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Preparation, characterization, and catalytic performances of a 

pyrazine dicarboxylate-bridging rare-earth-containing 

polytungstoarsenate aggregate for selective oxidation of 

thiophenes and deep desulfurization of model fuels 

Yanjun Niu, Qiaofei Xu, Yuan Wang, Zhao Li, Jingkun Lu, Pengtao Ma, Chao Zhang, Jingyang Niu∗ 
and Jingping Wang∗ 

A new polytungstoarsenate: K6LiH6[Ce4(H2O)14(pzdc)(H2pzdc)As3W29O103]·22H2O (1) (H2pzdc = 2,3-pyrazinedicarboxylic acid) 

is synthesized through conventional aqueous solution method. In this synthetic approach, organic ligand pyrazine 

dicarboxylate acid was induced into the arsenotungstates system. The synthesized compound 1 was well characterized by 

elemental analysis, IR spectroscopy, UV-vis spectroscopy, thermogravimetric analysis (TGA), powder X-ray diffraction 

(PXRD), and single-crystal X-ray diffraction. The catalytic activity of compound 1 was tested in acetonitrile to oxidize 

organosulfur compounds (benzothiophene (BT) and dibenzothiophene (DBT)) by hydrogen peroxide as an oxidant, at room 

temperature. Two subtrates were oxidized to their corresponding sulfones with high conversion and selectivity. Taking 

advantage of this remarkable catalytic move, the 1/H2O2/CH3CN system was further utilized in the oxidation of model fuels 

(MF) including a mixture of BT and DBT in octane. As a result, the organosulfur compounds in the model fuels were fully 

converted into their corresponding sulfones. What’s more, the fluorescence properties of 1 have also been investigated. 

Introduction 

Design and synthesis of polyoxometalate (POM)-based 

polymers are of great significance in broad area of research. 

Polyoxometalates (POMs), as a large family of well-defined 

inorganic metal-oxygen cluster anions with abundant 

topologies and high negative charge, have been widely 

employed in several fields,1 one of the most important being 

the acid and oxidative catalysis.2 More importantly, the POM-

based complexes can join with lanthanide (Ln) ions, 

transitional metal (TM) ions, and/or heterometallic clusters, 

bringing in various functionalities and significant applications 

in catalysis, sensing, imaging, medicine, and multifunctional 

materials.3 As we know, an increasing amount attention has 

been directed on POMs Lanthanum chemistry, as oxophilic 

nature of Ln ions primarily more responsible for the formation 

of POM-based Ln complexes. Ln ions can easily react with 

oxygen-rich POMs, usually resulting in over-quick precipitation 

while not crystalline products.4 Thus, to isolate the single 

crystals of such compounds are rather difficult compared with 

the TM-containing POMs.4 Up to now, varieties of Ln-based 

phosphotungstates, silicotungstates, and germanotungststes 

have been widely reported since 1971.5 However, exploration 

of Ln-arsenotungstates are still relatively rare in spite of the 

high nucleophilicity of that arsenotungstates based 

polyanions.6 Moreover, it is important to say that, organic 

ligands may play an important role in the molecular designing 

of elaborate Ln-containing POMs. On one hand, they could 

interact with rare earth ions first, which can effectively prevent 

rare earth ions from precipitating by reducing the reactivity of 

rare earth ions with POMs On the other hand, the organic 

ligands may stabilize the polyoxoanions by various non-

covalent interactions. Currently, the majority of Ln-containing 

arsenotungstates are mainly monocarboxylic-based or purely 

inorganic ones, such as [As12Ce16(H2O)36W148O524]76−,7 

[Ln16As16W164O576(OH)8(H2O)42]80−,8 [(H2O)10LnIII(LnIII
2OH)(B-α-

AsW9O33)4(WO2)4]2
40−,9 [Gd8As12W124O432(H2O)22]60−,10 

[Gd6As6W65O229(OH)4(H2O)12(OAc)2]38−,10 

[Yb10As10W88O308(OH)8(H2O)28(OAc)4]40−,11 [Ce4As4W44-

O151(alanine)4(OH)2(H2O)10]12−,12 

[Ln4As5W40O144(H2O)10(Gly)2]21−.13 [Tb2(pic)(H2O)2(B-β-

AsW8O30)2(WO2(pic))3]10−,14 and [Tb8(pic)6(H2O)22(B-β-

AsW8O30)4(WO2(pic))6]12−.14 Ln-containing arsenotungstates 

with multicarboxylic ligands are not so usual in the past 

reports. Hence, it is significant and challenging to synthesize 

new compounds starting from the [As2W19O67(H2O)]14− with 

polycarboxylic acid ligand. Recently, Our group have obtained 
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a series of giant organic–inorganic Ln-containing POM–

carboxylate clusters on [As2W19O67(H2O)]14− including 

K14Li4H20[As6W58O206Ce4(pydc)2(H2O)6]·44H2O (H2pydc = 

pyridine-2,3-dicarboxylic acid),15 

K13LiH4[RE2(C4H4O6)(C4H2O6)(AsW9O33)]2·28H2O16 (RE = Ho, Er), 

K9LiH8[RE2(C4H4O6)(C4H2O6)(AsW9O33)]2·nH2O (RE = Tm, Yb, Lu, 

Y),16 and 

K11LiH21[RE3(H2O)7{RE2(H2O)4As2W19O68(WO2)2(C6O7H4)2}3]·nH2

O (RE = Y, Tb, Dy, Ho, Er, Tm, Yb, Lu).17 

Organic ligands like 2,3-pyrazine dicarboxylic (H2pzdc) acid, 

is a remarkable multidentate ligand with two oxygen and two 

nitrogen donors,18 which is a diverse class of oxidation catalyst, 

which can also be efficiently used as co-catalyst in numerous 

catalytic reactions or as ligand to synthesize novel POMs or 

metal complex catalytic systems.19 Furthermore, the 

dilacunary species [As2W19O67(H2O)]14−, which possess the 

ability to dissociate and rearrange, could accelerate the 

generation of a numerous of POM-based building blocks in 

solution.17 Therefore, [As2W19O67(H2O)]14−, the preformed 

precursor could be regarded as an applicable candidate for the 

step-by-step assembly of charming cluster architectures. Till 

now, the application of arsenotungstates has been poorly 

explored for the catalytic oxidation, most likely because of the 

toxicity of arsenic.20 However, for academic reasons, the 

catalytic ability of arsenotungstates would be imperative and 

attractive. Nowadays, the interest in developing efficient 

catalytic systems of POMs for the oxidation of organosulfur 

compounds is of great relevance in the context of the 

preparation of synthetically useful sulfoxides and sulfones, as 

well as of the desulfurization of fuels.21 Moreover, the 

oxidative desulfurization (ODS) of fuels constitutes a high 

potential process in terms of efficiency and environmental 

sustainability.22 More than 80% of the total sulfur content in 

diesel fuel are thiophene sulfides, and benzothiophene (BT) 

and dibenzothiophene (DBT) account for 70% of thiophene 

sulfides. Thus, removal of thiophene sulfides is of great 

importance in industry.23 To date，numerous reports have 

shown that the excellent catalytic properties of POMs qualifies 

them as prime candidates for the ODS. 

Herein, the dilacunary POM [As2W19O67(H2O)]14− was utilized 

as basic building block, and 2,3-pyrazinedicarboxylic acid 

(H2pzdc) and rare earth cations as the bridging fragments were 

induced to the system with the purpose of isolating new POM 

based compounds via the building block approach. As 

expected, we successfully synthesized a new 

polytungstoarsenate: 

K6LiH6[Ce4(H2O)14(pzdc)(H2pzdc)As3W29O103]·22H2O (1) and 

employed this compound for selective oxidation of thiophenes 

and deep desulfurization of model fuels. This compound as 

a heterogeneous catalyst shows effciently catalytic activity in 

the oxidation system under mild conditions. 

Experimental 

Materials and methods 

K14[As2W19O67(H2O)] was prepared according to the literature24 

and confirmed by IR spectrum. All other chemical reagents 

were purchased and used without further purification. 

Elemental analysis (C, H, N) was conducted on a PerkinElmer 

2400-II CHNS/O analyzer. ICP analysis was performed on a 

PerkinElmer Optima 2000 ICP-OES spectrometer. IR spectrum 

was obtained from a solid sample pelletized with KBr pellets 

on a Bruker VERTEX 70 in the range of 4000−400 cm−1. 

Thermogravimetric (TG) analysis was carried out on a Mettler-

Toledo TGA/SDTA 851e thermal analyzer in a flowing nitrogen 

air atmosphere in the temperature region of 25−800 °C with a 

heating rate of 10 °C·min−1. UV spectrum was obtained on a 

U−4100 spectrometer at room temperature in the range of 

400−200 nm (disVlled water as solvent). PXRD was performed 

on Bruker AXS D8 Advance diffractometer instrument with Cu 

K α radiation (λ = 1.54056 Å) in the range 2θ =5−45° at 296 K. 

Photoluminescence properties were performed on F-7000 

fluorescence spectrophotometer. The oxidation products were 

identified and quantitatively analyzed by Agilent Technologies 

7890B/5977B GC-MS instrument and BRUKER 450-GC 

instrument with a flame-ionization detector (FID). 

Synthesis of compound 1 

A sample of 2,3-pyrazinedicarboxylic acid (0.063g, 0.375 mmol) 

and CeCl3·7H2O (0.1118g, 0.30 mmol) was dissolved in 15 mL 

distilled water, then K14[As2W19O67(H2O)] (0.658g, 0.125 mmol) 

and lithium chloride (0.1 g) were added under stirring at room 

temperature. Ten minutes later, the pH of the solution was 

carefully adjusted to about 4.5 with 1 mol·L−1 lithium 

hydroxide and then the mixture were heated to 60 °C for 1 h. 

After cooling to room temperature, the clear solution was 

allowed to stand for crystallization. Yellow hexagonal crystals 

were collected 2-3 weeks later. Yield: 0.47 g (65.38% based on 

Ce). Elemental analysis (%) calcd for 1: C, 1.60; H, 0.94; N, 0.62; 

K, 2.61; Li: 0.078, Ce, 6.23; As, 2.50; W, 59.27. Found for 1: C, 

1.51; H, 1.01; N, 0.62; K, 2.72; Li: 0.082, Ce, 6.34; As, 2.63; W, 

59.12. Selected IR (KBr, cm−1): 3429 (br), 1623 (s), 1451 (m), 

1395 (m), 1364 (w), 1236 (w), 1206 (w), 1170 (w), 1120 (m), 

943 (s), 861 (s), 790 (s), 717 (s), 650 (w), 499 (w). 

X-ray crystallography 

Suitable single crystal of 1 was prudentially selected and 

encapsulated in a capillary tube. Intensity data was collected 

on a Bruker APEX-II detector at 296(2) K using graphite-

monochromated Mo Kα radiation (λ = 0.71073 Å). Routine 

Lorentz and polarization corrections were applied, and a multi-

scan absorption correction was performed using the SADABS 

program. The structure was solved by direct methods, and 

refinement was done by full-matrix least-squares against F2 on 

all data using the SHELXTL program suite.25 In the final 

refinement, the W, As, Ce, and K atoms were refined 

anisotropically; the O, C and N atoms were refined 

isotropically. All hydrogen atoms were refined isotropically as 

a riding mode using the default SHELXTL parameters. A 

summary of crystal data and structure refinement parameters 

are listed in Table 1 and CCDC 1817478 contains the 

supplementary crystallographic data for this paper. 
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Table 1 The data collection and refinement parameters of compound 1 

Formula C12H4As3Ce4K6N4O147W29 

Mr(g.mol-1) 8907.68 

T (K) 296.15 

Crystal system Triclinic 

space group P-1 

a (Å) 19.533(2) 

B (Å) 20.652(2) 

c (Å) 25.774(3) 

α (deg) 96.152(2) 

β (deg) 104.376(2) 

γ (deg) 116.764(2) 

V (Å3) 8699.8(17) 

Z 2 

Dc(g. cm-3) 3.400 

µ (mm-1) 20.914 

limiting indices -21≤h≤23, 

-20≤k≤24, 

-30≤l≤27 

Params 1040 

reflns collected 44392 

GOF 1.001 

R1, wR2 [ I >2σ (I )] 0.0709, 0.1686 

R1,wR2 [all data] 0.1361, 0.2079 

 

Typical procedure for the oxidation reactions 

The catalytic oxidation reactions were studied as follows: the 

substrate (0.6 mmol), the catalyst (the ratio of 

substrate/catalyst (S/C) = 300, 500, 800, 1000, 1200 or 1500), 

H2O2 (0.6 mmol, H2O2/substrate (O/S) = 1; 1.2 mmol, 

H2O2/substrate (O/S) = 2; 1.8 mmol, H2O2/substrate (O/S) = 3), 

2.0 mL of acetonitrile and the internal standard (toluene, 0.6 

mmol) were stirred in a 50ml round-bottom tube at room 

temperature (25 °C). To monitor the oxidation reactions, small 

aliquots from the reaction mixture were directly injected into a 

GC-FID apparatus at regular intervals. 

The experiments of the oxidation of model fuels (MFs) were 

carried out as follows: two substrates (0.06 mmol of DBT and 

BT, respectively, a total of 0.12 mmol) and the catalyst were 

dissolved in 500 μL of CH3CN, and the total reaction volume 

was completed with 1.5 mL of octane. Addition of H2O2 and 

completion of the reaction were done as indicated above. 

Instruments and methods 

GC-FID and GC-MS analyses were performed as previously 

described.26 Values of the conversion and selectivity were 

estimated from the corresponding chromatographic peak 

areas using toluene as the internal standard. To confirm the 

structure of the obtained products, the retention times in the 

GC-FID were compared with those of authentic samples 

identified previously, and the reaction mixtures were also 

injected into the GC-MS.26 

Results and discussion 

Structural descriptions 

Bond valence sum calculations12, 15, 27 indicate that the 

oxidation states of all W, As, and Ce centers exhibit +6, +3, and 

+3, respectively. Single-crystal X-ray diffraction analysis 

indicates that 1 consists of the polyoxoanion 

[Ce4(H2O)14(pzdc)(H2pzdc)As3W29O103]13- (abbreviated to 

{Ce4As3W29}), 22 lattice water molecules, 6 K+ counterions, 6 

protons based on charge balance and one Li+ ion on the basis 

of elemental analysis. The polyanion {Ce4As3W29} in 1 is 

constructed from four Ce3+, a pzdc ligand, a H2pzdc ligand and 

a {As3W29} building block, which is analogous to the subunit 

[As3W29O103Ce2(pydc)(H2O)3]19− of the polyanion 

[As6W58O206Ce4(pydc)2(H2O)6]38− reported by our group 

previously.15 The {As3W29} building block in 1 contains three 

identical {α-AsW9O33} units , which are linked to each other via 

two tungsten atoms (W(10) and W(20)) and a cerium atoms 

(Ce(1)) (Fig. 1a). It is prominent that four cerium cations in 1 

exhibit distinct geometry configurations. Ce(1)3+ (Fig. 2a) is 

nine-coordinate and adopts, distorted monocapped square 

antiprismatic geometry, which is defined by six terminal 

oxygen atoms from a {As3W29} cluster [Ce(1)–O: 2.504(19)–

2.588(19) Å], a carboxyl oxygen atom [Ce(1)–O:2.576(18) Å] 

and a nitrogen atom [Ce(1)–N: 2.66(2) Å] from a pzdc ligand, 

and a terminal water ligand [Ce(1)–O: 2.503(18) Å]. Ce(1)3+ is 

embed in {As3W29} and bridged with two additional tungsten 

atoms forming a closed triangular structure, and further 

stabilize the crystal structure. Differently, Ce(3)3+ (Fig. 2c), 

inlaid in {As3W29} as Ce(1)3+, is ten-coordinate and adopts a 

bicapped square antiprismatic geometry, which bonds to four 

terminal oxygen atoms from a {As3W29} cluster [Ce(3)–O: 

2.423(18)–2.531(17) Å], four carboxyl oxygen atoms [Ce(3)–O: 

2.67(2)–2.75(2) Å] from the ligands, and two terminal water 

ligands [Ce(3)–O: 2.64(2)–2.64(2) Å]. By the bonding effect of 

Ce(3)3+ (Ce3–O108–C11 and Ce3–O109–C11), the two 

polyanions are giving rise to a dimer (Fig. 1b). The dimer is 

arranged in a crossed form, obviously, which is much lower 

than the overlapping type in the view of the energy, and more 

beneficial to improve the stability of the compound. Ce(2)3+ 

(Fig. 2b) is nine-coordinate, in a monocapped square 

antiprismatic geometry as Ce(1)3+, which is defined by one 

terminal oxygen atoms from a {As3W29} cluster [Ce(2)–O: 

2.534(19) Å], a carboxyl oxygen atom [Ce(2)–O:2.41(3) Å] and 

a nitrogen atom [Ce(1)–N: 2.67(3) Å] from a pzdc ligand, and 

five terminal water ligand [Ce(2)–O: 2.58(3)–2.68(3) Å]. One of 

the carboxyl oxygen atoms O104 is coordinated with Ce2 of 

the adjacent dimer, leading to a novel 1-D chain structure. 

Ce(4)3+ (Fig. 2d) is nine-coordinate and monocapped square 

antiprismatic geometry, which bonds to three terminal oxygen 

atoms from a {As3W29} cluster [Ce(4)–O: 2.472(18)–2.49(2) Å], 

and six terminal water ligands [Ce(4)–O: 2.52(3)–2.62(3) Å]. 

The bonding effect of Ce(4)3+ with the terminal oxygen atom 

O11 (O67–Ce4–O11, O102–Ce4–O11) from a {As3W29} cluster 

and the adjacent dimer, leading to a 2-D planar structure 

(Figure 1c). Moreover, the polyoxoanion are connected by K+ 

resulting in the 3D framework (Figure S1 in the ESI†). 

FT-IR and XRPD patterns 
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Fig. 1 a) Polyhedral and ball-and-stick representation of the macroanion 

[As3W29O103Ce4(pzdc)2(H2pzdc)2(H2O)14]
13−

 in 1; b) the dimer of 1; c) View of the 2D 

framework of 1.  

The IR spectrum of 1 (Fig S2 in the ESI†) shows a broad peak at 

3429 cm−1 and a strong peak at 1623 cm−1 attributed to the 

lattice and coordinated water molecules. The characteristic 

vibration patterns for the polyoxoanion frameworks in the 

low-wavenumber region 500-1000 cm−1 are observed. The 

peak at 943 cm−1 can be attributed to the W=O stretching 

vibration, peaks at 861 and 790 cm−1 correspond to the two 

types of W–O–W stretching vibrations, and the peak at 717 

cm−1 can be assigned to the W–O(As) stretch.12 Additionally, 

the stretching vibration of C–O (Ln) can be responsible for the 

peaks at 1120 cm−1 and 1071 cm−1.12, 13 The peaks at 1395 cm−1 

and 1451 cm−1 are assigned to the symmetric stretching 

vibration of the carboxylate groups,12, 13 which shift to some 

extent compared with the free H2pzdc ligand, indicating that 

the free H2pzdc ligand coordinates to the Ce3+ cation. 

The powder X-ray diffraction pattern of 1 is in good 

agreement with the simulated pattern based on the single-

crystal solution (Fig S3 in the ESI†), indicaVng the phase purity 

of the product. The differences in intensity may be due to the 

preferred orientation of the powder samples. 

UV spectra 

The UV spectrum of compound 1 (5 × 10−5 mol L−1) in aqueous 

solution displays an absorption band at 250–254 nm (Fig S5 

and Fig S6 in the ESI†). The energy band can be assigned to the 

pπ–dπ charge-transfer transitions of the Ob,c→W bands, 

indicating the formation of polyoxoanions.28 In order to 

investigate the stability of the solution of 1, the in situ 

spectroscopic measurements were performed in the aqueous 

system. Both the position and the strength of the absorption 

bands of compounds 1 do not change, indicating that 

compounds 1 may be stable in the aqueous system at ambient 

temperature for 5 hours. 

 

Fig. 2 a) Distorted monocapped square antiprismatic geometry of Ce(1)3+ in 1; b) 

monocapped square antiprismatic geometry of Ce(2)3+ in 1; c) bicapped square 

antiprismatic geometry of Ce(3)3+ in 1; d) monocapped square antiprismatic geometry 

of Ce(4)3+ in 1. 

It is well known that the POMs are commonly sensitive to 

the pH value of the studied media. Therefore, in order to 

investigate the influence of the pH values on the stability of 

compounds in aqueous solution, 1 has been elaborately 

probed by means of UV-vis spectra. Diluted HCl solution and 

LiOH solution were used to adjust the pH values in the acidic 

direction and in the alkaline direction, respectively. The initial 

pH value of 1 in water was 5.05. As indicated in Fig S6 in the 

ESI†, the UV spectrum of 1 in aqueous solution displays a 

absorption band at 250–254 nm, and the UV spectrum of 1 

does not change at all even when the pH value has been 

lowered to 1.12. In contrast, when increasing the pH value of 

1, the absorbance band at 252 nm is gradually blue-shifted and 

becomes weaker and weaker, suggesting the decomposition of 

the POM skeleton of 1,28 This phenomenon is especially 

obvious when the pH is higher than 11.05, which indicates that 

the POM skeleton of 1 is distinctly destroyed at pH higher than 

11.05. The results above reveal that compound 1 could exist in 

a solution whose pH is 1.12-5.05. 

Photoluminescence 

The solid-state photoluminescent properties of 1 (Figure S4 in 

the ESI†) were measured at room temperature. In order to 

understand the nature of the emission bands, the 

photoluminescent properties of free H2pzdc were also studied. 

When 1 and free H2pzdc was excited at 400 nm, they all 

exhibited a low intensity emission peaks at 601 nm and a high 

intensity emission peak at 624 nm, which indicated the intra-

ligand energy-transfer process due to the π-π* or n-π* 

transitions.29 However, the success of the transfer of energy to 

the lanthanide ion from H2pzdc results in a weaker emission 

compared 1 with the ligand.29 Thus, the emission bands of 1 

may be assigned to the interaction among π-π*, n-π* and 

LMCT of H2pzdc.29 
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Oxidation of the organosulfur compounds in acetonitrile 

We first employed 1 as the catalyst to investigate the oxidation 

of DBT by using 30% H2O2 as oxidant at room temperature in 

different solvents (Table 2). The results show that the reaction 

is sensitive to solvent. Polar solvents are suitable for the 

oxidation reaction. Low conversion was obtained in the 

nonpolar solvent, such as octane (entry 2) since the solubility 

of the catalyst in that solvent. CH3CN is the best solvent to 

provide the highest conversion (100%). As mentioned above, 

only the corresponding sulfones are observed at the end of the 

reactions in most cases. Sulfoxides could only be detected by 

just switching the solvent to CH3CH2OH. The reaction almost 

did not occur at 25 °C with TBHP or O2 as an oxidant (entry 7-

9). Except for its catalytic oxidation activities, H2O2 is better 

than TBHP as an oxidant on the basis of the environmentally 

benign property. 

Oxidation of DBT under different temperatures with the 

change of reaction time was investigated as well. The reaction 

system reaches 100% conversion and 100% selectivity for 

sulfone after 60, 40, and 30 min, at 40, 35, and 25 °C, 

respectively. As clearly indicated in Figure 3, a higher reaction 

temperature can led to an acceleration of DBT oxidation. On 

account of the reaction at room temperature (25 °C) for saving 

energy, room temperature (25 °C) was finally elected for 

following work in view of the environmentally benign aspect. 

Typical GC-FID chromatograms illustrating the DBT oxidation 

reaction profile with H2O2 in the presence of 1 for the S/C 

molar ratio of 300 at different times were shown in Fig. S8. 

Fig. 4 illustrates the effect of O/S ratio on the oxidation of 

DBT. Theoretically, an O/S ratio of 2 is enough for the 

conversion of DBT into DBTO2 by stoichiometry. However, a 

lower conversion of 73.2% at 60 min is observed with an O/S 

ratio of 2, probably by reason of the decomposition of H2O2.30 

With an increase in O/S ratio from 2 to 3, the conversion at 60 

min increases significantly from 73.2% to 100%. Considering 

the limited improvement with a further increase to 4, O/S = 3 

is chosen as the optimal value for the most recalcitrant 

substrate. This slight excess is not unusual in the oxidation of 

this kind of substrate by hydrogen peroxide and catalyzed by 

POMs, since the O/S molar ratios of 6 : 1,31 8 : 1,31 10 : 1,32 and 

even to 50 : 1,33 can be found in the very recent literature. 

Due to 1 showed excellent catalytic activity and efficiency in 

the oxidation of DBT, the oxidation of two model sulfur 

compounds DBT and BT with different S/C molar ratios has 

been investigated first. As illustrated in Table 3, it is possible to 

conclude that good to excellent conversions, ranging from 90 

to 100%, were attained with the two substrates for all S/C 

 

 

 
Scheme 1. Oxidation of dibenzothiophene (DBT) and benzothiophene (BT) to 

corresponding sulfoxides and sulfones 

Table 2 Oxidation of DBT in Different Solventsa 

Entry Substrate Solvent %Conversiond 
%Sulfone 
selectivity 

1  / 34 100 
2 n-octane trace trace 
3 CH2Cl2 0.2 100 
4 CH3CH2OH 56 71 
5 CH3CN 100 100 
6 H2O trace trace 
7b CH3CN trace trace 
8b CH2Cl2 trace trace 
9c CH3CN trace trace 

a Reaction conditions: the substrate (0.6 mmol), the catalyst corresponding to the 

substrate/catalyst (S/C) molar ratio of 300; the internal standard (toluene, 0.6 mmol) 

and H2O2 (1.8 mmol) were stirred in 2.0 mL of CH3CN at room temperature for 1h. b 

TBHP as an oxidant (1.8 mmol). c O2 as an oxidant (1 MPa). d Conversion values 

determined by GC-FID.  

 
Figure 3 Effect of time and temperature on the oxidation of DBT. Reaction condition: 

the substrate (0.6 mmol), the catalyst corresponding to the substrate/catalyst (S/C) 

molar ratio of 300; the internal standard (toluene, 0.6 mmol) and H2O2 (1.8 mmol) were 

stirred in 2.0 mL of CH3CN.  

 
Figure 4 Effect of different O/S molar ratios on the oxidation of DBT. Reaction 

condition: the substrate (0.6 mmol), the catalyst corresponding to the 

substrate/catalyst (S/C) molar ratio of 300; and the internal standard (toluene, 0.6 

mmol) were stirred in 2.0 mL of CH3CN at room temperature for 1h.  

molar ratios tested (300, 500, 800, 1000, 1200, 1500). When 

the ratio of S/C increased, the reaction time increased 

accordingly, but the oxidation reaction still was steadily 

accomplished in a short time. Even the ratio reached 1500:1, 

the reaction smoothly proceeded. As expected, the use of a  
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Table 3 Results obtained for the oxidation of DBT, BT, 4-MDBT and 3-MBT with 

H2O2 catalyzed by 1a 

Substrate 
S/C 

molar 
ratio 

Conversionb(%) Product 
Time 
(min) 

 300 100  60 
500 98.5 60 
800 98.1 80 

1000 100 120 
1200 99.1 120 
1500 89.2 120 

     

 300 100  120 
500 99.5 120 
800 96.6 120 

1000 92 150 
1200 96.4 180 
1500 91.2 180 

     

 300 100  60 
500 100 90 
800 100 90 

1000 100 130 
1200 100 150 
1500 100 150 

     

 300 100  90 

500 100 120 

800 100 120 

1000 100 130 

1200 100 150 

1500 96 150 
a Reaction conditions: the substrate (0.6 mmol), the catalyst corresponding to the 

substrate/catalyst (S/C) molar ratios of 300, 500, 800, 1000, 1200, 1500; the internal 

standard (toluene, 0.6 mmol) and H2O2 (1.8 mmol) were stirred in 2.0 mL of CH3CN at 

room temperature. b Conversion values determined by GC-FID.  

higher amount of the 1 catalyst (S/C molar ratio = 300) affords 

the best results for each substrate. In particular, the complete 

oxidation of DBT was attained after 60 min for S/C = 300. As 

illustrated Table 3, the oxidation reactivities follow the order 

of DBT > BT. Generally, both electron density and steric 

hindrance around the sulfur atom have an influence on the 

reaction activity.34 The electron densities on the sulfur atoms 

are reported to be 5.739, and 5.758 for BT, and DBT, 

respectively.34 The lower electron densities on the sulfur of BT 

lead to its lower reactivities.34 Then the oxidation of two other 

thiophenic compounds 3-MBT (3-methylbenzothiophene) and 

4-MDBT (4-methyldibenzothiophene) has also been 

investigated under the same experimental conditions (Table 3). 

The experimental data demonstrate that 1 shows fairly good 

catalytic activity at room temperature for the sulfur containing 

substrates. Generally, the use of these POMs as catalysts in 

sulfoxidation processes requires temperatures around 50–80 

°C or even higher. Several previously-reported catalysts on the 

oxidation of DBT are summarized in Table S1 in the ESI† as the 

comparative data. The oxidation of various sulphides have 

studied in the homogeneous situation at room temperature  

 
Figure 5 Reaction condition: the substrate (0.6 mmol), the catalyst corresponding to 

the substrate/catalyst (S/C) molar ratio of 300; the internal standard (toluene, 0.6 

mmol) and H2O2 (1.8 mmol) were stirred in 2.0 mL of CH3CN at room temperature.  

with H2O2 by the group of Mizuno, but the results about the 

oxidation of DBT was only obtained at 50 °C.35 Obviously, it 

must be emphasized that 1 is an efficiently catalyst used at 

room temperature in the sulfoxidation process of recalcitrant 

thiophenic compounds. 

Blank reaction was investigated for DBT, confirming that 

lower oxidation occurred in the absence of the catalyst (34% 

conversion for DBT). The parent POM {As2W19}, H2pzdc and 

CeCl3·7H2O were used as the catalysts for comparison. The 

catalytic performances were listed in Table S2 in the ESI†. The 

conversion of the reaction was 20.4%, 21%, 33% and 100% by 

using {As2W19}, CeCl3·7H2O, H2pzdc and compound 1 as 

catalysts, respectively. Compound 1 displays higher catalytic 

activity than its parent POM or cerium chloride precursor for 

the oxidation of DBT to DBTO2. Meanwhile, a simple mixture of 

As2W19, H2pzdc and CeCl3·7H2O had been utilized for the 

oxidation and showed lower conversion compared with 1 

(Table S2 in the ESI†). Therefore, it is suggested that the 

incorporation of the organic ligand and Ln ion into POM 

skeleton can enhance the oxidation catalytic activity of the 

POMs. 

To verify whether the observed catalysis is truly 

heterogeneous or not, the catalytic oxidation of DBT was 

carried out with 1 under the conditions in Figure 5. After 

30min (at 62.4% conversion), the solid 1 was removed from 

the reaction mixture by filtration and the reaction was allowed  

to proceed with the filtrate under the same conditions. The 

results demonstate the oxidation was completely stopped by 

removal of 1. Next, the catalyst was separated by filtration 

after completion of the oxidation. 

The recycling experiments for the oxidation of DBT by 30% 

H2O2 in CH3CN at room temperature conducted with 1 are 

shown in Fig S9 in the ESI†. At the end of the reaction, the 

sample was filtered, washed with CH3CN, dried at room 

temperature, and subjected to another cycle. Unfortunately, 

the recyclability of 1 is not excellent. After three cycles, the 

desulfurization rate of the catalyst decreases from 100% to 

78.3%. This demonstrates that the structure of 1 may be not 

retaining its skeleton integrity. After three cycles, the ligand 

fall from the skeleton of POMs, which was deduced by a 
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comparison of the IR spectra of the used and the fresh catalyst 

(Fig S10 in the ESI†), indicaVng that the catalyst was not 

relatively stable in this system.  

In the studied oxidation processes, the mechanism may be 

similar to the one already reported.36 Firstly, the generation of 

active species occurred by the interaction of the oxidant H2O2 

with the terminal bonds WVI O that generates POM peroxo 

species that can oxidize the sulfur compounds into sulfones. 

Subsequently, the peroxo species transfer an oxygen atom to 

the sulfur substrate and the initial WVI O is regenerated and 

utilizable again to restart the catalytic cycle. 

Oxidation of the organosulfur compounds in model oil 

Based on the promising results achieved for the recalcitrant 

organosulfur compounds described above, the catalytic 

performance of 1 was evaluated for the oxidation of model 

fuel (MF), consisting of a mixture of DBT and BT, in octane. The 

reactions occurred in a CH3CN/octane (1:3) medium at room 

temperature.36
 The solvent mixtures are very common in this 

type of study, as can be profusely found in the literature.37 Fig 

S11 in the ESI† illustrates the results of the GC-FID monitoring 

profile of the oxidation of MF by H2O2 in the presence of 1, 

after 60, 120 and 180 min of reaction. Two substrates are fully 

converted into the corresponding oxidized products and, in 

accordance with the above-mentioned results. The catalyst 1 

seems to be more efficient for DBT oxidation. In fact, after 50 

min of reaction, DBT is hardly observed in the corresponding 

chromatogram, whereas the BT is still present. 

Conclusions 

In conclusion, catalyst 1 was synthesized by a simple and 

controllable one-pot reaction system, and applied to the 

oxidation of recalcitrant sulfur compounds. An efficient and 

environmental friendly oxidation experiment for BT and DBT in 

CH3CN catalytic system at room temperature is demonstrated. 

Excellent organosulfur compound conversion values were 

obtained even in high ratio of substrate to catalyst (up to 

1500), but the recyclability was found to be insufficient under 

the mild reaction conditions. The high potential of 1 for 

application in ODS processes was verified through the results 

achieved in the oxidation of model fuels by H2O2. These results 

indicate that 1 is a promising heterogeneous catalyst for ODS. 

In the near future, we intend to develop our studies by using 

stable POM-based heterogeneous catalysts in the oxidation of 

this kind of recalcitrant compounds, and also in real fuel 

samples. 
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A new polytungstoarsenate: 

K6LiH6[Ce4(H2O)14(pzdc)(H2pzdc)As3W29O103]·22H2O (1) (H2pzdc = 

2,3-pyrazinedicarboxylic acid) is synthesized through conventional aqueous 

solution by introducing organic ligand pyrazine dicarboxylate acid into the 

arsenotungstates system. The catalytic activity of compound 1 was evaluated in 

the oxidation of two organosulfur compounds (BT and DBT) by H2O2 in 

acetonitrile at room temperature. Two subtrates were oxidized to their 

corresponding sulfones with high conversion and selectivity. Considering the 

remarkable results achieved, the 1/H2O2/CH3CN system was studied in the 

oxidation of model fuels (MF) including a mixture of BT and DBT in octane. As a 

result, the organosulfur compounds in the model fuels were fully converted into 

their corresponding sulfones. 
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