
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 5
:5

4:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of a hig
aCollege of Chemistry and Pharmacy En

Nanyang, 473061, P. R. China
bNanyang Branch, Henan Provincial Tobacco

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d4ra06324d

Cite this: RSC Adv., 2024, 14, 38002

Received 1st September 2024
Accepted 17th November 2024

DOI: 10.1039/d4ra06324d

rsc.li/rsc-advances

38002 | RSC Adv., 2024, 14, 38002–
hly stable Mo–Fe bimetallic
metal–organic framework and its catalytic activity
for the selective oxidation of sulfides under mild
conditions†

Xin Li, *a Mohan Zu,a Linzhuo Yan,a Qiang Zhao *a and Liu Liu*b

A novel Mo–Fe bimetallic metal–organic framework [Fe2(4,40-bipy)Mo2O8]$2H2O (1) was synthesized and

characterized by X-ray single crystal diffraction, infrared spectroscopy (IR), thermogravimetric analysis

(TGA), ultraviolet-visible spectroscopy (UV-vis), and its magnetic properties were studied. The compound

demonstrates insolubility in most solvents and exhibits significant chemical stability across a wide pH

range. Typically, exceptional selectivity and efficient conversion of sulfides to sulfoxides using 1 with

H2O2 have been verified under ambient conditions.
1. Introduction

Metal–organic frameworks (MOFs) have emerged as a prom-
inent class of materials, attracting increasing interest in recent
years due to their inherent advantages such as diverse inorganic
metal ions and organic linkers, tunable porosity, multi-channel
design, and versatile functionality.1,2 Over the past few decades,
these materials have found extensive applications in adsorptive
separation, biomedicine, catalysis, and various other elds.3,4 In
the recent exploration, it has been revealed that MOFs con-
taining two different metals (named as bimetallic MOFs) offer
a wider range of applications than those containing only one
metal, thus garnering extensive attention from chemists.5–7

However, most of these are prepared by replacing the original
metal moieties or oxometalates/metal clusters encased in the
MOF pores, such as ZIF-67(Zn/Co), ZIF-8(Cu/Zn), CoZn(1,2,4-
triazole)3Cl, Zn/Cu-BTC, MIL-53(Fe), Fe/M-MOF-91, Fe/M-MOF-
71, Fe/M-MOF-51, and Fe/M-MOF-31 (M = Mn, Co, Ni).8–14

This oen results in challenges with matching the metal/metal
cluster sizes. Only a limited number of bimetallic MOFs have
been synthesized, in which secondary metals or metal clusters
act as linkers, enabling the formation of distinctive architec-
tures, such as V–M-MOF (M = Ni, Co), [Ni(bix)2]{V4O11},
[Co(bib)]{V2O6} and [Ni(en)(bib)]{V2O6}$2H2O, where bix = 1,4-
bis(imidazol-1-ylmethyl)benzene, bib = 1,4-bis(1H-imidazoly-1-
yl) benzene, en= ethylenediamine,15,16 and {[In2Tm2(BDCP)2(m2-
OH)2(H2O)2]$4DMF$3H2O}n (NUC-56)17. Hence, the self-
gineering, Nanyang Normal University,

Company, Nanyang, 473061, P. R. China
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assembly of bimetallic MOFs incorporating secondary metals
or metal clusters as linkers presents a particularly formidable
challenge.

Organic sulfoxides, which are crucial active intermediates,
have found extensive applications in biology, medicine, and the
polymer industry.18,19 Sulfoxidation serves as a common and
direct approach for their synthesis. Key considerations in this
process encompass the reaction kinetics, cost-effective
oxidants, and catalysts.20 However, the use of metal and
iodine-containing oxidants in industrial settings presents
a challenge to sustainable development as companies strive for
prot maximization.21 Therefore, it is imperative to explore
environmentally friendly oxidants such as molecular oxygen,
hydrogen peroxide, or organic hydrogen peroxide along with
efficient recyclable catalysts to address this issue. Hydrogen
peroxide has been extensively studied due to its ability to acti-
vate various transition metal catalysts.22 While various types of
catalysts, including metal oxides, organic–inorganic hybrid
compounds or composites, and some organic molecules, have
been employed for this purpose, their practical application is
hindered by their harsh reaction condition requirements, low
specic surface area, limited availability of active sites and poor
selectivity.23,24 Hence, there is strong interest in developing
a catalyst with a strictly controlled ecological footprint during
reactions while providing more accessible catalytic sites and
decent performance under mild conditions.

Transition metal-based catalytic systems have emerged as
potential catalysts in the oxidation of suldes to corresponding
sulfoxides due to their high reactivity and selectivity. Among
these, Mo- and Fe-based catalysts have shown promising results
in promoting the desired oxidation reactions.25–29 Additionally,
combining the advantages of the MOFs mentioned above and
those included in our previous reports,30–32 a novel bimetallic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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MOF [Fe2(4,40-bipy)Mo2O8]$2H2O (1) has been prepared. The
compound features unusual {Fe4} short chains connected by
MoO4

2− and 4,40-bipy. As anticipated, it exhibits outstanding
heterogeneous catalytic performance in sulfoxidation, utilizing
H2O2 at ambient temperature with exceptional selectivity and
favorable conversions.

2. Experimental
2.1 Reagent and apparatus

The raw materials (NH4)6Mo7O24$4H2O and 4,40-bpy for
preparing compound 1 and sulfoether derivatives were
purchased from Aladdin and J&K Scientic Ltd., and used
without further purication. The raw material FeCl3$6H2O was
purchased from Tianjin Wind Boat Chemical Reagent Tech-
nology Co. Ltd., and used without further purication. The
recording of the FTIR spectra data within the range of 4500–
400 cm−1 was accomplished by using a FT-IR spectrophotom-
eter with KBr pellets. Thermogravimetric analysis for 1 was
measured on a Shimadzu DTG-60H instrument under
a nitrogen atmosphere and temperature range of 25–1000 °C. X-
ray photoelectron spectroscopy (XPS) measurements were
recorded using a Thermo Scientic Escalab 250 spectrometer
with an Al Ka X-ray source (1486.6 eV). X-ray powder diffraction
(XRPD) patterns were obtained by a Philips X'Pert Pro diffrac-
tometer with l = 1.54178 Å and data collected within 5–60° (2-
theta). Magnetic measurements were recorded by a Quantum
Design MPMS XL-5 SQUID magnetometer with the temperature
range from 1.8 to 300 K. Solid UV-vis absorption spectra were
monitored by a Shimadzu UV-540 spectrophotometer from 200
to 2000 nm. The electrochemical behavior of 1-CPE (carbon
paste modied electrode), consisting of compound 1 and
graphite in a 1 : 2 ratio, was investigated in detail at 0.5 mol
per L Na2SO4 to 0.1 mol per L H2SO4 solution (pH value 2.2) by
cyclic voltammogram (CV) technique with a three-electrode
system, in which 1-CPE was used as the working electrode,
Ag/AgCl functioned as a reference electrode and Pt wire acted as
the counter electrode. The bond valence sum (BVS) calculation
was based on VX ¼ P

iexp½ðr0 � riÞ=0:37�:33

2.2 Preparation of the compound

A mixture of (NH4)6Mo7O24$4H2O (0.185 g, 0.15 mmol), FeCl3-
$6H2O (0.162 g, 0.6 mmol), NH4VO3 (0.116 g, 1 mmol), 4,40-bipy
Table 1 Crystallographic data for 1

Compound 1

Empirical formula C20N2H24Mo4Fe4O20

Formula weight 1247.59
Crystal system Triclinic
Space group P�1
a (Å) 7.0109(12)
b (Å) 9.4488(15)
c (Å) 14.183(2)
a (°) 106.746(2)
b (°) 90.909(2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
(0.036 g, 0.25 mmol) and 2 mL N2H4$HCl (0.1 mol L−1) in 20 mL
deionized water was stirred at room temperature for 20 min.
The pH value was changed to ∼1.8 by adding HCl (2 mol L−1)
and subsequently stirred for another 20 min. The mixture was
then transferred to a stainless steel reactor and heated at 150 °
C. Numerous dark brown rod-like-shaped crystals were isolated
4 days later, and washed thoroughly with distilled water. Yield,
65%, based on 4,40-bipy. Elemental analysis (%) calcd: C 18.65;
H 2.50; N 4.35; found: C 18.96; H 2.62; N 4.28. IR (KBr, cm−1):
3466(s), 3233(m), 3101(m), 2061(w), 1639(m), 1609(s), 1537(w),
1493(m), 1414(m), 1226(m), 1069(m), 936(s), 881(s), 862(s),
812(s), 744(s), 636(s), 458(w).
2.3 X-ray structure determination

A perfect single crystal of the compound was prepared by
choosing from the reactor, and subsequently installed in
a capillary glass tube. Suitable diffraction data were recorded on
a Bruker D8 VENTURE detector with graphite mono-
chromatized Mo–Ka radiation (l = 0.71073 Å) under room
temperature. The direct method and difference Fourier
synthesis method were used to analyze the crystal structure by
SHELXTL-2017 programs and Olex2 soware.34,35 Crystal data
and structure renement for 1 are listed in Table 1. Selected
bond lengths and angles for 1 are listed in Table S1.† Crystal-
lographic data for the structure have been deposited to the
Cambridge Crystallographic Data Centre with CCDC 2377471.
2.4 General procedure for the oxidation of suldes

The reaction mixture of suldes, hydrogen peroxide, compound
1 and solution (CH3OH, CH3CN, etc.) was put into a glass
reaction tube with a 10 mL capacity, and stirred under a water
bath at room temperature (25 °C). Aer the reaction was
completed, the product yield was detected with gas chroma-
tography (GC) (Agilent 7890B equipped with a DB-FFAP capillary
column, 30 m × 0.320 mm × 0.25 m) and nuclear magnetic
resonance spectroscopy (1H-NMR) (Bruker AVANCE 400, 0.5 mL
deuterochloroform (CDCl3) was used to fully dissolve the
sample). The recyclability experiment was carried out under the
optimum conditions. The catalyst was retrieved by centrifuga-
tion or ltration, washed with water and ethanol, and dried
under vacuum for 10 h. Subsequently, the dry sample was used
for the next run.
g (°) 103.745(2)
V (Å3) 870.3(2)
Z 1
Dc (g cm−3) 2.380
GOF on F2 1.060
R1, wR2 [I > 2s(I)] 0.0444, 0.1471
R1, wR2 [all data] 0.0483, 0.1549
Rint 0.0273

RSC Adv., 2024, 14, 38002–38008 | 38003
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3. Results and discussion
3.1 Crystal structures

The X-ray crystallographic analysis reveals that 1 crystallizes in
the triclinic space group P�1, and features uncommon MOFs
withMoO4

2− and 4,40-bipy as linkers. The unsymmetric unit has
two crystallographically independent Fe(II) ions, two MoO4

2−

units, one 4,40-bipy ligand and two free H2O molecules (Fig. 1a
and S1†). As clearly shown in Fig. 1b, four Fe ions from two
groups Fe1 and Fe2 are connected by corner or edge share, and
resulted in a tetra-nucleate iron {Fe4} short chain. Such shaped
{Fe4} short chains and four Mo1 tetrahedron are oriented in the
alternating corner-sharing fashion to generate a 1D ladder type
chain running parallel along the a-axis (Fig. 1c). Then, in the ab
plane, the 1D ladder type chain links to adjacent two 1D chains
by the Mo2 tetrahedron, resulting in a 2D layer (Fig. 1d). An
analogous layer of Mo–Fe bimetallic oxides was reported in a-
FeMoO4, b-FeMoO4, FeMoO4 II, and some organic/inorganic
hybrid Mo–Fe bimetallic oxides,36–38 but such {Fe4} short
chains linked by MoO4

2− have never been seen before. Each 2D
layer covalently links through 4,40-bipy ligands into three-
dimensional MOFs (Fig. 1e), in which this special structure is
similar to [Cu(4,40-bipy)0.5MoO4]$1.5H2O prepared by Zubieta.39

The MOF contains two kinds of channels viewed along the a-
and b-axes (Fig. S2†). The dimensions of the window along axis
a measure approximately 10.8269–14.3983 Å, as depicted in the
gure, while the dimensions along axis b also range from
10.8269–14.3983 Å. Both of them are straight and lled with the
lattice water molecules.

In the framework, Fe1 and Fe2 adopted a six-coordinated
environment showing a distorted octahedron geometry with
a NO5 set (O1, O2, O3, O5C, O7, N1 for Fe1 and O1C, O4, O5,
O8A, O8C N2B for Fe2), of which those surrounded atoms are
from the MoO4

2− units and 4,40-bipy ligand. The Fe(II)–O bond
lengths vary from 1.984(6) Å to 2.117(7) Å and the Fe(II)–N bond
Fig. 1 (a) Coordination environment diagram of 1. (All the H atoms and
dissociative H2O are omitted). (b) {Fe4} short chain; (c) 1D ladder type
chain along the a-axis; (d) 2D layer of 1 viewed along the ab plane; (e)
the 3D framework in 1. Polyhedron in red octahedron for [FeNO5],
shallow blue tetrahedron for Mo1 and dark blue for Mo2.

38004 | RSC Adv., 2024, 14, 38002–38008
distances are 2.170(7) Å and 2.123(7) Å, respectively. Two
MoO4

2− units adopt different linking fashions, m3-O5, m3-O8 and
m2-O7 from Mo1, and m3-O1, m2-O2, m2-O3 and m2-O4 from Mo2,
as shown in Fig. S3.† The distances of Mo–Ob (Ob, bridging
oxygen) are in the range of 1.732(6)–1.872(7) Å and O–Mo–O
angles of 106.9(9) to 114.0(9). Moreover, one Mo1Ot (Ot,
terminal oxygen) distance is 1.699 Å. These M–O (M = Mo, Fe)
bond distances in compound 1 are similar with the other cor-
responding bond distances; for example, the range from 1.729 Å
to 1.813 Å for Mo–Ob, and 2.093(3) Å to 2.205(2) Å for Fe–O in
KH3Fe

II
2MoVI2 O10.37 Based on BVS, the values 2.2 and 2.3 of Fe

indicate the +2 oxidation state, while the values 5.9 and 6.2 of
Mo indicate the +6 oxidation state, as estimated. Furthermore,
supplementary XPS measurements conrm the presence of Fe
in its +2 oxidation state. As shown in Fig. S4,† the deconvolution
of the Fe 2p peak revealed three signals at around 710.7 eV,
724.1 eV and 719.3 eV, corresponding to Fe 2p3/2, Fe 2p3/1 and
Fe satellite, respectively, indicating that the oxidation state of
Fe is +2.40,41

3.2 IR, and TGA

To further demonstrate the structure, IR and TGA techniques
were utilized. As shown in Fig. S5,† the characteristic absorp-
tion peaks observed in the IR spectrum of compound 1 closely
resemble those of the organic ligands 4,40-bipy, iron, and
molybdenum. The broad absorption peak near 3466 cm−1 is
attributed to the H–O–H stretching vibration of solvent water
molecules, while the v(C]C) andm(C]N) stretching vibrations
of the ligand pyridine occur between 1639 and 1069 cm−1. The
multiple strong absorptions between 936 and 744 cm−1 may be
attributed to metal–oxygen stretching vibrations, thus
providing comprehensive evidence for the diverse bridging
modes existing between molybdenum and oxygen within the
structural framework.42,43 Furthermore, thermal analysis results
also support the structural analysis. As depicted in Fig. S6,† an
initial weight loss of 5.2% occurs at 80–180 °C, closely aligning
with the water molecule content within the structure (5.4%);
subsequently, a second weight loss is observed at 370–440 °C,
accounting for a reduction of 25.7%, which mirrors closely with
the organic ligand 4,40-bipy content within the structure
(25.04%). A small amount of error may be due to systematic
errors in testing or variations in the sample water content.

3.3 UV-vis-NIR spectra

As is known, the diffuse reectance spectroscopy not only was
used to evaluate the spectral performance of the compound but
also used to determine the symmetry and coordination envi-
ronment.44 In the UV-vis absorption spectrum, there are three
strong bands at 254, 390, and 500 nm and a wide absorption
region from 900 to 1700 nm (Fig. 2a). According to previous
reports, the absorption band of the Mo(VI) ion with d0 electronic
conguration only occurs in the UV-visible range of 200–
400 nm. This is because of the ligand metal charge transfer
process (LMCT): O2− / Mo. Much more have concluded that
the absorption bands around 260 nm are characteristic of
tetrahedral molybdate [MoO4], and that the characteristic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The UV-vis absorption spectrum of compound 1 in the solid
state at room temperature. (b) The cmT and cm

−1 vs. T plots for 1. The
red line is generated by the Curie–Weiss law.
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absorption peaks of octahedral species [MoO6] are higher at
300 nm or above. So, the 254 nm absorption peak should be
attributed to tetrahedral molybdate [MoO4].42 The absorption
bands at 390 nm, 500 nm and 900–1700 nm agree with the
charge-transfer transitions between the iron(II) ion and ligand,
and the d–d transition of Fe(II) ions by 1A1g /

1T1g and
5T2g /

5Eg modality.45–47
3.4 Magnetic properties

Iron-containing compounds have attracted increasing attention
owing to their charming magnetism exchange interactions.
Thus, the magnetic property of 1 has been measured through
varying temperature from 2 to 300 K. The data of cmT and cm

−1

vs. T for 1 have been plotted in Fig. 2b. In the cmT vs. T plot of 1,
the initial cmT value decreased gradually from 6.42 cm3 Kmol−1

at 300 K to 5.81 cm3 K mol−1 at 100 K, then rapidly reaches the
minimum of 0.39 cm3 Kmol−1 at 2 K. The cmT value of 6.40 cm3

K mol−1 at 298 K is slightly higher than that of the two isolated
spin-only Fe(II) cations.48–50 The cm

−1 vs. T plot was tted based
on the Curie–Weiss law [c = C/(T − q)] from 35 to 300 K, and
resulted in a Curie constant of C = 6.88 cm3 K mol−1 and Weiss
constant of q = −2.83 K. The above dates and tting result have
shown antiferromagnetic coupling for 1. On the other hand, the
cmT value of 1 is close to that of two isolated spin-only Fe(II) at
room temperature, which is in accordance with the BVS calcu-
lation on Fe.
Fig. 3 Cyclic voltammogram of 1-CPE in Na2SO4–H2SO4 aqueous
solution with different scan rates from 0.1 to 0.8 V s−1.
3.5 PXRD and stability study

The phase purity and stability of the sample were veried by
comparing the XRPD pattern with the single crystal simulation
data. Firstly, the peak positions of the experimental pattern in
fresh 1 (untreated by other solvents) are in good agreement with
the simulation, indicating the good phase purity of the products
(Fig. S7†). Next, the compound was immersed in various solu-
tions, such as CH3OH, CH3CN, DMF, and n-hexane, for two
days, and vacuum-dried aer repeated washing with distilled
water. All collected samples were characterized by XRPD,
showing nearly unchanged characteristic peaks. This indicated
that 1 shows a remarkable stability in various solutions
(Fig. S8†). Finally, the stability of 1 in H2O with different pH
values has also been studied, and the results show that the
compound maintains a stable structure in a wide range of pH
© 2024 The Author(s). Published by the Royal Society of Chemistry
values from 3.6 to 13.0 (Fig. S9†). The slight difference in
intensity for all data would be due to the preferred orientation
of the samples. From the above, the compound shows good
stability in various solutions and a wide pH range from 3.6
to 13.0.

3.6 Electrochemical properties

The electrochemical behavior of 1-CPE was investigated in
H2SO4–Na2SO4 aqueous solution by cyclic-voltammetry (CV)
method in the potential range from 0.16 to 0.43 V. As shown in
Fig. 3, the CV result shows that 1-CPE undergoes three couples
of reversible redox peaks with half-wave potentials of 0.29, 0.15
and 0.03 V (vs. Ag/AgCl). These reversible redox potentials
should be attributed to the reversible transfer processes of MoV/
MoVI, which is similar to other molybdenum-containing
compounds; for example, 0.27, 0.15 and −0.03 V for
[SiMo12O40]

4−; and 0.31, 0.16 and −0.07 V for [PMo12O40],51

respectively. With the increased scan rate, the peak currents of
both oxidation and reduction processes increase gradually with
increasing scan rates, and their cathodic (ipc) and anodic (ipa)
peak current intensities are proportional to the scan rates
(Fig. S10†), indicating that the redox process of 1-CPE is
a surface-controlled process.52

3.7 Chemoselective oxidation of suldes to sulfoxides

The performance of suldes oxidized to their corresponding
sulfoxides for 1 was explored in a model reaction with methyl
phenyl sulde as the substrate under room temperature for 1 h.
Varying reaction parameters have been taken into account to
nd the optimized conditions, like the catalyst loading, the
effect of solvent, the effect of the oxygen source and concen-
tration, reaction temperature and time, as summarized in
Table 2. Firstly, the model reaction was carried out in different
solvents such as acetonitrile (CH3CN), methanol (CH3OH),
dichloromethane (CH2Cl2), n-hexane (C6H14), and p-dioxane
(C4H8O2). From Table 2, entries 1–5, the nonpolar solvents of n-
hexane and p-dioxane showed very low conversions; in contrast,
polar solvents distinctly improved the conversions, which is in
RSC Adv., 2024, 14, 38002–38008 | 38005
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Table 2 Thioanisole oxidation using 1a

Entry Cat. (mg) Vol. of solv. (mL) Solv. Conv.b (%) Sel.c/%

1 10 2 CH3OH 97 98
2 10 2 CH3CN 79 87
3 10 2 C6H14 12 86
4 10 2 CH2Cl2 7 95
5 10 2 C4H8O2 4 24
6 2.5 2 CH3OH 87 92
7 5 2 CH3OH 96 98
8 7.5 2 CH3OH 96 98
9 12.5 2 CH3OH 98 99
10 15 2 CH3OH 98 97
11 10 1 CH3OH 96 95
12 10 3 CH3OH 94 97
13d 10 2 CH3OH 29 99

a Reaction conditions: 1mmol of methyl phenyl sulde, 1mmol of H2O2
under stirring for 1 h at room temperature. b Conversion of suldes
determined by GC with naphthalene as an internal standard.
c Selectivity towards methyl phenyl sulfoxide. d 1 mmol of methyl
phenyl sulde, 1 mmol of TBHP under stirring for 1 h.

Fig. 4 (a) Hot filtration experiment using catalyst 1. (b) Recycling of
catalyst 1 for the catalytic oxidation reactions.
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line with the relevant literature.53 Among the polar solvents,
methanol would be a suitable candidate with a high conversion
(96%) and selectivity (98%) of sulfoxide. This result is compa-
rable with most Mo-based heterogeneous catalysts (Table S2†).
To further identify the reaction products, the 1H-NMR of the
reaction mixtures has been analyzed (Fig. S11†). It can be seen
that the predominant product observed is sulfoxide, with only
trace amounts of weak sulfone detected, wherein the sulfoxide
content reaches an impressive 98%, aligning perfectly with the
GC results. Thus, we spontaneously examined the effect of the
catalyst concentration by changing the volume of solvent
(CH3OH) from 1 to 3 mL, and the result shows that the
conversion and selectivity are almost unchanged (Table 2,
entries 1, 11 and 12). The amount of catalyst was also studied,
and the result shows that the conversion was improved with the
dosage increasing from 2.5 to 10 mg. Furthermore, the
conversion speed of methyl phenyl sulde was increased at
dosages above 10 mg (Table 2, entries 1 and 6–10). Moreover,
when we replaced 30% H2O2 with 70% tert-butyl hydroperoxide
(TBHP), the conversion and selectivity were decreased to 29%
and 99% under the same conditions (Table 2, entry 13),
respectively. Based on the above results, the optimum catalytic
condition of 1 for this model reaction would be summarized as
follows: 1 mmol suldes, 1 mmol H2O2, 10 mg (1.5 mol%)
compound 1 dispersed in CH3OH solution for 1 h under room
temperature. The reaction kinetics for this model reaction was
carried out under this optimum condition. As shown in
Fig. S12,† the reaction for oxidizing thioanisole to the corre-
sponding sulfoxide exhibits pseudo-rst-order kinetics with rate
constant k = 0.054 min−1 (R2 = 0.986).54
38006 | RSC Adv., 2024, 14, 38002–38008
To conrm the heterogeneous process of this catalytic reac-
tion, a hot ltration experiment was carried out. As shown in
Fig. 4a, the conversion was nearly stopped when the catalyst was
moved out from the reaction system. In addition, no color
change was observed when the ltrate joined to the KSCN
solution, showing that no Fe3+ ion was detected. Both of them
are strong evidence that the catalytic reaction is an authentic
heterogeneous process. Because of its heterogeneous nature,
the catalyst can be reused easily by simple centrifugal separa-
tion. In Fig. 4b, no signicant decrease in the activity of 1 was
observed aer 4 runs of continuous use, showing that the
catalyst has a good recyclable capacity. Beyond that, the struc-
tural stability of the compound was checked by IR spectra and
PXRD patterns. Compared with the fresh samples that did not
take part in the catalytic experiment, those parameters are
almost unchanged aer 4 cycles (Fig. S13 and S14†) showing the
excellent structural stability for the compound.

Except for the heterogeneous nature, good activity, recy-
clable capacity and excellent stability, general applicability is
another important indicator to estimate the performance of
catalysts. Thus, a variety of suldes acting as substrates were
tested under the optimum catalytic condition, and the results
are given in Table 3. Similar to thioanisole, the catalytic
substrate of some dialkyl suldes and differently substituted
phenyl methyl suldes were rapidly oxidized in considerably
good to high yield and chemoselectivity to the corresponding
sulfoxides in one hour (Table 3, entries 1–6). It is worth
mentioning that the catalytic activity and selectivity were less
affected by the electronic character and the position of the
phenyl-ring substituted thioanisoles, even when an ortho-posi-
tion substituent derivate (o-bromoanisole) was used as the
substrate (Table 3, entries 7–12).

Based on the characteristics of the 3D porous structure of the
catalyst and previous research,55–57 we hypothesized that the
mechanism of the catalytic reaction is as follows: rst, the
oxidizing agent oxidizes molybdenum into the peroxido
molybdenum(VI) unit; secondly, thioether is attracted to the
pore through the hydrogen bonding of ligand units in the pore
channel and attacks the peroxido molybdenum(VI) unit through
nucleophilic action to achieve oxygen transfer, generating
sulfoxide and regenerating the catalyst. The catalyst then enters
the next catalytic oxidation cycle (Fig. S15†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Oxidation of various sulfides using catalyst 1 with H2O2

Entry Substrate Conv. (%) Selec. (%) Entry Substrate Conv. (%)
Sel./%
R1R2SO

1 $99 98 2 99 97

3 $99 98 4 99 98

5 96 98 6 98 99

7 98 97 8 89 $99

9 95 95 10 93 98

11 87 95 12 79 99
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4. Conclusions

In conclusion, a rare Mo–Fe bimetallic MOF [Fe2(4,40-bipy)
Mo2O8]$2H2O (1) was prepared with simple hydrothermal
method and characterized in detail. It has been successfully
used in the selective oxidation of organic suldes to sulfoxides
under mild conditions with hydrogen peroxide. Importantly,
the excellent stability and signicant catalytic activity for the
compound not only indicates that incorporating MoO4

2− into
MOF as a linker is an effective strategy to prepare the Mo-based
heterogeneous catalyst, but also would open a new road for the
performance research of bimetallic MOFs. In future work,
major efforts will be devoted to optimizing the architectures
and excellent catalytic properties by adjusting the pore size,
specic surfaces and components.
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