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The two-step photocatalytic transformation of furfural into deoxy-
furoin was achieved via the initial homocoupling of furfural into
furoin over mesoporous TiO,, followed by photocatalytic transfer
hydrogenolysis of C—OH of furoin over the Cu/TiO, hybrid system.

Biomass fractionation and upgrading of depolymerized products
provide a renewable route for the production of fuels, chemicals, and
materials." Furfural, which can be readily produced via the acid-
catalyzed dehydration of hemicellulose, is an important platform
molecule for the preparation of solvents, fuels, drugs, and polymers.”
The homocoupling of furfural via C-C bond formation delivers the
long-chain products, which can serve as precursors for high-energy-
density fuels and valuable chemicals.? The main pathways to achieve
the homocoupling of furfural include benzoin condensation and
pinacol coupling. Chen has pioneeringly performed the benzoin
condensation of furfural and 5-hydroxylmethylfurfural using
N-heterocyclic carbene as the catalyst under mild conditions.* The
other mode of furfural homocoupling is pinacol coupling using
reductants, during which expensive stoichiometric metals are typi-
cally used as reductants, generating hard-to-handle wastes. Recently,
photochemical methods have been developed that enable the
utilization of hydrazine, formate, and tertiary amines as reduc-
tants.” Alternatively, photoinduced electrons on semiconductors
have also been identified as promising reagents to perform pinacol
coupling.’® The efficiency and product selectivity can be improved by
engineering the exposed facets, modifying the surface hydroxyl
groups, and increasing the surface oxygen vacancies.”

Ketones are useful building blocks in organic synthesis. The
development of a method for the dehydroxylation of furoin into
deoxyfuroin will expand the scope of furfural-derived products
and inspire new applications of hemicellulose. However, the
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catalytic dehydroxylation of a-hydroxyl carbonyl compounds is
challenging because the adjacent carboxyl group is also suscep-
tible to reduction.® Normally, the derivatization of the hydroxyl
group in benzoin is necessary to activate the C-O bond.’ Sun
et al. previously reported that deoxybenzoin can be obtained in
the ZnIn,S,-photocatalyzed homocoupling of benzylic alcohol
without the addition of sacrificial reagents, particularly in the
presence of acid.'® The dehydrogenative coupling of benzylic
alcohol produces hydrobenzoin, which then undergoes dehy-
dration to yield deoxybenzoin. However, the direct photocata-
lytic synthesis of deoxyfuroin from furoin has not yet been
reported.

To expand the strategy for the semiconductor-photocatalyzed
pinacol coupling of furfural and broaden the scope of furfural-
derived products, we investigated the photocatalytic selective
homocoupling of furfural to furoin on mesoporous TiO,, followed
by the direct deoxygenation of furoin to deoxyfuroin through the
introduction of copper species into the mesoporous TiO, catalytic
system. The mesopores modulated the structural and light absorp-
tion properties, influencing the product selectivity. It was found
that only mesopores with a moderate size achieved the highest
yield of furoin. Furthermore, the introduction of copper chloride
into the mesoporous TiO,-catalyzed system, as well as the combi-
nation of copper-loaded TiO, with HCI, efficiently promoted the
deoxygenation of furoin.

To begin, we used Pluronic F127 (F127) as a template to
introduce mesopores into TiO,, thereby regulating its photo-
catalytic performance (Fig. 1 and Fig. S1, ESIt). Under light
irradiation, the TiO, prepared without F127 produced a 26%
yield of furoin 4, and the main product was furfuryl alcohol 3
(42% yield). Both products 3 and 4 were photo-induced pro-
ducts. The 2-(diethoxymethyl)furan 2 was the acid-catalyzed
condensation product between furfural and ethanol under dark
conditions. The yield of furoin 4 increased with the amount of
F127 (up to 0.4 g) used in the preparation of mesoporous TiO,
(mTiO,) with tetrabutyl titanate (2.1 g) and titanium tetrachlor-
ide (0.7 g) as precursors. Meanwhile, the formation of product 2
gradually decreased, which suggested that the dark reaction
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Fig. 1 Photocatalytic performance of mesoporous TiO, prepared with
varying amounts of F127 as the template. Tetrabutyl titanate (2.1 g) and
titanium tetrachloride (0.7 g) were used as Ti precursors in the synthesis of
each mesoporous TiO, sample. Photocatalytic reaction conditions:
catalyst (5 mg), furfural (30 mg), ethanol (2 mL), 365 nm LEDs, room
temperature, argon, 8 h, gas chromatography (GC) yields.

was suppressed on mTiO,. Further increasing the F127 amount
(from 0.4 to 1.6 g) decreased the selectivity of product 4 and
delivered more product 3, indicating that the excess F127
affected the photocatalytic selectivity of mTiO,. The optimal
photocatalyst was F127,4-400-mTiO,, which delivered a 73%
yield of product 4 and a 14% yield of product 3. This catalyst
can be recycled three times without obvious deactivation
(Fig. S2, ESIY).

To reveal the key factor induced by the usage of F127 during
mTiO, preparation, structure and property characterizations
were performed. Firstly, the powder X-ray diffraction (XRD)
patterns of the samples indicated that all prepared catalysts
belonged to anatase TiO, after 400 °C calcination (Fig. 2a). The
nitrogen adsorption-desorption isotherms of the prepared
samples were similar type-IV isotherms (Fig. 2b). The Barrett-
Joyner-Halenda (BJH) pore-size distribution plots indicated
that the formed pores belonged to mesopores, and the pore
size continuously increased with the amount of F127 (Fig. 2c).
Thus, a series of mesoporous TiO, with different pore sizes
were successfully prepared through changing the amount of
F127 template. The surface area of mTiO, was obviously
increased through the introduction of mesopores (Fig. 2d).
F127,,5-400-mTiO, had the largest surface area of 131.5 m> g ',
compared to the F127,-400-mTiO, (79.3 m*> g~ ). F127, 4-400-mTiO,
had a medium surface area of 104.1 m*> g~". Scanning electron
microscopy (SEM) images indicated that these catalysts were
formed by the aggregation of nanoparticles (Fig. 2e-g). The mean
particle size of TiO, decreased from 17.6 to 12.0 nm
after using F127 as the template, according to high-resolution
transmission electron microscopy (HRTEM) images (Fig. 2h-j).
F127,4-400-mTiO, has a medium particle size of 15.6 nm, and it
showed a much better dispersion in solution than F127,-400-
mTiO, (Fig. S3, ESIT). The band gap of mTiO, increased with the
amount of F127, and reached the maximum (2.93 eV) when the
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amount of F127 was 0.8 g (Fig. 2k). Further increasing the F127
amount to 1.6 g narrowed the band gap of mTiO,. Thus, the redox
capacity of mTiO, was affected by the F127 template. The photo-
current tests indicated the usage of F127 increased the photocur-
rent density of the catalyst (Fig. 21), suggesting that these mTiO,
had a better charge carrier separation efficiency.

Based on the above characterizations, it can be concluded
that the F127 template used for mTiO, preparation introduced
the mesopores and decreased the particle size, which further
induced the increase of the surface area and charge-carrier
separation efficiency, and the widening of the band gap. How-
ever, the photocatalytic performance did not always increase
with these parameters. F127, 4,-400-mTiO, had mesopores with
a moderate size, a moderate redox capacity and medium
charge-carrier separation efficiency, showing the best perfor-
mance in the photocatalytic coupling of furfural into furoin.
The mTiO, samples with a smaller mesopore size had a narrow
band gap, which may induce an inferior photocatalytic activity,
leading to more formation of acetal byproduct 2. The mTiO,
samples with a larger mesopore size had a larger surface area,
and showed a broad band gap or high charge carrier separation
efficiency, which may induce the decrease in photocatalytic
selectivity, leading to more formation of furfuryl alcohol
byproduct.

Further investigation on other templates (Fig. S4, ESIT) also
indicated that the moderate mesopore size ensured the good
selectivity of furoin. Besides, higher or lower calcination tem-
perature (Fig. S5, ESIt) induced an inferior catalytic perfor-
mance due to transition of crystalline phase or template
residue in the catalyst.

Controlled experiments were performed to reveal the reac-
tion process. Firstly, a moderate amount of photocatalyst (5 mg)
delivered the best yield of product 4. A smaller amount of
photocatalyst (2 mg) induced more product 2 from dark reac-
tions (Fig. S6a, ESIt). A larger amount of photocatalyst pro-
moted the formation of product 3, suggesting that the presence
of more photoinduced electrons may facilitate the deep
reduction of 1 into 3. Then, the effect of solvent was also
studied (Fig. S6b, ESIt). During the photocatalytic reduction
of furfural, the alcohol solvent acted as the electron sacrificial
agent and hydrogen donor. It can be found that ethanol was the
best solvent for furoin synthesis. Otherwise, the addition of
water in ethanol dramatically switched the photocatalytic selec-
tivity. The addition of water may decrease the solubility of the
substrate and intermediates, and enhance their adsorption on
the photocatalyst, which could induce the deep reduction of
furfural into furfuryl alcohol. Thirdly, the time course of the
photocatalytic reduction of furfural under optimal conditions
was recorded (Fig. S6c, ESIt). The yield of product 4 had a linear
increase with reaction time before 8 h. The product 2 was
initially formed and then transformed into photoinduced pro-
ducts. The generation of product 3 was relatively lagging. In our
previous reports on selectivity control in the photocatalytic
reduction of aryl aldehydes, the concentration of aldehydes
determined the single-electron or double-electron reduction
pathway."' In the current system, the high furfural
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Fig. 2 Structure and property characterizations of mesoporous TiO, prepared using different amounts of F127 as the template. (a) XRD patterns. (b)
Nitrogen adsorption—-desorption isotherms. (c) Pore size distribution. (d) Specific surface area. (€)-(g) SEM images. (h)-(j) HRTEM images, and the insets
are the size distribution of nanoparticles. (k) Kubelka—Munk function derived from UV-vis absorption spectra. () Transient photocurrent tests.

concentration at the initial stage could be beneficial for the
single-electron reduction of furfural into furoin, and the low
furfural concentration at a later period could promote the
double-electron reduction of furfural into furfuryl alcohol.

The reaction mechanism can be proposed based on the
above discussions and previous reports (Fig. S6d and e, ESI)."?
Under light irradiation, the single-electron reduction of the
formyl group of furfural could generate the carbon radical,
which could undergo homocoupling into hydrofuroin or be
reduced by the second electron into furfuryl alcohol. The
hydrofuroin could be oxidized into furoin by the holes. The
factors that can affect the generation of electrons on catalyst
under light irradiation and the electron/substrate ratio could
determine the reduction selectivity. The high surface area and
high charge carriers separation efficiency of mTiO,, and the
high catalyst loading will induce a high electron/substrate ratio
and promote the double-electron reduction of furfural into
furfuryl alcohol. Only the moderate surface area and photo-
chemical properties of mTiO, were beneficial for the single-
electron reduction of furfural into furoin.

Further transformation of furoin will broaden the scope of
furfural-derived products, however, the related reports are
limited. Here, we investigated the photocatalytic dehydroxyla-
tion of furoin into deoxyfuroin (Fig. 3). 2-Propanol was used as
the hydrogen donor and solvent. Meanwhile, dichloroethane
was used as another solvent to dissolve the substrate. The
mTiO, (F127,4-400-mTiO,) without any cocatalysts only deliv-
ered a 12% yield of deoxyfuroin 5 (Fig. 3a). When copper
halides were used as the cocatalysts, the yield of 5 was drama-
tically increased. Copper chloride was the best cocatalyst
among the copper halides. The halide ions to coordinate

This journal is © The Royal Society of Chemistry 2025

copper were vital for this transfer hydrogenolysis reaction, as
copper acetate and copper nitrate showed no promoting effect.
Further increasing the amount of copper chloride delivered a 65%
yield of 5 (Fig. 3a). The copper salts could be partially reduced and
deposited on TiO, in the presence of 2-propanol. Then, the copper-
loaded mTiO, (Cu/mTiO,) was prepared via photo-deposition
(Fig. S7 and S8, ESIt), and tested in the photocatalytic transfer
hydrogenolysis of furoin (Fig. 3b). Cu/mTiO, showed a poor
performance (Fig. 3b, entry 1), but the further addition of hydrogen
chloride delivered a 62.1% yield of deoxyfuroin (Fig. 3b, entry 2 and
Fig. S10, ESIY). The addition of other acid additives was invalid for
the dehydroxylation reaction (Fig. S9, ESIt). The addition of HCI in
the Cu/mTiO, system may induce the partial dissolution of the
copper species. The sole CuCl, as photocatalyst also produced a
44% yield of deoxyfuroin (Fig. 3b, entry 3), and this reaction was
photoinduced, as no reaction occurred under dark conditions
(Fig. 3b, entry 4). These experiments suggested that the dissolved
copper complex in 2-propanol should be one component of the
photocatalytic species. Another photocatalytic species may be the
loaded copper particle on mTiO,. The TEM images (Fig. 3c) and Cu
2p X-ray photoelectron spectroscopy (XPS) analysis (Fig. 3d) demon-
strated that the Cu,O particle was deposited on mTiO, in the
reaction system of mTiO, with CuCl, salt, and the Cu,O particle
was still partially reserved on mTiO, after the addition of HCl in the
Cu/mTiO, system." The initial addition of either the combination
of mTiO, and CuCl, or the combination of Cu/mTiO, and HCI
would generate the same photocatalytic species (Fig. 3e), which
was the combination of the dissolved copper complex and
copper particle loaded on mTiO,. This hybrid system was the
efficient photocatalyst for transfer hydrogenolysis of furoin into
deoxyfuroin.
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Fig. 3 Photocatalytic transfer hydrogenolysis of furoin to deoxyfuroin. (a)
The effect of additives on the mTiO, photocatalyzed deoxygenation of
furoin. Conditions: F12754-400-mTiO, (10 mg), furoin (10 mg), additive
(3 mq), solvent (1 mL), 365 nm LEDs, room temperature, argon, 14 h, GC
yields. (b) Photocatalytic dehydroxylation of furoin using Cu-loaded mTiO,
or CuCl; as the photocatalyst. Conditions: Cu/F127 4-400-mTiO, (10 mg)
or CuCl, (2 mg), furoin (10 mg), HCL (37 wt%, 0 or 10 pL), solvent (1 mL),
365 nm LEDs, room temperature, argon, 14 h, GC yields. (c) TEM images,
(d) Cu 2p XPS analysis, and (e) proposed generated copper species from
the used mTiO, after reaction with the initial addition of CuCl, and the
used Cu/mTiO, catalyst after reaction with the initial addition of HCL

In conclusion, we developed a two-step photocatalytic reduc-
tive coupling of furfural into deoxyfuroin on mesoporous TiO,.
The using of F127 as a template for mTiO, preparation not only
introduced the mesopores, but also decreased the mTiO,
particle size, leading to a high surface area. The moderate
redox ability and charge-carrier separation efficiency of mTiO,
induced by the mesopores with a moderate size were conduc-
tive to the high selectivity of furoin during the photocatalytic
transformation of furfural. Further addition of copper species
in mTiO, to form the hybrid system composed of the dissolved
copper species and loaded copper species efficiently photoca-
talyzed the dehydroxylation of furoin. This study enriched the
surface engineering strategies for the photocatalytic pinacol
coupling of furfural, and developed the photocatalytic method
of direct synthesis of deoxyfuroin from furoin. However, further
study is still needed to achieve higher product yields and reveal
the mechanism of copper-catalyzed transfer hydrogenation.
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