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Hydrogenolysis of Furfuryl Alcohol to 1,2-Pentanediol Over

Supported Ruthenium Catalysts

Aritomo Yamaguchi,*® Yuka Murakami,”) Tomohiro Imura*™,” and Kazuaki Wakita™

Hydrogenolysis of the furan rings of furfural and furfuryl
alcohol, which can be obtained from biomass, has attracted
attention as a method for obtaining valuable chemicals such as
1,2-pentanediol. In this study, we examined the hydrogenolysis
of furfuryl alcohol to 1,2-pentanediol over Pd/C, Pt/C, Rh/C, and
various supported Ru catalysts in several solvents. In particular,
we investigated the effects of combinations of solvents and

1. Introduction

Lignocellulosic biomass, which is composed mainly of the
polysaccharides cellulose and hemicellulose, has attracted
much attention as a sustainable source of raw materials for the
production of value-added chemicals."™ For example, cellulose
(@ polymer of the hexose p-glucose) can be converted to 5-
hydroxymethylfurfural,”*' which can in turn be transformed into
chemicals such as 2,5-furandicarboxylic acid, 2,5-dimethylfuran,
and 2,5-dihydroxymethylfuran.® Hemicellulose is composed
mainly of pentoses such as xylose, which can be converted into
furfural and furfuryl alcohol.”® Hydrogenolysis of the furan
rings of furfural and furfuryl alcohol has attracted attention
because these reactions generate valuable chemicals such as
1,2-pentanediol (1,2-PeD) and 1,5-pentanediol (1,5-PeD).”! 1,2-
PeD is used as a monomer for the production of polyester, as
an antimicrobial agent, and as a moisturizing ingredient in
cosmetics. Because this compound is currently produced from
petroleum-based resources, the development of methods for
producing pentanediols from biomass would be desirable.

The selective production of 1,2-PeD from furfural and
furfuryl alcohol with supported Pt catalysts has been
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supports on the reaction outcome. Of all the tested combina-
tions, Ru/MgO in water gave the best selectivity for 1,2-
pentanediol: with this catalyst, 42% selectivity for 1,2-pentane-
diol was achieved upon hydrogenolysis of furfuryl alcohol for
1 h at 463 K. In contrast, reaction in water in the presence of
Ru/Al,O; afforded cyclopentanone and cyclopentanol by means
of hydrogenation and rearrangement reactions.

achieved."*"® For example, Mizugaki et al. reported that hydro-

talcite-supported Pt nanoparticles catalyze the production of
1,2-PeD in high yield (up to 80%) from furfuryl alcohol in 2-
propanol (2-PrOH) solvent and that basic sites on the support
play an important role in the transformation.” Ma etal.
reported that a CeO,-supported Pt catalyst gives 1,2-PeD with
65% selectivity by hydrogenolysis of furfuryl alcohol in water
and that water molecules participate in the reaction."” Other
precious metals such as Rh,"” Pd,"® and Ru"®"" have also been
used for hydrogenolysis of furfural and furfuryl alcohol to afford
pentanediols. For example, Date et al. reported that montmor-
illonite-supported Pd catalyzes the conversion of furfural to 1,2-
PeD with a selectivity of 66% and that the acidic nature of the
support plays an important role in the conversion."® Zhang
et al. studied the effects of the support on the ability of Ru-
based catalysts to selectively afford 1,2-PeD from furfuryl
alcohol in water; these investigators found that Ru/MnO, affords
1,2-PeD with a selectivity of 42.1%.

However, none of these previous studies thoroughly ex-
plored combinations of reaction solvents and catalyst supports.
Therefore, in this study, we investigated the effects of various
solvent/support combinations on the hydrogenolysis of furfuryl
alcohol to 1,2-PeD with the goal of developing an efficient and
selective catalytic system. We used not only water and 2-PrOH
as solvents but also supercritical carbon dioxide, which has
been shown to accelerate the hydrogenation of organic
chemicals in some cases.”>* We found that in water, hydro-
genolysis of furfuryl alcohol over Ru/MgO at 463 K afforded 1,2-
PeD with 42 % selectivity.

Experimental Section

Materials

Furfuryl alcohol, 1,2-PeD, cyclopentanone, and cyclopentanol were
purchased from Tokyo Chemical Industry Co. Tetrahydrofurfuryl
alcohol  (THFA), 1,4-pentanediol (1,4-PeD), and 2-meth-
yltetrahydrofuran were purchased from Sigma-Aldrich Co. 1,5-PeD
was purchased from Wako Pure Chemical Industries.
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Charcoal-supported Pd, Pt, Rh, and Ru (5wt% metal loading;
designated Pd/C, Pt/C, Rh/C, and Ru/C, respectively) and alumina-
supported Ru (5wt% metal loading; designated Ru/Al,O;) were
purchased from Wako Pure Chemical Industries.

Ruthenium (Ill) nitrosyl nitrate (Ru(NO)(NOs);) solution in dilute
nitric acid was purchased from Sigma-Aldrich Co. Zirconium oxide
(ZrO,) was obtained from Daiichi Kigenso Kagaku Kogyo Co. via the
Catalysis Society of Japan (JRC-ZRO-7). Magnesium oxide (MgO)
was obtained from Ube Industries via the Catalysis Society of Japan
(JRC-MGO-3 1000 A). Cerium oxide (CeO,) was obtained from Kanto
Chemical Co. Titanium dioxide (TiO,) was obtained from Degussa
(P-25). Graphite powder was obtained from Timrex (HSAG300). H-
ZSM-5 powder (SiO,/Al,0;=60) was purchased from JGC Catalysts
and Chemicals.

Catalyst Preparation

Zr0,, MgO, CeO,, TiO,, graphite, and H-ZSM-5 were impregnated
with Ru(NO)(NOs); as follows. Aqueous Ru(NO)(NO,); and the
catalyst support were stirred for 12 h at ambient temperature, and
then the mixture was evaporated to dryness at 323 K under
reduced pressure on a rotary evaporator. The residue was oven-
dried for 10 h at 373 K and then heated at 673K for 2 h under
flowing hydrogen. The amount of Ru in the resulting supported
catalysts was 5 wt%. The following catalysts were prepared by
using the corresponding supports: Ru/ZrO,, Ru/MgO, Ru/CeO,, Ru/
TiO,, Ru/graphite, and Ru/H-ZSM-5.

Hydrogenolysis Procedure

Hydrogenolysis of furfuryl alcohol was carried out in a stainless
steel high-pressure reactor with an inner volume of 50 cm®. In a
typical procedure, the reactor was loaded with a catalyst (0.02 g),
furfuryl alcohol (0.34 g), a magnetic stir bar, and solvent (10 cm®) or
no solvent. Then the inside of the reactor was purged with argon
(0.1 MPa) to remove air, and the reactor was heated to the desired
reaction temperature with an oil circulation heater. Hydrogen gas
(3.0 MPa) was introduced into the reactor, followed quickly by
carbon dioxide (15.0 MPa, via a pump) if carbon dioxide was used
for the reaction. The reactor was kept at the desired reaction
temperature for the desired reaction time and then quickly cooled
by submersion in an ice-water bath. After reactor depressurization,
the slurry inside was filtered and the solid was rinsed with acetone.

Hydrogenolysis of furfuryl alcohol was also carried out in a larger
batch reactor (inner volume, 100 cm® OM Lab-Tech, MMJ-100) as
follows. The reactor was charged with catalyst (0.06 g), furfuryl
alcohol (1.0 g), and solvent (30 cm®); purged with hydrogen gas;
and then charged with hydrogen gas (3.0 MPa) at ambient temper-
ature. The reactor was heated to the desired reaction temperature
with a heating band and then maintained at that temperature for
the desired reaction time with screw stirring at 600 rpm. After the
reaction, the slurry was filtered to separate the solid materials from
the liquid fraction.

Products and unreacted furfuryl alcohol were quantitatively
analyzed by means of gas chromatography (GC) on an instrument
equipped with a flame ionization detector (Agilent HP-6890) and a
DB-WAX capillary column; ethylbenzene was used as an internal
standard. The conversion of furfuryl alcohol and the selectivity for
each product were calculated as follows:
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Conversion (%) =
{1—[(moles of unreacted furfuryl alcohol)/ M

(moles of initial furfuryl alcohol)]} x 100

Selectivity (%) =
{(moles of product)/[(moles of initial furfuryl alcohol)—  (2)

(moles of unreacted furfuryl alcohol)]} x 100

Characterization of Catalysts

X-ray diffraction (XRD) patterns of the catalysts were recorded by
using a Rigaku SmartLab with CuKa radiation (A =0.15406 nm) at a
current of 30 mA, a voltage of 40 kV, and a 26 range of 20-70° with
a step size of 0.02.

The dispersion of metal particles was defined as the ratio of metal
atoms exposed at the surface to all the metal atoms of metal
particles, as determined by measuring the amount of hydrogen
adsorbed at 313 K in a volumetric gas-adsorption analyzer (Micro-
meritics 3FLEX 3500). Saturation monolayer uptake was estimated
by extrapolating isotherms to zero pressure.

Nitrogen adsorption and desorption were measured at 77 K on the
3FLEX 3500 gas-adsorption analyzer (Micromeritics) with samples
that had been degassed at 473 K for 2 h. The relative surface areas
of the catalysts were determined by the Brunauer-Emmett-Teller
method.

2. Results and Discussion

2.1. Characterization of Catalysts and Evaluation of
Catalyst/Solvent Combinations for Furfuryl Alcohol
Hydrogenolysis

The Pd/C, Rh/C, Pt/C, and Ru/C catalysts were characterized by
XRD analysis (Figure S1 in the Supporting Information). The XRD
pattern of the Pd/C catalyst showed a sharp diffraction peak at
40.1° due to Pd(111), and the mean Pd crystallite size was
calculated to be 24.2 nm by means of the Scherrer equation.
The XRD patterns of the Rh/C, Pt/C, and Ru/C catalysts showed
that the metals were dispersed on the support surfaces.

Using these four catalysts, we carried out hydrogenolysis
reactions of furfuryl alcohol at 403 K in various solvents
(Table 1). When Pd/C was the catalyst, the reaction selectively
generated THFA by hydrogenation of the furan ring (Figure 1),
regardless of the solvent. Notably, in 2-PrOH, the conversion of
furfuryl alcohol was 98%, and the THFA selectivity was 90 %.
Essentially no 1,2-PeD was obtained from the Pd/C-catalyzed
reactions. The products not listed in Table 1 were 2-pentanol, 2-
methyltetrahydrofuran, furfural, 2-cyclopenten-1-one, which
were quantified using the GC analysis. Some peaks in the GC
chart could not be identified; thus, the total value of selectivity
did not reach 100 %.

When Rh/C was used as the catalyst, cyclopentanone (11%
in 2-PrOH) and products such as 2-methyltetrahydrofuran and
2-cyclopenten-1-one were obtained (data not shown). The

© 2021 The Authors. Published by Wiley-VCH GmbH
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Table 1. Screening of carbon-supported metal catalysts and solvents for hydrogenolysis of furfuryl alcohol.”’
Selectivity/%
Catalyst Solvent Conv./% THFA 1,2-PeD 1,5-PeD 1,4-PeD PO cpL
none 46 73 0.1 0.0 0.0 0.0 0.0
Pd/C coz“’][ 64 85 0.0 0.0 0.0 0.0 0.0
water! 84 77 0.1 0.0 0.0 0.4 0.0
2-PrOH 98 90 0.0 0.0 0.0 0.0 0.0
none 69 29 0.1 0.0 0.0 0.0 0.0
Rh/C coz“’][ 33 53 0.1 0.0 0.0 0.0 0.0
water! 94 25 0.2 0.0 0.0 11 0.0
2-PrOH 100 41 1.7 0.1 0.0 0.0 0.2
none 12 21 1.9 0.9 0.0 0.0 0.0
Pt/C Cco," [ 45 23 1.9 0.5 0.0 0.0 0.1
water! 5.7 48 9.0 3.6 0.0 9.9 0.6
2-PrOHY 19 15 20 1.4 0.0 0.0 0.3
none 33 2.1 0.2 0.0 0.0 0.0 0.0
co,™ 31 6.7 0.7 0.0 0.0 0.0 0.1
Ru/C water 98 56 20 03 0.7 46 08
2-PrOHY 100 55 8.6 0.6 0.7 0.0 0.0
[a] Reaction conditions, unless otherwise stated: furfuryl alcohol (0.34 g), catalyst (0.02 g), 3.0 MPa H,, 403 K, 1 h. Abbreviations: conv., conversion; THFA,
tetrahydrofurfuryl alcohol; PeD, pentanediol; CPO, cyclopentanone; CPL, cyclopentanol. [b] CO, pressure, 15 MPa. [c] Water volume, 10 cm®. [d] 2-PrOH
volume, 10 cm®.
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Figure 1. Products generated by hydrogenolysis and hydrogenation of furfuryl alcohol.

THFA and 1,2-PeD selectivities were highest in 2-PrOH (41%
and 1.7 %, respectively), but these selectivities were lower than
those achieved with the other catalysts.

The Pt/C catalyst showed the lowest furfuryl alcohol
conversion of all the tested catalysts. In water, Pt/C showed a
1,2-PeD selectivity of 9.0%, but the furfuryl alcohol conversion
was only 5.7%. When the reaction time was increased to 3 h,
the conversion increased to 29%, but the 1,2-PeD selectivity
decreased to 7.3% (data not shown); that is, the 1,2-PeD
selectivity decreased with increasing furfuryl alcohol conver-
sion.

When the catalyst was Ru/C, the conversion was about 30%
in supercritical carbon dioxide and in the absence of a solvent,
whereas the conversion was 989% in 2-PrOH and 100% in water;
the selectivity for 1,2-PeD was 8.6% in the latter solvent. Taken
together, the results shown in Table 1 indicate that both the
metal and the solvent strongly affected the furfuryl alcohol
conversion and the 1,2-PeD selectivity.
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2.2. Effect of Solvent and Reaction Temperature on the
Reaction over Ru/C

Because Ru/C gave better 1,2-PeD selectivity and higher furfuryl
alcohol conversion in 2-PrOH than in carbon dioxide or water or
in the absence of solvent (Table 1), we examined the Ru/C-
catalyzed hydrogenolysis of furfuryl alcohol at 403 K in some
additional solvents (Table 2). Of all the solvents tested in this
study, 1-PrOH showed the highest 1,2-PeD selectivity (12%). In
protic solvents (water and alcohols), the conversion of furfuryl
alcohol was 98-100%, whereas considerable amounts of
unchanged furfuryl alcohol remained when the aprotic solvents
n-heptane and supercritical carbon dioxide were used.

Next we explored the effect of temperature on the 1,2-PeD
selectivity of the reaction in 1-PrOH (Table 3). (Note that the
reactor was heated with a heating band at temperatures of
423 K and above because of the limitations on the maximum
temperature achievable with the oil circulation heater that was
used at the lower temperatures.) We found that the 1,2-PeD
selectivity increased to 19% at 423 K but then decreased as the
temperature was increased further.

© 2021 The Authors. Published by Wiley-VCH GmbH
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Table 2. Effect of solvent on furfuryl alcohol conversion and product selectivity of hydrogenolysis catalyzed by Ru/C*

Solvent Conv./% Selectivity/%
THFA 1,2-PeD 1,5-PeD 1,4-PeD CPO CPL

none® 33 2.1 0.2 0.0 0.0 0.0 0.0
CO,bd 31 6.7 0.7 0.0 0.0 0.0 0.1
water®? 98 5.6 2.0 0.3 0.7 46 0.8
2-PrOH®® 100 55 8.6 0.6 0.7 0.0 0.0
1-PrOH" 100 65 12 0.5 0.7 0.1 0.0
EtOHY 100 57 12 0.5 0.8 0.0 0.4
MeOH™ 100 52 9.2 0.6 0.7 0.0 0.0
n-heptane® 62 25 3.4 0.1 0.1 0.0 0.0
water 99 7.6 1.7 0.2 0.8 3.0 0.3
+Co,”

[a] Reaction conditions, unless otherwise stated: furfuryl alcohol (0.34 g), Ru/C (0.02 g), 3.0 MPa H,, 403 K, 1 h. Abbreviations: conv., conversion; THFA,
tetrahydrofurfuryl alcohol; PeD, pentanediol; CPO, cyclopentanone; CPL, cyclopentanol. [b] Data are shown in Table 1. [c] CO, pressure, 15 MPa. [d] Water
volume, 10 cm?. [e] 2-PrOH volume, 10 cm’. [f] 1-PrOH volume, 10 cm?®. [g] Ethanol volume, 10 cm?®. [h] Methanol volume, 10 cm’. [i] n-Heptane volume,

10 cm?. [j] Water volume, 10 cm®; CO, pressure, 15 MPa.

Table 3. Effect of reaction temperature on furfuryl alcohol conversion and product selectivity for hydrogenolysis reactions over Ru/C*

Reaction temperature Conv./% Selectivity/%

THFA 1,2-PeD 1,5-PeD 1,4-PeD CPO CPL
403 ™ 100 65 12 0.5 0.7 0.8 0.0
423 K 100 59 19 1.7 2.1 0.6 0.0
443 K 100 72 18 16 1.1 0.8 0.0
463 K 100 65 17 1.3 1.1 0.8 0.0

[a] Reaction conditions, unless otherwise stated: furfuryl alcohol (1.0 g), Ru/C (0.06 g), 1-PrOH (30 cm?), 3.0 MPa H,, 1 h. Abbreviations: conv., conversion;
THFA, tetrahydrofurfuryl alcohol; PeD, pentanediol; CPO, cyclopentanone; CPL, cyclopentanol. [b] Data are shown in Table 2. Reaction conditions: furfuryl

alcohol (0.34 g), Ru/C (0.02 g), 1-PrOH (10 cm?), 3.0 MPa H,, 1 h.

2.3. Characterization of Supported Ru Catalysts and Effects of
the Support on Hydrogenolysis

Finally, we prepared several supported Ru catalysts: Ru/Al,O,,
Ru/ZrO,, Ru/MgO, Ru/CeO,, Ru/TiO,, Ru/graphite, and Ru/H-
ZSM-5. In the XRD patterns of these catalysts (Figure S2 in the
Supporting Information), there were no clear peaks at 38.8,
42.4, or 44.4° attributable to Ru metal, indicating that the metal
particles were dispersed on the support surfaces. The Ru
dispersions for these catalysts ranged from 17.9% to 76.9%, as
determined by means of hydrogen adsorption analysis (Ta-
ble 4), indicating that the Ru metal particle sizes ranged from
1.7nm to 75nm. The Ru particle sizes of the catalysts

Table 4. Characterization of supported Ru catalysts.

Catalyst Metal dispersion/  Metal particle size/  Surface area/
% [a] nrn[a] ng—llb]
Ru/C 42.8 3.1 1041
Ru/ALO; 58.9 23 112
Ru/ZrO, 76.9 1.7 104
Ru/MgO 50.8 2.6 47.7
Ru/CeO, 45.9 29 19.8
Ru/TiO, 23.7 5.6 51.9
Ru/graph- 17.9 7.5 207
ite
Ru/H- 233 57 349
ZSM-5

[a] Metal dispersions and particle sizes were determined by hydrogen
adsorption analysis. [b] Surface areas were determined by nitrogen

adsorption analysis.
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decreased in the order Ru/graphite >Ru/H-ZSM-5> Ru/TiO, >
Ru/C> Ru/CeO,> Ru/MgO > Ru/Al,0;> Ru/ZrO,. The surface
areas of the catalysts ranged from 19.8 to 1041 m?g~' and
decreased in the order Ru/C> Ru/H-ZSM-5 > Ru/graphite > Ru/
AlL,O;> Ru/ZrO,> Ru/TiO,>Ru/MgO >Ru/Ce0,; that is, there
was no correlation between surface area and Ru particle size.
We evaluated the activities of these supported Ru catalysts
for hydrogenolysis of furfuryl alcohol at 403 K in supercritical
carbon dioxide, water, and 2-PrOH and in the absence of
solvent (Table 5). The solvent that gave the best conversion of
furfuryl alcohol to 1,2-PeD depended on the catalyst support.
With Ru/ZrO,, Ru/TiO,, Ru/graphite, Ru/H-ZSM-5, and Ru/C
(Table 1), the 1,2-PeD selectivity was very low in water but
better in 2-PrOH. Conversely, with Ru/Al,O;, Ru/MgO, and Ru/
CeO,, water gave higher 1,2-PeD selectivity than carbon dioxide
or 2-PrOH. The reason for the low 1,2-PeD selectivity of the
reactions catalyzed by Ru/ZrO,, Ru/TiO,, Ru/graphite, Ru/H-ZSM-
5, and Ru/C in water was unclear. Of the catalysts used in this
study, Ru/graphite and Ru/ZrO, showed the largest (7.5 nm)
and smallest (1.7 nm) Ru particles sizes, respectively, indicating
that the 1,2-PeD selectivity was not determined by particle size.
There was also no relationship between catalyst surface area
and 1,2-PeD selectivity. Therefore, we reasoned that the 1,2-PeD
selectivity was determined by some property of the support. H-
ZSM-5, charcoal, and graphite are known to be acidic, whereas
MgO is basic. The other supports have both acidic and basic
sites on the surfaces. We speculate that the basic sites on MgO,
Al,O,;, and CeO, may have enhanced the hydrogenolysis of

© 2021 The Authors. Published by Wiley-VCH GmbH
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Table 5. Effect of catalyst support and solvent on Ru-catalyzed hydrogenolysis of furfuryl alcohol®

Catalyst Solvent Conv./% Selectivity/%
THFA 1,2-PeD 1,5-PeD 1,4-PeD CPO CPL
Ru/Al,0, none 30 75 12 0.4 0.2 0.0 0.0
Cco,™ 19 54 6.2 0.1 0.1 0.0 0.0
water 76 72 17 0.6 0.6 5.6 0.5
2-PrOH 43 49 9.5 0.2 0.0 0.0 0.1
Ru/ZrO, none 83 76 16 0.3 04 0.0 0.0
Cco,™ 68 77 14 0.2 0.3 0.0 0.0
Water 100 12 47 0.2 37 6.9 14
2-PrOHY 100 73 16 0.4 0.2 0.0 0.0
Ru/MgO none 31 74 1 0.3 0.1 0.0 0.0
Cco,™ 16 64 8.0 0.2 0.1 0.1 0.0
water 86 86 27 0.4 0.5 0.1 0.0
2-PrOH 34 48 8.0 0.2 0.0 0.0 0.0
Ru/CeO, none 23 71 12 0.2 0.1 0.0 0.0
Cco,™ 12 46 6.0 0.0 0.1 0.0 0.0
water 49 65 15 0.7 0.2 13 1.9
2-PrOH 43 62 14 0.2 0.1 0.0 0.0
Ru/TiO, none 90 70 12 0.3 0.3 0.0 0.0
Cco,™ 83 77 11 0.3 0.2 0.0 0.0
water 100 43 1.7 0.1 3.2 7.4 14
2-PrOH 100 63 11 0.5 0.1 0.0 0.0
Ru/graphite none 87 57 8.5 0.0 04 0.0 0.0
Cco,™ 84 69 8.3 0.3 0.3 0.0 0.0
water 99 5.5 1.9 0.3 14 29 14
2-PrOH 100 69 9.7 0.7 0.3 0.0 0.0
Ru/H-ZSM-5 none 39 1.6 0.1 0.0 0.0 0.0 0.0
Cco,™ 20 6.8 0.7 0.0 0.0 0.1 0.1
water' 98 2.0 0.7 0.4 0.3 0.7 0.0
2-PrOH 100 58 8.6 0.3 0.8 0.0 0.0

[a] Reaction conditions, unless otherwise stated: furfuryl alcohol (0.34 g), catalyst (0.02 g), 3.0 MPa H,, 403 K, 1 h. Abbreviations: conv., conversion; THFA,
tetrahydrofurfuryl alcohol; PeD, pentanediol; CPO, cyclopentanone; CPL, cyclopentanol. [b] CO, pressure, 15 MPa. [c] Water volume, 10 cm®. [d] 2-PrOH

volume, 10 cm®.

furfuryl alcohol to 1,2-PeD, which is consistent with previously
reported results.*'®2"

Finally, we investigated the effect of reaction temperature
on the 1,2-PeD selectivity of hydrogenolysis of furfuryl alcohol
over Ru/AlLO; or Ru/MgO in water (Table 6), which were the
catalyst/solvent combinations that gave the highest 1,2-PeD
selectivity at 403 K. When Ru/Al,O; was used as the catalyst, the
1,2-PeD selectivity decreased with increasing temperature,
whereas the selectivities for cyclopentanol and cyclopentanone

Table 6. Effect of reaction temperature on furfuryl alcohol conversion and
product selectivity of hydrogenolysis over Ru/Al,O; and Ru/MgO™

Catalyst Reaction Conv./  Selectivity/%
temperature % THFA 12- 15- 14 C(CPO CPL
PeD PeD PeD
Ru/ 403 K 76 72 17 06 06 56 05
AlL,O; 423K 100 13 62 03 39 91 41
443 K 100 57 2.8 0.1 22 16 4
Ru/ 403 K® 86 86 27 04 05 01 00
MgO 423K 58 64 32 08 14 02 00
443K 83 58 38 13 21 06 00
463 K 100 51 42 29 28 08 11
483 K 100 46 40 31 34 05 62

[a] Reaction conditions, unless otherwise stated: furfuryl alcohol (1.0 g),
catalyst (0.06 g), water (30 cm?®), 3.0 MPa H,, 1 h. Abbreviations: conv.,
conversion; THFA, tetrahydrofurfuryl alcohol; PeD, pentanediol; CPO,
cyclopentanone; CPL, cyclopentanol. [b] Data are shown in Table 5.
Reaction conditions: furfuryl alcohol (0.34 g), catalyst (0.02 g), water
(10 cm®), 3.0 MPa H,, 1 h.

ChemistryOpen 2021, 10, 1-7 www.chemistryopen.org

increased with increasing temperature. The Ru/Al,O; catalyst
was active for the conversion of furfuryl alcohol to cyclo-
pentanol and cyclopentanone with high selectivity. The con-
version of furfural to cyclopentanol and cyclopentanone was
reported using cupper-based catalysts® or noble metals such
as Pt, Pd, and Ru on carbon.””? We found the selectivity can be
changed drastically by catalyst supports. When Ru/MgO was the
catalyst, the 1,2-PeD selectivity increased with increasing
temperature, reaching a maximum of 42% at 463 K and then
decreasing slightly (to 40%) at 483 K. These final experiments
revealed that of all the catalyst/solvent combinations used in
this study, Ru/MgO in water gave the best 1,2-PeD selectivity.

3. Conclusions

We investigated the hydrogenolysis of furfuryl alcohol to 1,2-
PeD over Pd/C, Pt/C, Rh/C, Ru/C, Ru/Al,O;, Ru/ZrO,, Ru/MgO,
Ru/Ce0O,, Ru/TiO,, Ru/graphite, and Ru/H-ZSM-5 in various
solvents, including water, 2-PrOH, and supercritical carbon
dioxide and without a solvent. When Pd/C was the catalyst in 2-
PrOH, the reaction selectively generated THFA, which was
produced by hydrogenation of the furan aromatic ring. In
contrast, a Ru/Al,O;-catalyzed reaction in water gave cyclo-
pentanone and cyclopentanol by means of hydrogenation and
rearrangement reactions. The highest 1,2-PeD selectivity (42 %)

5 © 2021 The Authors. Published by Wiley-VCH GmbH

These are not the final page numbers! 77


https://doi.org/10.1002/open.202100058

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202100058

was obtained when the reaction was carried out with Ru/MgO
catalyst in water for 1 h at 463 K.
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The hydrogenolysis of furfuryl
alcohol to 1,2-pentanediol over Pd/C,
Pt/C, Rh/C, and various supported Ru
catalysts in several solvents has been
investigated. In particular, we investi-
gated the effects of combinations of
solvents and supports on the
reaction outcome. The highest selec-
tivity was obtained when the
reaction was carried out with Ru/
MgO catalyst in water.
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