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The selective oxidation of organic sulfides is a pivotal step in the preparation of sulfoxides that can act as
synthetic intermediates when preparing fine chemicals, bioactive molecules, and asymmetric catalysis
ligands. To construct high-performance heterogeneous catalysts for sulfide-sulfoxide transformations,
herein, we designed and synthesized a supramolecular porous catalyst based on e-Keggin polyoxometa-
lates (POMs), TBA,H,[Zn,(im)(Him)slle-PMog'Mo4¥'040]-:3H,0O (1, Him = 1H-imidazole). Single-crystal
X-ray diffraction analysis indicates that the porous framework of 1 can be obtained via the supramolecular
stacking of one-dimensional helical chains alternately linked by Zn4-e-Keggin clusters and Him ligands.
During the selective oxidation of methyl phenyl sulfide to methyl phenyl sulfoxide (MPSO), compound 1
achieved a >99% yield toward MPSO and 90.3% oxidant utilization efficiency within 10 min. The corres-
ponding turnover frequency (TOF), expressing catalytic activity, was up to 1200 h™. The catalyst also
demonstrated extensive substrate tolerance during catalysis, and the corresponding yields of sulfoxides
were satisfactory when only 1.2 equivalents of oxidant were used. Besides this, 1 can also effectively
degrade a sulfur mustard simulant (2-chloroethyl ethyl sulfide) to the nontoxic product 2-chloroethyl
ethyl sulfoxide within 10 min at room temperature, with an oxidant utilization efficiency of up to 94.5%.
Importantly, the excellent catalytic activity of compound 1 was also proven via comparison with an analo-
gous 3D compound 2 (TOF = 800 h™' at full MPS conversion), TBAHIK(Him)(im)I[Zn4(Him)(Hip)]
le-PMog'Mo,"'040] (Hip = 4-(1H-imidazol-2-yl)-pyridine), which was covalently assembled from one-
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dimensional Zn4-e-Keggin POM chains and metal—-organic units. Moreover, the truly heterogeneous
nature of 1 and 2 was confirmed via cycling and hot-filtration experiments, and their structural stability
was verified based on Fourier-transform infrared spectra and powder X-ray diffractometry (PXRD)

rsc.li/frontiers-inorganic patterns.

or fuels."™® Currently, the large-scale oxidation of sulfides

remains prevalent, with unfashionable ‘stoichiometric’ techno-

1. Introduction

Sulfide-sulfoxide selective transformation represents one of
the most important and fascinating reactions from both
chemical and biological perspectives, which has long been
used in synthesizing high-value sulfoxide intermediates with
biological activity and purifying toxic and harmful sulfur-con-
taining chemicals such as sulfur-containing chemical weapons

State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian
University of Technology, Dalian 116023, People’s Republic of China.

E-mail: anhy@dlut.edu.cn; Fax: +86-411-84657675; Tel: +86-411-84657675

1 Electronic supplementary information (ESI) available: Characterization details,
synthetic procedures, supplementary structure diagrams, supplementary cata-
Iytic results, and the calculation of oxidant utilization efficiency. CCDC 2120945
and 2120946. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d2qi00525¢

3282 | Inorg. Chem. Front.,, 2022, 9, 3282-3294

logies including hypervalent metal- or iodine-containing oxi-
dants (Cr®", MnO,, MnO, ", 1057, etc.) and strong mineral acids
(H,SO4, HNO;, H3PO,).° Therefore, the design and develop-
ment of environmentally-friendly catalytic technologies for the
selective oxidation of sulfides using green oxidants such as
molecular oxygen, aqueous hydrogen peroxide, or organic per-
oxide are desired to overcome the shortcomings of convention-
al procedures.'**?

Polyoxometalates (POMs), as a subset of crystalline metal
oxide catalysts with compatibility with various oxygen sources,
good redox properties, tunable acidities and alkalinities, and
good solubility stability, have broadly been proven to be
effective and green in catalyzing the selective oxidation of
organic substances.’*® Among them, many POM-based cata-
Iytic systems for oxidizing sulfides have been successfully

This journal is © the Partner Organisations 2022


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-5329-977X
http://orcid.org/0000-0003-3848-5210
http://orcid.org/0000-0002-8983-9309
http://orcid.org/0000-0001-5107-1296
https://doi.org/10.1039/d2qi00525e
https://doi.org/10.1039/d2qi00525e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi00525e&domain=pdf&date_stamp=2022-06-25
https://doi.org/10.1039/d2qi00525e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI009013

Published on 21 2565. Downloaded on 1/11/2568 12:36:43.

Inorganic Chemistry Frontiers
established over the past dozen years.'”' Examples that
have easily come to conception are the selective oxidation
of a wvariety of thioethers and degradation of sulfur
mustard gas simulants (2-chloroethyl ethyl sulfide, CEES)
catalyzed by inorganic POMs such as TBA,[a-MogO,s],
TBA;,H13PNb;50,40(VV0),(V4V01,),, TBAH,[BW;,;Mn(H,0)050],
and TBAg[(y-SiW1,Ti,035(0OH),),] under homogeneous
conditions.>**® In recent years, increasingly more research
has been gradually focused on the construction of POM-based
heterogeneous catalysts. Immobilizing POMs on proper sup-
ports (e.g., MOFs, COFs, high surface area carbon, mesoporous
silica and metal oxides) has been widely employed to achieve
the heterogeneity of POMs.>*"*® However, some shortcomings
of the above systems involve their (i) ill-defined structures, (ii)
leachable active sites, and (iii) low specific surface area and
exposure of active sites, which restrict their practical appli-
cations. A feasible scheme of late has been to construct crystal-
line POM-based metal-organic complexes, which can not only
disperse the POM at the molecular level, but also easily clarify
its structure-activity relationship.’® Numerous studies have
proven that covalently bonded POM-based metal-organic com-
plexes possess excellent catalytic and recycling properties in
the heterogeneous catalytic selective oxidation of sulfide to
sulfoxide.**™” Nevertheless, most of the covalently bonded
skeleton blocks the accessibility of internal sites and mass
transfer process, which in turn requires a high oxygen-sulfur
ratio to achieve high conversion, and to a certain extent is not
conducive to the economy and environmental protection.
Recently, there has been a surge in research interest on
POM-based porous supramolecular frameworks with periodic
and accessible channels because their non-covalent skeletons
have strong reversibility and their porous structures also allow
fast mass transfer.*®**> However, few catalytic systems based
on POM-based porous supramolecular frameworks have been
exploited until now.'>**** For instance, a porous framework
with 27.6% void space constructed via the supramolecular
stacking of Keggin-type POMs and metalloporphyrin layers has
been shown to exhibit high activity towards the conversion of
appropriately sized alkylbenzenes to ketones.’* Zhang et al.
reported a feasible supramolecular self-assembly route to fab-
ricate a series of POM-based porous frameworks with catalytic
activity for dye degradation and esterification.”® Our group has
recently prepared two POM-based porous supramolecular
frameworks constituted by Keggin-type POMs and Cu-organic
units, which show excellent catalytic activity in the oxidation of
substituted phenols to the corresponding p-benzoquinones.'?
In terms of the oxidation of sulfides, Hu, et al. found that a 3D
polyoxovanadate-based supramolecular porous framework as
an excellent heterogeneous catalyst can effectively realize the
selective oxidation of sulfides and degradation of CEES.?® Very
recently, a 3D Waugh-type POM-based supramolecular porous
framework was demonstrated by Wang and co-workers to
provide more active sites than its 2D covalently bonded
analogs and thus exhibit higher catalytic activity in the oxi-
dation of thioethers.*® Be that as it may, the rudimentary
research status still inspires us to pursue more stable POM-
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based porous supramolecular frameworks with excellent cata-
Iytic performance for the oxidation of sulfides.

In this work, a novel Zn,-capped e-Keggin-type POM-
based  porous  framework, = TBA,H,[Zn,(im)(Him),][e-
PMog"Mo,""0,,]-3H,0 (1, Him = imidazole), formed from one-
dimensional helical chains via supramolecular interactions
(hydrogen bonding) has been designed and synthesized. As
expected, compound 1 exhibits excellent performance to selec-
tively oxidize various sulfides to sulfoxides and rapidly detoxify
CEES in the presence of aqueous hydroperoxide as a green
oxidant under a low oxygen-sulfur ratio (O/S = 1.2). Within
10 min, for the oxidation of methyl phenyl sulfide (MPS), the
yield of methyl phenyl sulfoxide (MPSO) was close to 100%
with H,O, utilization efficiency >90%. The corresponding cata-
Iytic activity expressed by the turnover frequency (TOF) was
also as high as 1200 h™". Additionally, in exploring the syn-
thesis conditions of 1, we also obtained a new POM-based
metal-organic coordination polymer with a 3D covalent frame-
work,  TBAH,[K(Him)(im)][Zn,(Him)(Hip)][e-PMog M0} 4]
(2, Hip = 4-(1H-imidazol-2-yl)-pyridine), composed of one-
dimensional Zn,-e-Keggin POM inorganic chains and metal-
organic units. Compound 2 also showed excellent catalytic
activity in the oxidation of sulfides (for MPS-MPSO transform-
ation the TOF was 800 h™"), but it was still inferior to com-
pound 1, which further indicated that the supramolecular
porous framework of compound 1 was more conducive to
mass transfer and featured more exposed internal active sites.

2. Experimental

The details of instruments, detailed operation of the detection
of hydrogen peroxide, and X-ray crystallographic studies are
provided in Section I of the ESL{

2.1 Synthesis of TBA,H,[Zn,(im)(Him),][e-PMog"Mo,""0,]-
3H,0 (1)

A mixture of (NH4)sM0,0,,-4H,0 (0.30 g, 0.24 mmol), H;PO;
(0.03 g, 0.36 mmol), Zn(Ac),-2H,0 (0.11 g, 0.5 mmol), 25 wt%
solution of tetrabutylammonium hydroxide in water (200 pL,
0.19 mmol), and H,O (8 mL) were stirred for 30 min at room
temperature, and the pH was adjusted to 5.50 with 2 M HCL.
Subsequently, molybdenum powder 99.5% (0.03 g,
0.31 mmol), 2-(pyridinium-4-yl)-1H-imidazole-4,5-dicarboxylic
acid (0.05 g, 0.21 mmol) and 1H-imidazol (0.08 g, 1.18 mmol)
were successively added. Then, the suspension was put into a
25 mL Teflon-lined stainless-steel autoclave and kept at 180 °C
for 3 days. After cooling slowly to room temperature, the black
polyhedral crystals were collected by filtering and washed with
distilled water (yield: 52.8% based on (NH,)¢M0,0,,-4H,0).
Elemental analysis (%) for HgoCy1NgO4,PZnyMoy,, caled: C,
17.52; H, 3.19; N, 3.99. Found: C, 17.36; H, 3.43; N, 4.11. IR
(KBr Pellet, cm™): 3548 (w), 3392 (w), 3131 (w), 2964 (w), 2873
(w), 1618 (w), 1466 (m), 1383 (W), 1327 (w), 1267 (W), 1076 (m),
964 (w), 937 (s), 814 (W), 785 (s), 708 (m), 638 (W), 594 (m).
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2.2 Synthesis of TBAH,[K(Him)(im)][Zn,(Him)(Hip)][e-
PMog"Mo,""0,,] (2)

Compound 2 was produced by adjusting the pH of the syn-
thesis system of compound 1, that is, from 5.50 to 5.10. After
standing at 180 °C for 3 days, the black strip crystals were
obtained, washed with water and dried in air (yield: 45.4%
based on Hip). Elemental analysis (%) for C33Hs6KMO01,N;¢-
0,40PZny, calcd: C, 14.59; H, 2.08; N, 5.16. Found: C, 14.56; H,
2.13; N, 5.24. IR (KBr Pellet, cm™): 3440 (w), 3274 (w), 3182
(W), 2960 (W), 2870 (w), 1626 (W), 1545 (w), 1512 (w), 1452 (W),
1410 (w), 1327 (w), 1259 (w), 1174 (w), 1138 (w), 1070 (m), 935
(s), 818 (w), 785 (s), 717 (W), 656 (W), 617 (W), 586 (m).

2.3 Typical process for the oxidation of sulfides

In a typical operation, the substrates (0.25 mmol), the pow-
dered catalysts (1.25 pmol, activated for 12 h under vacuum at
150 °C), the internal standard (naphthalene or octane,
0.25 mmol), and the solvents (MeOH, 0.5 mL) were added suc-
cessively into a glass reactor (1.5 mL) at room temperature.
The mixture was first stirred at 50 °C for a certain period of
time, then the oxidant (30% H,0,, 0.3 mmol) was added and
timing began. The progress of the reaction was monitored by
gas chromatography (GC) analysis. The corresponding products
were distinguished by GC/MS or "H NMR (Table S77). The conver-
sion of the sulfides and the selectivity of sulfoxides were calcu-
lated by the internal standard method of GC. The blank experi-
ments in the absence of catalysts, oxidants or both, and other
control variable comparison experiments were also carried out in
a similar way to the above-mentioned preparation. Cycling experi-
ments were carried out with the model reaction (MPS-MPSO
transformation) as the research object. Specifically, the catalysts
were firstly separated via centrifugation before recycling, then
washed with MeOH three times, and dried in air. In multi-cycle
continuous experiments, the initial mol of MPS and H,0, were
maintained at 0.25 mmol and 0.30 mmol by continuous addition
after the reaction in the previous cycle. In a typical experiment of
the oxidative degradation of CEES, all the operations were similar
to those mentioned above except for adjusting the temperature to
room temperature.

3. Results and discussion
3.1 Structural description

X-ray crystallographic data demonstrate that 1 crystallizes in
the tetragonal space group I4;/a with sixteen formula units
(Z = 16) per unit cell, while 2 crystallizes in the monoclinic
space group P2,/n with four formula units (Z = 4) per unit cell
(Table S17). The POM building units in 1 and 2 reveal classic
e-Keggin structural characteristics, with four {Mo;0,;} moieties
capped by four tetrahedral Zn" ions. In 1 and 2, the valences of
the Mo ions were determined through bond valence sum (BVS)
calculations and further confirmed by the Mo-Mo distances
(Table S2+)."” More specifically, the BVS calculations of Mo ions
are 5.29 (Mo1), 5.33 (Mo2), 5.27 (Mo3), 6.02 (Mo4), 5.22 (Mo5),
5.45 (Mo6), 6.18 (Mo7), 6.06 (Mo8), 5.33 (Mo09), 6.12 (M010),
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5.42 (Mo11) and 5.38 (Mo12) for 1, 5.41 (Mo1), 6.01 (Mo2),
6.12 (Mo3), 5.33 (Mo4), 5.20 (Mo5), 6.04 (Mo6), 5.37 (Mo7),
6.04 (Mo8), 5.31 (Mo09), 5.28 (Mo10), 5.24 (Mo11) and 5.25
(Mo12) for 2, which confirms the existence of eight Mo" and
four Mo"" in the asymmetric units of 1 and 2. Further, the dis-
tances of Mo'-Mo" are 2.6075 to 2.639 A and Mo"'-Mo"" are
3.174 to 3.1949 A in 1 and 2, respectively, also indicating the
coexistence of Mo" and Mo"" ions in 1 and 2. One can note
that to balance the higher negative charge on the Zn,-capped
e-Keggin skeleton, two protons are added to compounds 1 and
2, which is common in POM-based compounds.*®

3.1.1 Structural description of compound 1. The asym-
metric unit of 1 contains one [e-PMog"Mo,""0,,] POM unit,
four crystallographically independent Zn>* centers, three Him
ligands (one of them is deprotonated), two TBA" cations, and
three lattice water molecules (Fig. S11). The four Zn** ions all
have a distorted tetrahedral configuration, of which three
oxygen atoms are from the [e-PMog Mo, "04y] POM skeleton
(Zn-0: 1.931(11)-1.982(10) A) and one N atom is from the
ligands (Zn-N: 1.922(16)-1.965(13) A) (Fig. S21). In compound
1, the {e-PMog "Mo,""0,,} skeleton is capped by four Zn ions in
the tetrahedral symmetry to further construct a secondary
building unit (abbreviated as PMo;,Zn,). Each PMo,,Zn, unit
is connected to four Him ligands (two of them are deproto-
nated and coordinated with Zn1 and Zn2) via Zn ions.
Benefiting from such a coordination pattern, the PMo;,Zn,
unit is linked to two adjacent PMoy,Zn, subunits through the
protonated imidazole ligands to further form a one-dimension
spiral infinite chain (-im-PMo;,Zn,~im-PMo;,Zn,-) with a
square-like channel (named channel A) along the direction of
the ¢ axis (Fig. la-c). Each helical one-dimensional chain
interacts with two adjacent chains with opposite chirality
through C-H:--O and N-H:--O hydrogen bonding interactions
(D---A: 2.78-3.17 A) to further stack into a charming 3D supra-
molecular porous framework (Fig. 1d), which also results in
that thus, the entire molecule of 1 is achiral, which is proven
by the crystallization of 1 in space group I4,/a. Interestingly, in
the 3D framework, a larger square-like channel (named
channel B) stacked by four chiral chains (two of which are
right-handed) can be viewed from the c-axis (Fig. 1c). One
should also note that compound 1 eventually presents a
channel interpenetrated configuration, that is, there are two
types of square-like channels that exist in the direction of the
a-axis and b-axis of the three-dimensional structure (Fig. S47).

3.1.2 Structural description of compound 2. In optimizing
the synthesis conditions of compound 1, some strip crystals
were gradually observed as the pH of the mixture decreased.
The lower the pH, the more strip crystals appeared. The single
crystal analysis results show that the strip crystal presents a
three-dimensional POM-based metal-organic coordination
polymer with covalent framework, namely compound 2.
Detailed analysis showed that there are one [e-
PMog"Mo,""0;,(OH);] core, four Zn>" cations, one Hip ligand,
three Him ligands, one TBA' cation and one K' ion in the
asymmetric unit of compound 2 (Fig. S51). It should be specifi-
cally noted that the 4-(1H-imidazol-2-yl)-pyridine (Hip) ligand
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Fig. 1 The structure of compound 1: (a and b) 1D infinite helical chain
constructed from Zn,-e-Keggin clusters and imidazole ligands; (c) the
channels A and B; (d) the POM-based 3D supramolecular structure.
Color code: W, green; {WOg} octahedron or simplified 1D chain, green
or orange; Zn, pink; O, red; N, blue; C, black.
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in the final structure was not added to the original raw
materials, the presence of which may be caused by the two-
molecule decarboxylation reaction of 2-(pyridinium-4-yl)-1H-
imidazole-4,5-dicarboxylic acid in the hydrothermal environ-
ment (Scheme S17).*° The four Zn>" cations are crystallogra-
phically independent. As shown in Fig. S6,f Zn1 and Zn2 are
connected with three oxygen atoms from the e-Keggin-type
POM skeleton (Zn-O: 1.9342(49)-1.9751(54) A) and one N atom
from the ligands (Zn-N: 1.950(73)-1.9828(71) A) to form a dis-
torted tetrahedral geometry. Zn3 and Zn4 also present a tetra-
hedral-like geometry by coordinating with four oxygen atoms, of
which three O atoms are located on the same POM skeleton, and
the remaining O atom comes from the adjacent POM skeleton
(Zn-0: 1.9431(54)-1.9866(59) A). Similarly, there are also Zn,-
capped PMo,,Zn, secondary building subunits in compound 2.
However, different from compound 1, each PMo,,Zn, subunit is
linked to two surrounding subunits by four Zn-O bonds (two on
each side) to give a one-dimensional zigzag inorganic chain in 2
(Fig. 2a). Such 1D inorganic chains are further connected by two
Hip ligands, two K" ions and two Him ligands (Zn2-Hip-K'-
2Him-K'-Hip-Zn2) to form a 2D grid-like layer (Fig. 2b and S77).
Thanks to this double connection mode, the distance between
adjacent one-dimensional inorganic chains can reach 17.41 A
(Fig. 2b). Finally, the 3D covalent framework is constructed from
the coordination of K ions with the terminal oxygen (O11)
located on the e-Keggin-type POM of the adjacent layer (K-O:
2.0021(2)) (Fig. 2c and d). In the 3D structure, the neighboring
2D layers display staggered stacking, which causes the potential
pores in the 2D structure to be blocked by adjacent 2D layers
(Fig. 2c). Such a configuration may also be one of the main
reasons why compound 2 exhibits relatively poor catalytic activity
(compared to compound 1).

Fig. 2 Structure of compound 2: (a) the 1D zigzag inorganic chain; (b) the 2D grid-like layer; and (c and d) the 3D covalent framework. Color code:
W, green; {WOg} octahedron or simplified 1D chain, green or orange; Zn, pink; K, yellow; O, red; N, blue; C, black.
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3.2 Catalytic performance

3.2.1 Catalytic oxidation of MPS. Owing to the versatility of
sulfoxides in organic synthesis, natural products, functional
materials, oxygen transfer reagents and biomedicine, the oxi-

(@) 0

©/s\ 0.5 mol % Cat. 0

N
1.20 equiv. H,0,
0.25 mmol

S\ S\
e OO
0.5 mL MeOH, 50 °C

—~
=2
~—

\“

D

Conversion (%)

~
<)
~—

Conversion (%)

3 6 9 12 15
Time (min)

Fig. 3 (a) A schematic diagram of the MPS-MPSO transformation. (b
and c) Catalytic results of the MPS-MPSO transformation catalyzed by
compounds 1 and 2.
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dation of sulfides to sulfoxides has attracted the attention of
chemists over recent years. Herein, the catalytic behavior of
compounds 1 and 2 was first assessed by oxidizing MPS with
30% aqueous H,0, as a green oxidant (Fig. 3a), and screening
the optimal operating conditions. As can be seen from Fig. 3b,
within 10 min, compound 1 can rapidly achieve >99% sub-
strate conversion, accompanied by almost 100% sulfoxide
selectivity under standard conditions (7ups : Reatalyst : Moxidant =
1:0.5%:1.2, 50 °C, 0.5 mL of MeOH). Notably, the catalytic
activity expressed in turnover frequency (TOF) reached
1200 h™' and the H,0, utilization efficiency also achieved
90.3%. Although compound 2 also exhibited considerable cata-
Iytic activity (>99% MPSO selectivity, 89.5% oxidant utilization
efficiency, and 800 h™' TOF) under the same conditions
(Fig. 3c), it was still inferior to compound 1. Benefiting from
its well-defined structure, we inferred that the excellent activity
of compound 1 may be attributed to its three-dimensional
cross channels. Theoretically, larger channels can provide
more accessible internal active sites and more efficient mass
transfer efficiency.'>° It can be seen from the above structural
description that the window diameters of the available chan-
nels in compound 1 range from 4.8 to 6.6 A (Fig. S41), which
happen to be able to accommodate the molecular size of MPS
(5.3 x 6.2 A) (Table S31). Such structural discussion is also con-
sistent with the void space calculated by PLATON. Specifically,
compound 1 contains a larger void space (12.4%, 35624.1 A®
per unit cell) compared to compound 2 (no solvent accessible
voids found). Moreover, considering the selectivity of MPSO,
TOF and the O/S ratio, the catalysts we synthesized, especially
catalyst 1, are superior to most of the catalytic systems that
have been reported thus far (Tables 1 and S4+).>'>® This series
of comparative results suggested that designing porous frame-
works with more efficient mass transfer channels and as many
exposed active sites as possible may be an efficient strategy by
which to build more powerful catalysts.

Additionally, one can note that there are four major factors
that play a non-negligible role in the screening of the optimal

Table 1 Representative catalytic systems for the oxidation of MPS to MPSO

Catal.” Oxid. o/s® Time (min) Conv. (%) Sel. (%) TOF (h™)° Ref.
Catalyst 1 H,0, 1.2 10 >99 >99 1200 —4
Catalyst 2 H,0, 1.2 15 >99 >99 800 —
Cug(Mog), TBHP 1.6 30 99 99 198 37
(Zn,PMo,,), H,0, 1.08 30 >99 >99 400 33
Co(PMog), H,0, 1.2 20 99.5 98 298.5 51
CuTeMog TBHP 1.1 60 97 99 1616.7 52
Cu;Co,Mo, TBHP 2.0 240 99 100 16.5 53
Zr2,GegWsg H,0, 3.0 60 99 16 99 21
Ru,AS; W, H,0, 2.5 60 97.4 87 608.8 54
Ve TBHP 0.67 480 90 97.8 33.8 55
LASBTA N TBHP 2.0 60 98 91 326.7 56
NiV, TBHP 1.5 15 100 99 666.7 34
Niv, H,0, 2.5 60 100 100° 20 57
Ni,V, H,0, 1.2 240 96.8 98.7 6.9 35
Co,45€e5Vag TBHP 3.0 60 98.9 100 494.5 58

“ Representative catalyst names only list the metal elements and heteroatoms. ” O/S = the molar ratio of oxidant to substrate. “ Turnover frequency
(TOF) = (mol of MPS consumed)/(mol of catalyst used x reaction time). ¢ This work. ¢ Selectivity to MPSO,.
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Entry Catal. (umol) H,0, (mmol) Temp. (°C) Time (min) Con.” (%) Sel.” (%) TOF? (h™)
1 1.25 0.30 I.t. 10 36.5 >99 438

2 1.25 0.30 40 10 68.7 >99 824.4
3 1.25 0.30 50 10 >99 >99 1200
4 1.25 0.30 60 10 >99 97.5 1200
5 1.25 0.25 50 35 94.8 >99 325

6 1.25 0.35 50 10 >99 94.6 1200
7¢ 1.25 0.30 50 90 94.3 >99 125.7
8/ 1.25 1 atm 50 120 34.9 >99 34.9

9 1.00 0.30 50 10 97.5 >99 1462.5
10 1.5 0.30 50 10 >99 >99 1000
11 0 0.30 50 30 64.7 79.4 —

12 1.25 0 50 40 28.2 >99 84.6
13 0 0 50 60 Trace Trace —

“Reaction conditions: 0.25 mmol of MPS and 0.5 mL of MeOH. ”Results determined via GC using naphthalene as an internal standard.
¢ Selectivity to MPSO. ¢ Turnover frequency (TOF) = (mol of MPS consumed)/(mol of catalyst used x reaction time). ®TBHP as an oxidant.” 0, as

an oxidant.

catalytic conditions (Tables 2 and S3f). Initially, considering
that a small change in reaction temperature usually has a great
impact on catalytic results, the reaction temperature was deter-
mined as the first research variable. As expected, the conver-
sion of MPS can be increased from 36.5% to 100% simply by
changing the reaction temperature from room temperature
(r.t.) to 50 °C (Table 2, entries 1-3). However, the selectivity of
MPSO decreased and the selectivity of the corresponding
methyl phenyl sulfone (MPSO,)increased with a further temp-
erature increase (Table 2, entries 3 and 4). Second, the H,0,
dosage in the catalytic reactions exhibited a similar trend to
temperature. Specifically, within a certain range of H,O,
dosages (that is, <1.2 equiv.), the conversion of MPS had a
positive correlation with the dosage of H,O, (Table 2, entries 3
and 5), and excessive oxidants would further cause some of
the MPSO to be oxidized to MPSO, (Table 2, entry 6). It should
also be noted that slightly more than a stoichiometric amount
of oxidant was required for the full conversion of MPS to
MPSO (1.0 equiv.), suggesting unproductive decomposition of
H,0, under reaction conditions. Although the oxidation of
MPS catalyzed by catalyst 1 can also be realized by using tert-
butyl hydroperoxide or oxygen as an oxidant, the catalyst
showed lower catalytic activity (Table 2, entries 7 and 8), which
indicated that the active sites on catalyst 1 are more easily acti-
vated by hydrogen peroxide. Third, the amount of catalyst is
also an important variable that affects catalytic performance,
especially the TOF. A low catalyst dosage improved the TOF (up
to 1462.5 h™") but reduced the conversion, while a high cata-
lyst dosage reduced the TOF at full conversion (Table 2, entries
9 and 10). Fourth, alcohol solvents with moderate polarity are
conducive to the reaction but too strong a polarity of the sol-
vents (DMF and DMSO) has a negative impact on the reaction
(Table S51). Overall, taking MPS conversion, MPSO selectivity,
TOF, and other factors into consideration, the catalytic reac-
tion was carried out at 50 °C in MeOH with an optimal molar
ratio of substrate//oxidant catalyst of 1/1.2/0.5% (Table 1, entry
3). Besides this, the control experiments revealed that poor
MPS conversion rate and MPSO selectivity were obtained if the
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catalyst and oxidant were used alone or neither were used
(Table 2, entries 11-13).

3.2.2 Substrate scope. With the establishment of the
optimal reaction conditions, we then studied the universality
of sulfide oxidation catalyzed by the titled compounds. As
showed in Scheme 1, MPS and its derivatives with different
substituents could be quickly oxidized to the corresponding
sulfoxides, with a yield mostly above 90%. It was worth noting
that no matter whether the substituents were located in the
ortho, meta or para positions of the aromatic ring, the for-
mation of the target products was be affected (Scheme 1, 6a—
8a). In addition, MPS with an electron-withdrawing group or
an electron-donating group could also be transformed into the
corresponding sulfoxide-based products without excessive oxi-
dation (Scheme 1, 2a-10a). These excellent catalytic results
also indicated that the steric hindrance or electronic factors of
the aromatic ring have negligible effects on our catalytic
system. Moreover, good to excellent results could also be
obtained for sulfides with aromatic heterocycles, such as
2-pyridyl methyl sulfide and 2-methyl-3-methylthiofuran
(Scheme 1, 11a-12a). In addition, other phenyl sulfides with
various alkyl or aryl groups substituents such as ethyl, allyl,
cyclopropyl, 2-hydroxyethyl, phenyl, and benzyl could also be
favorably and efficiently converted to required oxidation pro-
ducts with moderate to excellent yields (Scheme 1, 13a-18a).
Amazingly, catalysts 1 and 2 also showed excellent catalytic
activity towards phenoxathiine and dibenzyl sulfide, and high
yields could be obtained in a short time (Scheme 1, 19a-20a).
In terms of aliphatic sulfides, the corresponding sulfoxides
with high yield could be obtained in a shorter time compared
with aromatic sulfides (Scheme 1, 21a-24a). One can note that
the oxidation of various sulfides catalyzed by compound 1 also
showed better activity than compound 2 as a whole, which
further proved that the porous framework of compound 1 was
more conducive to the catalytic reaction.

3.2.3 Catalytic oxidative detoxification of CEES. Despite
chemical warfare agents being banned in principle worldwide,
the threat of their use as terrorist weapons will long persist.”®
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Scheme 1 Results for compounds 1 and 2 catalyzing the oxidation of
various sulfide substrates.

Among them, sulfur mustard, one of the most vicious foaming
agents, is still used in wars or terrorist attacks due to its ease
of synthesis and transmission, and has ended thousands of
lives.>® Therefore, the development of highly effective preventa-
tive and therapeutic measures for deactivating sulfur mustard
is an area of high importance. In recent decades, the selective
oxidation of sulfur mustard to non-toxic bis-2-chloroethyl sulf-
oxide (note that the corresponding sulfone is toxic) has been
extensively studied as a promising degradation pathway. In
view of the high-efficiency selectivity towards sulfoxides of the
title catalysts, herein, 2-chloroethyl ethyl sulfide (CEES, an
effective simulant of sulfur mustard) was chosen as a research
object to evaluate the catalytic performance of compounds 1
and 2 in CEES degradation (Fig. 4a). The catalytic reaction con-
ditions were basically the same as the oxidation of MPS, except
that the reaction was carried out at room temperature
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Fig. 4 (a) The oxidation detoxification of CEES to CEESO or CEESO,. (b
and c) The transformation of CEES using 1 and 2 as catalysts.

(McEEs : Reatalyst : Moxidant = 1:0.5%:1.2, r.t., 0.5 mL of MeOH).
As predicted, both compounds 1 and 2 showed outstanding
activity and selectivity towards the catalytic detoxification of
CEES. Specifically, within 10-15 min, CEES was completely
converted into the corresponding non-toxic CEESO with >99%
selectivity (Fig. 4b and c). The H,0, utilization efficiencies
were also as high as 94.5% for 1 and 92.7% for 2. Similar to
the above trend in the oxidation of MPS, compound 1 also
showed better catalytic activity in the detoxification of CEES
compared to 2.

3.2.4 Catalyst sustainability and stability. Sustainability
and stability are crucial indicators to evaluate whether a cata-
lyst holds potential for practical application. Primarily, we uti-
lized a simple hot filtration method to judge the hetero-
geneous nature of the catalysts. As can be seen from Fig. 5a,
catalyst 1 was rapidly filtered out when the mixture was reacted
for 2 min under standard conditions, and the conversion of
MPS was basically constant after the remaining filtrate contin-
ued to react in the initial environment for a further 8 min,
which illustrated the excellent heterogeneity of the catalyst.
Moreover, similar conclusions can be further verified by the
fact that there were no characteristic absorption peaks of e-
Keggin skeleton in the full spectrum range of the liquid UV-vis
spectrum of the filtrate after the reaction (Fig. S11at). We then
went through a cycling experiment by simply filtering out the
catalyst 1 after one cycle of the MPS oxidation reaction. The
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Fig. 5 (a) Hot filtration experiment using 1 for the catalytic oxidation of MPS. (b) Cycling experiments involving the oxidation of MPS using spent 1.
(c) Continuous cycling experiments involving the oxidation of MPS using 1. (d) The FTIR spectra and PXRD patterns of fresh and spent catalyst 1.

results showed that the conversion of MPS remained at the
same level as that of fresh catalyst, and the conversion did not
decrease significantly with an increase in the number of cycles
(Fig. 5b). Also, the subsequent continuous cycling experiment
also revealed that the catalytic activity of 1 showed no obvious
changes after three consecutive cycles of testing (Fig. 5c).
Importantly, the Fourier-transform infrared (FTIR) spectra and
powder X-ray diffractometry (PXRD) patterns of the fresh and
spent catalyst 1 are highly consistent, which proves the struc-
tural stability of the catalyst (Fig. 5d). In addition, similar con-
clusions could also be easily interpreted in the MPS oxidation
catalyzed by catalyst 2, as well as the detoxification of CEES
catalyzed by catalysts 1 and 2 (Fig. S11-S15%). These results
indicated that the selective oxidation of sulfides to sulfoxides
over the title catalysts showed high catalytic activity, with the
catalysts also exhibiting excellent stability under optimal
conditions.

3.2.5 Kinetics study. To better understand the kinetic be-
havior of the above catalytic system, the oxidation of MPS and
the oxidative detoxification of CEES catalyzed by compounds 1
and 2 were monitored in real time under the optimal con-
ditions. For the sake of brevity, the following detailed discus-
sion only takes the oxidation of MPS catalyzed by compound 1
as an example. As shown in Fig. S16,f the conversion of MPS
and the natural logarithm (In(C,/C,)) of the ratio of the initial
concentration (C,) of MPS to the concentration at a given time
(C,) was plotted against the reaction time at 50 °C. The linear
fitting results showed that such a catalytic system might
undergo a pseudo first-order kinetic process (R> = 0.9941), and
that the observed rate constant (k) of 1 at 50 °C was
0.4493 min~"'. Similar linear fittings were also carried out for
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the time-conversion curves at 40 °C and 45 °C. The results
revealed that both 1 and 2 exhibited pseudo-first-order kinetic
characteristics (R> = 0.9983 and k = 0.1294 min~" for 40 °C,
and R> = 0.9895 and k = 0.2160 min~" for 45 °C, respectively)
(Fig. 6a). Based on the above data, the activation energy (E,) of
the oxidation of MPS catalyzed by compound 1 was calculated
from the Arrhenius equation as 95.16 kJ mol™', which indi-
cated that the oxidation of MPS was not restricted by diffusion
in this catalytic system (Fig. 6b and Table S67). Besides this,
the corresponding activation enthalpy (AH”) and activation
entropy (AS™) calculated from the Eyring equation under the
optimal conditions were 92.47 k] mol™" and 6.56 ] mol™" K"
(Table S67). The above conclusions were also applicable to the
MPS conversion catalyzed by compound 2, that is, the catalytic
system also exhibited the same quasi-first-order kinetic status
in the range of 40 to 50 °C (Fig. S177), and the calculated rele-
vant data are listed in Table S5.1 Of particular note is that the
E, of compound 2 (100.64 k] mol™") was slightly higher than
that of compound 1, indicating that the oxidation of MPS is
easier to carry out in the presence of 1 under the same con-
ditions. Similarly, we also conducted kinetic studies on the
catalytic degradation systems of CEES, and the results showed
that they also exhibited first-order kinetic behavior (Fig. S18
and S197).

3.2.6 Possible mechanism. Primarily, before clarifying the
possible reaction mechanism, a question remains to be
answered: what are the real active centers? As shown in
Table 3, a series of indirect detection control experiments for
the oxidation of MPS were carried out under standard con-
ditions. GC analysis of the comparative experiment with pure
H;PO; and Him showed that the conversion of MPS could still
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Fig. 6 (a) The kinetic profiles of the oxidation of MPS catalyzed by
compound 1 at 40 °C, 45 °C, and 50 °C. (b) The Arrhenius—Eyring plot
(Ink = —(E,/RT) + ln A).

reach 50%, and that the yield of MPSO was close to 45%
(Table 3, entries 1 and 2), but this result may be mainly attrib-
uted to the efficacy of the oxidant itself (Table 2, entry 11).
Moreover, the catalytic result with the addition of pure Zn(Ac),
was slightly better than that of the absence of any catalyst,
which also illustrated that the role of Zn ions in the oxidation
reaction is weak (Table 3, entry 3). While (NH,)sM0,0,,4-4H,0
(abbreviated as Mo,) and [TBA],[e-PMo"sMo0"",0;,(OH);Zn,]Cl,

Table 3 Activities of different catalysts towards the oxidation of MPS?
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(the pure inorganic e-Keggin POM,”® abbreviated as
{PMo,,Zn,}) were active for the oxidation of MPS, giving 94%
to 98% conversion, the corresponding MPSO selectivity (~85%
for both) was not very satisfactory, and the TOF calculated
based on MPSO yield was 2.4-fold lower than that of com-
pound 1 (Table 3, entries 4 and 5). Furthermore, running the
experiment with a simple physical mixture of {PMo,,Zn,}/Him
as a catalyst under the optimal conditions also manifested in a
catalytic result inferior to that of compound 1 (Table 3, entries
6 and 7). Although the 3D compound 2 also showed a higher
catalytic activity than the simple mixture, it remained signifi-
cantly lower than that of compound 1 (Table 3, entry 8). These
results not only indicate that the active centers of 1 may be
located on the Mo of the e-Keggin POM skeleton, but also
further demonstrate that the structural microenvironment of
compound 1 has an important influence on catalysis.

Based on the above results, we identified the Mo ions on
the POM as the active centers of the reaction. In addition,
from a structural viewpoint, it is known that the outermost
layer of the pseudo-spherical e-Keggin POM is coordinated
with 12 active terminal oxygen atoms, which means that these
sites are readily activated in the reaction and ensures that
there are potential Mo sites interacting with H,0, to form
active intermediates (namely, peroxo-POMs).>®> This specu-
lation was further supported by the spectral characterization.
The characteristic absorption peak of the POM skeleton
shifted to a longer wavelength (red-shift) in the liquid phase
UV-vis spectra after adding several drops of H,O, into DMSO
solutions of compounds 1 and 2, indicating a change in the
coordination environment on the Mo atoms, namely the for-
mation of active peroxymolybdates (Fig. 7a and S20t). The
active species could be further identified from solid Raman
spectra and a new peak was present at 750 cm™" after the cata-
lysts were treated with aqueous hydrogen peroxide (Fig. S217).
Moreover, in order to eliminate a possible free radical mecha-
nism, the addition of free radical scavengers (such as isopro-
panol, diphenylamine and p-benzoquinone) in the reaction
system could not effectively prevent the formation of MPSO,
indicating that reactive oxygen radicals such as hydroxyl and
superoxide radicals do not participate in the oxidation of MPS.
Out of these results, a plausible catalytic cycle for the sulfide—

Entry Cat. Time (min) Con. (%) Yield” (%) TOF° (h™) Reaction system
1 H;PO; 35 49.8 41.9 143.7 Homogeneous
2 Him 30 50.2 44.8 59.77 Homogeneous
3 Zn(Ac), 30 68.3 53.3 53.3 Homogeneous
4 Mo, 20 97.6 85.1 296.9 Homogeneous
5 PMo,,Zn, 20 94.5 81.0 486 Homogeneous
67 Mix. 40 84.9 82.7 62 Homogeneous
7 1 10 >99 >99 1200 Heterogeneous
8 2 15 >99 >99 800 Heterogeneous

“Reaction conditions: 0.25 mmol of MPS; 0.30 mmol of H,0,; 50 °C, 0.5 mol% 1 and 2 (molar amounts of other catalysts were added according
to the formula of compound 1). ? Yield to MPSO. ° TOF = (mol of MPS generated)/(mol of catalyst used x reaction time). ¢ Simple physical mixture

of PMo;,Zn, and Him.
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A mechanistic diagram of MPS or CEES oxidation.

sulfoxide transformation comes into view clearly (Fig. 7b). In
the first stage of the catalytic oxidation process, the terminal
metal-oxygen groups (Mo=0,) in the POM skeleton first react
with hydrogen peroxide to form electrophilic peroxide species
(B). Subsequently, the nucleophilic sulfur atom in the sulfide
attacks B to produce the unstable intermediate (D), which
rapidly releases the corresponding sulfoxide and the original
form of the POM groups is reinstated to complete the catalytic
cycle.

4. Conclusions

Briefly, we designed and synthesized a robust heterogeneous
catalyst based on a porous POM-based supramolecular frame-
work. The as-prepared catalyst can efficiently oxidize a variety
of substituted phenyl or aliphatic sulfides to the corres-
ponding sulfoxides with high catalytic activity. In particular, in
the oxidation of MPS, almost 100% MPSO yield was achieved
at a low O/S ratio within 10 min. The corresponding TOF was
also up to 1200 h™', which was obviously higher than that of
compound 2 (800 h™"), a 3D analogous covalent framework.
Structure-activity analysis showed that the excellent catalytic
activity of compound 1 stems from its porous framework,
which promotes an efficient mass transfer process and more
accessible internal active sites. More importantly, there was no
significant decrease in activity after 5 cycles, indicating that
the title catalyst possessed excellent sustainability and stabi-
lity. This work not only contributes towards broadening cata-
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lyst systems for the study of sulfide oxidation, but it also opens
up an avenue for the design of highly active POM-based hetero-
geneous catalysts for sulfide-sulfoxide transformations.
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