)LH s L
EtGSi\O)LH /@/ /@/ 0" H
o
7ab 7e 7H°
62 /66 N.D./N.D. trace / trace
90/88 80/77
99/ 99¢ 76 178%¢ 751794
Facilitated by DH
o) o
Ph s @ \/ \/
\ /
! SiL )k Si
saalNea sl ae
CFy Cl
79 7h 7i
28/29 68/72 53/58
31/29 70/65 60/52
75/81° 99/99° 95/98°

“ Reaction conditions: 7 (0.5 mmol, 1.0 equiv.), 3 (1 mol%), THF (20 mL), 150 °C,
12 h, H; (10 bar), CH3OH (0.1 equiv.). Yields were determined by GC analysis using
p-xylene as an internal standard. b3 (0.1 mol%), 4 h. 3 (5 mol%). “H, (80 bar). ¢
H, (40 bar). N.D. = not detected.

Inspired by the investigated positive SyA pathway, we
suspect that methanol as an additive could aid the catalysis. In
a preliminary test with 7a, methanol was found to accelerate
the production of both methanol and silanol 8a (Table 3).
Upon the addition of 0.1 equiv methanol to the reaction of 7e
and 7f, which required a high H, pressure of 80 bar to obtain
acceptable yields, silanol and methanol were furnished in
about 70% yield even at 10 bar H, pressure, which is typically
ineffective for product formation. However, no significant

J. Name., 2013, 00, 1-3 | 3
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improvement was observed with silyl formates 7g-7i that work
reasonably at 10 bar (Table 2). We believe that the relatively
electron-deficient 7g-7i prefer DH as the major pathway. At
reduced H, pressure, the silicon attack SyB pathway is
preferred over the SyA pathway with the electron-deficient
silyl formates, thereby limiting the overall reaction efficiency.

In summary, a new atom-economical catalytic process was
developed to produce highly valuable chemical feedstocks,
silanol and methanol, from silyl formate, which is readily
obtained from carbon dioxide and silane. In addition to the
direct hydrogenation of silyl formate, generation of methyl
formate via the reaction of silyl formate and the initially
formed methanol was identified as a positive pathway. The
mechanistic understanding of autocatalysis enabled us to
improve the reaction efficiency for less reactive silyl formates
using methanol as the additive.
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« Abundant and eco-friendly C1 source

« No external additive

* No byproduct

« Simultaneous generation of two valuable products

Simultaneous production of methanol and silanols
was achieved by hydrogenation of silyl formates
readily obtained from silanes and CO,.
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