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The reduction of carbonyl compounds, including ketones and aldehydes, to alcohols is a fundamental and important reaction in

organic synthesis. One of the most ideal methods is catalytic hydrogenation, however, the hydrogenation of ketones generally

requires harsh reaction conditions, such as high temperature and high pressure. We developed a bimetallic Pt—Fe nanoparticle cata-

lyst immobilized on a composite support of dimethylpolysilane and alumina. Both ketones and aldehydes, including highly bulky

and sterically hindered substrates, were smoothly hydrogenated using the newly developed catalysts under continuous-flow condi-

tions at room temperature and under subatmospheric to atmospheric hydrogen pressure. High durability of the heterogeneous cata-

lysts was confirmed by a long-term continuous-flow operation. Interestingly, both the combination of metal species and the metal

ratio strongly influenced the catalytic performance.

Introduction
The reduction of carbonyl compounds, ketones and aldehydes
to alcohols is a fundamental and important reaction in organic

synthesis that can provide valuable chemicals such as func-

tional materials and pharmaceuticals [1-4]. While stoichio-

metric reagents and catalytic methods are widely developed for

this transformation, one of the most ideal methods is heterogen-
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eous catalysis using molecular hydrogen as a reductant, which
realizes 100% atom economy [5-12]. In this context, advanced
technologies represented by the precise control of the bimetallic
structure of a heterogeneous catalyst, mechanochemical hydro-
genation, and continuous-flow methods using packed-bed reac-
tors greatly contributed to advancing this transformation [9,11-
13].

Recently, continuous-flow organic synthesis has attracted much
attention from both academia and industry, because it offers nu-
merous advantages, such as not only a high productivity with
limited space but also realizing green sustainable syntheses
minimizing required energy and resources. When heterogen-
eous catalysts are used in a continuous-flow system, the cata-
lyst included in a column allows semi-permanent use without
recovery and reuse operations that are usually needed in a batch
system. The integration of multiple column reactors also
enables multistep continuous production. In addition, an en-
hanced catalytic performance could be achieved in case of con-
tinuous-flow hydrogenation reactions using a gas—liquid—solid
catalyst-packed column reactor, in which both a liquid sub-
strate and hydrogen gas can directly interact with the catalyti-
cally active sites of the heterogeneous catalyst at an optimal
gas/flow ratio [14-29].

Although the hydrogenation of aldehydes is relatively easy to
achieve, the hydrogenation of ketones is still challenging, due to
their higher steric hindrance and lower electrophilicity. The
hydrogenation of ketones often suffers from insufficient reactiv-
ity and conversion, even under harsh reaction conditions, such
as high temperature and pressurized hydrogen, or when employ-
ing advanced technologies [8,9,11,12]. The selective hydroge-
nation of carbonyl moieties often needs to overcome the prob-
lem of overreduction of other functionalities like aromatic
systems, and requires additives to suppress this unwanted side-
reaction [6,10].

We have developed heterogeneous bimetallic nanoparticle cata-
lysts for the selective hydrogenation of quinizarin to leuco-
quinizarin under continuous-flow conditions [30]. During our
mechanistic study, we unexpectedly discovered that Pt-Fe
bimetallic nanoparticles immobilized on a composite
support of dimethylpolysilane (DMPSi) and alumina (Pt-Fe/
DMPSi-Al,03) exhibited extraordinary catalytic performance
for the selective hydrogenation of ketones under continuous-
flow and atmospheric pressure hydrogen conditions. In this
article, we report the development of a continuous-flow carbon-
yl reduction system that achieves high performance and a wide
substrate scope under atmospheric or subatmospheric hydrogen
pressure and ambient temperature using Pt—Fe bimetallic

heterogeneous catalysts.
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Results and Discussion

Catalyst preparation

First, we prepared Pt—-Fe/DMPSi—Al,O3 with different Fe/Pt
ratios by the simultaneous reduction of Pt and Fe salts in a solu-
tion containing dissolved sodium borohydride (NaBH,) and
suspended DMPSi [15,30-32]. After DMPS:i stabilized the re-
sulting bimetallic nanoparticles, Al,03 was added to the mix-
ture, followed by methanol. The resulting solid catalyst was
collected by filtration, washed with solvents, and heated twice.
Si—Si bonds in DMPSi were partially oxidized to form Si—O-Si
bonds during the preparation process, and they became cross-
linked to Al,O3 to form a stabilized composite support [32]. A
plausible scenario for the formation of the bimetallic structure
of Pt—Fe nanoparticles during the catalyst preparation would be
the same as that for the formation of Pt—Ni bimetallic structures,
and it involves the following steps [33]. NayPtClg-6H,O might
be reduced by NaBH, faster than FeCl, in the solution phase,
and the generated Pt(0) nanoparticles are stabilized by DMPSi
surface. The reduction of FeCl,, which is usually more difficult
to achieve can be catalyzed on the surface of Pt(0) nanoparti-
cles and the formed Fe species are deposited and grown from
the existing Pt nanoparticles. Therefore, a bimetallic structure of
Pt and Fe is generated, and both elements are observed with
similar distributions by STEM-EDS mapping analysis (Figure
S1, Supporting Information File 1). The Pt nanoparticles are
isolated by the surrounding Fe species, which prevents aggrega-
tion and preserves their small size (2-5 nm). The valence of the
Pt and Fe species was found to be Pt(0) and Fe(Il) in the cata-
lyst by XPS analysis [30]. The valence of Fe species may have
been 0 during the reduction step of the catalyst preparation pro-
cedure. However, the Fe species can easily oxidize to Fe(II)
during the filtration and heating processes, resulting in the for-
mation of a bimetallic structure comprising Pt(0) and Fe(II).
Pt—Au, Pt—Co, and Pt—Ni bimetallic catalysts immobilized on
DMPSi-Al,03 were also prepared by the same procedure.

Comparison of the catalysts in the
continuous-flow hydrogenation of a ketone

We compared the catalytic performance of the newly prepared
bimetallic catalysts to that of commercially available heterogen-
eous Pt catalysts in the continuous-flow hydrogenation of aceto-
phenone (1a) at room temperature. The heterogeneous catalysts
were packed into a column with Celite, with the molar amount
of Pt adjusted to 0.006 mmol within the column. Both the solu-
tion of acetophenone (1a) in ethyl acetate (EtOAc) and hydro-
gen gas were simultaneously passed through the catalyst-packed
column without backpressure control at room temperature
(Scheme 1). The powder-like catalysts were packed in a glass
column equipped with glass wool filters at both ends of the
column. The hydrogen gas and liquid substrate were introduced

through a double-layered column head, in which the substrate
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10 mL/min catalyst
Hy(1-1.2atm) —— diluted with Celite oH oH o
0 - ———
@ @5 mm x 100 mm
Pt: 0.006—0.032 mmol 2a 3a 4a

1a 3.8-5mL/h in a column

in EtOAc (0.05 M)

Scheme 1: Hydrogenation of a ketone under continuous-flow conditions.

solution is directly injected to the glass wool filter of the
column by a PTFE tube and the hydrogen gas is supplied by an
outer layer surrounding the PTFE tube (Figure S2, Supporting
Information File 1). Thus, the hydrogen gas and liquid sub-
strate can be mixed at the glass wool filter which is located at
the top of the catalyst column, and the well mixed gas-liquid is
supplied to the catalyst region in the column. No backpressure
controller is installed, and the outlet of the column is directly re-
leased to atmosphere. When the flow rates of hydrogen gas and
substrate solution were 10 mL/min and 3.8-5 mL/h, respective-
ly, the pressure at the inlet of the column was almost 1.2 atm in
this case (0.2 atm pressure loss). The yields of 1-phenetylal-
cohol (2a) and by-products 3a and 4a under these reaction
conditions for each catalyst are summarized in Table 1. The
commercially available catalysts (Pt/C, Pt/SiO,, Pt/Al,03) and
Pt/DMPSi-Al;O3 showed poor to moderate reactivity, and the
hydrogenation of the aromatic moiety proceeded as well to give
by-products 3a and 4a (Table 1, entries 1-4). Pt—Au and Pt-Ni
bimetallic catalysts immobilized on DMPSi—Al,O3 also showed

moderate reactivity, accompanied by the formation of by-prod-
ucts (Table 1, entries 5 and 6). Interestingly, Pt—Co and Pt-Fe
bimetallic catalysts immobilized on DMPSi-Al,03 showed
high activity with minimal by-product formation (Table 1,
Pt-Fe/DMPSi-Al1,03
(Fe/Pt = 0.62-2.3) demonstrated excellent catalytic perfor-

entries 7-11). Especially,
mance under the continuous-flow conditions giving the desired
product with 95% to >99% yield and almost no by-product for-
mation (Table 1, entries 8—10). However, the reactivity of the
Pt—-Fe/DMPSi-Al,03 catalyst decreased when the Fe/Pt ratio
was excessively high (Table 1, entry 11). We also prepared a
Pt—Fe/Al,O3 catalyst without the use of DMPSi during catalyst
synthesis. However, Pt-Fe/Al,O3 catalyst showed very low cat-
alytic activity compared to Pt—-Fe/DMPSi—Al,03 (Table 1, entry
12). This suggested that both the bimetallic structure of Pt—Fe
and DMPS:i in the support are required for the high catalytic
performance. We also compared the catalytic performance in
detail by varying the flow rate of the substrate solution in the
flow system, and the catalytic turnover frequency (TOF) values

Table 1: Comparison of catalyst performance in the hydrogenation of a ketone under continuous-flow conditions.

Entry Catalyst Fe/Pt ratio
1 Pt/C -
2 Pt/SiO» -
3 Pt/Al,O3 -
4 Pt/DMPSIi-Al,03 -
5 Pt-Au/DMPSi-Al,03 -
6 Pt-Ni/DMPSi-Al;03 -
7 Pt-Co/DMPSi-Al,03 -
8 Pt—Fe/DMPSi—Al>O3 0.62
9 Pt-Fe/DMPSi—Al;03 1.4
10 Pt—Fe/DMPSi—Al>0O3 2.3
11 Pt—Fe/DMPSi—Al>O3 4.4
12 Pt-Fe/Al,O3 0.73

2Yield was determined by GC analysis using decane as an internal standard.

Yield (%)
2a 3a 4a 1a
16 2 10 72
2 0 3 95
36 5 13 47
9 1 7 84
38 3 12 47
32 2 0 66
81 2 0 17
95 5 0 0
97 2 0 1
>99 0 0 0
74 0 0 26
11 trace 1 88
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of all catalysts tested at each flow rate are summarized in Sup-
porting Information File 1 (Tables S1-11 and Figures S3 and
S4). The Pt-Fe/DMPSi-Al,03 (Fe/Pt = 0.62) catalyst showed
the highest TOF of >50 h™! in this investigation, although
overreduction occurred to some extent with this catalyst
(Table 1, entry 8). Both the combination of metal species in
bimetallic catalysts and the ratio of metals were important to
optimize the catalytic performance with respect to activity and

selectivity.

The binding energies of Pt 4d in Pt-Fe/DMPSi-Al,03 (332,
315 eV) are lower than those of Pt/DMPSi-Al,03 (333,
316 eV) and Pt-Ni/DMPSi-Al,03 (334, 317 eV) [30]. Thus,
the Pt species in Pt—-Fe/DMPSi—Al,0j3 is the most electroni-
cally negative among the catalysts, which leads to a stronger
reducing ability after adsorption of hydrogen on the surface of
the catalyst. Therefore, the more demanding carbonyl hydroge-
nation is enabled by the stronger reducing ability of the Pt-Fe/
DMPSi-Al,O3 catalyst. We also investigated the effect of sol-
vent and ethyl acetate (EtOAc) was found to be the best among
the solvents tested (EtOAc, toluene, methylcyclohexane, tetra-
hydrofuran, and methanol) (see Supporting Information File 1,
Figure S5). The hydroxy moiety has a stronger interaction with
catalytically active sites at the surface of the heterogeneous
catalyst, and smooth desorption of the alcohol product is key for
a high catalytic turnover. The polar solvent, EtOAc, facilitates
the desorption of the formed alcohol by stabilizing it in the
solution phase, leading to the smooth product desorption and
following substrate adsorption. Although methanol and THF are
also polar solvents, they can be strongly adsorbed on the cata-
Iytically active sites of the catalyst leading to a poisoning effect

by these solvents and disturbing the catalytic turnover.

Substrate scope

We also investigated the substrate scope under continuous-flow
conditions using the best catalyst, Pt—-Fe/DMPSi-Al,03
(Fe/Pt = 0.62-2.3) (Scheme 2, Figure 1, and Table 2).
4’-Methoxyacetophenone (1b) and 4’-methylacetophenone (1c¢)
were quantitatively hydrogenated to the corresponding alcohols
2b and 2c¢ under continuous-flow conditions at room tempera-
ture (Table 2, entries 1 and 2). The bulky substrate 2-acetyl-
naphthalene (1d) was converted to the corresponding alcohol 2d
in 89% yield under continuous-flow conditions at room temper-
ature (Table 2, entry 3). The desired product 2d was obtained
quantitatively at 50 °C (Table 2, entry 4). It is noteworthy that
an analytically pure compound (confirmed by 'H and
13C NMR) was isolated by simple evaporation of the solvent
(Table 2, entry 4).

Tetralone (1e) was also hydrogenated smoothly to afford the

corresponding alcohol 2e in 88% yield at room temperature
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(Fe/Pt = 0.62-2.3)
Pt-Fe/DMPSI-Al,03
diluted with Celite OH
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@5 mm x 100 mm
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Scheme 2: Continuous-flow hydrogenation of carbonyl compounds.

Table 2: Substrate scope under the continuous-flow hydrogenation of
carbonyl compounds.

Entry Substrate Temperature Yield (%)
1 1b rt >992

2 1c rt >992

3 1d rt 892

4 1d 50 °C >99b

5 1e rt 882

6 1f rt >99b

7 1g rt 952

8 1h rt >992

9 1i rt 984
10 1j 50 °C >992
11 1k 80 °C 743.¢
12 1 50 °C >ggb.d
13 im rt >992
14 1in rt >992
15 10 rt >992
16 1p rt >992
17 1q rt >992
18 1r rt 982
19 1s rt >992, >9gb
20 1t rt >992, >9gb
21 1u rt 912
22 1v 50 °C 612
23 1w rt 992
24 1x rt >99P
25 1y 30 °C 952

2Yield was determined by GC analysis using decane as an internal
standard. PAnalytically pure isolated compound was obtained after
removal of the solvent from the eluted solution from the continuous-
flow reactor. ©The ratio of 2k:2k’ was 66:34. 9A mixture of diastereo-
mers was isolated, and the ratio of 2I:2I’ was determined to be 74:26
by 'H NMR analysis. rt = room temperature.

(Table 2, entry 5). Ethyl benzoylacetate (1f) was converted to
the corresponding alcohol 2f quantitatively while retaining the
ester moiety, and the product was isolated by simple evapora-
tion of the solvent from the collected fraction eluted from the
flow reactor (Table 2, entry 6). Cyclic ketones 1g, 1h, and 1i

and an aliphatic ketone 1j were also hydrogenated in excellent
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Figure 1: List of substrates.

yields at room temperature (Table 2, entries 7-10). Fenchone
(1k) has a fused bicyclic skeleton with a carbonyl moiety posi-
tioned between two quaternary carbons. Therefore, its carbonyl
moiety is sterically shielded and its hydrogenation is highly
challenging. A mixture of two diastereomers 2k and 2Kk’ was
obtained in 74% yield (2k:2k’ = 66:34) at 80 °C under the con-
tinuous-flow conditions (Table 2, entry 11). The high catalytic
performance of Pt-Fe/DMPSi-Al,03 enabled the hydrogena-
tion of substrate 1k even under almost atmospheric pressure
hydrogen conditions. Stanolone (11) is also a bulky ketone com-
pound with a steroid skeleton, and its hydrogenation is chal-
lenging. The continuous-flow hydrogenation of 11 proceeded
quantitatively to afford two diastereomers in a 74:26 ratio even
at room temperature (Table 2, entry 12).

Next, we investigated the hydrogenation of aldehydes.
Benzaldehyde, 2-, 3-, and 4-methylbenzaldehyde 1m, 1n, 1o,

and 1p were quantitatively hydrogenated to the corresponding

alcohols without over-reduction (Table 2, entries 13-16).
4-Methoxybenzaldehyde (1q) was also hydrogenated quantita-
tively under the continuous-flow conditions (Table 2, entry 17).
4-Chlorobenzaldehyde (1r) was converted to 4-chlorobenzylal-
cohol quantitatively while retaining the chloride moiety
(Table 2, entry 18). The catalytic turnover frequencies (TOFs)
of these aldehydes under continuous-flow conditions reached
180 h™! (1m: 180 h™!, 1n: 104 h7!, 10: 144 h7!, 1p: 130 h™!,
1q: 88 h™!, 1r: 127 h™!; see Supporting Information File 1 for
details). 2-Naphthaldehyde (1s) and salicylaldehyde (1t) were
hydrogenated quantitatively, and analytically pure products
were isolated by simple evaporation of the collected fraction
eluted from the flow reactor (Table 2, entries 19 and 20).
Heterocyclic aldehydes 1u and 1v were also applicable, while
the conversion of 1v was moderate, probably because of the
poisoning effect of the sulfur atom in the compound (Table 2,
entries 21 and 22). Aliphatic aldehydes 1w and 1x were also

hydrogenated quantitatively under atmospheric hydrogen and
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room temperature conditions (Table 2, entries 23 and 24), and
an analytically pure alcohol was isolated by simple evaporation
of the collected fraction eluted from the flow reactor (Table 2,
entry 24). Remarkably, when 4-cyanobenzaldehyde (1y) was
used as the substrate, selective hydrogenation of the carbonyl
moiety proceeded to afford 4-cyanobenzylalcohol (2y) in 95%
yield, preserving the nitrile moiety which is typically hydro-

genated under similar conditions (Table 2, entry 25).

Durability of the catalyst under the

continuous-flow conditions

We investigated the durability of Pt—-Fe/DMPSi-Al,03 under
continuous-flow hydrogenation conditions at steady state during
a long-period run (Figure 2). Quantitative conversion of cyclo-
hexanone (1h) was maintained over the initial 50 h; however, a
small amount of 1h remained after 54 h of continuous running.
Then, the supply of substrate and hydrogen was stopped, and
the catalyst column was heated at 100 °C for 3 h to reactivate
the catalyst. The continuous-flow hydrogenation was restarted
after the column had cooled to ambient temperature. Catalytic
activity was successfully restored, and quantitative conversion
was maintained for a further 24 h. A small amount of 1h
remained again, and the catalyst regeneration process was
repeated. Finally, the catalytic activity was revived again, and
quantitative conversion was observed over 90 h of total running.
Water as contaminant in EtOAc or organic compounds strongly
adsorbed on the catalyst’s surface may have led to its deactiva-
tion; however, they could be removed by simple heating. We
demonstrated the robustness of Pt—-Fe/DMPSi—-Al,O3 under
continuous-flow hydrogenation conditions and showed that a
simple heat treatment process for regenerating the catalytic ac-
tivity is adaptable for practical use of this continuous-flow

system.

Continuous-flow hydrogenation of carbonyl
compounds under subatmospheric pressure
of hydrogen

Next, we investigated whether continuous-flow hydrogenation

could proceed under subatmospheric partial pressure of hydro-

10-20 mL/min

Hy (@% v/v) + Ny (100-a% v/v)
(1-1.2 atm)

(]

PN

R™ R
1a—w

in EtOAc

—D—
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Long-term hydrogenation of 1h

100 -—.—-—.—*—.—v

90

80 I I
70

60

50 Catalyst-column cartridge was

40 heated at 100 °C for 3 h under air
30

20

10

0
0 20 40 60 80

Running time (h)

Yield (%)

100

Figure 2: Continuous-flow hydrogenation of cyclohexanone 1h. Condi-
tions: solution of 1h in EtOAc (0.06 M) with decane as an internal stan-
dard; substrate flow rate, 7.2 mL h="; hydrogen flow rate, 10 mL min~7;
amount of Pt in the column, 0.006 mmol; reaction temperature, 30 °C.

gen gas. The use of subatmospheric partial pressure of hydro-
gen gas is highly desired from the viewpoint of safety, as well
as for utilizing green hydrogen produced by sustainable energy,
because purifying and pressurizing hydrogen gas consumes
large amounts of energy comparable to the energy required to
generate green hydrogen [34]. We set up a continuous-flow
system in which a mixture of H, and N, was introduced by two
individually regulated mass-flow controllers (Scheme 3). First,
the continuous-flow hydrogenation of benzaldehyde (1m) was
investigated by varying the H/N, v/v ratio. Yields of 2m and
1m at the steady state of continuous-flow hydrogenation with
different Hy/N, v/v ratios are plotted in Figure 3. Quantitative
conversion of 1m was observed with 50% and 30% v/v of
hydrogen and product 2m was obtained in 93% yield even at
20% v/v of hydrogen; the partial pressure of hydrogen in the
catalyst column was 0.2-0.24 atm (Table 3, entry 4). A 69%
yield of 2m was obtained with just 10% v/v of hydrogen.
Acetophenone (1a) was successfully hydrogenated with 20%
v/v hydrogen to afford the desired product quantitatively

Pt-Fe/DMPSI-Al,O3
diluted with Celite

@5 mm x 100 mm
Pt: 0.006-0.032 mmol
in a column

Scheme 3: Continuous-flow hydrogenation of carbonyl compounds under subatmospheric partial pressure of hydrogen.
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Yield (%)
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20
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H,% viv
Figure 3: Continuous-flow hydrogenation of benzaldehyde 1m by
varying the Ho/Np v/v ratio. Conditions: solution of 1m in EtOAc
(0.06 M) with decane as an internal standard; substrate flow rate,

10 mL h="; Hy + No mixed-gas flow rate, 20 mL min="; amount of Pt in
the column, 0.032 mmol; reaction temperature, room temperature.

(Table 3, entry 1). A cyclic ketone 1i was converted to 2i in
84% yield with 10% v/v hydrogen and in 97% yield with 20%
v/v hydrogen (Table 3, entries 2 and 3). An aliphatic aldehyde
1w was also hydrogenated to give the product in 97% yield with
20% v/v hydrogen (Table 3, entry 5). These results were com-
pared with other representative catalytic systems for the hydro-
genation of carbonyl compounds (see Supporting Information
File 1, Table S12), and the high catalytic performance of Pt—Fe/
DMPSi—Al,03 even under subatmospheric partial pressure of
hydrogen was highlighted [8-12].

Table 3: Substrate scope using subatmospheric partial pressure of
hydrogen.

Entry  Substrate  Hy% v/v  Total gas flow rate  Yield
(Hz2 + Np) (%)?
(mL min=T)

1 1a 20 20 >99

2 1i 10 20 84

3 1i 20 20 97

4 im 20 20 93

5 1w 20 10 97

2Yield was determined by GC analysis using decane as an internal
standard.

Conclusion

In summary, we developed bimetallic Pt-Fe/DMPSi-Al,03 as a
powerful heterogeneous catalyst for the hydrogenation of car-
bonyl compounds under continuous-flow and ambient condi-
tions. Both ketones and aldehydes, including highly bulky and
sterically hindered substrates, were smoothly hydrogenated at
room temperature under subatmospheric to atmospheric hydro-
gen pressure with a wide substrate scope. The high durability of
the heterogeneous catalyst was confirmed by a long-term con-

tinuous-flow reaction, and the catalytic activity was revived by

Beilstein J. Org. Chem. 2026, 22, 575-582.

a simple operation even if the catalyst became slightly deacti-
vated. Interestingly, both the combination of metal species in
the catalysts and the ratio of metals had a great impact on cata-
lytic performance. The newly developed continuous-flow
hydrogenation reaction under mild conditions is adaptable to
sustainable chemical synthesis, minimizing energy consump-
tion and enabling the use of green hydrogen. In addition, the
newly obtained insights regarding the relationships among the
Fe/Pt ratios in the catalysts, the bimetallic structure, and the re-
sulting catalytic performance for selective hydrogenation will
guide the future development of heterogeneous catalysts.
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including photographs of reactor systems, STEM-EDS
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supplementary/1860-5397-22-43-S1.pdf]
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