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Self‐assembly of a resorcin[4]arene‐based ligand (TMR4A) with metal salts

and H3PMo12O40·xH2O offers two isostructural complexes, namely, [Ni2Cl

(TMR4A)2(CH3CN)2]·[PMo12O40]·4CH3CN (1) and [Co2Cl(TMR4A)2
(CH3CN)2]·[PMo12O40]·4CH3CN (2). In both 1 and 2, one Cl− anion bridges

two metal cations, and each metal cation is further chelated by four 2‐

mercaptopyridine N‐oxide groups of one TMR4A, producing a [M2Cl

(TMR4A)2]
3+ dimer (M = Ni or Co). The negative [PMo12O40]

3− as a

counter‐anion balances the positive charge. Markedly, 1 and 2 exhibit high sta-

bility in aqueous solutions with different pH values and in organic solvents.

Remarkably, the efficient heterogeneous catalytic capability for oxidative

desulfurization was studied by suing 1 and 2 as recycled catalysts. Moreover,

the electrochemical behaviors of the two compounds were discussed as well.
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1 | INTRODUCTION

Polyoxometalates (POMs), a family of early transition
metal oxides,[1,2] have attracted increasing interest of
chemists owing to their unique molecular structures[3]

and wide applications in various fields including
catalysis,[4] electrochemistry,[5–8] magnetism,[9–12] and
photocatalysis.[13–15] Particularly, POMs feature excellent
catalytic performances in oxidation catalysis reactions
wileyonlinelibrary.com/
such as oxidative desulfurization (ODS) and alcohol
oxidation.[9,16–20] Among them, one of the most attrac-
tive catalytic reactions involving POMs is the oxidation
catalysis from sulfides to sulfoxides and sulfones by vir-
tue of low cost, high efficiency and mild reaction condi-
tions, which are potentially applied in the chemical
industry, biology and medical chemistry.[21–23]

In this facet, POMs‐based inorganic–organic hybrid
materials, as recycled solid state catalysts of oxidative
© 2019 John Wiley & Sons, Ltd.journal/aoc 1 of 11
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desulfurization, have received considerable attention due
to their intriguing structures and excellent catalytic per-
formances.[1,24–31] As a result, the rational design of stable
POMs‐based inorganic–organic hybrid complexes are of
particular importance. It is well‐established that organic
ligands act as a key role in the rational assembly of
inorganic–organic hybrid complexes.[32–37] For example,
the chelating ligands potentially support the stability of
the resulting complexes.[38,39] In this regard, functional-
ized resorcin[4]arenes, showing bowl‐shaped aromatic
cavities,[40–45] are well‐known macrocyclic ligands and
excellent candidates for assembly of stable POMs‐based
inorganic–organic hybrid complexes.[16]

Recently, we have conducted a study about resorcin[4]
arene‐based metal–organic assemblies that feature fasci-
nating structures and functions.[16,46–52] Based on above
consideration, we designed here a resorcin[4]arene‐based
ligand with four bridging 2‐mercaptopyridine N‐oxide
groups (TMR4A, Scheme 1). By self‐assembly of TMR4A
with metals and POMs under solvothermal conditions,
we successfully obtained two new POMs‐resorcin[4]
arene‐based complexes, namely, [Ni2Cl(TMR4A)2
(CH3CN)2]·[PMo12O40]·4CH3CN (1) and [Co2Cl
(TMR4A)2(CH3CN)2]·[PMo12O40]·4CH3CN (2). Remark-
ably, 1 and 2 are highly stable and exhibit excellent cata-
lytic oxidation performances as heterogeneous recycled
catalysts. Besides, they also feature electrocatalytic prop-
erties for the reduction of NaNO2 and oxidation of ascor-
bic acid (AA).
SCHEME 1 Synthetic route of the newly designed TMR4A ligand
2 | EXPERIMENTAL

2.1 | Materials and instruments

Chemical reagents were achieved commercially. PXRD
patterns were recorded with a Rigaku Dmax 2000 X‐ray
diffractometer with graphite monochromatized CuKα
radiation (λ= 0.154 nm). C, H and N data were determined
on a PerkinElmer 2400 CHN elemental analyzer. The
Mattson Alpha Centauri spectrometer was used to mea-
sure IR spectra. The catalytic oxidation products of sub-
strates were monitored by gas chromatography (GC)
equipment and high performance liquid chromatography
(HPLC). The CHI660b electrochemical workstation was
applied to determine the electrochemical data. 1H NMR
data was determined on a Bruker 600 MHz. ICP data was
measuredwith a LeemanLabs Prodigy inductively coupled
plasma‐optical atomic emission spectrometer (ICP‐AES).
2.2 | Synthesis of TMR4A

The products of (a)‐(c) were prepared by following the lit-
erature route.[53] A mixture of (c) (5.79 g, 6 mmol), 2‐
mercaptopyridine N‐oxide sodium salt (4.48 g, 30 mmol),
anhydrous K2CO3 (4.14 g, 30 mmol) and DMF (300 mL)
was stirred under N2 atmosphere at 90 °C for 10 hr
(Scheme 1). Crude product was obtained after removal
of the solvent, and then the water (200 ml) was added.
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Solid product of TMR4A was filtered, washed with water,
and dried in vacuum (yield: 73%). 1H NMR (600 MHz,
DMSO): δ = 8.25–8.28 (d, 4H, Ar‐H), 7.81–7.83 (s, 4H,
Ar‐H), 7.56–7.60 (d, 4H, Ar‐H), 7.36–7.40 (t, 4H, Ar‐H),
7.19–7.23 (t, 4H, Ar‐H), 5.97–6.00 (d, 4H, CH2S), 4.81–
4.86 (q, 4H, CH), 4.44–4.47 (d, 4H, CH2S), 3.93–3.96 (s,
8H, OCH2), 1.83–1.88 (d, 12H, CH3). IR (KBr, cm−1):
3853 (w), 3735 (w), 3365 (m), 3118 (m), 2966 (m), 1653
(w), 1589 (m), 1557 (m), 1471 (s), 1420 (s), 1378 (w),
1339 (w), 1301 (w), 1250 (s), 1217 (s), 1146 (m), 1091
(m), 1049 (m), 1019 (m), 976 (s), 930 (s), 838 (s), 750 (s),
706 (m), 575 (m), 503 (w), 456 (w), 419 (w).
2.3 | Synthesis of
[Ni2Cl(TMR4A)2(CH3CN)2]·[PMo12O40]·
4CH3CN (1)

Yellow‐green rod crystals of 1 (33% based on TMR4A)
were collected from solvothermal reaction of TMR4A
(0.011 g, 0.01 mmol), H3PMo12O40·xH2O (0.018 g,
0.01 mmol), and NiCl2·6H2O (0.010 g, 0.04 mmol) in
mixed solvents of acetonitrile (7 ml) and deionized
water (1 ml) at 120 °C for 3 days. Element analysis
(%) for C132H122N14O64S8Ni2ClPMo12 (Mr = 4520.03):
calculated C, 35.08; H, 2.72; N, 4.34; found: C, 35.47;
H, 2.79; N, 4.07. IR data (KBr, cm−1): 3903 (w), 3853
(w), 3801 (w), 3734 (w), 3710 (w), 3649 (w), 3446 (m),
2933 (w), 1734 (w), 1635 (w), 1541 (w), 1471 (s), 1425
(m), 1338 (w), 1300 (w), 1248 (m), 1213 (m), 1149 (m),
1063 (s), 1018 (m), 978 (s), 957 (s), 931 (m), 810 (s),
750 (s), 579 (m).
2.4 | Synthesis of
[Co2Cl(TMR4A)2(CH3CN)2]·[PMo12O40]·
4CH3CN (2)

Yellow rod crystals of 2 (29% based on TMR4A) were
achieved from solvothermal reaction of TMR4A
(0.011 g, 0.01 mmol), H3PMo12O40·xH2O (0.018 g,
0.01 mmol), and CoCl2·6H2O (0.010 g, 0.04 mmol) in
mixed solvents of acetonitrile (6 ml) and deionized water
(2 ml) at 130 °C for 3 days. Element analysis (%) for
C132H122N14O64S8Co2ClPMo12 (Mr = 4520.47): calculated
C, 35.07; H, 2.72; N, 4.34; found: C, 33.75; H, 2.59; N,
4.11. IR data (KBr, cm−1): 3851 (w), 3733 (w), 3444 (w),
1635 (w), 1559 (w), 1472 (m), 1427 (w), 1339 (w), 1299
(w), 1249 (w), 1213 (w), 1149 (w), 1092 (w), 1062 (m),
1019 (w), 977 (s), 960 (s), 932 (w), 880 (m), 811 (s), 753
(m), 705 (m), 647 (w), 579 (m), 502 (m).
2.5 | Catalytic oxidative desulfurization

Substrate (0.4 mmol), catalyst (2 μmol), 70% tert‐butyl
hydroperoxide (TBHP) (1 mmol) were dissolved in
dichloromethane (CH2Cl2) (5 ml). The reaction system
was stirred and heated in a water bath at 50 °C. IR spectra
were used to monitor the oxidation product. GC
and HPLC were utilized to calculated the conversion
(Figures S1‐S6). The HPLC was used to calculate the con-
versions of 4,6‐DMDBTO and 4,6‐DMDBTO2 with
CH3OH:H2O (99:1) and others with CH3OH:H2O (4:1).
2.6 | X‐ray crystallography

The Oxford Diffraction Gemini R CCD diffractometer
with graphite‐monochromated MoKα radiation (λ =
0.71073 Å) was used to determine crystallographic data
of 1 and 2 at room temperature. Their structures were
solved by direct methods using SHELXS‐2013 and refined
by the full‐matrix least‐squares method with SHELXL‐
2013 program within WINGX.[54–56] Non‐hydrogen atoms
were refined with anisotropic temperature parameters.
Hydrogen atoms of carbons were generated geometrically
(hydrogen atoms of C62, C64 and C66 from acetonitrile
molecules were not included in the model). The disor-
dered atoms (O31 and O31′, O32 and O32′) of the
[PMo12O40]

3− anion in both 1 and 2 were split over two
sites with the occupation factor of 0.5, respectively.
Table S1 provided the crystallographic data.
3 | RESULTS AND DISCUSSION

3.1 | Structural description of [Ni2Cl
(TMR4A)2(CH3CN)2]·[PMo12O40]·4CH3CN
(1) and [Co2Cl(TMR4A)2(CH3CN)2]·
[PMo12O40]·4CH3CN (2)

Crystallographic analysis reveals that the structures of 1
and 2 are isostructural and belong to the same triclinic
system with space group P‐1 (Table S1). Thereby, the
structure of 1 will be depicted in detail. In the asymmetric
unit of 1, there exists one TMR4A ligand, one crystallo-
graphically independent Ni (II) cation, half of a Cl−

anion, half of a [PMo12O40]
3− anion, one coordinated ace-

tonitrile molecule and two free acetonitrile molecules.
Figure S7 shows that each Ni2+ is coordinated by four O
atoms (O9‐O12) of four 2‐mercaptopyridine N‐oxide
groups of the same TMR4A ligand, one N atom (N5) of
one acetonitrile molecule, and one Cl− anion giving rise
to an octahedral coordination geometry. The Ni‐O dis-
tances vary from 1.998(6) to 2.030(5) Å, and the Ni‐N
bond length is 2.071(9) Å (Table S2). Interestingly, two
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Ni (II) cations are bridged by one Cl− anion to generate a
dimer with the Ni···Ni distance of 5.524 Å (Figure 1a).
Similarly, the distance of Co···Co in 2 is 5.479 Å
(Figure S8). It is worth noting that each free
[PMo12O40]

3− anion acts as a counter‐anion and balances
the positive charge. Furthermore, each [PMo12O40]

3−

anion is interlinked with two neighboring dimeric
[Ni2Cl(TMR4A)2(CH3CN)2]

3+ species via C‐H···O hydro-
gen bonds to produce a chain (Figure 1b, Table S3). For
1 and 2, the free void volumes after removal of lattice sol-
vents are approximately 10.6% and 10.7%, respectively,
calculated with PLATON.[57]
3.2 | Chemical stability

Chemical stability of inorganic–organic hybrid com-
pounds is quite important for exploring their underlying
properties.[58] Thus, the chemical stability of 1 and 2
was studied in organic solvents and aqueous solutions
of various pH values (0–13). As illustrated in Figures 2a
and 2b, PXRD patterns demonstrate the structures of 1
and 2 still remained unchanged after they were soaked
in different organic solvents such as acetonitrile, acetone,
methanol, ethanol, dichloromethane or water for 12 h.
Further, their PXRD patterns have no obvious changes
after they were immersed in aqueous solutions of
FIGURE 1 (a) View of the dimeric structure of 1. (b) View

[Ni2Cl(TMR4A)2(CH3CN)2]
3+ cations and [PMo12O40]

3− anions. Symme
different pH values (Figures 2c and 2d). The results verify
that both 1 and 2 have good stability and resistance to
acid or base.
3.3 | Catalytic oxidative desulfurization

Currently, sulfur‐based compounds have led to serious
pollution to the environment.[59,60] In general, these
sulfur‐containing species could be converted into sulfones
via oxidation catalysis using suitable catalysts.[61–64] The
POMs‐based inorganic–organic hybrid materials are valu-
able catalysts for the effective catalytic oxidative desulfur-
ization. Thus, the oxidative desulfurization performances
were studied by using the stable POMs‐containing com-
plexes 1 and 2. At the beginning, the optimized reaction
condition was explored by using the methyl phenyl sul-
fide (MBT) as a typical substrate (Scheme 2). The ODS
process was performed in 5 ml CH2Cl2 at 50 °C with 1
as catalyst (2 μmol), TBHP as oxidant (1 mmol) and
diphenyl as internal standard.[16] The GC analyses indi-
cate that 69% of MBT was converted into the correspond-
ing sulfoxide and sulfone at 50 °C for 1 h (entry 3, Table 1
). Accordingly, the conversions of MBT were enhanced by
54% and 44%, respectively, compared with the catalytic
reactions without catalyst or in the presence of
NiCl2·6H2O and TMR4A (entries 1 and 2, Table 1). The
of the hydrogen‐bonded supramolecular chain between the

try code: #1 ‐x, −y‐1, −z + 2



FIGURE 2 PXRD patterns in different solvents and aqueous solutions with different pH values for 1 (a and c) and 2 (b and d)

SCHEME 2 Catalytic oxidation of MBT catalyzed by 1
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result indicates that the POM units act as a key role dur-
ing ODS process. Further, when catalytic reaction time
was prolonged, the conversion reached 99% within 3 hr
(entries 4 and 5, Table 1). When the reaction temperature
was reduced to 40 °C, ca. 92% conversion of MBT was
achieved within 3 hr (entry 6, Table 1). Nevertheless, when
the TBHP was replaced by 3% hydrogen peroxide (H2O2),
only 32%MBTwas converted into the corresponding prod-
uct at 50 °C for 3 hr (entry 7, Table 1). Further, the solvent
effect on the catalytic oxidation desulfurization perfor-
mance was also investigated. The conversions of MBT in
methanol, ethanol and acetonitrile were 59%, 96% and
92%, respectively, after 3 hr (entries 8–10, Table 1). Hence,
the optimized reaction condition was chosen in the exis-
tence of 2 μmol 1, 1 mmol TBHP, and 5 ml CH2Cl2 at
50 °C for 3 hr.

To further verify the catalytic performance of 1, a
series of sulfur‐based compounds were subsequently
selected as catalytic reaction substrates (Table 2). Notice-
ably, the monophenyl thioethers, such as methyl phenyl
sulfide, ethylthiobenzene, allyl phenyl sulfide, 4‐
methoxythioanisole, 4‐bromothioanisole and 4‐
chlorothioanisole, can be completely oxidized to be the
corresponding products within 3 h (entries 2–6, Table 2
). For these substrates, the effects of the substituted
groups on the catalytic performances are almost negligi-
ble. Nevertheless, for the 4‐nitrothioanisole with the
strong electron‐withdrawing group, the total conversion



TABLE 1 Catalytic oxidative desulfurization results under various conditionsa

Entry Catalyst Oxidant Solvent Temperature (°C) Time (h) Yield (%)

1 None TBHP CH2Cl2 50 1 15

2 NiCl2·6H2O, TMR4A TBHP CH2Cl2 50 1 25

3 1 TBHP CH2Cl2 50 1 69

4 1 TBHP CH2Cl2 50 2 94

5 1 TBHP CH2Cl2 50 3 >99

6 1 TBHP CH2Cl2 40 3 92

7 1 H2O2 CH2Cl2 50 3 32

8 1 TBHP methanol 50 3 59

9 1 TBHP ethanol 50 3 96

10 1 TBHP acetonitrile 50 3 92

aReaction conditions: oxidant (1 mmol), 1 (2 μmol), substrate (0.4 mmol) and solvent (5 ml).

TABLE 2 Results of the catalytic oxidation of thioethers catalyzed by 1 and 2a

Entry Substrates Yields (%) for 1 Yields (%) for 2

1 >99 >99

2 >99 >99

3 >99 >99

4 >99 >99

5 >99 >99

6 >99 >99

7 92 95
99b 99e

8 87 93
>99b >99b

9 65 60
>99c >99c

10 46 39
88d 88d

11 18 16
69d 70d

aReaction conditions: 1 (2 μmol), TBHP (1 mmol), substrate (0.4 mmol), CH2Cl2 (5 ml), 50 °C, 3 hr. bReaction time: 5 hr. cReaction time: 10 hr. dReaction time:
14 hr. eReaction time: 4.5 hr.

6 of 11 YU ET AL.



FIGURE 4 The conversions of DBT catalyzed by 1 with the

increasing reaction time (A) and filtrate by taking catalyst 1 from

the reaction system after 3 h (B)
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is lower than others under the same condition (entry 7,
Table 2). With the prolonged reaction time (5 hr), the
conversion is up to 99% (entry 7, Table 2). Similarly, for
diphenyl sulfide with the large steric hindrance, it also
took 5 h to accomplish the complete conversion of the
substrate (entry 8, Table 2). In contrast, the thiophene
sulfides are more difficult to be oxidized.[65] After 10 hr,
the catalytic conversion of dibenzothiophene (DBT)
reached 99%. However, the conversions of 4,6‐
dimethyldibenzothiophene (4,6‐DMDBT) and
benzothiophene (BT) were only up to 88% and 69%,
respectively, when the reaction time was extended to
14 hr (entries 9–11, Table 2). The result mainly arises from
the electron density as well as steric hindrance around
sulfur atom for thiophene sulfides.[66] We also investigated
the catalytic activity of isostructural 2 under the same
condition. Like 1, 2 exhibits good catalytic performances
for the oxidative desulfurization (Figures S9 and S10,
Table 2).

In addition, the catalytic reaction kinetics of DBT and
4,6‐DMDBT were also explored using 1 as catalyst
(Figure 3). The catalytic process was monitored every
2 h. At the beginning of 4 hr, the conversions of DBT
and 4,6‐DMDBT are significantly enhanced, and become
relatively slow afterward. After 14 hr, 99% and 88% of
DBT and 4,6‐DMDBT were converted into the corre-
sponding oxide products, respectively. Moreover, DBT
was used as the model substrate to study the heterogene-
ity of ODS process. Catalyst 1 was filtered after the con-
version reached 65% (3 hr). As illustrated in Figure 4,
almost no additional oxide product was produced after
removing the catalyst. Nevertheless, in the presence of
catalyst 1, the conversion of DBT increased slowly with
the prolonged reaction time. The ICP data shows that
no Ni (II) ions were found in the filtrate. The result
FIGURE 3 The catalytic reaction kinetic curves of DBT and 4,6‐

DMDBT catalyzed by 1
demonstrates the heterogeneity of the catalytic oxidation
process.

Furthermore, the reusability and structural stability of
catalyst 1 were also explored. As shown in Figure 5, cata-
lyst 1 still remains the good catalytic performance after
five cycles by using MBT as substrate. Moreover, the
PXRD patterns and FT‐IR spectra demonstrate the struc-
tural stability of catalyst 1 (Figures S11 and S12a).

As illustrated in Scheme S1, a possible catalytic reaction
mechanism was proposed.[67,68] The DBT and
[PMo12O40]

3− were taken as examples of the substrate
and POM, respectively. At the beginning, the
[PMo12O40]

3− (a) was converted to be peroxometal inter-
mediate (b) by TBHP with the release of tert‐butanol
(TBA). Afterward, the DBT was oxidized to be
dibenzothiophene 5‐oxide (DBTO) by the peroxometal
FIGURE 5 Recycled experiments of 1 for oxidation of MBT



8 of 11 YU ET AL.
intermediate. Then, the peroxometal intermediate was
recovered to be the [PMo12O40]

3− after catalytic oxidation
reaction. A similar catalytic process occurred when DBTO
was converted to be dibenzothiophene‐5,5‐dioxide
(DBTO2).
3.4 | Electrochemical properties

Usually, POMs are employed as electrocatalysts owing to
their structural stability after undergoing electron trans-
fer processes.[8,69–73] Considering the stability of 1 and 2
in a wide pH values, electrochemical experiments were
conducted in 0.5 M H2SO4 using modified carbon paste
electrodes (1‐CPE and 2‐CPE). They feature similar elec-
trocatalytic activities in the same potential range (−0.3
to +1.0 V). The cyclic voltammetry curves of 1‐CPE and
2‐CPE in 0.5 M H2SO4 were determined at a scan rate
of 50 mM/s. As shown in Figure 6a, three pairs of revers-
ible redox peaks (I‐I′, II‐II' and III‐III') were observed
with the average peak potentials E1/2 = (Epa + Epc)/2 at
−0.052, +0.219 and + 0.379 V for 1 and − 0.051, +0.218
FIGURE 6 Cyclic voltammograms for 1‐CPE and 2‐CPE in 0.5 M H2

linear curves of the anode and the cathode peak currents of I‐I′ versus
and + 0.374 V for 2, respectively, which are probably
related to three consecutive two‐electron transfer of the
Mo center in [PMo12O40]

3− anion.[74,75] Moreover, one
irreversible oxidation peak appeared at +0.566
and + 0.553 V for 1 and 2, respectively, probably arising
from the oxidation of Ni (II) or Co (II). In addition, the
cyclic voltammetry curves at different scan rates have
also been studied in 0.5 M H2SO4. As depicted in Fig-
ures 6b and S13, the peak currents are proportional to
the scan rates, demonstrating the surface‐controlled
redox processes for 1‐CPE and 2‐CPE.[74,76,77]

Furthermore, the bifunctional electrocatalytic activi-
ties for 1‐CPE and 2‐CPE were also explored in 0.5 M
H2SO4. As illustrated in Figure 7a, the reduction peak
currents continue to increase with adding NaNO2,
whereas the oxidation peak currents go down, demon-
strating the occurrence of the reduction of NO2

−. It is
noteworthy that the oxidation peak current is enhanced
sharply with the increased concentrations of ascorbic
acid (AA) (Figure 7b). The result proves that 1‐CPE
and 2‐CPE also have electrocatalytic properties for the
oxidation of AA.
SO4: (a) scan rate: 50 mV/s and (b) scan rates: 50–400 mV/s. Inset:

scan rates



FIGURE 7 Cyclic voltammograms for 1‐CPE and 2‐CPE in 0.5 M H2SO4: (a) different concentrations of NaNO2 at 50 mV/s, inset: the

relationship between cathode peak currents of II' and concentrations of NaNO2. (b) different concentrations of AA at 50 mV/s, inset: the

relationship between anode peak currents of IV and the concentrations of AA
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4 | CONCLUSIONS

Two isostructural POMs‐resorcin[4]arene‐based
inorganic–organic hybrid materials have been
solvothermally synthesized using a resorcin[4]arene func-
tionalized ligand. The hybrid materials represent a rare
example of metal‐coordinated POMs‐resorcin[4]arene‐
based hybrid dimers. Remarkably, 1 and 2 are highly stable
in organic solvents and aqueous solutions of various pH
values. Significantly, they can be employed as excellent
recycled heterogeneous catalysts for oxidative desulfuriza-
tion. Strikingly, they are also potentially utilized as
electrocatalysts for the reduction of NaNO2 and the oxida-
tion of AA.
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