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Catalytic Transfer Hydrogenation/Hydrogenolysis
for Reductive Upgrading of Furfural and 5-(Hydroxy-

methyl)furfural

David Scholz, Christof Aellig, and Ive Hermans*®

The sequential transfer hydrogenation/hydrogenolysis of furfu-
ral and 5-hydroxymethylfurfural to 2-methylfuran and 2,5-di-
methylfuran was studied over in situ reduced, Fe,O;-supported
Cu, Ni, and Pd catalysts, with 2-propanol as hydrogen donor.
The remarkable activity of Pd/Fe,O; in both transfer hydroge-
nation/hydrogenolysis is attributed to a strong metal-support

Introduction

The reductive upgrading of biomass-derived platform mole-
cules has recently gained increased attention as a strategy for
the sustainable production of feedstocks for the chemical in-
dustry." In particular, the selective hydro-deoxygenation of fur-
anic aldehydes (Scheme 1) such as furfural and 5-(hydroxyme-
thylfurfural (HMF) to 2-methylfuran (MeF) and 2,5-dimethylfur-
an (DMeF) exhibits great potential for production of liquid
fuel-substitutes from renewable substrates. Both furfural and
HMF may be obtained from the acid-catalyzed dehydration of
hemicellulose and cellulose-derived carbohydrates.” MeF and
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Scheme 1. Schematic of the reductive upgrading pathway for biomass de-
rived xyloses and hexoses. FA: furfuryl alcohol, MeF: 2-methylfuran, HMF: 5-
(hydroxymethyl)furfural, BHMF: 2,5-bis(hydroxymethyl)furan, DMeF: 2,5-di-
methylfuran.
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interaction. Selectivity towards hydrogenation, hydrogenolysis,
decarbonylation, and ring-hydrogenation products is shown to
strongly depend on the Pd loading. A significant enhancement
in yield to 62%, of 2-methylfuran and 2-methyltetrahydrofuran
was observed under continuous flow conditions.

DMeF offer beneficial physical and chemical properties for ap-
plication as biofuels; an approximately 40% greater energy
density (31.2 MJkg™', 35 MJkg™") than ethanol, high research
octane numbers (RON=131, RON=119), and little-to-no solu-
bility in water (7.0gL ™", 23gL™").”

In the presence of hydrogen, the hydrodeoxygenation of fur-
fural and HMF to the corresponding methylfurans may be ac-
complished over various supported noble metal and bimetallic
catalysts.** The hydrodeoxygenation occurs via the intermedi-
ate alcohol species, furfuryl alcohol (FA) and 2,5-bis(hydroxy-
methyl)furan (BHMF) that are formed through hydrogenation
and, subsequently, undergo hydrogenolysis. Common hydro-
genation/hydrogenolysis catalysts include (Pd' Pt"“ Ru,
Rh),“d Cu,”™™ and (Ni, Fe).*¥ Cu-based catalysts have proven
to exhibit exceptional activity in the cleavage of C—O bonds.
Yields in DMeF of 61% and 79% were reported by Dumesic
etal.* employing copper supported on chromite (CuCrO,)
and carbon-supported bimetallic copper-ruthenium (CuRu/C)
catalysts. More recently, the activity of bimetallic Ni-Fe cata-
lysts in the C—O cleavage of furfural was demonstrated, achiev-
ing 39% yield in MeF ¥ Furthermore, Pd has been shown to
be active in the hydrogenation/hydrogenolysis of aromatic car-
bonyls and alcohols.

Despite the technical viability of reductive upgrading strat-
egies for biomass utilization, the employment of molecular hy-
drogen presents a number of challenges for process econom-
ics and sustainability. On this basis, reductive upgrading em-
ploying alternative hydrogen donors such as formic acid and
alcohols has recently gained increased attention. The catalytic
transfer hydrogenation/hydrogenolysis of benzyl-alcohols with
formic acid can be catalyzed by Pd catalysts.” Thananatthana-
chon etal. reported on the highly efficient production of
DMeF from HMF, obtaining 95% yield when employing formic
acid, H,S0,, and Pd/C in THF.® Despite the obvious advantages
in storage, handling, and transport as compared to hydrogen,
the corrosiveness of formic acid poses significant challenges to
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material and catalysts durability. Utilization of alcohols as hy-
drogen donors in catalytic transfer hydrogenation/hydrogenol-
ysis reactions has been investigated under application of differ-
ent catalysts and substrates. DMeF was produced with yields
of up to 80% by employing Ru/C and 2-propanol as donor.”’
However, because of the deactivation of the Ru/C catalysts, fur-
ther studies are currently being performed to investigate the
nature of the deactivation phenomena. Armstrong et al. dem-
onstrated the activity of Raney-nickel and cobalt in the catalyt-
ic transfer hydrogenolysis of aromatic alcohols."® Additionally,
much effort has been devoted to improving the understanding
and performance of catalysts in the hydrogenolysis of glycerol.
Gliemez et al. applied Ni-Cu/Al,O; catalysts in the hydrogenol-
ysis of glycerol to 1,2-propanediol using 2-propanol or metha-
nol as hydrogen donor.™ More recently, Pietropaolo et al. ob-
tained 94% yield in 1,2-propanediol when applying unreduced
Pd/Fe,0; to a solution of glycerol in 2-propanol.’?

Herein, we report on the catalytic transfer hydrogenation/hy-
drogenolysis of furfural and HMF, applying Ni-, Cu-, and Pd-
supported catalysts, under batch as well as continuous flow re-
actions conditions.

Results and Discussion
Transfer hydrogenation/hydrogenolysis of furfural

Initial experiments focused on the activity of Ni-, Cu-, and Pd-
supported catalysts in the catalytic transfer hydrogenation/hy-
drogenolysis of furfural (1). For this purpose, 10 wt% Cu/Fe,0;,
10 wt% Ni/Fe,0;, and 10 wt% Pd/Fe,O; catalysts were synthe-
sized by co-precipitation (see Experimental Section). In a typical
experiment, the autoclave was charged with furfural, an inter-
nal standard, 2-propanol, and the catalyst. The molar ratio of
substrate to catalyst was 175:1. The weight of Cu, Ni, and Pd
catalyst charged into the reactor was adjusted such that the
number of moles of metal remained constant over the experi-
ments. The primary product of the transfer hydrogenation was
FA (2). The successive hydrogenolysis of the hydroxyl group
yields 2-methylfuran (3). In parallel to hydrogenation, furfural
may undergo decarbonylation to furan (6). With increasing
conversion (and hence, increasing concentration of acetone)
the aldol-condensation product of furfural and acetone, 4-
(furan-2-yl)but-3-en-2-one (8) is detected. Furthermore, we de-
tected traces of furan-ring hydrogenation products, 2-methyl-
tetrahydrofuran (THMeF, 4), (tetrahydrofuran-2-yl)methanol
(THFA, 5), and tetrahydrofuran (THF, 7).

To verify that 2-propanol served as hydrogen donor in the
catalytic transfer hydrogenation/hydrogenolysis to furfural, the
acetone concentration was monitored (see the Supporting In-
formation, Figure S2). In the initial phase of the reaction, in
which FA was the main product, we found that approximately
1 equivalent of acetone was formed per equivalent of FA.

The main product over Cu and Ni was FA. Cu and Ni exhibit-
ed limited activity in the further hydrogenolysis to MeF. Prod-
ucts of the ring hydrogenation and decarbonylation reaction
were not detected (Table 1). Scheme 2 shows the reaction
pathways catalyzed by Cu, Ni, and Pd. The differences in the
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Scheme 2. Reaction pathway for the catalytic transfer hydrogenation/hydro-
genolysis of furfural employing Ni/Fe,0;, Cu/Fe,0;, and Pd/Fe,0;. Reactivity
order of metals is based on the obtained yields of the respective product
under the chosen reaction conditions.

Table 1. Catalytic transfer hydrogenation/hydrogenolysis of furfural over
different metal catalysts.”’

Catalyst Conversion [%] Yield [%]

1 2 3 6 4,57
Cu/Fe,0, 37 28 0 0 0
Ni/Fe,0, 46 33 0 0 0
Pd/Fe,0, 68 41 4 7 <1

[a] Reaction conditions: furfural (0.40Mm) in 2-propanol (40 mL), with
10 wt% Cu, Ni, or Pd/Fe,0; under N, atmosphere and 180°C. Conversion

and yield values were ascertained at the end of the reaction after 7.5 h.

reactivity behavior of Cu, Ni, and Pd catalysts in transfer hydro-
genation/hydrogenolysis, decarbonylation, and ring-hydroge-
nation reactions are a result of preferential stabilization of the
intermediate species by the different metal atoms. Previous
studies have demonstrated that the hydrogenation of furfural
over Cu catalysts occurs through coordination of the carbonyl
group, in a n'(0)-aldehyde configuration.®™'¥ This rationalizes
the observation that the main product over Cu/Fe,O; was FA,
which was obtained with 75% selectivity. Ring-hydrogenated
products (4, 5, 7) were not formed. Despite previous reports
on the H,-mediated hydrogenation of furfural over Ni-catalysts,
yielding primarily decarbonylation, ring-opening, and ring-hy-
drogenation products,®™ we obtained FA as the primary prod-
uct with 73% selectivity.

In contrast to Cu and Ni, Pd displayed activity in the hydro-
genation of the furan-ring producing (4, 5, 7). Furan derivatives
may coordinate through the m-system of the ring, allowing the
formation of ring-hydrogenated products.”*'¥ In contrast, hy-
drogenation of the oxo functionalities occurs via formation of
12(C,0)-aldehydes, in which both the C and O atom are coordi-
nated to Pd atoms. The n*aldehyde may transform into
a more stable surface acyl-species, which is known to be an in-
termediate in the decarbonylation, yielding furan.®¥ FA, MeF,
and furan were formed with 61%, 7%, and 11% selectively.
The selectivity towards the ring hydrogenation products (4, 5,
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7) was below 1%. The yield of the aldol condensation product
(8) was below 1% for all tested catalysts.

Further on, the different activities of Cu, Ni, and Pd catalysts
in the hydrogenation/hydrogenolysis reaction will be directly
defined by the degree of reduction accomplished under reac-
tion conditions. Temperature-programmed reduction profiles
from the literature suggest that complete reduction of metallic
species may only be accomplished for Pd.

The H,-temperature-programmed reduction (TPR) profile of
Cu/Fe,0; and Ni/Fe,O; both exhibit two maxima, at 171 and
210°C, and 277 and 318°C, respectively. In contrast, Pd/Fe,O;
exhibits a single reduction maximum at 113°C (Figure S17).
It is, therefore, believed that Pd(ll) is almost completely re-
duced to Pd° under reaction conditions. On the other hand,
only a fraction of the Cu and the Ni species will be reduced
under the chosen reaction conditions. However, we emphasize
that the H,-TPR measurements show that the consumption of
H, begins at a temperature of 100°C for Cu/Fe,O; and Ni/
Fe,0s. This observation can likely be ascribed to the reduction
of the metal species, which are highly dispersed and/or subject
to strong interactions with the support. Furthermore, reduction
maxima for Cu/Fe,O; and Ni/Fe,0; are shifted to lower temper-
atures as compared to Cu/SiO, (335 and 246 °C"*") and Ni/SiO,
(354°C™),

The occurrence of an induction period, as can be seen in
Figures 1, 2, and 3, can likely be ascribed to the in situ forma-
tion of metallic species. X-ray photoelectron spectroscopy
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Figure 1. Conversion of furfural over different Pd loadings on Fe,0;. Reac-
tion conditions: furfural (0.40 M) in 2-propanol (40 mL) with Pd/Fe,0,

(10 wt %, 100 mg), Pd/Fe,0; (5 wt%, 200 mg) and Pd/Fe,0; (2 wt%, 500 mg)
under N, atmosphere and 180°C.

(XPS) measurements of the fresh and used Pd catalyst clearly
confirm the in situ reduction of the Pd species (Figures S15
and 16). The Pd 3d;, binding energy of the fresh sample is
337.4 eV, whereas a shift towards lower binding energies is ob-
served for the used catalyst (335.1-335.5 eV), indicating a re-
duction of Pd(ll) to Pd’. The binding energy of the Fe 2p,,
(710.6 eV) and Fe 2p,,, (724 eV) transition are consistent with
published values for the hematite structure of the support.'®
A minor decrease in the binding energies of the Fe 2p,, and
Fe 2p,,, transition was observed for the used Pd catalyst.
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Figure 2. Conversion and yields in the catalytic transfer hydrogenation of 2-
propanol to furfural over 2 wt% Pd/Fe,0;. Reaction conditions: furfural
(0.40 M) in 2-propanol (40 mL) with Pd/Fe,0; (500 mg, 2 wt%) under N, at-
mosphere and 180 °C. Conversion: furfural; yields: FA, furan, MeF.
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Figure 3. Conversion of FA over 10 wt% Pd/Fe,0s. Reaction conditions: FA
(0.40 M) in 2-propanol (40 mL) with Pd/Fe,0; (100 mg, 10 wt%) under N, at-
mosphere and at 180°C. Conversion: FA; yields: MeF, THMeF, THFA.

The active surface area of the 2 wt% Pd/Fe,0; catalyst was
calculated from the amount of CO desorbed after saturation
adsorption to be S,,=3.9m?g™".

To optimize the activity, as well as selectivity, in the forma-
tion of MeF, we investigated the reactivity of Pd/Fe,0; catalysts
with loadings of 2, 5, and 10 wt% (Table 2). For comparative
purposes, the catalyst amount was altered over the experi-

ments so that the number of moles of Pd remained constant.

Table 2. Catalytic transfer hydrogenation/hydrogenolysis of furfural over
Pd catalysts.

Catalyst Conversion [%] Yield [%)]

1 2 3 6
10 wt % Pd/Fe,0,” 68 41 4 7
5 wt% Pd/Fe,0, 87 57 10 8
2 wt% Pd/Fe,0, 100 34 13 5
2 wt% Pd/Fe,0,® 71 32 1 6
2 wt% Pd/Fe,0," 66 37 1 5
10 wt % Pd/C* 22 5 0 6

[a] Reaction conditions: furfural (0.40m) in 2-propanol (40 mL) under N,
atmosphere and 180°C. Conversion and yield values were ascertained at
the end of the reaction after 7.5 h. [b] 165 °C. [c] 150°C.
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As can be seen in Figure 1, 2 wt% Pd/Fe,0; demonstrated
the highest activity in the catalytic transfer hydrogenation. We
attribute the trend in catalytic activity to the morphology
adopted by Pd particles and their interaction with the hema-
tite (Fe,0;) support. The activation of O—H in H-donors is likely
to require intimate contact between Pd and Fe species. The
oxophilic nature of Fe®¥ promotes coordination of the oxo-
functionality, promoting activation of the O—H bond. STEM
measurements confirmed that Pd forms nano-crystalline struc-
tures with a particle size of 1-6 nm (Figures $S9-12). Likewise,
the support formed crystallites on a nanoscopic scale. With in-
creasing loading and a general tendency towards formation of
larger Pd agglomerates, the proportion of Pd atoms in direct
proximity to the support is reduced. Furthermore, the selectivi-
ty towards MeF decreased while the furan selectivity increased
with increasing Pd loading. The activity of Pd in the cleavage
of C—C bonds (decarbonylation) is well described in literatur-
e.5"9 We thus expected a higher selectivity towards furan with
increasing Pd loading, that is, Pd particle size. The premise of
decarbonylation occurring primarily on Pd sites is confirmed
by the determined activation barrier. The measured activation
barrier of E,;=16.84+1 kcalmol™' (Figure S7) is in good agree-
ment with that reported, 17 kcalmol™' over Pd."” Additionally,
an experiment utilizing commercial 10 wt% Pd/C delivered
furan and FA with 30% and 24 % selectivity, respectively. No
products of the hydrogenolysis reaction could be detected. It
was recently suggested that Pd exhibits no stand-alone activity
in the hydrogenolysis of FA.'” However DFT calculations indi-
cate that the C—O cleavage of FA over Pd-Fe sites may occur
with an activation barrier of 23 kcalmol~"."” The reported acti-
vation energy is in good agreement with that determined,
E,,=22.6+1 kcalmol™ (Figure S5)."" It is, therefore, believed
that the reactivity behavior of Pd/Fe,O; in the hydrogenolysis
of FA is based on strong interactions between Pd and the sup-
port. The determined activation energy for the transfer hydro-
genation yielding FA was E,;=11.24 1 kcalmol ™.

Transfer hydrogenolysis of FA

To gain a better understanding of the reaction dynamics occur-
ring in the hydrogenation of furfural and subsequent hydroge-
nolysis to MeF, we focused our attention on investigating the
C—O cleavage over different metal catalysts, loadings, and sup-
ports. The transfer hydrogenolysis of FA over Pd/Fe,0; occurs
at temperatures as low as 150°C. Initial experiments were, as
before, conducted in an autoclave which was charged with FA,
an internal standard, 2-propanol, and the catalyst. Both
10 wt% Cu/Fe,O; and 10 wt% Ni/Fe,O; showed limited-to-no
activity in the hydrogenolysis of FA. In comparison with previ-
ous experiments, the catalytic transfer hydrogenolysis of FA
over Pd/Fe,0; yielded notable amounts of ring-hydrogenated
products (Table 3).

The catalytic transfer hydrogenation/hydrogenolysis utilizing
10 wt% Pd/Fe,0; formed THFA, MeF, and THMeF with 11%,
21%, and 28% selectivity, respectively. Figure 3 demonstrates
the sequential transformation of FA to MeF, which is further
hydrogenated to yield THMeF. As confirmed in a separate ex-
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Table 3. Catalytic transfer hydrogenolysis of FA over different catalysts.
Catalyst Conversion [%] Yield [%]

1 4 5 7
10 wt% Cu/Fe,0,™ 7 1 0 0
10 wt % Ni/Fe,0," 9 0 <1 <1
10 wt% Pd/Fe,0;® 100 21 28 1
2 wt% Pd/Fe, 0, 99 31 9 17
2 wt% Pd/Fe,0,® 95 42 5 24
2 wt% Pd/Fe, 0, 69 39 2 33
1 wt% Pd/Fe,0,” 99 35 9 25
10 wt% Pd/C® 7 5 0 0
10 wt% Pd/Al,0, 10 8 0 0
10 wt% Pd/MgO 13 2 0 0
[a] Reaction conditions: FA (0.40 M) in 2-propanol (40 mL) under N, at-
mosphere and 180°C. Conversion and selectivity values were ascertained
at the end of the reaction after 7.5 h. [b] 165 °C. [c] 150 °C.

periment, the THFA formed in parallel shows no further reactiv-
ity in the hydrogenolysis to THMeF.

As mentioned previously, the occurrence of ring hydrogena-
tion products may be explained by the tendency of furfural de-
rivatives to coordinate to Pd through the m-system of the
furan ring. The fact that THFA does not undergo hydrogenoly-
sis suggests that the presence of the m-system is essential for
the formation of the transition state yielding MeF. To reduce
the formation of ring-hydrogenated products that promote ex-
cessive hydrogen consumption, we investigated the reactivity
behavior of different Pd loadings. At lower Pd loadings, we ob-
served a reduced tendency of MeF to undergo ring hydrogena-
tion (Figure S3). Various studies have indicated that the hydro-
genation of unsaturated hydrocarbons over Pd exhibits a de-
crease in specific activity with increasing metal dispersion, es-
pecially over small particle sizes.?” It is, therefore, possible that
the increased formation of ring-hydrogenated products over
higher Pd loadings may be a direct consequence of the pres-
ence of larger particle sizes (Figures S9-12). Table 3 provides
a summary of the results obtained for the hydrogenolysis of
FA over various metal catalysts. The low activity of Pd/C, Pd/
MgO, and Pd/Al,O; in the catalytic transfer hydrogenolysis fur-
ther supports the hypothesis that the reactivity of Pd/Fe,O,
arises from a strong metal-support interaction. Similar conclu-
sions have been established by Huber et al. who attributed the
extraordinary activity of Pd/Fe;O, in aqueous phase reforming
of ethylene glycol to the synergistic effect of Pd nanoparticles
and magnetite (Fe;0,)."® We emphasize that a blank experi-
ment employing only the Fe,O; support showed no activity to-
wards formation of MeF.

Donor capability of different alcohols

The coupling of the transfer hydrogenation/hydrogenolysis re-
action with a specific donor allows for efficient production of
the carbonyl form of the alcohol as a side product of the pro-
cess. To examine the donor capabilities of alcohols, primary
and secondary alcohols with different carbon chain lengths
were tested. It was found that donor capability decreases with
carbon-chain length of the alcoholic species, and, in particular,
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Table 4. Catalytic transfer hydrogenolysis with different alcohol donors.”

Donor Product Conversion [%] Yield [%]
(2) (3+4)

OH o)

Py L 9 ¥

HO A~ O~ 52 45
OH o)

)\/ )J\/ 97 49

HO o™ 27 48

[a] Reaction conditions: FA (0.40m) in alcohol (40 mL) under N, atmos-
phere and 180°C. Conversion and selectivity values were ascertained at
the end of the reaction after 7.5 h.

with degree of substitution of the alcohol. Of the tested alco-
hols, 2-propanol demonstrated the highest activity (Table 4).
These findings are in agreement with the literature, which gen-
erally reports that secondary alcohols have a higher tendency
to release hydrogen than primary alcohols.™

Transfer hydrogenation/hydrogenolysis of furfural under
continuous flow conditions

For further optimization/intensification of the obtained yields
in MeF, as well as testing of the catalysts stability, we pro-
gressed to studying the transfer hydrogenation/hydrogenolysis
of both furfural and FA in a continuous-flow reactor. In com-
parison with conventional batch reactors, continuous-flow re-
actors provide a number of advantages including improved
productivity, enhanced heat and mass transfer, and smaller re-
actor volumes.’ The reactor system consisted of a HPLC
pump that introduced the liquid feed (0.40m furfural or FA, 2-
propanol, and an internal standard), into a stainless steel tubu-
lar reactor (46 mm internal diameter). The pressure over the
system was controlled through a back-pressure regulator in-
stalled at the outlet of the reactor.

The reactor was densely packed with the 2 wt% Pd/Fe,0,
catalyst diluted with quartz (ratio of 25:75 by weight). Figure 4
shows the concentration profiles in the transfer hydrogena-
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Figure 4. Continuous transfer hydrogenation/hydrogenolysis of furfural.
Reaction conditions: furfural (0.40 m) in 2-propanol with Pd/Fe,0; (2.5 g,

2 wt%) at 25 bar pressure and 180 °C. Conversion: furfural; yields: FA, MeF,
THMeF.
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tion/hydrogenolysis of furfural under these continuous flow
conditions. Unlike in previous batch experiments, we obtained
notable amounts of ring-hydrogenated products of MeF and
FA. In previous batch experiments, these had only been detect-
ed in trace amounts when employing furfural as substrate.
At the longest residence time, MeF, THMeF, THFA, and furan
were formed with 19%, 21 %, 29%, and 2% vyield, respectively.
At intermediary residence times, FA is obtained with 70% se-
lectivity at 81% conversion. The accelerated formation of hy-
drogenolysis and ring-hydrogenated products indicates the
presence of a competitive adsorption equilibrium between dif-
ferent species in the reaction system. In fact, Figure 4 indicates
that the formation of MeF is inhibited as long as furfural is
present in the system. DFT calculations suggested that the
heat of adsorption of furfural on noble metals is significantly
larger than that of FA and MeF.**<'”! This suggests that the
catalyst surface is effectively saturated with furfural until near
completion of the transfer hydrogenation, at which point the
adsorption and hydrogenolysis of FA is accelerated. Figure 4
shows that the formation rate of MeF is drastically accelerated
as furfural conversion approaches 100%. The same observation
applies to the formation rate of THFA. Conducting the transfer
hydrogenation/hydrogenolysis at lower substrate concentra-
tions (0.12wm furfural), promotes a significant enhancement in
yield of MeF and THMeF to 62%. MeF, THMeF, THFA, and furan
were formed with 26%, 36%, 24%, and <1% selectivity.
During operation of the system at near-full conversion, the
evolution of notable gas amounts is observed. We attribute
the gas evolution to the continued dehydrogenation of 2-
propanol.

The continuous-flow transfer hydrogenolysis of FA exhibited
a significant enhancement in the yield: 76% of MeF as com-
pared with 31% under batch conditions. Furthermore, the for-
mation of ring-hydrogenation products was reduced to 4%
yield in THFA and 2% THMeF. The lower yield in ring-hydroge-
nation products of MeF, as compared with batch experiments,
is explained by the reduced contact time with the catalyst.

To determine the presence of competitive adsorption equi-
librium between furfural and FA, and its effect on the forma-
tion of MeF and THFA, we conducted a continuous-flow ex-
periment in which the feed was enriched incrementally with
furfural. To the initial feed of 0.40m FA in 2-propanol, was
added 1 mol% furfural and, subsequently, 5 mol% (total) furfu-
ral (based on moles of FA). Upon addition of 1 mol% furfural,
the yield in MeF decreased from 60% to 57 %. Further addition
of furfural up to a total of 5 mol% promoted a further reduc-
tion in the yield to 49%. After switching the feed again to
pure FA, the system exhibited a lag time of 40 min until the
yield in MeF again approached its starting value. The reversibil-
ity of the process is a further indication of the presence of ad-
sorption equilibrium. With the use of the continuous-flow reac-
tor setup we also conducted a stability test of the catalyst
under reaction conditions over 47 h (Figure S8). Under reaction
conditions, the catalyst exhibited an initial activity achieving
50% conversion in furfural. After 20 h, furfural conversion had
decreased to 40%, at which it stabilized for the remainder of
the measurement interval.
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Transfer hydrogenation/hydrogenolysis of HMF under con-
tinuous flow conditions

The transfer hydrogenation/hydrogenolysis of HMF (9,
Scheme 3) was conducted in a continuous-flow reactor setup.
The deoxygenation reaction of HMF proceeds via the inter-

HO OH
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0 OH HO
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Scheme 3. Reaction pathway for the catalytic transfer deoxygenation of
HMF.

mediate BHMF (10), which undergoes hydrogenolysis to DMeF
(13). DMeF may undergo ring hydrogenation, forming 2,5-di-
methyltetra-hydrofuran (THDMeF, 14) At low residence times
and temperatures, we detected 5-methylfuran-2-carbaldehyde
(11) as well as (5-methylfuran-2-yl)methanol (12), which origi-
nate from the transfer hydrogenation and transfer hydrogenol-
ysis of HMF.

The deoxygenation of HMF yielded 72% DMeF. Under the
chosen reactions conditions (catalyst loading, residence times),
the yield in THMeF was below 1%. However, at significantly
longer residence times, DMeF readily undergoes ring hydroge-
nation to form a mixture of (25,55)- and (2R,55)-2,5-dimethylte-
trahydrofuran. At short residence times and lower tempera-
tures (150°C), the intermediate BHMF is obtained with 70% se-
lectivity at 50% conversion (Figure 5).

100 W& HMF
80
o DMeF
60
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0- BHMF
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retention time / min
Figure 5. Continuous flow transfer hydrogenolysis of HMF. Reaction condi-

tions: HMF (0.12 m) in 2-propanol with Pd/Fe,0; (1.6 g, 2 wt%) at 25 bar
pressure and 180 °C. Conversion: HMF; yields: DMeF, BHMF.
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Conclusions

The high proportion of oxy functionalities in biomass-derived
platform molecules requires efficient methods for selective de-
oxygenation. In situ reduced Pd catalysts supported on Fe,O;
allow for the transfer hydrogenation/hydrogenolysis of furanic
aldehydes, utilizing alcohols as hydrogen donors. The forma-
tion of hydrogenation, hydrogenolysis, decarbonylation, and
ring-hydrogenation products from furfural was demonstrated
to exhibit a strong dependence on the employed metal. Unlike
in the case of Pd, complete reduction of Cu and Ni species is
not accomplished under the chosen reaction conditions. None-
theless transfer hydrogenation/hydrogenolysis of furfural over
Cu and Ni catalysts yielded FA with high selectivity (75% and
73%) at low conversion. Pd/Fe,O; exhibited extraordinary ac-
tivity in the further hydrogenolysis to MeF, but also in the for-
mation of ring-hydrogenation and decarbonylation products.
The reactivity of Pd/Fe,0; in C—O cleavage reactions was at-
tributed to a strong metal-support interaction. The activity
and selectivity in the formation of FA, MeF, and furan showed
a strong dependence on the Pd loading. 2 wt% Pd/Fe,O; dem-
onstrated the highest activity in transfer hydrogenation to fur-
fural and selectivity towards formation of MeF. Under continu-
ous flow conditions, an improved combined yield of MeF and
THMeF of 40% was obtained. The yield was further increased
to 62% when employing lower substrate concentrations. The
continuous hydrogenation/hydrogenolysis of HMF showed
a high selectivity towards either BHMF or DMF depending on
the residence time and the temperature. Additionally, the ac-
tivity Pd/Fe,0;, after a short decrease in conversion at the be-
ginning, remained stable over 47 h.

Experimental Section

Furfural (Acros Organics, 99 %), FA (Aldrich, 98 %), tetrahydrofurfuryl
alcohol (Fluka, >99%), furan (Aldrich, 98%), 5-(hydroxymethyl)fur-
fural (Sigma, 99%), and 2,5-bis(hydroxyl-methyl)-furan were quanti-
fied against dodecane as internal standard by using GC (HP-FFAP
column, FID). 2-methylfuran (TCl, >98%), 2-methyltetrahydrofuran
(Acros, 99%), tetrahydrofuran (Acros, 99%), 2,5-dimethylfuran
(Sigma, 99%), and 2,5-dimethyltetrahydrofuran (Aldrich, cis-trans,
98%) were quantified by GC equipped with a HP-5 column and
FID detector.

Synthesis of BHMF

NaBH, (1.2 g, 32 mmol) was slowly added to 5-(hydroxymethyl)fur-
fural (2.0 g, 16 mmol) dissolved in dry methanol (16 mL) at 0°C.
The reaction was stirred at room temperature for 15 min, after
which the methanol was evaporated under vacuum. Distilled water
(4 mL) and 2m HCl (5 mL) was added to the residue, which was
subsequently extracted with 7x 10 mL ethyl acetate. The organic
phase was dried over MgSO,,. After removal of ethyl acetate under
reduced pressure, 2,5-bis(hydroxymethyl)furan was obtained as
a yellowish solid (0.65 g, 55 %).
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Catalyst synthesis

Cu/Fe,0; and Ni/Fe,0; catalysts were prepared by co-precipitation
in aqueous solutions of Cu(NO,),,3H,0 or Ni(NO,),,6H,0, and
Fe(NO;);:9H,0. Na,CO; was gradually added to a metal precursor
solution (0.10 M) containing Fe(NO5);-9H,0, under vigorous stirring,
until the pH of the solution reached 9. After precipitation, the sus-
pension was maintained at room temperature for 1 h while stirring.
The precipitate was washed with 6x 1 L distilled water and dried
under air flow. The catalyst was then stored for 12 h at 110°C
under air. Pd/Fe,0; catalyst with different loadings was synthesized
by insitu generation of [PdCI])*> and co-precipitation with
Fe(NO,);:9H,0. PdCl, was dissolved in HCl (37 wt%) to generate
a 0.10 m solution. The solution was diluted with water (30 mL) and
Fe(NO;);-9H,0 was added. Na,CO; was added until the solution
reached a pH of 9, at which it was maintained for 1 h. The precipi-
tate was washed with 6x1 L distilled water, dried under air flow,
and stored at 110°C for 12 h. For synthesis of catalysts with differ-
ent loadings, the amount of PdCl, added to the solution was ad-
justed. Mg(NO,),,6 H,0 and AI(NO,);-9H,0 were used as precursors
for the synthesis of Pd/MgO and Pd/Al,O;.

For the synthesis of 2 wt% Pd/Fe,0;, PdCl, (0.18 g, 1 mmol) was
dissolved in HCl (37 wt%, 9.3 mL) and diluted with H,O (30 mL).
After complete dissolution, Fe(NO);:9H,0 (259, 62 mmol) was
added to the solution under vigorous stirring. Through gradual ad-
dition of solid Na,CO; (28 g, 265 mmol) precipitation was induced.
Subsequently, the suspension was stirred at room temperature for
1 h, washed with 6x1 L distilled water, dried under air flow and
stored at 110°C for 12 h.

Batch experiments

The transfer hydrogenation/hydrogenolysis reactions were per-
formed in 100 mL Parr stainless steel autoclaves equipped with
PEEK (polyetheretherketon) inserts. In a typical experiment, the re-
actor was charged with furfural (or FA) (1.50 g), dodecane (0.3 g),
2-propanol (40 mL), and Pd/Fe,O; (2 wt%, 500 mg). The reactor
was purged thoroughly with N,, and finally pressurized to 15 bar.
The reactor was brought to the desired temperature by means of
a heating jacket.

Continuous flow experiments

The tubular reactor (4.6 mm inner diameter) was densely packed
with a 25 wt% mixture of 2wt% Pd/Fe,0O; catalyst diluted with
quartz (0.1-0.2 mm diameter, void fraction 0.55). The inlet of the
reactor was connected to an HPLC pump, and the outlet to
a back-pressure regulator. Prior to immersing the reactor in a silicon
oil bath, the liquid feed was pumped into the reactor at a rate of
0.40 mLmin™" over 15 min. After pressurizing the reactor to 25 bar
to prevent evaporation of the solvent, the reactor was heated to
180 °C. Before beginning sampling, the reactor was maintained at
180°C while pumping feed at 0.40 mLmin™" for 1 h to ensure acti-
vation of the catalyst.

Catalyst Characterization

The chemical composition of Cu/Fe,0;, Ni/Fe,O;, and Pd/Fe,0O; cat-
alysts was characterized by inductively-coupled plasma optical
emission spectroscopy (HORIBA Ultra 2). The solid samples were
prepared by dissolution in 37 wt% HCI. The determined weight
percents were as follows: 10 wt% Cu/Fe,05: 8.62%; 10 wt% Ni/
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Fe,0,: 7.36%; 2wt% Pd/Fe,05:1.96%; 5wt% Pd/Fe,05: 4.97%;
10 wt% Pd/Fe,0,: 9.61%.

Results of CHN elemental analysis (LECO CHN-900) of the as-pre-
pared catalysts were as follows: 10wt% Cu/Fe,O; (C:0.07%
H:0.15% N:0.06%), 10 wt% Ni/Fe,0; (C:0.03% H:0.09% N:0.07 %),
10 wt% Pd/Fe,0; (C:0.05% H:0.12% N:0.06)

CO-adsorption and H,-TPR of catalysts was performed using
a THERMO TPDRO 1100. The active surface area (S,,) of 2 wt% Pd/
Fe,0; was measured based on CO desorption assuming a CO/Pd
stoichiometry of 1 and a surface area of 7.87x10°*m* per Pd
atom.”" H, adsorbed on the surface of the catalyst after reduction
was removed through heating the sample under N, at 130°C for
1 h. After cooling to 35°C, CO pulses were injected until the peak
areas of the consecutive CO pulses were constant.

XPS analysis was performed using a Phi5000 VersaPhobe spectrom-
eter (ULVAC-PHI, INC.) equipped with a 180° spherical capacitor
energy analyzer. Spectra were acquired at a base pressure of
5x107%Pa by using a focused scanning monochromatic AlK,
(1486.6 eV) X-ray source.

The microstructure of the catalysts was observed by means of a Hi-
tachi HD2700CS STEM (aberration-corrected dedicated STEM, cold
field-emission source, 200 kV).
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