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Abstract

Furfural (FAL) is one of the most important biomass-derived platform compounds. The catalytic transformation of FAL
was investigated with three porous Zr—thiophenedicarboxylate hybrids for the production of furfuryl alcohol (FOL). Three
Zr-based catalysts, including DUT-67(Zr), DUT-68(Zr) and DUT-69(Zr) were synthesized through a facile assembly of
2,5-thiophenedicarboxylate acid with ZrCl, using the acetic acid as a modulator under hydrothermal conditions. These cata-
lysts were also characterized using FT-IR, XRD, SEM, TEM, N, adsorption—desorption, XPS and TG. The specific surface
area of the DUT-69(Zr) is smaller than that of the DUT-68(Zr) and slightly larger than that of the DUT-67(Zr), but it has a
relatively large pore volume and pore diameter. Although all three catalysts showed excellent catalytic activity towards the
catalytic transfer hydrogenation of FAL into FOL, the DUT-69(Zr) material has slightly higher catalytic activity than the
other two catalysts. Besides, considering the cost of catalyst preparation, the DUT-69(Zr) material was used as the optimal
catalyst and studied in detail. A high FOL yield of 92.2% at 95.9% FAL conversion was achieved at 120 °C for 4 h over DUT-
69(Zr). Meanwhile, the DUT-69(Zr) could be reused more than six times with a minor decrease in catalytic activity. Finally,
a plausible mechanism for catalytic transfer hydrogenation of carbonyl compounds to produce corresponding alcohols was
presented based on the results of the experiments and previous reports.
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1 Introduction

The massive depletion of non-renewable fossil fuels, such
as oil, coal and natural gas, has caused serious environ-
mental pollution problems, which is irreconcilable with
people’s growing health and environmental awareness
[1-3]. In addition to the unstable factors of oil price and
supply worldwide, it is of great practical significance to
explore sustainable resources in the long term. Biomass,
as one of the potential substitutes of fossil fuels, has been
identified as an ideal feedstock for the production of liquid
fuels and high-valued chemicals [4-6]. In industry, Fur-
fural (FAL) can be produced by direct catalytic degrada-
tion of lignocellulose biomass (e.g. corncob and straw)
with dilute acid. It has been considered as one of the most
significant biomass-based platform compounds [7-9].
FAL is a cheap, readily available renewable resource, and
its downstream products are not only rich but also have
high economic value [10, 11]. It has aldehyde functional
groups, which can be oxidized, hydrogenated and conden-
sated to produce various derivatives because of its active
chemical properties.

Hydrogenation reaction of FAL is a very important
technology for production of high-added value products
like furfuryl alcohol, tetrahydrofurfural, tetrahydrofurfuryl
alcohol, furan, 2-methylfuran [12—-16]. Among these com-
pounds, furfuryl alcohol (FOL) is recognized as a momen-
tous intermediate that can be prepared various products
such as resins, adhesives, lubricants and fibers [17, 18].
Therefore, the conversion of FAL-FOL is considered to be
one of the key steps in the transformation of biomass. Not
only can this solve the technical bottleneck problem that
restricts the development of furfural industrial chain, but
also has far-reaching significance to the national economic
green and sustainable development strategy [19, 20].

Concerning the synthesis of FOL, two main methods have
been reported. Cu—Cr oxide was widely used as a commer-
cial catalyst for the production of FOL [21]. This method
may achieve high selectivity of FOL, but high toxicity of
Cr®" can lead to serious environmental pollution after the
ultima treatment of the catalyst [22]. Therefore, research-
ers focus on exploring the use of chromium-free catalysts
in the reaction of FAL to produce FOL. These reactions,
which were catalyzed by precious metal catalysts such as
Re, Pt, Ru and Pd [23-27], generally were carried out in
the atmosphere of external molecular hydrogen. Although
these catalysts showed excellent catalytic activities in the
process from FAL to FOL via catalytic transfer hydrogena-
tion (CTH). The shortcomings of high cost, flammable and
explosive nature of hydrogen limited their wide applications
[28, 29]. Consequently, we are looking forward to finding
an appropriate hydrogen source for the synthesis of FOL.
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For the last few years, it has been a more reasonable
approach for the CTH of FAL to produce FOL by using
alcohols as the hydrogen source and solvent. These alcohols
are safe and abundant. More importantly, these reactions
could be carried out in a relatively simple device without
dangerous hydrogen. The CTH procedure with alcohols
depend on Meerwein—Ponndorf—Verley (MPV) reduction
reaction, where carbonyl compounds were converted to cor-
responding alcohols [30]. Recently, various catalytic sys-
tems have been developed for the conversion of FAL-FOL.
For example, earth-abundant metal nanoparticles, such as
Al-Zr@Fe;0,, B-Al,0;, Cu/MgO-Al,0;, y-Fe,0; @HAP,
NiFe,0,, Fe-L1/C-800, Co/SBA-15 and NiFe/SiO, were
used as catalysts to obtain high yield of FOL [31-38]. In
addition, Zr- and Hf-based phosphate hybrid materials, such
as Zr-PhyA, ZrPN and PhP-Hf (1:1.5) had been prepared
to catalyze the CTH of FAL-FOL efficiently [39-41]. In
particular, several Zr- and Hf-based metal-organic compos-
ites showed pronounced catalytic performances in the MPV
reaction [42—46]. Zirconium and hafnium have multi-coor-
dination sites. In addition to coordination with large organic
ligands (e.g. 1,4-benzenedicarboxylic acid, 1,3,5-benzenet-
ricarboxylic acid and 2,5-furandicarboxylic acid) [42, 44,
46], Zr** and Hf** combine some small solvent molecules
to meet their coordination number requirements, such as
water, ethanol, DMF, etc. When these guest molecules are
removed, the vacancies left can produce permanent pores.
These combined factors contribute to their porosity and high
specific surface area, which can facilitate the effective dif-
fusion of reactant molecules and provide a large number
of easily accessible catalytic active sites, resulting in their
highly efficient catalytic performances. Fortunately, these
catalysts exhibited robustness, thermal and chemical stabil-
ity owing to the higher co-ordination number of Zr or Hf in
their structure.

Similar to the structure of 2,5-furandicarboxylic acid that
is used as an organic ligand for MOFs preparation [42, 46],
2,5-thiophenedicarboxylate acid (H,tdc) also contains two
-COOH groups at the same position, making it conducive to
the manufacture of MOFs. In the present work, three porous
Zr—thiophenedicarboxylate hybrids, including DUT-67(Zr),
DUT-68(Zr) and DUT-69(Zr) were obtained through a fac-
ile assembly of H,tdc with ZrCl, using the acetic acid as a
modulator under hydrothermal conditions [47, 48]. Differ-
ent materials were prepared by varying the thermal reaction
time, reaction solvent and the proportion between materi-
als, resulting in the difference in their physical properties.
Among the three Zr-based catalysts, the specific surface area
of the DUT-69(Zr) is smaller than that of the DUT-68(Zr)
and slightly larger than that of the DUT-67(Zr), but it has
a relatively large pore volume and pore diameter. It is well
known that the specific surface area and pore size of the
catalyst affect the catalytic activity of the catalyst. Although



Porous Zr-Thiophenedicarboxylate Hybrid for Catalytic Transfer Hydrogenation of Bio-Based...

all three catalysts showed excellent catalytic activity on the
CTH of FAL into FOL, DUT-69(Zr) has a slightly higher
activity than the other two catalysts and is cheaper to pre-
pare. Based on the above-mentioned factors, the DUT-69(Zr)
material was used as the most ideal catalyst and studied in
detail. To the best of our knowledge, the application of
DUT-69(Zr) in CTH reaction had never been reported. The
optimal reaction conditions were investigated systematically
and a plausible reaction mechanism was put forward based
on the findings acquired from the experiments and previous
reports.

2 Experimental
2.1 Chemicals

Furfuryl alcohol and ZrCl, (98%) were purchased from
Aladdin Reagent Co. Ltd. (Shanghai, China). 2,5-thiophen-
edicarboxylic acid (H,tdc, 98%) was supplied by Adamas-
beta. N,N-dimethylformamide (DMF), acetic acid (99.7%),
1-methyl-2-pyrrolidone (NMP), zirconium dioxide, fur-
fural, ethanol, 2-propanol, naphthalene and other chemicals
were obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Commercial chemicals were of analytical
grade and used directly without further purification. Deion-
ized water was produced by using a laboratory water-purifi-
cation system (RO DI Digital plus).

2.2 Catalyst Preparation

Three porous Zr—thiophenedicarboxylate hybrids were syn-
thesized by solvothermal method with appropriate modifi-
cations according to previously reported procedures [47].

2.2.1 Preparation of DUT-67(Zr)

In a typical procedure, 0.92 g (4 mmol) of ZrCl, was first
dissolved in the mixture of DMF (50 mL) and NMP (50 mL)
by sonication for 20 min. Then, 0.44 g (2.68 mmol) of H,tdc
was added to the mixture and sonicated for another 10 min.
Thereafter, 28 mL (468 mmol) of acetic acid was added to
the above mixture and sonicated additional 20 min. After
that, the resulting mixture was transferred to a 200 mL
Teflon-lined pressure vessel and heated in an oven for 48 h
at 120 °C. Finally, the generated precipitates were filtered,
washed initially with DMF and then with ethanol twice, and
dried at 120 °C under vacuum conditions for 12 h.

2.2.2 Preparation of DUT-68(Zr)

In a typical procedure, 1.15 g (5 mmol) of ZrCl, was first
dissolved in DMF (125.0 mL) by sonication for 20 min.

Then, 1.29 g (7.50 mmol) of H,tdc was added to the mix-
ture and sonicated for another 10 min. Thereafter, 55 mL
(915 mmol) of acetic acid was added to the above mixture
and sonicated additional 20 min. After that, the resulting
mixture was transferred to a 200 mL Teflon-lined pres-
sure reactor and heated in an oven for 72 h at 120 °C.
Finally, the generated precipitates were filtered, washed
initially with DMF and then with ethanol twice, and dried
at 120 °C under vacuum conditions for 12 h.

2.2.3 Preparation of DUT-69(Zr)

In a typical procedure, 0.69 g (3 mmol) of ZrCl, was first
dissolved in DMF (150 mL) by sonication for 20 min.
Then, 0.52 g (3 mmol) of H,tdc was added to the mix-
ture and sonicated for another 10 min. Thereafter, 9 mL
(150 mmol) of acetic acid was added to the above mixture
and sonicated additional 20 min. After that, the reaction
mixture was transferred to a 200 mL Teflon-lined pres-
sure reactor and heated in an oven for 12 h at 120 °C.
Finally, the generated precipitates were filtered, washed
initially with DMF and then with ethanol twice, and dried
at 120 °C under vacuum conditions for 12 h.

2.3 Catalyst Characterization

FT-IR measurements of all the catalysts were recorded
using a Nicolet iS50 FT-IR spectrometer with the KBr pel-
let technique in the range of 4000-400 cm™! at room tem-
perature. Powder X-ray diffraction (XRD) patterns were
carried out on a Bruker D2 Phaser instrument employ-
ing Cu Ko radiation (A=0.15406 nm) in the 20 range of
4°-80° with a step size of 0.01° at 30 kV and 10 mA.
SEM images of the as-prepared samples were performed
on a HITACHI S-4800 field-emission scanning electron
microscope at 3 KV. All the catalysts were coated with a
thin layer of gold to prevent the accumulation of negative
charges. TEM images of all the samples were recorded
by using a JEM-2100plus with an accelerating voltage
of 200 kV. Thermal gravimetric analysis (TGA) of the
samples was performed on a TGA/DSC1/1100SF thermal
analyzer. The analysis started at 50 °C with a heating rate
of 10 °C/min until 700 °C in nitrogen atmosphere (50 mL/
min). Texture properties including specific surface areas,
pore volumes and pore diameters were tested at — 196 °C
using the Micromeritics ASAP 2020 msystem, the samples
were degassed at 120 °C for 12 h in a vacuum before N,
adsorption. The chemical composition and the chemical
state of the elements in the samples were determined using
a Thermo Scientific Escalab 250Xi X-ray photoelectron
spectrometer.
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2.4 CatalyticTests

In a typical experiment, the cylindrical stainless steel high-
pressure vessel was loaded with FAL (1 mmol), 2-propanol
(5 mL) and the catalyst (0.1 g), and then heated at a certain
designated temperature for the desired reaction time with
magnetic stirring. Upon completion, the resulting liquid
products were analyzed quantitatively by gas chromatogra-
phy (GC 9790 II) using naphthalene as the internal stand-
ard, and identification of the products was done by GC-MS
(GCMS-QP2010 Ultra). The yield of FOL, the conversion
of FAL and the selectivity to FOL were calculated on the
basis of the following formula.

. Final moles of FOL
Yield = x 100%
Initial moles of FAL ‘ )
Conversion = Initial moles of FAL — Final moles of FAL % 100%
Initial moles of FAL
2
.. Final moles of FOL
1 = 1
Selectivity Initial moles of FAL — Final moles of FAL x 100%
3)

3 Results and Discussion
3.1 Catalyst Characterization

The prepared DUT-69(Zr) was characterized by FT-IR,
XRD, SEM, TEM, N, adsorption—desorption isotherm,
XPS and TGA techniques. The FT-IR spectrum of the
DUT-69(Zr) was shown in Fig. 1a. It can be seen that DUT-
69(Zr) displayed the characteristic symmetric (1393 cm™)
and asymmetric vibrations (1500-1700 cm™!) of carboxylate
anions [49]. The spacing between these two peaks is about
190 cm™, indicating that the coordination mode of H,tdc to
Zr is bridging [43, 50]. By comparison, FT-IR spectrum of
H,tdc showed a splitting of approximately 250 cm™! between
these two peaks, which further confirmed the tight combina-
tion between Zr and carboxyl groups of Hytdc. The powder
XRD pattern of the DUT-69(Zr) was shown in Fig. 1b. It
has been clearly observed that the DUT-69(Zr) material is
amorphous owing to a few wide diffraction peaks, despite
one sharp diffraction peak at 26 =8.6°, which is analogous

DUT-69 (Zr) (b)
& )
§ H,tde 3
= &
=] z
£ ‘Z
2 S
£ =
& =
250
T Ll T Ll 1 T 1 T 1 L T 1 T T 1
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80
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Fig. 1 Characterization of the as-prepared DUT-69(Zr) by a FT-IR spectra, b Powder XRD pattern, ¢ SEM image and d TEM image
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to diffraction of Zr-FDCA-T [42]. Especially, the SEM and
TEM images indicated that nanoparticles (100-120 nm)
of the DUT-69(Zr) are slightly aggregated (Fig. lc, d).
As shown in Fig. 2a, the N, adsorption—desorption iso-
therm of the DUT-69(Zr) belonged to type III mode with
a large amount of adsorption between the relative pressure
of 0.75-1.0. In addition, the DUT-69(Zr) was porous with
mesoporous centered about 12.0 nm, and the specific sur-
face area and pore volume were 158.1 m%g and 0.60 cm®/g,
respectively. This may increase the accessibility of cata-
lytic sites for the reactant compared with ZrO, [51, 52]. We
inspected the local environment of Zr species in DUT-69(Zr)
and ZrO, by the Zr 3d XPS. As shown in Fig. 2b, the binding
energies of Zr 3d in DUT-69(Zr) were higher in comparison
with ZrO,, which illustrated a higher positive charge on the
Zr atoms in DUT-69(Zr) and led to a stronger Lewis acidity
of Zr. The higher Lewis acidity of Zr species was helpful to
improve the performance of DUT-69(Zr) catalyst. TG analy-
sis of the catalyst was performed to gain an insight into the
thermal stability of the DUT-69(Zr). As shown in Fig. S1,
the weight loss in the temperature range from 350 to 500 °C
could be ascribed to the elimination of TDC ligand from
the structure, thus resulting in the destruction of catalyst
structure and the formation of zirconium oxide [47, 48]. It
proved that the DUT-69(Zr) catalyst had pronounced sta-
bility at the reaction temperatures (below 140 °C). DUT-
67(Zr) and DUT-68(Zr) catalysts were also synthesized and
characterized to explore their differences. No obvious dif-
ferences among DUT-67(Zr), DUT-68(Zr) and DUT-69(Zr)
were found from FT-IR spectra and XRD patterns (Figs. S2,
S3). The SEM images demonstrate that they have different
sizes of nanoparticles (Fig. S4). The particle size of DUT-
67(Zr) is below 100 nm, while those of DUT-68(Zr) and

DUT-69(Zr) are relatively larger. The specific surface area
of the DUT-69(Zr) is smaller than that of the DUT-68(Zr)
and slightly larger than that of the DUT-67(Zr), but it has a
relatively large pore volume and pore diameter (Table S1).

3.2 Catalytic Activity of Various Catalysts
for the CTH Reaction of FAL

In the initial experiment, we chose FAL as the model sub-
strate to examine the catalytic performance of various cata-
lysts for the formation of FOL through CTH reactions. As
summarized in Table 1, it can be seen that the reaction could
not be conducted in the absence of any catalysts (Table 1,
entry 1). All the synthesized porous Zr—thiophenedicarbo-
xylate hybrids catalysts showed pronounced catalytic activ-
ity on the CTH of FAL into FOL (Table 1, entries 2—4).
Especially, the prepared DUT-69(Zr) catalyst showed the
highest activity with the FOL yield of 92.2% at 120 °C with

Table 1 CTH reaction of FAL to produce FOL catalyzed by various
catalysts.

Entry Catalyst Conversion (%)  Yield (%) Selectivity (%)
1 None 0 0 0

2 DUT-69(Zr) 95.9 922 96.1

3 DUT-68(Zr) 91.6 87.7 95.7

4 DUT-67(Zr) 92.7 89.5 96.5

5 H,tde 8.8 0 0

6 ZrCly 20.2 1.1 5.4

7 ZrO, 16.6 7.1 42.8

Reaction conditions: 0.1 g catalyst, 1 mmol FAL, 5 mL 2-propanol,
reaction temperature = 120 °C, reaction time=4 h
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Fig.2 Characterization of the as-prepared DUT-69(Zr) by a N, adsorption—desorption isotherms and b Zr 3d XPS spectra

@ Springer



T.Wang et al.

a reaction time of 4 h (Table 1, entry 2). However, H,tdc
alone, which possessed two carboxyl functional groups, was
not active for the production of FOL (Table 1, entry 5). This
showed that the Brgnsted acidity of the carboxylic acid had
no catalytic performance for the CTH reaction of FAL-FOL.
The precursor ZrCl, used for Zr—thiophenedicarboxylate
hybrids synthesis yielded less than 2% of FOL (Table 1,
entry 6). In addition, the commercial ZrO, showed inferior
performance with a FOL yield of 7.1% (Table 1, entry 7).
These results revealed that three porous Zr—thiophenedicar-
boxylate hybrids could be used to catalyze the CTH of FAL

100
95 4
90

85

—a—Yield of FOL
—e— Conversion of FAL
—a— Selectivity of FOL

80

75 1

Yield/Conversion/Selectivity (%)

70

65

T T T T T
0.025 0.050 0.075 0.100 0.125
Amount of catalyst (g)

Fig. 3 Effect of catalyst amount on the CTH reaction of FAL to pro-
duce FOL. Reaction conditions: 1 mmol FAL, 5 mL 2-propanol, reac-
tion temperature = 120 °C, reaction time=4 h

100
(a) ¥ Ve =
80
g
2 60
o —a—110°C
< ——120°C
3 - ——130°C
2
204
0 T T T T v T X T L) T
0 | 2 3 4 5

Reaction~ time (h)

Conversion of FAL (%)

and the DUT-69(Zr) prepared in this study was an excellent
catalyst for CTH of FAL.

3.3 Effect of Catalyst Amount

The effect of the amount of DUT-69(Zr) on the transfor-
mation of FAL into FOL was investigated in 2-propanol at
120 °C with a reaction time of 4 h (Fig. 3). The amount of
catalyst plays a key role in the CTH of FAL, where more
DUT-69(Zr) could increase the conversion of FAL and the
yield of FOL at the beginning. FAL conversion and FOL
yield substantially increase from 67.2 and 65.3% to 86.0
and 83.3% respectively when the amount of DUT-69(Zr)
increases from 0.025 to 0.05 g. Greater than 95% conver-
sion of FAL and 92% yield of FOL were obtained when
the DUT-69(Zr) dosage was 0.1 g. After which, FOL yield
and selectivity declined slightly with a catalyst dosage of
0.125 g, largely because more catalytic sites promoted the
production of more by-products including 5-methylfurfural
and 2-acetylfuran as revealed from GC-MS spectra (Fig. S7),
these by-products are observed in the CTH of FAL-FOL
in other literature [53]. Given the above, 0.1 g of the cat-
alyst would be an appropriate amount under our reaction
conditions.

3.4 Effect of Reaction Temperature and Time

Figure 4 showed the effect of the reaction temperature and
time on FOL synthesis. It was clear that the reaction tem-
perature and time influenced the activity of the DUT-69(Zr)
catalyst. Especially in the time range of 1-2 h, the FAL

100
| (b)
80
60
—=—110°C
—e—120°C
40 —A—130°C
20
0 T T T T T T T T T T
0 1 2 3 4 S

Reaction timE (h)

Fig.4 Effect of reaction temperature and time on the FOL yield (a) and FAL conversion (b). Reaction conditions: 0.1 g catalyst, 1 mmol FAL,

5 mL 2-propanol
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conversion and FOL yield greatly increased with increasing
temperature. However, FOL yield hardly relied on the reac-
tion temperature above 120 °C and reaction time surpass-
ing 4 h. GC detection showed peak enhancement of side-
products at higher temperatures and longer times. From the
standpoint of efficiency, the optimum reaction temperature
and reaction time were selected at 120 °C and 4 h, respec-
tively, under our reaction conditions.

The CTH of FAL has been reported to be pseudo-first
order with regard to FAL concentration [54]. As shown in
Fig. 5a, increasing the reaction temperature from 110 to
130 °C promoted FAL conversion, leading to an elevated
reaction rate constant (k) from 0.01151 to 0.01822 min™/,
matching well with the above analysis results (Fig. 4). From
an Arrhenius plot of the data (Fig. 5b), the activation energy
(Ea) of CTH of FAL-FOL over DUT-69(Zr) in 2-propanol
was evaluated to be 29.5 kJ/mol, which is close to and even
lower than values previously reported in literature [34, 35,
54]. The results demonstrate that the as-synthesized DUT-
69(Zr) is highly active in the CTH of FAL-FOL.

3.5 Heterogeneity and Reusability of the Catalyst

To examine the heterogeneity of DUT-69(Zr), the catalyst
was removed from the reaction mixture via filtering after
the reaction was carried out at 120 °C for 2 h, and the reac-
tion was continued to 5 h in the absence of catalyst under
the identical reaction conditions to observe if the yield of
FOL further increased. As shown in Fig. 6a, it was found
that FOL yield remained unchanged around 76.5% after
removing DUT-69(Zr), confirming that there was no loss of
active sites in DUT-69(Zr) and the reaction was conducted
under heterogeneous catalyst. The reusability of the catalyst

5 (a) y=0.01822x-0.0696
R'=0.986
110 °C
41 $=0.01523x-0.2519
% 0.989
A= ,; 5
o
—
N
= y=0.01151x-0.3919
T 24 9
R"=0.962
14
0+
x T J T u T : T E T T T 4
0 50 100 150 200 250 300 350

Time (min)

was also studied. As shown in Fig. 6b, it was observed that
DUT-69(Zr) could be reused more than six cycles with only
a slight decline in its catalytic performance. Meanwhile, the
recovered DUT-69(Zr) after six cycles was also character-
ized by SEM, XRD, FT-IR and TG (Fig. S8), and the results
indicated that the structures of the catalyst had not changed
significantly after reused for six cycles. These results dem-
onstrated that the as-prepared DUT-69(Zr) was stable under
the studied reaction conditions.

3.6 Catalytic Effect of DUT-69(Zr) on Different
Substrates

Delighted by the remarkable activity of the catalyst for the
transformation of FAL, we also tested CTH of other car-
bonyl compounds catalyzed by the DUT-69(Zr) using 2-pro-
panol as the solvent (Table 2). The results demonstrated that
the DUT-69(Zr) could also exhibited good performance
for all selected aldehydes and ketones. Biomass-derived
5-hydroxymethyl furfural and 5-methyl furfural yielded
86.2% 2,5-dihydroxymethylfuran and 91.5% 5-methyl fur-
furyl alcohol respectively, although this required a longer
reaction time and relatively higher reaction temperature
(Table 2, entries 2 and 3). Compared with benzaldehyde,
the reaction conditions of acetophenone are more demand-
ing, which resulted from the steric hindrance and electron-
donating properties of methyl (Table 2, entries 4 and 5)
[51]. Especially, the C=0 bond of cinnamaldehyde could
be selectively reduced, while the C=C bond outside the
benzene ring was retained (Table 2, entry 6). Hence, the
DUT-69(Zr) catalyst exhibited good universality for CTH
of carbonyl compounds.

3.9
(b)
-4.0
y=-3545.94488x+4.80045

=l R2=0.987
A 42
=

Ea=29.5 kJ/mol
43
4.4
| ]
-4.5 —t . . .~ .
0.00246 0.00248 0.00250 0.00252 0.00254 0.00256 0.00258 0.00260 0.00262

T (K)

Fig.5 —In(1-Xa) versus time (min) (a) and In(k) versus reciprocal of reaction temperature (b) in CTH of FAL over DUT-69(Zr) (where
Xa=FAL conversion). Reaction conditions: 0.1 g catalyst, 1 mmol FAL, 5 mL 2-propanol, reaction time=0.5-5 h
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Fig.6 a Time-yield plots for CTH reaction of FAL to FOL with
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FAL, 5 mL 2-propanol, 0.1 g catalyst, reaction temperature =120 °C,
reaction time=3 h

Table 2 CTH of different carbonyl compounds to produce corresponding alcohols catalyzed by DUT-69(Zr)

Entryo Substratet Producta Temp.-| Time- | Conv.-| Yield-| Select.-
CCOx| Mo | ()| ()| (%)
1o B \I\> 120c| 4o | 9590 9220 96.10
PN o " o/ O
20 | A \/E\>7 120z 60 96.20| 91.50| 95.10
O, o o] o o o
3o B ] \/DJ : 130c| 6o | 9720 86.20| 88.70
O\_\ o D HO o 0
4a N/ m\_@ 1200 | 60 | 96.80| 90.50| 93.50
Y\ /o /g
50 >_<j> "°>_® 1300 60 | 71.60| 64.70| 90.40
\ /o /o
60 s | \/\/@ 1300 | 60 | 97.50(| 9230| 94.70
R NS e we R N

Reaction conditions: 1 mmol substrate, 0.1 g DUT-69(Zr), and 5 mL 2-propanol

3.7 Mechanism Analysis

In combination with the experimental results and some pre-
vious reports [40, 41, 55-58], we put forward a possible
reaction mechanism of the DUT-69(Zr)-catalyzed hydrogen
transfer reaction of carbonyl compounds to produce corre-
sponding alcohols based on MPV reduction (Scheme 1).

@ Springer

It was reported that acidic and basic sites in the catalysts
were critical for their high performance in MPV reduction
[39, 51]. In Zr-based MOFs catalysts, the acid and basic
sites derived from the Zr** and O~ (carboxylate groups),
respectively [42-44]. Typically, a pair of acid-base sites
(Zr**-0%) helps to adsorb 2-propanol onto DUT-69(Zr)
and could result in the generation of corresponding alkoxide
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Scheme 1 Possible mechanism
for CTH of carbonyl compounds
to produce corresponding alco-
hols catalyzed by DUT-69(Zr)

HO

DUT-69(Zr)
—_——

R,=H, -CHj;

DUT-69(Zr) Catalyst

R,

Metal center OH

Metal center

R,= Chain or ring structures

and hydrogen by dissociation. Simultaneously, the carbonyl
groups in reactant molecules were activated by acidic Zr**
species, thus leading to six-link intermediates to generate
the corresponding products and acetone.

4 Conclusions

In summary, three porous Zr—thiophenedicarboxylate
hybrids, namely DUT-67(Zr), DUT-68(Zr), and DUT-69(Zr)
were constructed through a facile assembly of 2,5-thiophen-
edicarboxylate acid with ZrCl, using the acetic acid as a
modulator under hydrothermal conditions. These three dif-
ferent materials were prepared by varying the thermal reac-
tion time, reaction solvent and the proportion between mate-
rials. All three catalysts were verified to be highly efficient
for the conversion of FAL into FOL. Considering the cost
of catalyst preparation, the DUT-69(Zr) material was used
as the most ideal catalyst and systematically studied. In the
presence of DUT-69(Zr), 95.9% FAL conversion and 92.2%
FOL yield were attained under optimal reaction conditions.
Moreover, it has been proved that the DUT-69(Zr) was a
heterogeneous catalyst in the reaction process, and the high
performance of DUT-69(Zr) might be attributed to the syn-
ergistic effect the Lewis acid sites (originating from Zr*")
and basic sites (resulting from O*~ in carboxylate groups).
Besides, DUT-69(Zr) could be reused more than six suc-
cessive cycles with minor decrease of catalytic activity. In
addition, a possible reaction mechanism of the DUT-69(Zr)
catalyst for the CTH reactions of carboxyl compounds was
proposed. We believe that the prepared porous Zr—thiophen-
edicarboxylate hybrids have great potential for application
in the CTH of carbonyl compounds, whether or not they are
derived from biomass.
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