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Abstract—A heterogeneous palladium(II) catalyst anchored to modified metal–organic framework has been 
synthesized and characterized. The performance of the catalyst has been tested for the hydrogenation of styrene 
oxide at ambient temperature and pressure. The catalyst showed an excellent activity and selectivity for the 
preparation of 2-phenylethanol from styrene oxide with 100% conversion and 98% selectivity. The catalyst is 
very stable and easily recyclable for several times without loss of activity.

Keywords: hydrogenation, heterogeneous catalyst, metal–organic framework, styrene oxide, 2-phenylethanol.

Scheme 1.

Metal–organic frameworks (MOFs) have emerged 
as a promising class of functional materials due to their 
high surface area, uniform pores, and chemical stability 
[1–10]. They are successfully employed in hetero-
geneous catalysis due to their adjustable pore size, high 
activity, and selectivity. In recent years several research 
groups reported Pd-MOF catalysts for hydrogenation 
reaction [11–15]. A common representative of highly 
porous MOFs is UMCM-1-NH2 (MOF1), which con-
sists of Zn4O6+ clusters and 2-aminoterepthalic acid 
(NH2–BDC) and 4,4′,4″-(benzene-1,3,5-triyl)tribenzoic 
acid (BTB) linkers forming a hexagonal crystal [5, 16]. 
Various post-synthetic modifications of this MOF by 
condensing different functional groups with the amine 
moiety have also been reported [5, 17, 18].

Herein, we report a heterogeneous Pd(II) cata lyst 
(MOF3) and its use in the hydrogenation of styrene 
oxide to 2-phenylethanol at ambient temperature and 
pressure with high selectivity. To the best of our know-
ledge, hydrogenation of epoxides over palladium-MOF 
catalysts was not described previously. Styrene oxide 
was used as substrate since selective hydrogenation of 
this compound to 2-phenylethanol over heterogeneous 
catalysts has attracted a great deal of interest in recent 
years. Due to its pleasant floral scent, 2-phenylethanol 
is commonly used in perfumes, deodorants, cosmetics, 
soaps, detergents, and foods [19, 20]. Various palla-
dium-based catalysts demonstrated high activity and 
selectivity in the hydrogenation of styrene oxide 
[21–24]. However, in most cases high pressure and 
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elevated temperature were needed, which favored for-
mation of by-products. However, even small amounts 
of impurities may destroy the aroma of 2-phenyletha-
nol. Therefore, it is a challenge to develop more eco-
friendly selective methods for this conversion. Our test 
experiment revealed that MOF3 is highly efficient to 
complete the reaction at room temperature and atmo-
spheric pressure of hydrogen in a selective way with 
100% conversion. In addition, the catalyst can be 
recycled several times without loss of performance. 
The synthetic route for preparing MOF3 is shown in 
Scheme 1. Schiff base-functionalized MOF2 was syn-
thesized according to the known procedure by conden-
sation of pyridine-2-carbaldehyde with amino-function-
alized MOF1 [18]. The palladium catalyst (MOF3) 
was prepared by reacting Pd(OAc)2 with MOF2 in 
acetone for 10 h at room temperature. The obtained 
solid was washed with chloroform and dried at 50°C.

The catalyst was characterized by X-ray powder 
diffraction (XRPD), BET surface area measurement, 
FT-IR spectra, thermogravimetric analysis (TGA), 
NMR, and elemental analysis. The microanalysis data 
for MOF3 suggested the formula (Zn4O)3[(BDC–
C6H5N2Pd(OAc)2]3(BTB)4. The X-ray powder diffrac-
tion pattern of MOF3 (Fig. 1) showed peaks identical 
to those previously reported for MOF1 and MOF2 
[18], indicating that the structural framework remained 
intact after the complex formation. The BET surface 
area of MOF3 was estimated at 1073 m2/g (Fig. 2); 
this value is significantly lower than 3900 m2/g 
reported for parent MOF1 [25]. The reduced surface 
area of MOF3 is due to the addition of extra mass, 
Pd(OAc)2, to the parent MOF. Similar trends were 
observed for other MOFs after their post-modification 
with palladium [26, 27]. Figure 3 shows the TG data 
for the catalyst. 1H NMR spectrum of MOF3 showed 
peaks at δ 1.84 ppm for the methyl protons of acetate 
group and δ 8–9 ppm for the pyridyl protons, which are 
consistent with the values reported for other modified 
MOFs [28, 29]. 

The hydrogenation of styrene oxide was performed 
at ambient pressure and temperature in methanol. The 
progress of the reaction was monitored by TLC and 
GC analysis which revealed that about 5 h is required 
to complete the reaction. The formation of 2-phenyl-
ethanol was confirmed by FT-IR, 1H NMR, and 
GC/MS analysis. The IR spectrum showed a broad 
peak at 3354.59 cm–1 indicating the presence of a hy-
droxy group in the product molecule. The 1H NMR 
spectrum of the crude product was recorded in CDCl3 
after removal of all volatiles in a vacuum at room tem-
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Fig. 1. X-Ray powder diffraction patterns of (1) MOF-1, 
(2) MOF-2, and (3) MOF-3.

Fig. 2. Nitrogen adsorption (dark circles) and desorption 
(light circles) isotherms of MOF-3 at –196°C.

Fig. 3. Thermogravimetric analysis curve of MOF-3.

BET surface area 1073 m2/g
Total pore volume 0.65 cm3/g

BJH mesopore area 369 m2/g
BJH mesopore volume 0.31 cm3/g
Mesopore size (for area) 2.44 nm
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perature. The 1H NMR spectrum confirmed the forma-
tion of 2-phenylethanol and a trace amount of phenyl-
acetaldehyde (δ 9.74 ppm, CHO). The GC/MS analysis 
also revealed two products which showed peaks at 
m/z 122 for 2-phenylethanol (98%) and 119.9 for 
phenylacetaldehyde (2%). 

The stability and recyclability of MOF3 were 
investigated by performing repeated reaction cycles 
under the same conditions. At the end of each cycle, the 
catalyst was recovered by filtration, washed with 
methanol, and dried at 50°C. The results are shown in 
Fig. 4. The yield and selectivity were identical irre-
spective of the number of cycles performed. The 
performance of MOF3 was further confirmed by a hot 
filtration experiment. The reaction was stopped after 
2 h, the catalyst was removed by filtration, and the 
reaction was allowed to continue for next 10 h under 
the same conditions without catalyst. No further 
increase of conversion of styrene oxide was observed. 
The IR and 1H NMR spectra of the reused solid catalyst 
were indistinguishable from those of a freshly prepared 
sample (Fig. 5), indicating that no structural deteriora-
tion occurred during the catalytic reaction.

Table 1 compares the performance of some reported 
palladium catalysts and MOF3 in the hydrogenation of 
styrene oxide. It is seen that MOF3 can work at am-
bient conditions and is superior to other catalysts in 
terms of selectivity and reactivity. Furthermore, MOF3 
could be reused several times without loss of activity.

In summary, we have described the synthesis of 
a highly efficient heterogeneous catalyst where Pd(II) 
is bonded by bidentate iminopyridine ligand anchored 
to metal–organic framework (MOF) for selective hy-
drogenation of styrene oxide to 2-phenylethanol. The 
catalyst showed high activity and selectivity at ambient 
conditions without any basic promoter. Moreover, the 
catalyst can be recycled several times without loss of 
activity and selectivity.

EXPERIMENTAL

The X-ray powder diffraction patterns were re-
corded on a Rigaku diffractometer (Cu Kα radiation, 
λ = 1.54 Å). Nitrogen adsorption/desorption isotherms 
were measured on a Micromeritics ASAP 2020 surface 
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Fig. 4. Recyclability chart of the catalyst MOF-3 for five 
consecutive catalytic runs.

Fig. 5. FTIR spectra of MOF-1 (UMCM-1-NH2), MOF-3, 
and MOF-3 after 5th run in the reduction of styrene oxide

Table 1. Hydrogenation of styrene oxide using different palladium catalysts

Catalyst; load, % Conditions (temperature, pressure, 
agitation speed) Conversion, % Selectivity for 

2-phenylethanol, % Reference

Pd/C; 5% 40°C, 2.0 MPa 93 84 [24]
Pd/C; 5% 28°C, 15 atm, 1100 rpm 96 97–98 [30]
Pd/MgO; 2% 100°C, 10000 h−1 99 98 [22]
Pd-AFCTS; 3% 40°C, 2.0 MPa 85 97 [24]
MOF3; 2% Room temperature, 1 atm 100 98 This work
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analyzer at –196°C. Prior to the measurement, a sample 
was degassed at 50°C under reduced pressure for 12 h. 
Thermogravimetric analysis was carried out in the 
range 25–600°C on a Scinco S-1000TGA system under 
nitrogen flow at a heating rate of 10.0 deg/min. The 
FT-IR spectra were obtained on a Thermo Scientific 
Nicolet iS10 FTIR spectrometer at ambient temperature. 
The 1H NMR spectra were recorded on a Varian Unity 
Inova instrument at 400 MHz from solutions prepared 
by digesting 10 mg of a sample in a mixture of 
DMSO-d6 (0.750 μL) and dilute DCl (120 μL, 
35% DCl in D2O). The metal content of the catalyst 
was determined by inductively coupled plasma mass 
spectrometry using a Perkin Elmer Elan 6100 ICP/MS 
system. The elemental analyses (C, H, N) were per-
formed using a Flash EA 1112 elemental analyzer 
(Thermo Electron Corporation) from samples prelimi-
narily dried at 50°C in a vacuum for 12 h. The GC/MS 
data were obtained using a Bruker 3800 GC/1200L MS 
instrument.

Synthesis of MOF3. An equimolar mixture of 
MOF2 [18] and Pd(OAc)2 in acetone was kept for 10 h 
at room temperature. Prior to drying, the solvated 
catalyst was soaked in chloroform for three days, and 
the solvent was changed every 24 h during this process.

Hydrogenation of styrene oxide. A small vial was 
charged with MOF3 (11 mg, 2 mol %), 1 mL of metha-
nol was added, and styrene oxide (0.4 mmol) was then 
added. The vial was capped with a rubber stopper, and 
the mixture was stirred at room temperature in a hydro-
gen atmosphere at ambient pressure using a hydrogen-
filled balloon. After completion of the reaction (5 h), 
the mixture was centrifuged, and the supernatant solu-
tion was separated for analysis.

Catalyst recycling. After completion of the reac-
tion, the mixture was centrifuged, and the solution 
containing product was decanted. The catalyst was 
washed with methanol (2×2 mL), separated by centri-
fugation, and dried at 50°C for the next run.
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