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ARTICLE INFO ABSTRACT

Keywords: Furfural derivatives are promising bio-based platform molecules for the sustainable production of fuels and
Hydrogenation chemicals, yet their selective hydrogenation remains highly sensitive to catalyst choice. Here, we combine
Catalysis density functional theory (DFT) calculations with kinetic experiments to elucidate the mechanisms governing the
FDlll:rFl;ural hydrogenation of a furfural-derived a,p-unsaturated ketone, (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one, over Pd
Biomass and Pt catalysts. Periodic DFT calculations on Pd(111) and Pt(111) surfaces reveal low activation barriers for

a-hydrogenation of the chain C—=C bond on both metals, in agreement with the rapid and selective formation of
the partially hydrogenated product observed experimentally. In contrast, hydrogenation of the furan ring is
strongly metal-dependent. Over Pd(111), ring hydrogenation proceeds with relatively low barriers and limited
charge accumulation on the ring carbons, enabling efficient conversion to the fully hydrogenated product. Over
Pt(111), however, ring hydrogenation is associated with higher activation energies, significant positive charge
accumulation, and weaker adsorption of hydrogenated ring intermediates.

Kinetic experiments over supported catalysts reveal distinct reaction regimes consistent with these predictions.
While Pt catalysts exhibit transient formation of the fully hydrogenated product at early reaction times, the
subsequent evolution of product yields is non-monotonic, reflecting reversible surface-mediated interconversion
between partially and fully hydrogenated adsorbates in the presence of adsorbed hydrogen. At longer reaction
times, secondary reactions further suppress net ring hydrogenation on Pt. Overall, this work demonstrates that
charge redistribution and adsorption strength jointly control hydrogenation selectivity in furfural derivatives and
provides mechanistic descriptors for the rational design of catalysts for biomass upgrading.

1. Introduction

Furfural derivatives have long been recognized as valuable in-
termediates owing to their renewable origin and versatile reactivity.
Efficient synthetic routes for obtaining furfural from lignocellulosic
waste have been available for nearly a century [1,2], making it an
attractive precursor for manufacturing commodities, specialty chem-
icals, and fuels [3-10]. Furfural readily undergoes transformations
involving its carbonyl group and furan ring, including Diels-Alder
[11,12], Friedel-Crafts [13,14], and oxidation to maleic acid and its
derivatives [15]. These reactions underpin its role as a precursor to
numerous valuable compounds in the pharmaceutical [16,17] and
agrochemical sectors [18]. The amenability of these compounds to
oxidation and hydrogenation reactions has been readily exploited by
organic chemists, leading to the development of industrial syntheses for
valuable platform chemicals. Notable examples include tetrahydrofuran
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(a solvent and polymer precursor) [19-21], dimethylfuran (a high-
octane biofuel) [22,23], 5-aminolevulinic acid (a biodegradable herbi-
cide and medical imaging agent) [24-26], and 5-hydroxymethylfurfural
(HMF), a versatile platform chemical with a litany of uses in the phar-
maceutical and food industries [27-30]. Recent progress in bio-based
polymer chemistry has further expanded the scope of furfural de-
rivatives [31]. HMF can be readily oxidized to 2,5-furandicarboxylic
acid (FDCA) [32,33], a renewable precursor to polyethylene tere-
phthalate (PET) [34], while furfural can be oxidized to succinic acid
[35,36]. Lomeli-Rodriguez et al. [37,38] developed FDCA-succinic acid
biogenic copolymers for coatings. While PET remains the industry
standard for the plastic packaging of soft drinks, FDCA can also undergo
polycondensation to polyethylene furan-2,5-dicarboxylate (PEF) [39], a
fully recyclable, heat-resistant plastic being investigated as an eco-
friendly alternative to PET [40].

The aldol condensation reaction of furfural with a ketone, combined
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Scheme 1. The hydrogenation routes of ALD-1. Over Pt/Al,O3, the chain C=C
bond is the only site that readily undergoes hydrogenation (ALD-2, orange), but
over Pd/Al,03, both the chain and ring sites are hydrogenated (ALD-3,
blue) [42,49].

Table 1
Calculated adsorption energies of furfural and ALD-1 at the RPBE-D3(0) level
against PBE and PBE-D3(0) values from the literature.

Eags Pd(111) (kI mol™")  Pt(111) (kJmol™!)  References
Furfural, RPBE-D3(0) -244.1 -101.3 This work
ALD-1, RPBE-D3(0) -230.3 -179.5 This work
Furfural, PBE -89.7 -102.3 [61]
Furfural, PBE-D3(0) -190.1 -197.8 [61,62]
Furfural, experimental -164.0 -56.0 [65,77]

with one or more sequential reactions (e.g. hydrogenation, reductive
amination), has been proposed as a strategy to access biofuels, bio-
solvents, and biosurfactants with controllable carbon molecular weight
[23,41,42]. These transformations require two or more steps that can be
carried out either in sequential catalytic reactors or in a single reactor in

-
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a one-pot fashion, combining different catalysts or a multi-site catalyst,
avoiding the separation of intermediates and reducing waste. Sequential
[8,43-45] and one-pot [5,10,46,47] reactions have been developed
targeting the synthesis of branched alkanes as jet fuels and monomers
for polyester and epoxy resins, starting from the aldol condensation
reaction of furfural with a ketone, followed by hydrodeoxygenation
(HDO) at solvent-free conditions.

One-pot reactions have been reported for manufacturing furan- and
THF-derived alcohols and amines by the aldol condensation/crotoni-
zation reaction of furfural with ketones, followed by hydrogenation with
Hy [3,6,9] or reductive amination with NHs and Hj, respectively
[42,48]. For instance, the ketone (E)-1-(furan-2-yl)-5-methylhex-1-en-3-
one (ALD-1) can be synthesized directly from furfural by the aldol
condensation/crotonization with methyl isobutyl ketone (MIBK). As
shown in Scheme 1, the hydrogenation of ALD-1's conjugated ring sys-
tem proved to be highly selective [42,49]. The C=C double bond on the
branching chain of ALD-1 was reduced over both Pd and Pt, generating
ALD-2. However, subsequent hydrogenation of ALD-2's ring system to
ALD-3 was catalyst dependent. Over Pd, catalysis proved to be highly
selective towards ALD-3. Even at temperatures as mild as 80 °C, the
furan ring was fully hydrogenated, with conversion reaching 100%
within hours. Over Pt, meanwhile, catalytic activity and selectivity to-
wards ALD-3 was poor, resulting in ALD-2 being the dominant product.

To rationalize the divergent catalytic behavior of Pd and Pt catalysts
towards hydrogenation of the furan ring of ALD-1, we constructed
thermodynamic and kinetic energy profiles of all possible ALD-1 hy-
drogenation paths over periodic slab models of Pd(111) and Pt(111);
facets that have been shown experimentally [50-52] and computa-
tionally [53,54] to be particularly active for hydrogenation. A
Langmuir-Hinshelwood type mechanism was assumed based on the
experimental observations of hydrogenation over the transition metal
catalysts [55-57]. Intermediates were generated for each product by
reducing the substrate with one H atom at a time to ensure the

Pd a) Pd: ALD-1
n d(Pd-Ocareonyt) 3.00 A
d(Pd-Ognc) 2.89A
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Fig. 1. Binding conformations of ALD-1 over (a) Pd(111) and (b) Pt(111).
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Fig. 2. Binding conformations of furfural over (a) Pd(111) and (b) Pt(111).

c

Scheme 2. Schematic representation of the intermediates associated with the chain hydrogenation of ALD-1 to ALD-2.

construction of a systematic and physically accurate picture of the re- 2. Methods
action profile.
2.1. Computational details

Density functional theory (DFT) models of all possible ALD-1
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Fig. 3. The energy profile for the chain hydrogenation of ALD-1 over Pd(111) (blue) and Pt(111) (orange). Transition states between minima are marked with
colored circles. Insets are the schematic representations of ALD-1 co-adsorbed with two H adatoms (left) and adsorbed ALD-2 (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

hydrogenation intermediates over Pd(111) and Pt(111) were calculated
using the Vienna Ab-Initio Simulation Package (VASP) [58] under the
constraints of the generalized gradient approximation (GGA) at the
RPBE-D3(0) level [59,60]. In line with previous computational studies
of furfural adsorption [61,62], the zero-damping D3 correction (D3(0))
of Grimme et al. [60] led to mild overbinding for both Pd(111) and Pt
(111). While furfural’s conformational geometry was effectively un-
changed by introducing the dispersion correction, the same cannot be
said about the energetics of the transition states associated with hy-
drogenation, which can be modelled to a far higher degree of accuracy
with the inclusion of D3(0) [60,61,63,64]. In addition, the model ne-
glects solvation effects, although as reported by Yu et al in their
experimental study of Pd-catalyzed furfural hydrogenation [65], stabi-
lizing solvation effects from neighboring hydronium ions can decrease
furfural’s enthalpy of adsorption by as much as 100 kJ mol . As both
furfural and ALD-1 are experimentally known to readily adsorb to both
metals [42,61] and the geometry of adsorbates remained effectively
unchanged when D3(0) dispersion corrections were introduced into our
calculations, we kept them at the compromise of over-binding, thus
ensuring that the activation energy barriers for all reactions on the
surface were as accurate as possible.

The Brillouin zone was sampled with a 3 x 3 x 1 Monkhorst-Pack
mesh [66]. All atoms were modelled using projector augmented wave
(PAW) potentials [67,68]. The plane-wave cutoff energy was set to 500
eV, the ionic convergence threshold to 0.03 eV//oX, and the electronic
convergence threshold to 1 x 107> eV. Catalyst surfaces were modeled
asp(6 x 6 x 6) slabs separated by a 15 A vacuum layer along the z-axis.
To improve convergence, the bottom three layers were frozen at the
bulk-optimized lattice, and both lateral interactions and coverage effects
were neglected due to the size of ALD-1 and its derivatives. Due to its
strong performance in prior reviews of charge partition schemes
[69,70], net atomic charges were calculated via DDEC6 population
analysis on the optimized structures, as implemented in CHARGEMOL
[71-74].

Transition states associated with each hydrogenation step were
identified using the improved dimer method [75,76]. Initial guess
structures were constructed by linearly interpolating the positions of the
atoms from the coordinates of the optimized intermediates. These
structures were then subjected to vibrational analysis to identify the
dimer axis, a vector along the potential energy surface (PES) corre-
sponding to an imaginary vibration mode associated with the transition
state. Constrained optimization was carried out along the dimer axis
until a transition state was identified with a trial step size of +0.01 A. All

optimized structures were then subjected to a second round of vibra-
tional analysis to confirm the presence of a single order saddle point on
the PES. Adsorption energies (E4;) of the surface species were calculated
as follows:

Eqas = Ex- —E« —Ex €8]

where Ex- is the ground state energy of species X bound to the surface, E«
is the ground state energy of the naked surface, and Ex is the ground
state energy of X in the gas phase.

2.2. Experimental details

2.2.1. Materials

Furfural (99%), methyl isobutyl ketone (MIBK) (>98.5%), and
Amberlyst® A26 Ion Exchange resin (16-50 mesh), and 5%Pd/Al;,03
(103 m?/g), 5%Pt/Al,05 (108 m?/g), 5%Pd/C (898 m?/g), and 5%Pt/C
(800 rnz/g) catalysts were supplied by Sigma Aldrich. Ha (99.99%) was
procured from British Oxygen Company).

2.2.2. Synthesis of ALD-1

In order to obtain the substrate (E)-1-(furan-2-yl)-4-methylpent-1-
en-3-on (ALD-1), furfural (10.4 mmol), and MIBK (100.0 mmol) were
reacted over A26 at 120 °C for 2 h in a 35 mL sealed glass reactor tube.
Excess MIBK was removed by rotary evaporation, giving (E)-1-(furan-2-
yD)-4-methylpent-1-en-3-one (ALD-1) with 96% yield. The purity
measured by gas chromatography was 97.5%.

2.2.3. Catalytic hydrogenation tests

ALD-1 hydrogenation over Pd/Al;O3 or Pt/Al;O3 catalysts was car-
ried out in a 50 mL stainless steel autoclave (DG Innovative Engineering
Design Solutions). Before the tests, the catalysts were reduced at 200 °C
in a Hy/Ar atmosphere for 4 h. At the start of each test, the catalyst (66
mg), ALD-1 (3.2 mmol), and MIBK (59.3 mmol) were added to the
autoclave. The reactor mixture was flushed with Hy and pressurized to
20 bar at room temperature. The mixture was then heated to 180 °C and
the reaction was conducted at variable times (from 1 to 18 h) under
magnetic stirring (800 rpm). After each run, the reactor was depres-
surized, cooled to room temperature, and the catalyst was removed by
centrifugation. The unconverted reactants and products were analyzed
by gas chromatography using an Agilent 7890A GC equipped with a CP-
Wax 52 C8 column and a flame ionization detector (FID). The column
was programmed with a 3 °C-min ! initial ramp from 80 °C to 100 °C,
followed by a 50 °C-min~! ramp to 300 °C, holding this temperature for



M. Quayle et al.

a) ALD-1 (g)

Fig. 4. DDEC6 charge analysis of ALD-1 (a) in the gas phase and adsorbed to
(b) PA(111) and (c) Pt(111). Carbon atoms with partial positive and negative
charges are highlighted in red and blue, respectively. Inset charge values are
given in units of |e”|. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

3 min. The ALD-1 conversion, selectivity, yield, carbon balance, and
catalytic activity were calculated as follows:

ALD-1 conversion (%) = (1 - %) x100 (2)
Darp-1
Selectivity, (%) = (0“4> x100 3)
Dprp-1 — DALD-1
. n;
Yield; (%) = ( 5 )xlOO 4
Darp-1
Carbon loss (%) = (1 - noALD'l L )xlOO 5)
Dpp-1 Darpa

where n$;p.; and nazp.; refer to the initial and final number of moles of
ALD-1, n; is the number of moles of the i th product, and mgq is the
catalyst loading. The ALD-1 conversion and selectivity to the different
products were reproducible to within 5%.

Formation of by-products was investigated wusing gas
chromatography-mass spectrometry (GC-MS) on a Q Exactive GC
Orbitrap GC-MS/MS (ThermoFisher) instrument (Source Type ESI, Scan
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Begin 50 m/z, Scan End 1000 m/z, Ion Polarity Positive) equipped with a
TG5 SILMS 30 m Column.

2.2.4. Catalyst characterization

ICP analysis and samples preparation. After weighing, samples were
digested with 5 mL reverse aqua regia in an Analytix Ethos Up microwave
system, with procedural blanks included. Digests were diluted to 50 mL
with ultrapure water. Prior to measurement, digests were typically
diluted 50-fold to bring analyte concentrations within the calibration
range. Elemental quantification was performed on an Agilent 7900 ICP-
MS operated in standard and single-particle (spICP-MS) modes. Cali-
bration was achieved using a six-point curve prepared from certified
reference materials in 2% HNO3 and 1% HCI (v/v). A certified internal
standard was continuously introduced online to correct for instrumental
drift and matrix effects.

Temperature-programmed reduction (Ha-TPR). The reducibility of the
catalysts was measured by Hy-TPR on a Micromeritics AutoChem II 2920
system equipped with a thermal conductivity detector (TCD) to monitor
changes in gas composition. The H,-TPR profiles were measured from 30
to 900 °C at a heating rate of 10 °C/min under a 5% Hy/Ar flow (40 mL
(STP)/min).

Thermogravimetric Analysis (TGA). Thermogravimetric measure-
ments were performed in a Thermal Analysis System TGA 4000 from
PerkinElmer equipped with a dynamic gas system. The sample (approx.
40 mg) was placed in an open alumina crucible and heated up to 800 °C
(5 °C-min~!) under a nitrogen atmosphere with a gas flow of 50
mL-min .

Transmission Electron Microscopy (TEM). The Pt/Pd distribution on
alumina and carbon supports were inspected by high-resolution trans-
mission electron microscopy (HR-TEM) using a JEOL 2100-JEM mi-
croscope at a 200 kV accelerating voltage. ImageJ software was used to
measure the average size of Pd and Pt nanoparticles on both catalysts
from particle size distributions using 150 nanoparticles. The metal
dispersion, D, was measured from the average particle sizes using the
expression

M 1 1

pi Nanr? dy ©

D(%) =6

where p; is the metal density, Ny is the Avogadro Number, 1; is the co-
valent radius of the metal and d, is the average size of metal nano-
particles measured by TEM, assuming spherical shape.

3. Results and discussion
3.1. Chain hydrogenation

Conformational analysis (Table 1) showed that ALD-1 adopted a
similar binding conformation over Pd(111) and Pt(111) through its ring
(Fig. 1) in a manner reminiscent of furfural (Fig. 2), with the alkyl chain
positioning itself away from the surface.

In the present work, ALD-1 was deliberately evaluated under gas-
phase, low-coverage conditions to isolate the fundamental adsorption
strength that governs initial adsorption and final desorption barriers in
vapour-phase reaction cycles. This means that the calculated adsorption
energies may be slightly overestimated compared to experimental re-
sults, such as calorimetric studies by Campbell and co-workers [78],
which demonstrate that the presence of water or other co-adsorbates can
significantly weaken the apparent adsorption energies of organic mol-
ecules on metal surfaces through competitive adsorption and solvent-
induced destabilization.

The labels and structures of the intermediates in the chain hydro-
genation process are given in Scheme 2. ALD-1 hydrogenation can occur
at four possible sites: the chain C—=C bond, the carbonyl group, and the
two C—C bonds of the furan ring system. Henceforth, we will refer to the
C2—C3 and C4—C5 bonds as the ortho and para hydrogenation sites,
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Fig. 5. Schematic representation of the optimized transition state structures for the initial chain hydrogenation through the o- and p-carbon over Pt(111).

respectively, in the remainder of this study.

The experimental work of Gao et al. [49] showed that ALD-1 hy-
drogenation proceeds first at the double bond of the acrylic group in the
chain. This hydrogenation also occurred preferentially in the presence of
ammonia [41]. Consequently, this bond was the first to be considered in
our analysis. As shown in Fig. 3, the total activation energy barriers for
chain hydrogenation over Pd(111) (E4, = +46.5 kJ mol™*) and Pt(111)
(E4 = +33.9 kJ mol ™) are both low and close to one another. The
activation energy barriers for f-hydrogenation over both Pd(111) (E4 =
+109.9 kJ mol™) and Pt(111) (E4 = +131.8 kJ mol™!) are more than
twice as large as the corresponding barriers for a-hydrogenation. Com-
parison of the activation energies results in kinetically favorable chain
hydrogenation in agreement with experimental observations.

The computational work of Jia et al. [79] on the hydrogenation of
acrylates found that a-hydrogenation is driven by the distribution of
partial charges across the molecule. DDEC6 population analysis of ALD-
1 in the gas phase confirmed this (Fig. 4a). Due to its vicinity to a
partially positive C=0 carbon (g = +0.44 e), electron density accu-
mulates at the a-carbon (¢ = —-0.23 e) to prevent the formation of a
localized positive charge on the chain. When ALD-1 binds to the catalyst
through its ring system, this buildup in electron density at the a-carbon
likely facilitates hydrogenation by H adatoms from the surface. To assess
this hypothesis, a second round of DDEC6 population analysis was
conducted on ALD-1 adsorbed to Pd(111) and Pt(111). As shown in
Fig. 4ab and c, the charge discrepancy between the vinyl carbons is
preserved over both Pd(111) and Pt(111). The localized negative charge
on the a-carbon was preserved over both catalysts, which strongly
suggests that the selectivity towards a-hydrogenation over Pd(111) and
Pt(111) is driven by the distribution of charge across the C—=C bond.

To determine the stability of radical intermediates, spin-polarized
single point energy calculations were conducted on the optimized Ba

and Bp structures. The magnetic moments of the Ba adsorbate atoms
were negligible (m < 0.005 ) over both Pd(111) and Pt(111). While a
small magnetic moment of 0.042 y; was observed on the a-carbon of the
A — Bp transition state over Pd(111), significant delocalization of an
unpaired electron was observed over Pt(111) between the a-carbon
(m = 0.351 yujp) and the oxygen of the carbonyl group (m = 0.182 ).
Although the ease with which radical species can delocalize likely
contributes to the marked stability of the Bp intermediate over Pt(111),
the absence of intermediates with radical character along the a-hydro-
genation pathway suggests that charge distribution is a stronger pre-
dictor of selectivity than radical stability.

In addition to being favored by the distribution of negative charge
across ALD-1, a-hydrogenation benefits from sterically favorable tran-
sition states. This is illustrated by the optimized transition states cor-
responding to the A — Ba and the A — Bf steps over Pt(111) (Fig. 5,
Table S1). While the interatomic distances between the carbon and the
migratory H atom are similar in both cases, the a-carbon can adopt a
favorable bond formation with an angle of 100.1°. In contrast, hydro-
genation can only be initiated at the f-carbon through an unfavorable
bond formation angle of 94.3°. While this barrier may be surmountable
at high temperatures, it is likely that an a-hydrogenation mechanism
dominates regardless of whether a Pd or Pt catalyst is used.

3.2. Ring hydrogenation

A comprehensive schematic of the intermediates associated with ring
hydrogenation is provided in Scheme 3. A complete list of intermediate
energies and activation energy barriers is provided in Table S2, which
leads to the reaction profile for ortho hydrogenation, as shown in Fig. 6.
The activation energy for ring hydrogenation is substantially lower over
Pd(111) (+69.1 kJ mol ") than over Pt(111) (+114.0 kJ mol ). In both
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Scheme 3. Intermediates associated with ring hydrogenation. H adatoms from dissociated H, are highlighted in pink.

)|
B2>Corio : +69.1 B D4->E: +42.8
Cormo>D4: +51.4
Zg B o
35 i o
X [
i — ‘ L
< A->B2: +57.6 B2: +32.0 +33
i i D4: -2.2
[ o H
Corrho : -10.8
o o o
\OI ey U\)\)\ W D4: -44.3 O/\/U\)\

Reaction coordinate

Fig. 6. Energy profile for ortho hydrogenation of ALD-2 over Pd(111) (blue) and Pt(111) (orange). Transition states between minima are marked with colored circles.
Inset are the schematic representations of ALD-2 co-adsorbed with four H adatoms (left) and adsorbed ALD-3 (right). Relative energies are in kJ/mol. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cases, the ortho hydrogenation is energetically favored over the para
hydrogenation. The preferred order of hydrogenation is B2, then Cog-
THO, then D4, then E.

A profile depicting the minimum energy path associated with para
hydrogenation is provided in Fig. 7. As with ortho hydrogenation, the
optimal order of carbon hydrogenation is identical regardless of the
catalyst: B5, then Cpagra, then D3, then E. The activation energy for para

hydrogenation over Pd(111) (E, +96.1 kJ mol™Y) is almost 40%
higher than the corresponding value for ortho hydrogenation. While the
energy difference between the routes is relatively large, it is plausible
that Pd-catalyzed para hydrogenation could compete with ortho hydro-
genation at the experimental operating temperature of 180 °C.

The large energy barrier associated with para hydrogenation over Pt
(111) (+208.3kJmol V) is likely insurmountable at 180 °C. It should be
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Fig. 7. Energy profile for para hydrogenation of ALD-2 over Pd(111) (blue) and Pt(111) (orange). Transition states between minima are marked with colored circles.
Inset are the schematic representations of ALD-2 co-adsorbed with four H adatoms (left) and adsorbed ALD-3 (right). Relative energies are in kJ/mol. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Optimized transition state structure for the hydrogenation of the para product to the intermediate D3 over Pt(111). Color scheme as in previous figures.

noted that if hydrogenation of the para product first takes place at
carbon-2 (Cpara — D2), the resultant activation energies for Pd(111)
(Ea = +314.1 kJ mol™*) and Pt(111) (E4 = +326.0 kJ mol™') become
rather insurmountable in mild conditions. The transition state corre-
sponding to the hydrogenation of carbon-3 over Pt(111) (Cpara — D3) is
given in Fig. 8. The migration of the H atom to the ring carbon is hin-
dered by an unfavorable angle of approach (70.6°), as well as the large
interatomic distance between carbon-2 (2.01 A) and the catalyst surface
(2.08 A).

As shown in Fig. 9a, carbon-2 (¢ = +0.21 e) displays the highest
partial positive charge of all the ring carbons in the gas phase due to its
vicinity to an electronegative O atom at the 1-position. Over Pd(111)
and Pt(111), all of the ring carbons become more positively charged due
to electrons in the n-system being donated into the d-orbitals of the
surface metal atoms. Unlike the chain C=C bond of ALD-1, the catalyst

choice has a marked effect on the polarization of ALD-2's ring carbons.
Over Pt, all the ring carbons become more positively charged; particu-
larly, carbon-2 (Aq = +0.07 e) and carbon-3 (Ag = +0.08 e). The
decrease in the degree of n-conjugation likely destabilizes ALD-2 and its
ring hydrogenation intermediates over Pt(111), as the ring system will
distort to accommodate the unequal distribution of electrons.

The data in Table S2 suggest that ortho hydrogenation is a “selectivity

bottleneck” that must be surpassed if the reduction of ALD-2’s ring
system is to be thermodynamically feasible. If carbon-3 is hydrogenated
first, even more electron density is siphoned away from the ring system,
further destabilizing the ring.

The extent to which positive charge accumulates at carbon-2 during
ortho hydrogenation was assessed by conducting a final round of DDEC6
charge analysis on the B2 — C and B3 — C transition states. Over both Pd
(111) and Pt(111) (Fig. 10a and c), hydrogenation at the 2-position leads
to a significant reduction in the localized positive charge. This situation
is greatly exacerbated over Pd(111) when carbon-3 is first hydrogenated
(Fig. 10b), leading to the generation of a highly positive partial charge
(g = +0.35 e) on carbon-2. Over Pt(111), a transition state for B3 — C
hydrogenation (Fig. 10d) can be identified with an effectively un-
changed carbon-2 partial charge from ALD-2 (Aq = -0.01 e), but this
preservation of further charge accumulation comes at the cost of
significantly distorting the bonds connecting carbon-2 to carbon-5 and
the hydrogenated o,B-chain (« = 128.3°). This disparity in the locali-
zation of the positive charge explains why the activation energy for B3
— C is significantly higher than the corresponding activation energy for
B2 — C over both Pd(111) and Pt(111). For both catalysts, the optimal
thermodynamic path begins with the initial hydrogenation of carbon-2,
which minimizes the accumulation of a point-positive charge and
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Fig. 9. DDEC6 charge analysis of ALD-2 (a) in the gas phase and adsorbed to
(b) Pd(111) and (c) Pt(111). Carbon atoms with partial positive and negative
charges are highlighted in red and blue, respectively. Figures given in units of
elementary charge. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

subsequent destabilization of the furan ring.

3.3. Overadll hydrogenation path

A profile of the minimum energy path for the total hydrogenation of
ALD-1 to ALD-3 is provided in Fig. 11. A complete table of energies for
each step of this profile is provided in Table S3. Our calculations reveal a
clear preference for ortho hydrogenation over both Pd and Pt, indicating
that the poor selectivity of Pt-catalysis towards ring hydrogenation is
due to steep energetic penalties associated with the accumulation of a
positive charge on the ring carbons. Following the adsorption of mo-
lecular hydrogen from the gas phase, a stark contrast can be observed in
the desorption energies of ALD-2 over Pd(111) (AE = + 246.4 kJ
mol 1 and Pt(111) (AE = + 192.8 kJ mol~1). As the addition of the D3
(0) dispersion correction has been shown to introduce mild overbinding,
the true desorption energies over both catalysts are likely lower than
DFT would suggest. It should be highlighted that elementary steps cor-
responding to adsorption and desorption are those with the largest po-
tential for error under the current computational scheme. However, the
sheer disparity in ALD-2's adsorption energies suggests that premature
desorption over Pt(111) contributes to its diminished selectivity towards
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3.4. Experimental validation

We measured the reaction kinetics for ALD-1 hydrogenation over Pd/
Al;03 and Pt/Al;O3 at 180 °C. The average particle sizes of Pd and Pt
nanoparticles were 4.3 and 2.3 nm, respectively (Figs. S1 and S2), cor-
responding to metal dispersions of 26% and 49%. Before reaction, the
catalysts were pre-reduced at 200 °C for 4 h. Under these conditions, Pd/
Al,03 was fully reduced, whereas for Pt/Al;O3, only Pt species weakly
interacting with the alumina support were intentionally reduced, as
evidenced by the H,-TPR profiles (Fig. S3).

As inferred by GC-MS analysis (Fig. S4), ALD-1 hydrogenation over
Pd/Al,03 yields ALD-2 and ALD-3 as the primary products. ALD-1 is
rapidly hydrogenated over Pd/Al;03 and is fully consumed after 5 min
(Fig. 12a). ALD-2 is the dominant product during the first 30 min, but it
fast converted into ALD-3, showing reaching a yield of 7% after 1 h and
100% selectivity after 2 h. ALD-3 remains stable under reaction condi-
tions for at least 18 h.

In contrast, the reaction proceeds more slowly over Pt/Al»O3, in
agreement with the higher activation energies predicted by DFT. The
time evolution of products over Pt/Al,O3 reveals two distinct kinetic
regimes (Fig. 12b). During the initial stage of the reaction, significant
amounts of ALD-3 are formed within the first few minutes, at levels
comparable to those observed over Pd/Al;0Os. Full ALD-1 conversion is
achieved after 1 h, and after 2 h, the yields of ALD-2 and ALD-3 reach
55% and 45%, respectively. This rapid initial formation of ALD-3 in-
dicates that furan ring hydrogenation is kinetically accessible on a
relatively clean Pt surface, where ALD-2 can transiently adopt configu-
rations favorable for ring hydrogenation. This rapid initial formation
indicates that furan ring hydrogenation is kinetically accessible on a
relatively clean Pt surface, where ALD-2 can transiently adopt configu-
rations favorable for ring hydrogenation. These observations confirm
the predictions from the calculations and are in good keeping with
previous observations [48].

At longer reaction times, however, the net formation of ALD-3 is
suppressed, and the yields of ALD-2 and ALD-3 evolve non-
monotonically despite the reaction being conducted under excess Hp.
In particular, the increase in ALD-2 yield accompanied by a decrease in
ALD-3 yield between 2 and 3 h after reaching full ALD-1 conversion does
not indicate gas-phase back-dehydrogenation of ALD-3, which would be
thermodynamically unfavorable under excess Hj. Instead, this behavior
is consistent with surface-mediated interconversion between adsorbed
ALD-2*and ALD-3* in the presence of adsorbed hydrogen (H*).

It is well established from surface science and catalytic hydrogena-
tion studies that, on Pt surfaces, adsorbed hydrogen can mediate
reversible hydrogen-transfer steps, including p-hydride elimination and
reinsertion, enabling interconversion between partially hydrogenated
and more hydrogenated adsorbates without desorption into the gas
phase [80,81]. Such behavior has been demonstrated for alkene/alkane
systems on Pt(111), where stepwise hydrogen addition and removal
occur through surface hydrogen shuttling, and for biomass-derived
furanics, where surface hydrogen coverage strongly alters the distribu-
tion of hydrogenation and hydrogenolysis pathways [77]. In this
context, matching our DFT results (Fig. 11), ALD-3* can undergo surface
rearrangement or partial hydrogen transfer to regenerate ALD-2%,
particularly on Pt surfaces where ring hydrogenation is associated
with significant charge accumulation and weaker adsorption.

This interpretation is fully consistent with our DFT results, which
show that while chain hydrogenation barriers are low on Pt(111), ring
hydrogenation is associated with substantially higher activation en-
ergies and significant positive charge accumulation on the furan ring
carbons. These electronic effects destabilize ring-hydrogenated in-
termediates and weaken their adsorption on Pt relative to Pd, favoring a
dynamic surface equilibrium rather than sustained net conversion to
ALD-3. Consequently, the early-time formation of ALD-3 reflects
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Fig. 10. DDEC6 charge analysis of a selection of ortho hydrogenation transition states: (a) B2 — C@Pd(111); (b) B3 - C@Pd(111); (c) B2 - C@Pt(111); (d) B3 —
C@Pt(111). Carbon atoms with partial positive and negative charges are highlighted in red and blue, respectively. Figures given in units of elementary charge. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Minimum energy path for the hydrogenation of ALD-1 to ALD-3 over Pd(111) and Pt(111). After binding to the catalyst in the gas phase, ALD-1 undergoes
a-chain hydrogenation (pink) to ALD-2, and ortho ring hydrogenation (cream) to ALD-3. All dissociated hydrogens (H*) are bound at hollow sites. Transition states
between minima are marked with colored circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

kinetically accessible pathways on a clean surface, whereas the long-
time behavior is governed by coverage- and charge-controlled limita-
tions intrinsic to Pt, leading to the unusual but mechanistically mean-
ingful kinetic profile observed experimentally.

When the reaction was allowed to proceed for extended times,
additional transformations became apparent. After 18 h on stream, the
yields of both ALD-2 and ALD-3 declined sharply over Pt/Al,Os,
reaching final values of 33% and 12%, respectively, accompanied by a
decrease in the carbon balance from ~100% to 33%. GC-MS analysis of
the reaction mixture after 18 h (Fig. S5) revealed the formation of
several higher-molecular-weight and cleavage products, including (E)-1-
(furan-2-yDhex-1-en-3-ol and 1-(furan-2-yl)hexan-3-ol, as well as
methyl-cleaved products such as 1-(furan-2-yl)hexan-3-one and 1-

10

(furan-2-yl)hexan-3-ol, and the isopropyl-cleaved product 3-(furan-2-yl)
propanal. The formation of these by-products can originate from both
ALD-2 and ALD-3 through subsequent hydrogenation, rearrangement,
and C-C bond cleavage pathways involving the furan ring.

To investigate the potential effect of the support on the catalytic
performance, additional experiments were conducted at 180 °C for 3 h
over Pd/C and Pt/C (5 wt% nominal metal loading). The Pt/C catalysts
exhibit weak metal-support interaction, with Pt reducibility in the range
of 150-200 °C. Over Pd/C, ALD-2 and ALD-3 yields of 8% and 92% were
obtained, respectively. In contrast, Pt/C produced 88% ALD-2 and only
7.5% ALD-3, respectively, indicating that Pt-catalyzed ring hydrogena-
tion is even less favored over carbon supports than on alumina.
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Fig. 12. Time-evolution of ALD-1 to the chain hydrogenation product ALD-2
and the fully hydrogenated ketone ALD-3 over (a) Pd/Al,O3 and (b) Pt/
Al,03. Reaction conditions: 180 °C, 20 bar H,, 3.2 mmol ALD-1, 59.3 mmol
MIBK, 66 mg catalyst. The catalysts were pre-reduced at 200 °C for 4 h before
the reaction. The experiments were reproducible to within 5%.

4. Conclusions

Reaction profiles for the hydrogenation of ALD-1 over Pd(111) and
Pt(111) were constructed using periodic DFT calculations within the
RPBE-D3(0) framework and validated against kinetic experiments over
supported Pd and Pt catalysts. In agreement with experimental obser-
vations, low-barrier pathways were identified for a-hydrogenation of the
chain C=C bond on both metals, explaining the rapid and selective
formation of ALD-2 irrespective of catalyst choice. DDEC6 population
analysis reveals that this selectivity is driven by a combination of charge
localization on the a-carbon and sterically favorable transition-state
geometries.

In contrast, hydrogenation of the furan ring is strongly metal
dependent. Over Pd(111), ring hydrogenation proceeds with relatively
low activation barriers and limited charge accumulation on the ring
carbons, leading to strong adsorption of partially and fully hydrogenated
intermediates and enabling efficient conversion of ALD-2 to ALD-3. Over
Pt(111), however, ring hydrogenation is associated with substantially
higher activation barriers and pronounced positive charge accumulation
on the furan ring carbons. These electronic effects destabilize ring-
hydrogenated intermediates and weaken their adsorption, resulting in
poor intrinsic selectivity towards ALD-3.

The combined experimental-theoretical analysis provides a mecha-
nistic explanation for the unusual, non-monotonic kinetic profiles
observed over Pt-based catalysts. While early-stage formation of ALD-3
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indicates that furan ring hydrogenation is kinetically accessible on a
relatively clean Pt surface, the subsequent evolution of product yields
reflects a dynamic surface equilibrium between ALD-2* and ALD-3*
mediated by adsorbed hydrogen. This surface-mediated interconver-
sion, rather than irreversible sequential hydrogenation, dominates once
full ALD-1 conversion is achieved, leading to transient increases in ALD-
2 yield at the expense of ALD-3 despite the presence of excess hydrogen.
At longer reaction times, secondary hydrogenation, rearrangement, and
C-C cleavage reactions further divert carbon away from the primary
products, reducing carbon balances over Pt catalysts.

These findings highlight the central role of charge redistribution and
adsorption strength in governing both activity and selectivity in the
hydrogenation of furfural-derived molecules. In particular, the results
demonstrate that catalytic performance cannot be inferred solely from
initial hydrogenation rates, but must also account for the stability and
reversibility of surface-bound intermediates under reaction conditions.
More broadly, this work illustrates how site-specific charge descriptors
derived from first-principles calculations can be used to rationalize (and
ultimately predict) metal-dependent selectivity trends in the upgrading
of biomass-derived oxygenates. Such insights provide a foundation for
the rational design of catalysts with improved control over hydrogena-
tion pathways in sustainable bio-based chemical transformations.
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