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Chemoselective oxidation of sulfides to sulfones under mild conditions is relevant for industry, but challenging
owing to the need to establish catalysis mechanisms and optimize several experimental parameters. Herein, we
report the synthesis of metal-based tungstates as efficient and selective catalysts for this transformation in
darkness. This catalytic process is tolerant of a broad range of functionalized substituted sulfides even in the
presence of oxidative-sensitive functional groups. a-AgaWO4 and NiWO,4 were found to be the best performing

catalysts due to good selectivity, stability, and yield under very mild conditions, completing the transformation
in 1 and 2 h, respectively. The key success of the selective oxidation is attributed to hydroxyl radical and singlet
oxygen (¢OH and '0,), as the redox mediators along a two-step process. These findings open a pathway for
oxidation processes on semiconductors in complete darkness, overcoming the limitation of light, being required

in a wide range of applications.

1. Introduction

Designing and developing efficient and robust, and at the same time,
easily synthesized, low-cost, nontoxic, and highly effective catalysts for
the selective oxidation of sulfides to sulfones is urgently needed when
thinking about the emergence of viable technologies. Sulfoxides and
sulfones play a key role in modern organic chemistry, fine chemicals,
pharmaceutical, agrochemical industry and functional materials [1-7].
Indeed, numerous protocols for the synthesis of sulfoxides and sulfones,
where a wide variety of catalysts, such transition-metal salts [8,9], metal
complexes [4,10], noble metal complexes, metal-organic frameworks
(MOFs) [11,12], covalent organic frameworks (COFs) [13], poly-
oxometalates [14,15], mesoporous silica MCM-41 [16], C3N4 nano-
sheets [17], VOy/SiO5 and VO4x/Al;03 [18] can be found in the
literature.

The most traditional approach to synthesize these organosulfur
compounds are based on the chemoselective oxidation of sulfides.
However, these processes require the use of oxidants, such as halogen

derivatives and peracid or inorganic oxidative reagents [19], which are
not eco-friendly or cause serious environmental pollution. Also, these
oxidants impact in the environment, economy, reaction controllability,
and selectivity, [15,20,21] generate dangerous waste. At this point, it is
necessary to highlight the importance of developing greener and sus-
tainable methods [22].

Metal oxides as semiconductors are actively being studied as pho-
tocatalysts [23-25]. Among them, metal tungstates attract the attention
of researchers due to their ability to operate in both ultraviolet and
visible light [26-28]. Recently, Kang et al. [29] have decorated WO3
with transition metal tungstate MWO4 (M = Cu, Zn, Ni), and they found
that MWO4/WO3 photocatalysts showed a higher activity for photo-
catalytic oxidative desulfurization of dibenzothiophene than pure WO3
or MWO,4 under visible light irradiation. Very recently, Lima et al. [30]
have reported that the thioanisole was oxidized by hydrogen peroxide to
sulfoxides and sulfones and the presence of MWO4 (M = Cu, Zn, Ni) as
catalyst accelerates the conversion.

Our group is engaged in a research project to investigate the
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structure, properties, and different applications of a family of metal
tungstates [31-34] of general formula MWO4 (M = Cu, Cd, Co, Mn, Ni,
and Zn) or MyWO4 (M = Ag). These compounds combine two metal
cations with oxygen anions and charge balanced stoichiometry with
complex structures and promising properties for a broad range of ap-
plications. MWO4 (M = Cd, Co, Mn, Ni, and Zn) oxides have a mono-
clinic wolframite structure with primitive cell composed by an
arrangement of [MOg] and [WOg] octahedral clusters [33,34], while
CuWOy presents a triclinic structure [35]. On the other hand, AgoWO4,
in its most thermodynamic phase (a-AgoWOy4), presents an ortho-
rhombic structure, with high complexity due to the large number of
different atomic arrangements in its lattice, such as [AgOx] (x =2, 4, 6,
and 7) and [WOg] clusters [36-38]. These structural features confer
unique properties to each tungstate salt, which are highly utilized for
various applications, such as solar cells [39], battery materials [40],
supercapacitors [40,41], photocatalysts [32,42], water splitting [43],
and electrochemical sensors [44], due to its advantages, such as limitless
resources, tailorable surface, low cost, low toxicity, good chemical sta-
bility, large specific capacitance, and environmental friendliness.

Based on these structural characteristics, we envisioned that metal
tungstates would be appropriate candidates to speed up advanced
oxidation processes in the heterogeneous medium, even in the darkness.
It is expected that they have better catalytic performance than simple
metal oxides due to their complex chemical composition and synergy
between metals. Once succeeded, such a scenario not only provides an
effective and concise protocol for the selective oxidation of sulfides to
sulfones, but also offers an unrecognized opportunity in catalytic func-
tionalization of sulfones resulting from the kinetics of the intrinsic
substrate reactivity. To check the validity of our hypothesis, in this
work, we present the investigation of wolframite structures (MWO4, M =
Cd, Co, Cu, Mn, Ni, and Zn) and a-AgaWO, as catalysts for the selective
oxidation of sulfides to sulfoxides or sulfones in the dark. We believed
that the present approach not only represents a clean and economical
method for the synthesis of sulfones, but also exhibited promising
prospects in synthetic chemistry. In addition, catalytic stability, scaling
and leaching tests have been performed. Finally, results from scavenger
experiments, radical probes and paramagnetic resonance spectroscopy
have allowed us to propose the most plausible mechanism for this
transformation. This investigation can unravel the origin of the oxida-
tion process for developing new metal oxides as catalysts.

2. Experimental section
2.1. Materials

MWO4 (M = Cd, Co, Cu, Mn, Ni, and Zn) and a-AgaWO4 catalysts
were synthesized through the coprecipitation (CP) method in an
aqueous medium followed by microwave irradiation (MI) according to
literature methods [45]. All metal-based precursors, scavengers and
reagents were purchased at Sigma-Aldrich except the AgNO3 which was
obtained from Cenabras and were used without further purification.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) patterns of the catalysts were
acquired with a Rigaku diffractometer, Japan, model DMax2500PC.
Raman spectroscopy provided structural information using the Horiba
Jobin-Yvon spectrometer, Japan, model T64000, coupled with the CCD
Synapse and argon-ion laser detector, operating at 514 nm. The
morphology and texture of the catalyst were observed by field emission
scanning electronic microscopy (FE-SEM) operated at 10 kV (Supra 35-
VP, Carl Zeiss). Diffuse reflectance spectroscopy (DRS) was performed
using a Cary 5 G spectrophotometer. Transmission electronic micro-
scopy (TEM) images were obtained by using a Jeol JEM-2100 F oper-
ating at 200 kV. The superficial area was recorded with a TRISTAR 3000
(Micromeritics) at a temperature of 150 °C by Ny adsorption/desorption

Applied Catalysis A, General 652 (2023) 119038

isotherms using Brunauer-Emmett-Teller (BET) methodology.
2.3. Catalytic oxidation of sulfides

At the start of our catalytic studies, the oxidation of methyl phenyl
sulfide or thioanisole (1a) with hydrogen peroxide was used as a
benchmark system for the optimization of the conditions using different
catalysts. The effect of the temperature (30, 50 and 70 °C), time (0.5, 1
and 2 h), H>0, concentration and catalyst loading were evaluated (see
also the Supporting Information). Methyl phenyl sulfide (0.1 mmol) was
dissolved in the specified solvent (2 mL); next, the selected catalyst (10
or 15 mg) and various amounts (1.2 and 2.4 mmol) of HyO» volume
(30% v/v) were added to the reaction mixture. Reactions were per-
formed it in a 4 mL round-bottom flask with a septum and constant
magnetic stirring of 700 rpm/min and constant temperature. At the end
of the reaction, an aliquot of 0.5 mL was taken, centrifuged at 6000 rpm
for 2 min, filtered and redispersed in 1 mL of ethyl acetate. The progress
of the oxidation reaction was monitored by gas chromatography (GC,
Agilent 8860) provided with a flame-ionization detector (FID), using a
non-polar (5%-phenyl)-methylpolysiloxane column (Agilent J&W HP-
5). The methods used in the GC for the detection of the products can
be found in the Supporting Information. To evaluate the catalytic sub-
strate scope, commercial sulfides and sulfones were used for GC cali-
bration. The scavenger experiments were carried out following the same
procedure in the presence of equimolar amounts of scavengers.

For the catalyst recycling experiment, the reaction was scaled ten
times for a best recovery of the catalyst after each cycle. Reaction were
performed in a 30 mL round-bottom flask with a septum under constant
stirring at 700 rpm at 50 °C for 1 h.When the used catalyst was
a-AgaWO4, 1 mmol of thioanisole, 100 mg of catalyst, 1 mL of Hz0,
(30% v/v), 150 pL of hexadecane and 20 mL of acetonitrile were used.
When the catalyst used was NiWOy, the catalyst loading was changed to
150 mg and the reaction time to 2 h. After the end of the catalytic cycle,
an aliquot was taken and analyzed by GC. For recovery of the catalyst
after the end of each cycle, the suspension was centrifuged at 6000 rpm
for 2 min, removing the supernatant and washing 3 times with aceto-
nitrile through redispersion followed by centrifugation. The catalyst was
then dried at 60 °C for 12 h and reused again for 10 catalytic cycles
without adding any other components.

2.4. ICP-OES analysis

The chemical composition of the solutions after the 1st, 5th, and 10th
catalytic cycles was estimated by inductively coupled plasma optical
emission spectrometry (ICP OES) using an ICP OES iCAP 7000 (Thermo
Fisher Scientific, USA).

2.5. Singlet oxygen detection

Detection of singlet oxygen (*O,) was performed in the dark by
adding the catalyst to a solution containing 9,10-dimethylanthracene (2
mL, 3 %1073 M in acetonitrile) and HpO5 (100 uL) and using the opti-
mized conditions. Different aliquots were removed at 10, 20, 30, and 60
min and analyzed by absorption spectrophotometry in the UV-Visible
region.

2.6. Hydroxyl radical detection

For detection of hydroxyl detection (¢°OH), 10 pL of a solution of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was placed in contact with the
oxidant and also with a mixture of oxidant and catalyst. The experiment
was carried out in the dark under the optimized conditions. An aliquot of
this mixture placed in a cylindrical quartz tube was examined by Elec-
tron Paramagnetic Resonance (EPR) with the following settings:
9.59816 GHz frequency; 100 kHz modulation frequency; 3420 G central
field; 200 G sweep width; 2 G modulation amplitude; 40 ms conversion
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Table 1 time; 41 s sweep time; 10 dB attenuation and 20.37 mW power. The
Morphology and size of different catalysts. spectrum was obtained after averaging 20 scans.
Catalyst Morphology Size (nm)
3. Results and discussion
o-AgoWO, Rods 422.8 x 135.4
CAWO, Rods 183.3 x 82.4
CoWO, Irregular polyhedral 33.6 3.1. Catalyst characterization and performance
CuWO, Irregular polyhedral 168.5
x}xgo" ?Ods L solvhedral ?g-g x 27.3 All catalysts were synthesized following the reported procedures and
D4 fresuiar poynecra ' were characterized by the usual techniques, namely, XRD and FE-SEM
ZnWO4 Irregular polyhedral 21.6 . . .
(see Figs. S1-S7, Supporting Information). The most relevant data
from the FE-SEM are summarized in Table 1. All materials have nano-
o metric averaged size, except a-AgoWO4 and CuWOy, and an irregular
I RN //O morphology, except a-AgaWO4, CAWO4 and MnWOy, which present a
S s S
N A AN rod morphology.
— e The catalytic activity of the tungstates was evaluated for the methyl
phenyl sulfide (thioanisole) oxidation as a model reaction. Thioanisole
sulfide sulfoxide sulfone oxidation to the corresponding sulfone consists in a two-step process,
1a 2a 2b which involves a sulfoxide intermediate (2a, Scheme 1). The first step is
Scheme 1. — Thioanisole oxidation reaction. a relaFlvely very facile proces.s apd, in general, occurs .at low tempera-
tures in the presence of a stoichiometric amount of oxidant. However,
complete oxidation to sulfone (2b, Scheme 1) requires more severe
Table 2
Time and temperature dependence for thioanisole oxidation.".
i O
O,
| g
\ 10 mg catalyst ™~ n ™~
2a 2b
Entry Catalyst Time (h) Temperature (°C) Conversion (%)" Yield (%)
2a 2b
1 CoWO4 2 30 58 52 6
2 a-AgWO, CuWO, 1 50 89 75 14
3 74 64 9
4 CdWO, 2 50 88 58 29
5 MnWO, 83 57 26
6 NiWO,4 92 56 36
7 ZnWO, 60 46 14

@ Reaction conditions: 1a (0.1 mmol), H202 (1.2 mmol), CH3CN (2 mL), 10 mg of catalyst.

b Determined by GG-FID analysis using hexadecane as an internal standard.

Table 3

Optimizing oxidizing concentration, solvent, and catalyst mass for sulfide oxidation.".

S

™~

catalyst loading

H,0,
la 2a 2b

Entry Catalyst [H,0,] (mmol) Catalyst loading Solvent Conversion (%)" Yield (%)"

2a 2b
1‘ a-AgoWO4 2.4 10 CH3CN > 99 0 99
P CdWO, 2.4 15 CH3CN > 99 13 85
3it CoWO, 91 64 27
4 CuWO, 97 50 48
5"l MnWO,4 > 99 33 67
6" NiWO4 >99 0 99
71 ZnWO, >99 31 68

2 Reaction conditions: 1a (0.1 mmol), H202 (2.4 mmol), solvent (2 mL).

b Determined by GC-FID analysis using hexadecane as an internal standard. i Reaction time = 1 h and T = 50 °C; ii Reaction time = 2 h and T = 30 °C; iii Reaction

time =2 h and T = 50 °C.
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Fig. 1. Kinetics of thioanisole oxidation by H,O, catalyzed by: A) a-AgaWO,; B) NiWO,.

reaction conditions [46]. Besides this, most common oxidants employed
to carry out this transformation, such peracids or meta-chloroperbenzoic
acid (m-CPBA) are considered not sustainable. In this work we used
H»0; as oxidant, which is considered much more eco-friendly.

Optimization of the reaction conditions was carried out by varying
the oxidant and catalyst amounts, temperature, solvent, and time
(Table S1 and S2, Supporting Information) starting from 0.1 mmol of
thioanisole, 1.2 mmol of Hy02, 10 mg of catalyst and 2 mL of CH3CN.
Temperature was an important parameter to get the best conversion
values and although in most cases at 70°C conversion reaches the best
results, differences are only slight with those obtained at 50°C. So,
considering the economic impact that causes an increase of 20°C, 50°C
was adopted as the optimum temperature. Further, catalytic conversion
was time dependent for all catalysts being the more efficient at 50°C the
a-AgaWO4 and CuWO4 powders, with values of 89% and 74%, respec-
tively, after 1 h of reaction (entries 15,18, Table S1, Supporting Infor-
mation). Increasing temperature or reaction time doesn’t cause any
effect on the selectivity being the main product the methyl phenyl
sulfoxide intermediate (entries 22-42 Table S1, Supporting Informa-
tion). The main results can be seen in Table 2.

Oxidizing reagent concentration, solvent and catalyst loading were
also optimized (Table S2, Supporting Information). The main results are
listed in Table 3. Changing acetonitrile by methanol, THF or dichloro-
methane reduces considerably the catalyst activity (entries 1-21,
Table S2 Supporting information). Considerable increase in the

[ Sulfone

selectivity was achieved by duplicating the amount of oxidizing reagent
(entries 1 and 6, Table 3 and Table S2, Supporting Information). Control
experiments confirmed that both, oxidant and catalyst are required to
carry out the oxidation reaction (entries 29-31, 39-41 and 49-51 and
52-58, Table S2, Supporting Information). Although all the materials
improve their selectivity towards the sulfone under these new condi-
tions, the most effective catalyst was the a-AgoWO4 completing the
transformation in 1 h in CH3CN, in the presence of 2.4 mmol HyOy
(entry 1, Table 3). Also, quantitative yield of the sulfone product was
obtained in the presence of NiWO, after 2 h and using 15 mg of the
catalyst (entry 6, Table 3).

3.2. Kinetics, Recyclability and Scope

The kinetics of thioanisole oxidation mediated by a-AgoWO,4 and
NiWO4 under optimal conditions is shown in Fig. 1. It is noteworthy that
83% of thioanisole reacts within 3 min in the presence a-AgaWO4, 12%
of which corresponds to methyl phenyl sulfone. Total conversion of
methyl phenyl sulfoxide into methyl phenyl sulfone occurs in 50 min,
which represents a high oxidation efficiency in a short period of time at
relatively low temperature. A similar profile is obtained for NiWQOj4, but
longer reaction time is needed. These data suggests that the limiting step
for the reaction is the oxidation of methyl phenyl sulfoxide intermediate
to methyl phenyl sulfone, as reported by Liang et al. [1]. Table S3 shows
the comparison with other previously published works that use

[ Sulfoxide
] Sulfone

100 H

80

60

Yield (%)

40 1

204

Cycle Run

100 H

80

Yield (%)

40 1

20+

1 2 3 4 5 6 7 8 9 10

Cycle Run

Fig. 2. Recycling of catalyst in thioanisole oxidation: A) a-Ag2WO, and B) NiWO,.
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a-Ag, WO}
Time (h)

Table 4
Catalytic scope for the sulfide oxidation reaction mediated by a-AgoWO, and NiWO,.".
Entry Substrate Product
A°
™~

1 : s\
2 S\
[elig :

3 S\ \5/0

~N
\o
(o}
4 s\ o\s/o
N
ON
N
5 : s : o\s/o

/©O>S

10

Niwoj
C (%)" Y (%)° Time (h) C (%)" Y (%)°
98% 98% 2 99% 99%
> 99% 99% 2 96% 96%
97% 97% 2.5 98% 97%
> 99% 98% 2 > 99% 99%
> 99% 99% 4 97% 96%
> 99% 99% 3 > 99% 99%
92% 89% 4 94% 80%
94% 91% 5 95% 86%
91% 90% 6 92% 77%
92% 87% 6 88% 75%

2 Reaction conditions: Substrate (0.1 mmol), H202 (2.4 mmol), CH3CN as solvent (2 mL) and 50°C.
b Determined by GC-FID analysis using hexadecane as an internal standard. i Reaction time = 1 h and 10 mg; ii Reaction time = 2 h and 15 mg.

semiconductors or semiconductor-based heterostructures for the
oxidation of thioanisole.

As shown in Fig. 2A, the a-AgoWO4 catalyst can be recycled up to 10
successive runs without lost in the efficiency, revealing high stability
and robustness during the catalytic cycles. The total turnover number
(TON) [39] for a-AgaWO4 was 4.63 cycles, showing high performance of
the catalyst on reuse under continuous operation. Since the reaction is
performed within 60 min, the turnover frequency (TOF) is 0.077 min !
[47]. The efficiency of NiWO4 (Fig. 2B) remains invariable up to 6 runs
after which the catalyst losses selectivity. In this case, TON was 2.05
cycles, until the 6th cycle, and TOF was 0.017 min .

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used to analyze the possibility of metal leaching (Table S4, Sup-
porting Information). These analyses, carried out after centrifugation of
a sample after the 1st, 5th, and 10th run cycles, revealed that the con-
centrations of Ag and W atoms in a-AgoWO, are practically constant
during catalytic recycling, with much larger number of W atoms than Ag

atoms. The number of W atoms corresponds to approximately 1.6% of
the initial mass of the catalyst, i.e., 1.6% leaching of the catalyst occurs
per catalytic cycle. Similar results were obtained for NiWOg, but both
metals were leached at the same proportion, with a leaching of
approximately 1.8% of the initial mass of the catalyst per cycle. This
data suggests that oxidation is not caused by the ionic species in solu-
tion, as indicated by adding equimolar amounts of Ag", Ni?* and
(WO4)2’ to the catalyst and observing conversions similar to that of
H,0, without catalyst (see Table S5, Supporting Information).
Heterogeneous catalysts for the oxidation of sulfides present ad-
vantages over the homogeneous counterpart as they interact with the
oxidazing reagent without suffering any transformation. This prompted
us to extend the substrate scope to aromatic and aliphatic R'—S—R? (R,
R? = alkyl, aryl) sulfides. Substituted thioanisole derivatives in Table 4
(entries 1-4) were oxidized quantitatively to the corresponding sulfone
products under the optimized reaction conditions independently of the
substituent on the aromatic ring requiring twice the time by replacing
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catalysts. It is remarkable that other heterogeneous catalysts need
further additives, such a co-oxidant, or longer reaction times or higher
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Fig. 3. XRD am TEM images of the catalyst before and after catalytic recycling; A-C) a-AgzWO,4 and D-F) NiWO,.

temperatures to afford this oxidation reaction.

35

As aforementioned, no metal leaching has been proved by ICP-OES
analyses. However, the oxidation process affected the morphology and
structure of the catalysts. The formation of cubic Ag>0 according to the
XRD in Fig. 3A indicates that a-AgaWO4 undergoes modifications during
the oxidative process. Furthermore, the TEM images in Fig. 3B-C show

that the initial morphology of hexagonal rods is deteriorated due to

A B i H,0, —— 10 min C
= =
a
“Hy 3 3
CH,3 £ £
& &
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—— 2 2
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2 2
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Fig. 4. UV-Vis spectra using DMA as 10, indicator as the reaction shown in A) for B) Hy05, C) a-Ag;WO,, D) a-Ag;WO,4/H,0,, E) NiWO,, and F) NiWO4/H,0,.
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Fig. 5. Detection of ¢OH using DMPO by EPR.

oxidation. The a-AgaWO04/Ag>0 interface formed during oxidation re-
mains effective for the oxidation of sulfides. This is consistent with ICP-
OES results with a small part of a-AgaWO4 decomposing into interfacial
Ag>0, and (WO4-? in solution. The XRD data in Fig. 3D for NiWO4 do
not support formation of other phases or changes in structure. However,
the TEM images in Fig. 3E-F show degradation of the initial morphology
and agglomeration of the samples. Thus, morphology degradation im-
pairs the oxidation reaction stability of NiWOy4.

3.3. Proposed mechanism

Electronic excitation of a semiconductor occurs through formation of
electron—hole (e —h™) pairs, which can interact with the molecules
surrounding its chemical environment [35,48]. For a-AgaWO,4 and
NiWOy, the band gap energy (Egap) needs to be overcome to form e —h"
pairs. These can be generated through external sources of excitation
such as light, temperature and pressure [49]. In this work, the e —h™
pairs available to trigger highly reactive cascade reactions are obtained
through thermoexcitation. To help understand the free radical produc-
tion mediated by a-AgoWO4 and NiWO4, and obtain mechanistic clues
about the oxidation of thioanisole, the presence of 10, and *OH radicals
was monitored. The presence of 0, was determined by using 9,

Table 5
Influence of the scavenger on the catalytic oxidation of thioanisole.”.

Applied Catalysis A, General 652 (2023) 119038

10-dimethylanthracene (DMA), which reacts specifically with 10, to
form a stable endoperoxide [50]. The decrease in absorbance of DMA
(between 300 and 420 nm) is used as a measure of endoperoxide for-
mation [51]. Fig. 4 shows no decrease in DMA absorption for the
separate oxidizer (Hy05) and semiconductor (a-AgoWO4 and NiWQy).
However, there is a sudden decrease in DMA absorption for the mixture
of a-AgoWO,4 and Hy05, indicating a synergistic effect for the generation
of 102 within the reaction time (60 min). For NiWOy, there is a slight
reduction in the intensity of the maximum reaction time (120 min)
related to the initial one, showing that the efficiency of NiWO,4, when
combined with Hy0Os, is lower for the generation of 10,.

In situ EPR is suitable to determine *OH radical species during the
catalytic processes. The EPR spectra in Fig. 5 indicate that the *OH
radical was captured by DMPO, and *OH signals are not found without
addition of the catalysts. Signals assigned to DMPO-OH adduct are only
seen when a-AgoWO4/NiWO4 and Hy04 are combined [52]. Since the
EPR spectra are presented as first derivatives of the absorption reso-
nance modes, their double integration must be performed to obtain the
area under the absorption curve as a measure of the total intensity. The
double integration of the signals between 3380 G and 3460 G provides
the values (expressed in arbitrary units) referring to the production of
*OH radicals for NiWO4 (50.18) and for a-AgaWO4 (27.92). In contrast
to the generation of 104, NiWO, can generate practically twice as many
*OH radicals compared to a-AgaWOy, using the amount of catalyst
optimized for the reaction. It is worth noting that both 'O, and *OH
interact differently with the sulfide. From the results shown in Figs. 4
and 5 it is assumed that 10, is more efficient to oxidize sulfides than
*OH, since a-AgoWO4 exhibits higher catalytic activity with less catalyst
mass and shorter reaction time. Both *OH and 0, are powerful oxidants
capable of oxidizing a wide range of organic compounds, but 'O is
much more selective than *OH [53]. It is important to note that the
catalytic activity in the sulfide oxidation reaction using these catalysts is
not dependent only on the surface area of the catalyst, since a-AgoWO4
(0.4 mz/g) has a much smaller surface area than NiWO,4 (128 mz/g), but
also the electronic structure of these semiconductors.

To verify whether the detected 'O, and *OH radicals participate
directly or indirectly in thioanisole oxidation, specific scavenger ex-
periments were performed for e~ [54], h™ [35,48], 102 [55], and eOH
[56] in equimolar amounts to the substrate (Table 5). Tests with higher
concentrations of scavengers were performed, but minimal differences
were observed. It is not possible to measure the number of surface-active
sites in the semiconductor for the generation of these species; then, any
reduction in conversion/yield indicates participation of the specific

N

I
S S S
™~ catalyst ™~ ™~
—_— +
H,0, 50°C
2a 2b

—
=

Entry Catalyst Scavenger Scavenged Species Conversion (%)" Yield (%)"

2a 2b
1 a-AgaWO, - - > 99 0 99
2 AgNO3 e 54 38 15
3 NaNg 10, 37 20 16
4 (NH4)2C204 h* 52 35 15
5 PHP o OH 44 30 13
6 PHP + NaNs e OH +'0, 7 5 0
7 Niwoi - - >99 0 99
8 AgNO3 e 34 26 7
9 NaNs 0, 96 9 86
10 (NH4)2C204 h* 26 19 7
11 PHP e OH 29 21 5
12 PHP + NaN3 e OH +'0, 10 9 0

2 Reaction conditions: 1a (0.1 mmol), H202 (2.4 mmol), CH3CN (2 mL) and 50°C.

b Determined by GG-FID analysis using hexadecane as an internal standard. i Reaction time = 1 h and 10 mg; ii Reaction time = 2 h and 15 mg.
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Fig. 6. Positions of the CB and VB of the catalysts compared with the redox potentials of ROS formation.
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Fig. 7. Mechanism of thioanisole oxidation from 'O, and *OH radical.

species in the oxidation process. The mechanism of thermoexcitation
and generation of e"—h™ pairs is supported by the result of scavenger
(AgNO3 and (NH4)2C204, for e~ and h', respectively) owing to the
significant reduction in conversion and formation of methyl phenyl
sulfone. The radical 10, plays a significant role in thioanisole oxidation
for a-AgoWO4 due to the decreased catalytic efficiency using NaN3 as
102 scavenger [55]. These results corroborate the observations made
from Fig. 4. For the scavenger potassium hydrogen phthalate (PHP),
which is selective for ¢OH radical, there was also a reduction in catalytic
efficiency for both catalysts [56]. When PHP was mixed with NaNs, a
sharp reduction in catalytic efficiency was observed, confirming that the
main oxidation pathway is caused by eOH radical and 10,.

When H30, is added as an oxidizer, its decomposition gives rise to Oy
and H,0 [57]. These species can interact with the e”—h™ pairs gener-
ated in the conduction (CB) and valence (VB) bands of the semi-
conductor, giving rise to reactive oxygen species (ROS). The possibility
of NiWO4 and a-AgaWO4 to generate these radicals was verified by
performing DRS measurements whose results were analyzed with the
Kubelka-Munk method to determine Egap [58]. The Egap values were
3.62 and 3.12 eV for NiWO4 and a-AgaWO4 respectively, from which the
energy of CB and VB was calculated using Mulliken’s electronegativity
theory to compare with the redox potentials of ROS formation [59].
Fig. 6 shows that both semiconductors have Eg,, compatible with the
oxidation of HyO5 and H5O to form *OH radicals (reactions I and II in
Fig. 6). Only a-Ag;WOy, is capable of forming '0,, since the process
depends on the reduction of O, in CB to form a superoxide radical (¢03),
which is then oxidized to form the 102 (reaction III in Fig. 6). These
results are in line with the EPR analysis, scavengers and *OH radical

probe, and help to explain the catalytic differences between NiWO4 and
a-AgoWO4.

Conclusions extracted from all the scavengers and probes experi-
ments have allowed us to propose a plausible mechanism for the
oxidation of sulfides, as the one illustrated in Fig. 7. Sulfones can be
obtained in two ways through two consecutive oxidation steps. The first
way consists in the addition of the ®OH radical to the sulfide (and then to
the sulfoxide) followed by subsequent elimination of HoO due to the
capture of H' by another *OH radical. The second pathway starts from
10,, from its addition to sulfur, followed by subsequent elimination of
H,0 and O due to interaction of the eliminated O atom with HyO5 of the
reaction medium. While the first pathway occurs for both NiWO4 and
a-AgaWOy catalysts, since both are ®OH generators the second, which is
more effective, is exclusive for a-AgoWO4.

4. Conclusions

In summary, we have successfully synthetized MWO4 (M = Cd, Co,
Cu, Mn, Ni, and Zn) and a-AgoWO4 powders that can be used as catalysts
in the selective aerobic oxidation of sulfides to sulfones. A variety of
sulfides could be directly transformed, showing a broad substrate scope
with substantial functional group tolerance. The key success of the se-
lective oxidation is attributed to hydroxyl radical and singlet oxygen
(eOH and '0,), as the redox mediators. Besides, the a-AgoWO, catalyst
could be facilely recycled at least ten times without losing effectiveness
and, with a slight decrease in the catalytic activity in the case of the
NiWO4. To the best of our knowledge, this is the first active catalysts for
the selective oxidation of sulfides to sulfones in dark. This study takes
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advantage of a catalyst in full to unravel a multifaceted challenge, not
only providing a concise design principle for oxidation processes, but
also offering an unrecognized opportunity in chemo- and selective
obtention of functionalized sulfones determined by the kinetics of the
intrinsic substrate reactivity. Present findings support the potential of
these semiconductors materials for their use in academic research and
industry not only in various oxidation processes, but also unlock appli-
cations as sensors and biocide materials, capitalizing the metal oxide’s
biocompatibility.
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