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Aerobic Oxidation Catalyzed by Polyoxometalates Associated to 
an Artificial Reductase at Room Temperature and in Water 

Ahmad Naim,a,b Yoan Chevalier,a Younes Bouzidi,a Priyanka Gairola,a,b Pierre Mialane,b* Anne 
Dolbecq,b Frédéric Avenier,a* Jean-Pierre Mahya 

Four polyoxometalates (POMs) were combined with an artificial reductase based on polyethyleneimine (PEI) and flavin 

mononucleotide (FMN) which is capable of delivering single electrons upon addition of nicotinamide adenine dinucleotide 

(NADH). The efficiency of this system for sulfoxidation reactions in water, at room temperature, under atmospheric 

pressure and with dioxygen as an oxidant was demonstrated, with yields up to 82% in sulfoxide. Mechanistic investigations 

allowed proposing two different catalytic pathways, depending on the nature of the POM. For the polyoxotungstates 

Na12[(ZnW9O34)2WZn3(H2O)2]46H2O and Na7K7[{(PW9O34)Ni3(OH)(H2O)2(Ale)}2Ni]·34H2O (Ale = alendronate = 

[O3PC(O)(C3H6NH3)PO3]4-), the in situ production of H2O2 by the artificial reductase that activates the POM was evidenced. 

Alternatively, for the polyoxomolybdates H3[PMo12O40]14H2O and H4[PMo11VO40]14H2O, the reduction of the POM by the 

artificial reductase, followed by the reductive activation of O2, led to the sulfoxidation reaction. 

Introduction 

The majority of industrial chemical processes, such as oxidations, 

are based on harsh conditions (high temperature, pressure, 

corrosive oxidants and/or toxic solvents), leading to a harmful 

impact on the environment.1 It has therefore become essential, in 

the present context of sustainable growth, to develop new 

environmentally friendly chemical processes.2–7 There are different 

manners to reduce the impact of chemical processes on the 

environment and at least two key points have to be addressed: (i) 

to reduce energy consumption by lowering temperature and 

pressure, (ii) to reduce waste production by avoiding organic 

solvents and by improving the selectivity and the chemical yields. 

On the one hand, enzymes entirely fulfill these requirements, but 

unfortunately also require numerous steps of cloning, over-

expression and purification, which strongly restricts their use in 

industrial processes.8 On the other hand, many of the chemical 

processes that are usually used are based on potentially harmful 

catalysts to the environment.9 Therefore, the development of bio-

inspired catalysts, mimicking enzymes activity, is a major challenge 

in order to take advantage of both enzyme specificity and 

robustness of handmade catalysts.10,11  

Sulfoxidation is one of the most fundamental chemical reaction in 

organic synthesis as, for example, many sulfoxides and sulfones 

intermediates have been shown to be the active principals of 

several  drugs.12 The oxidation of a sulfide (thioether) molecule can 

yield sulfoxide and/or sulfone products depending on the applied 

oxidation method,13 and many reagents are able to selectively form 

sulfoxide and/or sulfone adducts. However, they are usually based 

on toxic and corrosive oxidants such as peroxides, peracids, halogen 

or nitrogen-oxide derivatives.13–15 The main challenge is now to use 

dioxygen which represents a cheap, clean and readily available 

oxidant, notably used in nature by enzymes that perform oxidation 

reactions in aqueous solution and under mild conditions. In this 

respect, many catalytic oxidation reactions exist in the literature 

using dioxygen, but most of them use harmful catalysts and organic 

solvents under harsh conditions (high temperature or pressure).16–

21 In contrast, nature has figured out an elegant manner to catalyze 

such reactions by reductive activation of molecular dioxygen. As a 

typical example, O2 reduction activation occurs at iron(II) centers 

present in multi-component enzymatic systems named iron 

monooxygenases.22–24 It should be underlined that while 

monooxygenases such as cytochromes P450 are able to activate 

dioxygen in order to selectively oxidize alkanes into alcohols, they 

require a steady and accurate input of electrons. These electrons 

are provided by an associated reductase, a flavoprotein that collects 

electron pairs from nicotinamide adenine dinucleotide (NADH) or 

nicotinamide adenine dinucleotide phosphate (NADPH) and delivers 

a single electron flow to the metallic active site of the enzyme 

thanks to its flavin adenine dinucleotide (FAD) and flavin 

mononucleotide (FMN) cofactors. The reductive activation of 

dioxygen at the iron center allows the formation of high-valent iron-

oxo species capable of transferring an oxygen atom into the C-H 

bond of diverse substrates.25–27 Many efforts have been made to 

mimic flavoenzymes28–31 in order to deliver electrons accurately to 

metal catalysts but it has been proven very difficult to combine 
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these reductive conditions with the formation of high valent iron-

oxo species.32 Consequently, most of the bio-inspired systems 

developed so far shunt this reduction process by the use of 

hydrogen peroxide.33–36 Also, the majority of other bio-inspired 

systems that are based on FMN have employed H2O2 as oxidant to 

catalyze the oxidation of sulfides37–44 or amines45,46 and Baeyer-

Villiger reactions.47,48 Recently, we developed an artificial enzyme 

by incorporating FMN inside a water soluble polyethyleneimine 

polymer functionalized with guanidinium and octyl groups (PEIguan-

oct), and we demonstrated that NADH could reduce FMN into 

FMNH2 which was then able to deliver a single electron flow to 

redox cofactors (Scheme 1) such as manganese porphyrins49 or 

copper complexes.50 This artificial reductase (FMN-PEIguan-oct) was 

capable of reducing a functionalized Mn(III)-porphyrin that could 

then react with dioxygen in order to perform thioanisole oxidation, 

in low yields. In order to improve the catalytic efficiency of this 

system, we decided to replace the metalloporphyrin catalyst by 

polyoxometalates (POMs), a family of tunable, highly water-soluble 

and efficient catalysts for oxidation reactions.51–53 Although it has 

been shown that POMs could activate dioxygen,54,55 very few 

studies dedicated to oxidation catalysis in water-containing media 

have been reported so far. However, it is known that in acetic 

acid/water mixtures H3+xPVxMo12-xO40 (x = 1−6) can act as co-

catalyst in several PdII catalysed reactions.56 Also, in the same 

media, it has been shown that H3+xPVxMo12-xO40 could oxidize 

cyclohexanone in presence of O2 (T = 70°C).57 Besides, it has been 

evidenced that when incorporated into a cationic 

polyethyleneimine-based polymer, the [(ZnW9O34)2WZn3(H2O)2]12- 

POM was capable of catalyzing the oxidation of sulfides and alkenes 

in water. Nonetheless, this system required hydrogen peroxide as 

oxidant.33 Thus, POM-incorporating oxidative catalytic systems, 

working in pure water, at room temperature and with dioxygen as 

oxidant under atmospheric pressure, remain to be developed. 

Herein, we report for the first time a system where 

polyoxometalate catalysts have been combined in solution with an 

artificial reductase (FMN-PEIguan-oct) in the presence of NADH as a 

source of electrons for the reductive activation of dioxygen. Four 

different POMs, including two polyoxotungstates and two 

polyoxomolybdates, have been selected. The catalytic activity for 

the aerobic sulfoxidation reaction of the elaborated systems was 

studied, and the involved mechanisms were investigated.  

 

 

 

 

 

 

Scheme 1. Schematic representation of an artificial flavo-reductase (FMN-

PEIguan-oct) made of FMN incorporated into a water-soluble PEI modified with 

guanidinium and octyl groups. 

Experimental  

The series of water soluble Keggin type polyoxometalates based on 

low-toxic non-noble metals, namely 

Na12[(ZnW9O34)2WZn3(H2O)2]46H2O (Zn5W19),58 

H3[PMo12O40]14H2O (PMo12),59 H4[PMo11VO40]14H2O (PMo11V),60 

and Na7K7[{(PW9O34)Ni3(OH)(H2O)2(Ale)}2Ni]·34H2O (Ni7W18, Ale = 

alendronate = [O3PC(O)(C3H6NH3)PO3]4-)61 (Fig. S1, ESI†) has been 

synthesized following reported procedures. Besides, a 

polyethyleneimine polymer modified with guanidinium and octyl 

groups (PEIguan-oct) was prepared by successive additions of 

praxadine and iodooctane to a DMF solution of 25 kDa multi-

branched polyethyleneimine as previously described.62,63 The 

modified polymer was then purified by extensive dialysis to obtain 

an aqueous solution of PEIguan-oct that was directly used for catalysis. 

The proportion of guanidinium and octyl groups grafted to the 

polymer were determined by 1H NMR after lyophilization of the 

aqueous solution.64 Alternatively, the commercial multibranched 25 

kDa PEI was also used for comparison with the modified one. 

Catalytic experiments were performed in tinted glass vials in order 

to avoid any photochemical side reaction with the photosensitive 

flavin cofactor. In a typical experiment, PEIguan-oct (2.5 mM), FMN 

(0.1 mM), POM (0.1 mM), the substrate (10 mM) and NADH (1 mM) 

were dissolved in deionized water (final volume 1 mL) and left 

under stirring, under 1 atmosphere of dioxygen, for 16 hours. The 

resulting solution was then transferred into 8 mL of acetonitrile, 

dried over magnesium sulfate, filtrated on silica gel and analyzed by 

gas chromatography (GC) in the presence of an internal standard 

(Table S1, ESI†). It is worth to note that the product of the reaction 

may also be isolated by ethyl acetate extraction of the aqueous 

solution. However, this technique was not chosen for GC 

quantification because it was demonstrated to be less 

quantitatively reliable than the above described drowning 

technique. 

Results and discussion 

Reactivity with POM Zn5W19 

Since Zn5W19 was previously used in the literature in combination 

with modified PEI and hydrogen peroxide to catalyze the oxidation 

of various small organic molecules,33 we first focused our attention 

on studying its reactivity in the presence of the FMN-PEIguan-oct-

NADH. Control reactions involving different components were first 

performed using thioanisole as a substrate and the results are 

gathered in Table 1. All control experiments performed with a single 

reactant or binary combinations of reactants, e.g. NADH, FMN, 

PEIguan-oct and/or Zn5W19, showed no product formation, in contrast 

to those performed with tertiary combinations of FMN and NADH, 

with either PEI or Zn5W19. The combination of PEI, FMN and NADH 

gave a 11% yield in sulfoxide with respect to NADH after 16 hours of 

reaction. This was not unexpected since the FMN, buried into the 

microenvironment of the PEI, had already been shown to be able to 

activate dioxygen to perform the Baeyer-Villiger oxidation.64 The 

combination of Zn5W19, FMN and NADH gave a 40% yield in 

sulfoxide after 16 hours of reaction. The same result was also found 

for the FMN/PEIguan-oct/Zn5W19/NADH full system. This was more 

surprising since it was previously demonstrated that in absence of 
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the modified polymer, NADH could not efficiently reduce the 

FMN.49 This point will be discussed below in a paragraph dedicated 

to mechanistic studies. Finally, it is also worth to note that control 

reactions performed with the full system but in the absence of 

dioxygen only gave traces of sulfoxide, clearly demonstrating the 

aerobic character of the sulfoxidation process. These product traces 

may be explained by the difficulty to fully degas aqueous solutions, 

even by using freeze-pump techniques. 

Table 1. Aerobic oxidation of thioanisole in the presence of the various 
components of the catalytic system in deionized water. 

 

 

Reactants 
Yield (%) 

 Sulfoxide           Sulfone 

NADH 0 (± 0)(a) 0 (± 0)(a) 

NADH + Zn5W19 0 (± 0)(a) 0 (± 0)(a) 

NADH + FMN 0 (± 0)(a) 0 (± 0)(a) 

NADH + PEIguan-oct + Zn5W19 0 (± 0)(a) 

5 (± 3)(b) 

0 (± 0)(a) 

0 (± 0)(b) 

NADH + PEIguan-oct + FMN 11 (± 6)(a) 0 (± 0)(a) 

NADH + FMN + Zn5W19 40 (± 2)(a) 

82 (± 3)(b) 

0 (± 0)(a) 

14 (±7)(b) 

NADH + PEIguan-oct + FMN + Zn5W19 40 (± 5)(a) 

75 (± 2)(b) 

0 (± 0)(a) 

9 (± 6)(b) 

Yields of sulfoxide and sulfone calculated with respect to the amount of NADH 

introduced in the solution and analyzed by GC. Conditions: [NADH] = 1 mM; 

[Zn5W19] = 0.1 mM; [FMN] = 0.1 mM; [PEIguan-oct] = 2.5 mM; [thioanisole] = 10 mM 

at room temperature, Po2 = 1 atm., for (a) 16 h and (b) 72 h. Control experiments 

with the full system but in the absence of O2 only gave traces of sulfoxide. 

Fig. 1 shows the yield for oxidation of thioanisole in water, under 1 

atmosphere of O2 at room temperature, as a function of time for 72 

hours of reaction. When Zn5W19 was combined to FMN-PEIguan-oct 

and NADH, the sulfoxide and the sulfone were respectively formed 

in 75% and 9% yields with respect to the amount of NADH added to 

the solution. Under the same conditions, but in the absence of 

polymer, the kinetics was very similar and the final yields, 82% in 

sulfoxide and 14% in sulfone respectively, were even slightly better. 

However, the control reaction in the absence of FMN, gave less 

than 5% yield in sulfoxide after 72 hours of reaction. In order to 

better understand why catalysis was efficient even in the absence 

of polymer, we measured the reduction of 0.1 mM FMN by 1 mM 

NADH under the above-mentioned conditions and one could 

observe that the FMN was reduced with a similar rate both in the 

presence and in the absence of 2.5 mM polymer (Fig. S2, ESI†). This 

is clearly different from previous data obtained at lower 

concentrations of FMN (0.05 mM) and NADH (0.5 mM) for which 

the FMN needed to be incorporated into the PEIguan-oct  (1.25 mM) in 

order to be reduced.49 This concentration depending behavior could 

explain why the presence of FMN, NADH and Zn5W19 is enough to 

perform catalysis in good yield since the reduced FMN can activate 

dioxygen and produce H2O2 that is then used as an oxidant by 

Zn5W19 to perform the reaction. The formation of hydrogen 

peroxide was indeed demonstrated under both conditions using 

Quantofix® peroxide test sticks. Interestingly, this H2O2 

concentration was shown to be stable in the absence of substrate, 

meaning that Zn5W19 did not react with H2O2 or simply formed a 

stable Zn5W19-OOH hydroperoxo species if no substrate was 

available (see below). 

 

 

 

 

 

 

 

Fig. 1. Time course for the catalytic oxidation of thioanisole into sulfoxide 
and sulfone in the presence of 0.1 mM POM Zn5W19, 0.1 mM FMN, 10 mM 
thioanisole and 1 mM NADH with (red triangles) and without (blue circles) 
2.5 mM PEIguan-oct, and without FMN (green squares), in water, at room 
temperature and under Po2 = 1 atm.  

Conversely, as soon as thioanisole was introduced in the solution, 

the H2O2 produced from O2 was consumed in the presence of 

Zn5W19 (Fig. 2). The stability of Zn5W19 under the considered 

experimental conditions was studied. The POM was isolated from 

the catalytic medium by addition of cesium chloride before and 

after the catalytic event (see ESI† for details). First, a comparison of 

the IR spectrum of pristine Zn5W19 with that of the powder isolated 

from the reacting medium before the catalytic event evidenced that 

the POM was stable in aqueous solution in the presence of NADH, 

FMN and PEIguan-oct (Fig. S3, ESI†). Second, it appeared that the POM 

isolated from the same reacting medium but after addition of 

thioanisole and stirring at room temperature for 16 h presented 

exactly the same IR features than those of the POM isolated before 

catalysis (Fig. S3, ESI†). This strongly suggested that Zn5W19 was 

stable throughout the catalytic process, which was confirmed by 

EDX measurements on the recovered catalyst (W : Zn ratio : 

theoretical 19 : 5, experimental 19 : 6.1). This is also supported by 

recyclability experiments, which show a steady increase in sulfoxide 

and sulfone after three successive injections of NADH at 0, 24 and 

48h of reaction (Fig. S4, ESI†). It is also noteworthy that under such 

conditions, the formation of Ishii-Venturello complexes can be 

excluded, as such species only form in the presence of large 

amounts of H2O2
65 whereas, on the contrary,  under our conditions, 

H2O2 is produced in situ in low concentration and is readily 

consumed for the oxidation of the substrate.  
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The mechanism presented in Scheme 2 can then be proposed. 

NADH first reduces the FMN whether it is incorporated into the 

polymer or not. However, the reduced FMNH2 does not reduce 

Zn5W19 as it could have been originally envisioned, but instead 

reacts with O2 to produce H2O2 in solution. The fact that Zn5W19 

only consumes H2O2 in the presence of thioanisole suggests that 

Zn5W19 forms a hydroperoxo intermediate under such conditions. 

This intermediate then oxidizes thioanisole into methyl phenyl 

sulfoxide.  

The scope of the reaction was then extended to substrates bearing 

various substituents on the para position of thioanisole (Table 2). 

Electron donating groups such as methyl did not affect the yield of 

the reaction with ca. 55% yield after 30 hours for both thioanisole 

and 4-methyl-thioanisole. Mesomeric donating groups such as 

methoxy improved the yield up to 65% while attracting mesomeric 

groups such as nitro gave no product at all. This clearly identified 

the nucleophilic activity of thioanisole for its reaction with the 

proposed Zn5W19-OOH intermediate. Finally, the surprising good 

reactivity of the para-bromo substituted thioanisole could be 

explained by the fact that, in this case, the mesomeric donating 

activity clearly overcomes the electron withdrawing activity of the 

bromide substituent.   

 

 

 

 

 

 

 

Fig. 2. H2O2 concentrations measured after 6 hours of reaction under 
aerobic conditions in the presence of 0 to 10 mM thioanisole and of 2.5 mM 
PEIguan-oct, 0.1 mM FMN and 1 mM NADH with (blue squares) and without 0.1 
mM Zn5W19 (red triangles). 

Table 2. Aerobic oxidation of various thioethers catalyzed by Zn5W19 and 
FMN-PEIguan-oct by using NADH and O2 in water. 

 

Substrates 
Yield (%)a 

          Sulfoxide                         Sulfone 

R = H 54 (±2) 0 (±0) 

R = Me 55 (±6) 0 (±0) 

R = OMe 65 (±1) 0 (±0) 

R = Br 60 (±1) 0 (±0) 

R = NO2 0 (±0) 0 (±0) 

(a) Yields of sulfoxide and sulfone formed with respect to the amount of NADH 

introduced in 1 mL aqueous solution and analyzed by GC. Conditions: [NADH] = 1 mM; 

[Zn5W19] = 0.1 mM; [FMN] = 0.1 mM; [PEIguan-oct] = 2.5 mM; [substrate] = 10 mM at 

room temperature, under Po2 = 1 atm., reaction time: 30h. 

 

 

 

 

 

Scheme 2. Proposed reaction scheme for the oxidation of thioanisole by 
Zn5W19 and FMN-PEIguan-oct in the presence of NADH. 

Comparison of reactivity with three other POMs 

The catalytic oxidation of thioanisole was also studied with other 

POMs, the molybdenum POM PMo12, the molybdenum/vanadium 

POM PMo11V and the tungsten/nickel POM Ni7W18 (Fig. S1, ESI†). 

For the sake of comparison, the activities of the various POMs were 

studied either in the presence of the modified polymer (PEIguan-oct) 

or in the presence of the commercial one (PEIcom). The obtained 

data are listed in Table 3.  

Table 3. Aerobic oxidation of thioanisole by various POMs in the presence of 
NADH and O2 and using FMN alone or incorporated into PEIguan-oct or PEIcom. 

POMs Yield (%)a 

with PEIguan-oct 

Yield (%)a 

with PEIcom 

Yield (%)a 

without PEI 

Zn5W19 

PMo12 

PMo11V 

 Ni7W18 

50 (±4) 

51 (±7) 

40 (±7) 

45 (±5) 

63 (±2) 

0 (±0) 

0 (±0) 

23 (±4) 

55 (±5) 

1.5 (±1) 

5 (±1) 

8 (±1) 

(a) Yields of sulfoxide and sulfone formed with respect to the amount of NADH 

introduced in aqueous solution and analyzed by GC. Conditions: [NADH] = 1 mM; 

[POM] = 0.1 mM; [FMN] = 0.1 mM; [PEIguan-oct] or [PEIcom] = 2.5 mM; [thioanisole] = 10 

mM, at room temperature, under Po2 = 1 atm., reaction time 24 h. 

For all POMs, when the FMN was incorporated into the modified 

polymer, solely the corresponding sulfoxide was observed after 24 

hours of reaction, with yields measured between 40 and 51%. 

Interestingly, when the FMN was associated to the commercial PEI, 

the differences in yields were much larger, ranging from 0% for 

PMo12 and PMo11V to 63 % for Zn5W19. With Zn5W19, the yield in 

sulfoxide is thus rather high after 24 h of reaction in the absence of 

polymer, which confirms that the association of this POM with the 

polymer does not influence its reactivity for sulfoxidation at these 
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concentrations. On the contrary, PMo12 and PMo11V only present 

significant catalytic activities when they are associated to PEIguan-oct. 

Such effect of the local microenvironment provided by the polymer 

was previously observed for other metal catalyzed reactions such as 

phosphate transesterification reactions.63 As expected, the IR 

spectra of these species isolated from the aqueous medium (pH = 

5.3) before the catalytic event revealed the presence of a mixture of 

phosphomolybdate species, as evidenced by the splitting of the P-O 

band found at 1057 cm-1 for PMo12 and PMo11V (Fig. S5, ESI†). 

However, the IR spectra of the POMs isolated before and after the 

catalytic processes are strictly similar, evidencing no evolution of 

the system during the oxidation of the substrate (Fig. S5, ESI†). 

Besides, since it was previously shown that, even in the absence of 

POM, H2O2 was produced by the system, the difference of reactivity 

between the phosphomolybdate and the phosphotungstate species 

should be related to an event prior to the formation of H2O2. There 

are, a priori, two hypotheses to explain the catalytic oxidation of 

thioanisole by the considered POM catalysts: (i) the reduced FMN 

reacts with O2 to generate H2O2 which then reacts with the POM 

catalyst, as it was observed for Zn5W19, or, (ii) the reduced FMN is 

directly reducing the POM which then performs the reductive 

activation of dioxygen as originally envisioned in Scheme 1. 

Importantly, as soon as NADH was added to a solution of FMN-PEI 

containing PMo12 and PMo11V, the pale-yellow solutions turned 

green, suggesting the reduction of MoVI centres. This reduction was 

confirmed by UV-Visible spectroscopy, with the appearance of a 

band characteristic of reduced POM heteropolyblues (Fig. 3a and 

S6, ESI†).66 One may note that the position of the band (710 nm) 

coincides with that observed for the -IV-PMo12 four-electron 

reduced species.67 Conversely, the simple use of NADH in solution, 

without FMN, did not allow the reduction of molybdenum centres 

(Fig. 3b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. UV-Visible spectra of aqueous solutions of (a) PMo12 (0.1 mM) and 
FMN (0.1 mM) followed for 16 min. after addition of NADH (1 mM) and (b) 

PMo12 (0.1 mM) followed for 16 min. after addition of NADH (1 mM). All 
experiments have been performed under anaerobic conditions. 

It is worth to note that the reduction of Mo(VI) in the case of 

PMo11V implies that V(V) was also reduced since its reduction 

potential is lower than the one of Mo(VI). Besides, by following the 

variations with time of the absorbance at 710 nm in the presence of 

FMN-PEIguan-oct and FMN-PEI, respectively, it can be observed that 

the reduction of PMo12 is more efficient using the artificial 

reductase based on the modified polymer, FMN-PEIguan-oct (Fig. S7, 

ESI†). Clearly, under such conditions, the reduced POM better 

activates O2, which reinforces the hypothesis that the catalytic 

event could indeed first involve the reduction of the POM, followed 

by the reductive activation of dioxygen. All these observations lead 

to the proposed mechanism presented in Scheme 3. We can note 

that the difference in mechanism observed for Zn5W19 and PMo12 

agrees with the fact that polyoxomolybdates are by far more easily 

reduced than polyoxotungstates.68 

As mentioned above, the catalytic activity of Zn5W19 is similar using 

PEIguan-oct and PEIcom while PMo12 and PMo11V only oxidize 

thioanisole in presence of PEIguan-oct. We have investigated a second 

polyoxotungstate, the Ni7W18 nickel complex 

Na7K7[{(PW9O34)Ni3(OH)(H2O)2(Ale)}2Ni]·34H2O. It has been 

evidenced that Ni7W18 exhibited an intermediate catalytic behavior, 

showing the richness of the present system. Indeed, while the yield 

in oxidized products is higher with PEIguan-oct, this POM is also 

significantly active with PEIcom (see Table 3). Finally, as for Zn5W19, 

IR characterization of the POM before and after the catalytic event 

(Fig. S8, ESI†) strongly suggests that this POM is stable under the 

considered catalytic conditions.    

 

 

 

 

 

 

 

 

Scheme 3. Proposed reaction scheme for the oxidation of thioanisole by 

PMo12 and FMN-PEIguan-oct in the presence of NADH. 

Conclusions 

The activity of polyoxomolybdates and polyoxotungstates in 

combination with an artificial reductase and NADH has been 

studied for the aerobic oxidation of thioanisole derivatives. All 

POMs have demonstrated a catalytic activity in the presence of 

the artificial reductase under atmospheric pressure, in water 

and at room temperature. To the best of our knowledge, this 

represents the first evidence of a sulfoxidation activity for 

POMs under such mild conditions. Importantly, the obtained 
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yields are comparable or even higher for cheap one-step and 

large-scale synthesized POMs such as 

Na12[(ZnW9O34)2WZn3(H2O)2]46H2O or H3[PMo12O40]14H2O 

than those previously reported for the manganese(III)-meso-

tetra(pentafluorophenyl)porphyrin, 

known as one of the best metalloporphyrin-based catalyst for 

oxidation reactions.49 Two different mechanisms have been 

brought out. In the case of 

Na12[(ZnW9O34)2WZn3(H2O)2]46H2O, the artificial reductase 

does not transfer electrons to the POM but instead reduces in 

situ O2 into H2O2 which then reacts with the inorganic anion to 

perform sulphide oxidation. We can note that the recyclability 

of the system was evidenced. Conversely, H3[PMo12O40]14H2O 

is reduced by the artificial reductase and can then catalyze 

itself the reductive activation of O2 to perform the 

sulfoxidation reaction. Also, the investigated [PMo11VO40]4- 

species appeared to react similarly to [PMo12O40]3-. Now, 

considering the tremendous wide range of applications of 

POMs in oxidation catalysis, we are considering extending this 

study to other reactions, in particular the oxidation of alkenes 

and alkanes.  
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