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Abstract

Two vanadium-containing Keggin silicopolyoxotungstompounds KSiVW1,040 and
KeSiVoW1004 were synthesized and characterized. They wererpocated in a
superporous hydrogel constitute by prop-2-enammiepropenoic acid as initial monomers
and bis-acrylamide as cross-linking moiety. Malsriszvere characterized by several
techniques. According to FTIR aft/ MAS-NMR, the (SiVW12.,040)“**" anions are the
main species present in the hybrid materials. Aclkily, they do not decompose during
the preparation of the composite. XRD and SEM-E@®Suits suggest that (SiWi»-
x040)*™" anions were well dispersed in the support or pteas amorphous phases. These
materials were evaluated as catalysts in the dridatf sulfides to sulfones, using an eco-
friendly oxidant and mild reaction conditions. Tingbrid materials with higher content of
the heteropoly compound displayed a remarkabldyt@tdehaviour in the oxidation of
diphenyl sulfide. Materials also exhibited a staltatalytic performance through
consecutive reuses. Optimum reaction parameteablstted were subsequently translated

to the oxidation of a sulfide of interest (dapsoteg to its pharmacological activities.
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1. Introduction

The oxidation of sulfides is an extensively stud@wcedure due to the relevance of
obtained products (sulfoxides and sulfones) asticraitermediates in synthetic organic
chemistry. Both products are widely used in theniation of biologically active molecules
such as pharmaceuticals and pesticides [1-3]. B@mple, derivatives of phenyl
triboromomethyl sulfone have been described as gdlamgicide and diiodomethyp-tolyl
sulfone as an algaecide, bactericide, and fungi¢4j®]. In the pharmaceutical field,
sulfones are important in the treatment of sewdissases, such as diabetes [6], leprosy and
malaria [7,8], in dermatology [9], and as reactiotermediates in the production of more
complex molecules such as sulphonamides, usedtiésotios in clinical practice [10,11].
This highlighted the importance of such compounas #he need to find simple and eco-
friendly processes to synthesize them.

Sulfones are usually prepared by the oxidation gbrecursor sulfide [12], using an
oxidizing system. The oxidizing agent generally cusecludes potassium permanganate,
peracids, Nal@ CrO;, MnO,, among others [13-15]. However, the use of an aiié
route excludes the presence of oxidation-sendiinetional groups, and generally involves
long reaction times, the use of harmful or expemsix¥idants, undesirable side reactions at
other functional groups and low yields. To avoie theneration of large amounts of
dangerous waste resulting from the classical praegdstoichiometric oxidants can be
replaced by eco-friendly environmental catalytistsyns, using a green oxidant such as
hydrogen peroxide, organic peroxide and molecuiygen, which provide many benefits

compared to other oxidants [16,17].



The main advantage of using® as oxidant is the production of water as the dnjly
product. Since in general the no catalyst reactemesslow, numerous catalytic systems
have been reported for the hydrogen peroxide axidatf sulfides, including various metal
complexes of transition metals and lanthanidesZ0B-POMs (polyoxometalates) were
reported as outstanding acid and oxidation catalyisice their remarkable acidic and redox
properties [17,21]. Particularly, W-based polyoxtaeges showed to be effective catalysts
for the oxidation of phenols, alcohols, and olefugng hydrogen peroxide as oxidant
[21,22]. The main disadvantage of POMs as catalgstiseir hard recovering and reusing
due to their high solubility in polar solvents. $hissue was overcome by their
immobilization in appropriate porous materials whitable textural properties such as
mean pore diameter specific surface area [23,24].

In the present work, a superporous hydrogel wad asesupport. The existence of this type
of polymer is well known but only a few of them lealzeen reported to be used in the
catalysis field [25-28]. They are commonly employsddrug delivery systems in medicine
or biotechnology [29-31]. There is a variety offeient superporous hydrogels, depending
on the precursor monomers, the nature and contienti the cross-linking agent, and the
initiator type.

The incorporation of a vanadium atom in the strectaf POM improves the catalytic
activity of the material owing to the oxidative peoties of vanadium and because it

increases the acidity of the material.



We previously reported the synthesis of phosphobuityacid doped with vanadium to be
used as catalyst in the synthesis of 4-dihydropgim2-(1H)-thiones/-ones [32]The
enhancement in the catalytic performance of theatenals in comparison with the acid
without vanadium encouraged us to prepare Keggie-silicopolyoxotungsto compounds
modified by replacing tungsten atoms by vanadium cluded them in a superporous
hydrogel as support.

The catalytic activity of synthesized materialsthie oxidation of diphenyl sulfide (DPS),
using hydrogen peroxide as oxidant (Scheme 1).r&aetion parameters were investigated
to obtain the optimum reaction conditions in thdeskve oxidation of DPS. These
conditions were subsequently translated to theatixid of 4,4’-diaminodiphenyl sulfide to
synthesize a well-known drug used for malaria amtdsy medical treatment (dapsone,

Scheme 2).

2. Experimental

2.1. Synthesis of SPOV (vanadium silicopolyoxotuntggscompounds)

2.1.1. Synthesis of SIPV1 (§SiVW11040))

The synthesis of SiPV1 was performed accordingieceture data [33]. For this purpose, a
solution of 20.8 g (7.2 mmol) of SiP {8iW15040) in 12 mL of distilled water at 80°C was
prepared. Afterwards, 6.8 g NaHg@Was added slowly until a pH value of 8.5 was
attained. A second solution, prepared by mixingg (200 mmol) of NaV@and 6 mL of
HCl 6 M, was added slowly to the first solution.efly 1.6 g of KCl was added. After
filtration, the orange solid was washed with distilwater and dried at 25°C under reduced

pressure, until constant weight.



2.1.2. Synthesis of SiPV2 (KSiVoW10040))

The synthesis of SiPV2 was conducted following phecedure reported [34]. Firstly, the
lacunary phase SIiPW9 (MNéSiWyOs4)) was prepared following a previous protocol [35].
water solution (50 mL) of N&O, (45.4 g, 154 mmol) and NaiOs; (2.7 g, 22 mmol) were
prepared. Subsequently, the pH value was takermbtosing HCI 6 M, heated 1 h at 80°C
and filtered. A water solution (12 mL) of M20O; (12.0 g) was slowly poured. After
magnetic stirring at 60°€, the white solid formedswiltered, washed with 10 mL of cold
ethanol and dried at 25°C under vacuum at untistzom weight. 4.0 g of the obtained solid
(SiPW9) and 0.5 g of NaVfQwere subsequently dissolved in 40 mL of distiNeater. The
pH was adjusted to 1.5 using HCI 6 M, and 5.0 §©f was added under vigorous stirring.
Finally, 150 mL of cold ethanol was added, formiag orange solid. This solid was
filtered, washed with 10 mL of cold ethanol andedrat 25°C under reduced pressure until

constant weight.

2.2. Synthesis of the SPH-SPOV hybrid materials

The superporous hydrogel (SPH) was synthesizedrdiogoto the technique reported in
previous work [36]. For SPH classic synthesis,fatlewing aqueous solutions were mixed
into a reaction tube at 25°C, with vigorously stig: 300uL of prop-2-enamide 50%, 200
uL of propenoic acid 50%, 7L of N,N-methylene bis acrylamide (bis-acrylami@3%,
300 uL of SPOV solution (10%, 20%, or 30% w/w),2%f ammonium persulphate 20%,

25 uL of N,N,N’,N’-tetramethylethylendiamine 20% and@Lfhg of NaCGH.



The polymerization was completed 10 minutes afteraddition of all components. Finally,
the solids were dried at 100°C, until constant Weifhe samples are labelled SPH-SiPV1-
X and SPH-SiIPV2-X, where X is the content of SP@Worporated (X = 10%, 20%, or
30% w/w). The procedure to obtain the SPOV amontat the hybrid material is described

in complementary material.

2.3. Characterization

2.3.1. FTIR analysis

Samples were ground, mixed with BrK (1% of sampéeid formed pellets. FTIR spectra
of the were collected in transmission mode in thege of 400-4000 crhemploying a
Bruker IFS 66.

2.3.2. Raman spectroscopy

Raman spectra of the samples were recorded inGBe1100 crit range using a Raman
microprobe equipped with a photodiode array deteait@5°C.

2.3.3. X-ray diffraction analysis (XRD)

X-ray powder diffraction of the samples were paried employing a Philips PW-1732,
using Cu K radiation, in the range 5°- 60° 0.2

2.3.4. Nuclear magnetic resonancéy/ MAS-NMR)

The >V magic angle spinning nuclear magnetic resonaridie solids was recorded in

Bruker Avance 11-300 equipment. The working fregeyerused was 78.89 MHz, 318



pulses and a repetition time of 5 s. The spin veés 8 and 10 kHz, and 1024 pulse
responses were collected for each experiment, 44i0g as external reference.

2.3.5. Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy spectra of thepsasnwere collected using a Lambda 35,
Perkin Elmer spectrophotometer (see supplementémymation for more details). The Eg
(absorption edge energy) was estimated from the-DR&is employing the Kubelka-
Munk remission function (F(R)) and (F(Rw)hv)?[37, 38].

2.3.6. Acidity measurements

Potentiometric titration was used for measuring dbeel strength and the number of acid
sites of the solid samples. More details abouttdobnique and the ranges used for the
classification of the sites according to the acidergyth [39] were added in the
supplementary information file.

2.3.7. Nitrogen adsorption-desorption isotherms

N, isotherms (adsorption-desorption) of the samplesewveollected using a Micromeritics
Asap 2020 equipment. These results were useditoatstthe specific surface areags,
using the Brunauer—-Emmett—Teller model and the npeae diameter (Dp) using the BJH
method. The pore size distribution (PSD) was cated using the density functional theory

(DFT) method.

2.3.8. Scanning electron microscopy with energy gisrsive X-ray spectroscopy (SEM-

EDX).



Secondary electron micrographs of the samples wet@ned by scanning electron
microscopy (SEM) using a Philips 505 instrumenteigy dispersive X-ray analysis
(EDX) of the samples was obtained using an EDAX®a&adalyzer at a working
potential of 15 kV.

2.4. Catalytic test

2.4.1. General remarks

The used chemicals were all reagent grade purehased from Merck and Aldrich. The
products and the unreacted organic substrates weaetified by gas chromatography
(GC), and the reaction progress was monitored ioyltlyer chromatography analysis. The
diphenyl sulfone was identified by GC-MS using Rei&lmer equipment, and dapsone
was identified by'H NMR and**C NMR using a Varian Mercury Plus 200 spectrometer.
As a complement to the above spectral data, weopeeld melting point determinations
(the product identification can be found in the gementary information). Hydrogen
peroxide (HO, 35% w/v, agueous solution) was used as oxidarg.ctmcentration of the

peroxide solution was estimated by iodometric tibra

2.4.2. General procedure for the catalytic oxidatio of sulfides to sulfones

1 mmol of organic substrate (185 mg of DPS), 5 nfLtlee solvent (acetonitrile),
SPOV/SPH-SPOV as catalysts and variable amourts@f 35% wi/v at 25°C were added
in a test tube. The substrate:SPOV molar ratio wsad 100:1, both in homogeneous
(SiPV1 and SiPV2) and heterogeneous (SPH-SiPV1Sitd-SiPV2) media. The studied

variables to obtain the optimum conditions were am®f catalyst, substrate/oxidant ratio



and reaction time (the complete experimental camtiitare detailed in the supplementary

information).

2.4.3. Catalyst reuse

The reusability of the catalysts was evaluatedied consecutive runs, using the optimum
reaction conditions. The catalyst was isolated fribi reaction mixture, after each run,

washed twice with the solvent (2 mL), dried undacwum at 25°C until constant weight,

and then reused in a new experiment.

3. Result and discussion

3.1. Materials characterization

Figure 1 presents the infrared spectra of SiP, $jPAhd SiPV2 in absorbance mode
(transmittance data were converted to absorbandeeanh spectrum normalized to the
band associated to SizGtretching). The infrared bands of (Si@s0)* can be assigned to
the Keggin structure, in agreement with literattgports: 1019, 980, 926, 883, 781, and
540cni’, the first one is not assigned, and the next spording to W-@ Si-O;, W-Oy-W
and W-Q-W stretching vibrations as well as W-O-W bendinigpration, respectively
[40,41]. The different oxygens include: a) bridgivwy and Si, b) corner sharing, c) edge

sharing, and d) terminal.

For SiPV1 and SiPV2, the infrared spectra exhibiteslcharacteristic bands between 700
and 1010 cn due to metal-oxygen absorption stretching vibraiorhe presence of these

bands indicates that the primary structure wasnetaupon vanadium incorporation. For

10



SiPV1, bands corresponded to 1005'¢c®62 cnit (W-Oy), 916 cnit (Si-0,), 892 cnt* (sh,
W-Op,-W), 779 cm' (W-O-W), 518 cnt, and 474 ci, while for SiPV2 1007 ciy 970
cm™ (W-Oy), 918 cn* (Si-Oy), 892 cmt* (sh, W-Q-W), 787cmt (W-O-W), 611 cnt, 530
cm?, and 473 cm. Si-Q, and W-Q bands presented a slight shift to lower frequencies
with respect to SiP values, and the intensitie®/e®,-W and W-Q bands decreased with
the incorporation of V, which could be attributedthe increase of the negative charge of
the anion (weakening these bonds). The intensityWeD.-W bands increased; and the
incorporation of two vanadium atoms produced atp@sshift in this stretching band, a
split in W-O-W bending vibration. These modificats are due to vanadium incorporation

into the primary Keggin structure, in good agreetwath literature data [34,42].

Figures 2 and 3 show the FTIR spectra of SiPV1V3iRnd the hybrid materials

SPH-SiPV1-X and SPH-SiPV2-X, respectively. Therefothe appearance of the
characteristic bands of the Keggin structure opgileag those belonging to SPH indicates
the success achieved in the synthesis of SPH-SkYhd SPH-SiIPV2-X materials. For

the hybrid materials, the bands corresponding BVSiand SiPV2 are present in SPH-
SiPV1-X and SPH-SiPV2-X, respectively, with a lowetensity due to the dispersion of
SPOV in the polymer matrix. Moreover, the intensiythe FTIR bands rises with the

content of SiPV1 (or SiPV2) in the SPH.

Figure 4 presents the Raman spectra of the bulkvSPBe bands at 991 chand 980 cnt
are assigned to symmetric and asymmetric stretolwifg-Oy). Also, two weak bands are

observed at 899 cM(vas W-O,-W) and 544 crl (vas W-O-W) [43]. The stretching

11



vibration of the W-Q@ bond presents a shift with respect tg¥W1,040) due to vanadium
incorporation [44].

The XRD diagrams obtained for SPH-SPOV samples alodisplay the characteristic
diffraction lines of SiPV1 and SiPV2, being simitarthe XRD pattern of the SPH. From
these results, it can be inferred that SPOV is lgiglispersed into the sample or as a
noncrystalline phases (data not shown) [45, 46]s T$in agreement with EDX mapping
images of W element in the SPH-SPOV samples (Figitg that shows its overall
homogeneous distribution.

Figure 5 shows th&'v MAS-NMR spectra obtained for SiPV1 and SiPV2bisth cases,
they are composed of two predominant line§ at-542 ppm and -503 ppm for SiPV1, and
o = -546 ppm and -503 ppm for SiPV2. The presencénof bands is assigned to the
existence of vanadium replacing two different kimdgsten atoms in the Keggin anion.
The obtained bands agree with the ones reportéekibibliography [43,47], with a shift to
lower s values, due to the arrangement of potassium aitothe synthesized compounds.
Table 1 show theggr (specific surface areas) and mean pore diame@r¢bSPOV, SPH
and the synthesized materials, estimated fromshtherms using the BET method. The
values obtained for the bulk materials range from? to 17 ni/g, being common values
for POMs, in agreement with the literature valué] [

Sger values of the hybrid materials are similar to thaSPH (341 rfig) value, decreasing
slightly with the increase of SPOV content. Dp eauemains practically constant. The
continuous decrease inggs could be due to the clogging of hydrogel pores thy
polyoxoanions. The increase in thegesvalues for the SPH-SPOV-X hybrid materials

represents an advantage in the use of them indgeteeous catalysis. The isotherms of

12



SPH-SiIPV2-X and SPH-SiPV1-X materials (Figure S2) be classified as type IV (with
H1 hysteresis loops), characteristic of mesoporaterials. The increase of, Mdsorbed

in the 0.8-1 range of P/Po is associated with tkegnce of large mesopores. The pore size
distribution obtained by the DFT method shows that pores are mainly between 2 and
4 nm in size (centered at ~3.6 nm). Large mesop(resveen 12 and 20 nm) are also
present (Table 1), although their pore volume tkamsmall. Neither the main features of
the isotherms nor PSD seems to be affected byR@/Sontent.

SEM micrographs of SPH and SPH-SiPV1-30 hybrid mele (Figure 6) show a
sponge-like morphology conformed by a network afssrlinked channelsd=rom their
comparison, the incorporation of SPOV during thetlsgsis of SPH-SPOV-X materials did

not significantly influence such sponge-like sturet

The absorption spectra of non-reduced heteropalyanobtained by DRS-UV-vis in the
200-600 nm region consists of bands that may bgres$to oxygen-to-metal transfers.
DRS spectrum of bulk SiP presents two broad bahesfirst one is below 250 nm and the
other extends from 250 nm to 400 nm, which aregassi to the charge transfer from
bridging or terminal O 2p to W 5d (W-O-W and WyQespectively [42,43,49]. When V
atom is included in the primary Keggin unit, thesetved absorption extends to the visible
spectrum. SiPV1 and SiPV2 DRS spectra show therptiso threshold onset continuously
shifted to the visible region (Figure 7). The d&m@ment increases with the increment of

the number of V atoms per Keggin anion.

13



For the synthesized hybrid materials, the absamptiands of SPOV are overlapping with
the SPH spectrum. Moreover, the absorption banehsidn depends on the SPOV content
in the composite (Figures 7 (A) and (B)).

The absorption edge energy (EQ), calculated fronSI/-vis spectra by means of the
remission function of Kubelka-Munk, is a useful gaeter to estimate the reduction
potentials of POMs [37,49]. Vanadium incorporatinrthe POM framework stabilized the
lowest unoccupied molecular orbital (LUMO) sincenadiumd-orbitals are assumed to be
more stable than tungsten ones, enhancing theytatattivity in the oxidation reaction
[50], which is reflected in the lower Eg values abed for the SPOV. Table 2 shows the
Eg values for the SPOV and SPH-SPOV materials. @viinthe increment of SPOV
content in the samples, there is a decrease ialtbarption edge energy, which is translated
into a stronger oxidizing capacity (more easilyuaet).

The potentiometric titration results (Figure 8) tife prepared materials present the
following relative order of the maximum acid strémg(MAS): SiPV1>SPH-SiPV1-
30>SPH-SiPV1-20>SPH-SiPV1-10. The same order waserobd for the SPH-SiPV2
series, with an increase in the Ei values due éairtbrement in the number of V atoms in
the (SiVkW12.x040)“* anion. According to the initial potential of theeetrode (80 mV
and 110 mV) the acid sites present in SiPV1 an¥3i¢an be classified as strong and very
strong respectively. The acid sites present inrtéet of the synthesized materials are
classified as strong acid sites, in agreement tgHiterature data [39].

Additionally, the MAS of the SPH-SiPV1-10 (Ei = b8V), SPH-SiPV1-20 (Ei = 31 mV),

and SPH-SiPV1-30 (Ei = 52 mV) composites are highan SPH (Ei =4 mV), but lower

14



than that of SiPV1 (Ei = 80 mV). A similar behawois observed for SPH-SiPV2
materials.
For both series of hybrid materials, the Ei valneréased in parallel with the amount of

SPOV included in the composite (Figure 8).

3.2. Catalytic activity tests

As first test of the catalytic activity, a blankpetiment was carried out using an excess of
oxidant. After 24 h of reaction only 5% of DPS cersion was detected (Table 3, entry 1).
The effect of the support on sulfide conversion eraluated using SPH as catalyst. In this
case, the conversion value was similar to thabheftiank experiment (Table 3, entry 2).
Furthermore, the catalytic activity of the bulk ew@ls (SiPV1 and SiPV2) was tested
using 1 mmol of substrate (DPS), acetonitrile (5)ndxcess of kD, 35% w/v (1 mL) and
25°C. The synthesized SPOV showed an excellentytatperformance with 66% and
96% of sulfide conversion, after 7 h, for SiPV1 &i8V2 respectively (Table 3, entries 4
and 5). As we showed previously, the oxidation cépaestimated from DRS-UV-vis,
increases with the number of V in the PMO. Thesaelts evidence the enhancement of the
catalytic activity when more than one vanadium ateas introduced in the (SRWi,-

xO4o)(4+X)' anion.

Table 4 shows additional tests carried out to etalihe reaction time under the same
conditions used previously: SiPV1 and SiPV2 aslysits, excess of ¥, 35% wi/v, 25°C
and four different reaction times: 5 h, 7 h, 91 24 h, respectively. With both catalysts,

the selectivity is towards the sulfoxide at shaaation times, and as it increases, the

15



selectivity favors the sulfone formation. MoreovBiPV2 catalyst turned out to be more
active than SiPV1, reaching 100% of sulfide coneersaat 9 h with 100% selectivity to

sulfone (Table 4, entries 2), while the same casivarresults using SiPV1, the reaction
time increases to 24 h (Table 4, entries 1). TH®eoement in the catalytic activity of the
vanadium-containing POMs is related to their agidib previous work, we found that an
increase in the acidity of the POMs and heteropglys is translated into a better catalytic
performance, since the formation of the peroxo-metarmediate between the peroxide

and the catalyst is favored in the presence of#madium atom [32,51,52].

During the optimization of the oxidation reactighe substrate/catalyst amount ratio used
was evaluated. The tested catalyst amounts weté, @5 %, 1%, and 1.5%, employing the
same aforementioned conditions. As seen in Figyréh® conversion of the substrate
increased with the increment of the catalyst amowiching a plateau when 1% of SiPV2
was used. Table 5 shows that using lower amountSiR¥2 as catalyst, the selectivity
toward diphenyl sulfoxide were 72% and 68% whed®dnd 0.7% catalyst amounts were
used, respectively (Table 5, entries 1 and 2). &y/hilith 1% of SiPV2, 100% selectivity
toward sulfone was achieved (Table 5, entry 3).tnother hand, no relevant changes
were observed using 1.5% of catalyst amount (Tapéntry 4).

The influence of the substrate/®} ratio in the oxidation reaction of DPS is presdrite
Table 6. The conditions tested were: 1 mmol of D&S®tonitrile as solvent, 1% mmol of
SiPV2, 25°C and variable DPS/B, ratios (1:3, 1:5, 1:7, and 1:10 respectively). ébant
conversion values could be obtained for all subsfjparoxide ratios studied. Although all

tests gave conversions greater than 70% (Tabla&t6,1et), a mix of products (sulfoxide

16



and sulfone) was obtained when quantities lowen thanL (1:10 ratio) was used. A total
conversion of sulfide was reached with 100% sulfoseectivity when a 1:10
substrate/peroxide ratio was tested, (Table 6yehtr

Although optimum reaction conditions could be foutite greatest disadvantage of the use
of these materials is that the SPOVs are completaliyble acetonitrile, so the recovery of

the catalyst is rather complex and requires theofisgtra solvent and reaction steps.

In view of environmental and economic concerns, tgsted the hybrid materials
synthesized in the present work as heterogenedal/sta in the oxidation of DPS using

optimum conditions found previously for bulk magdsi

The conversion and selectivity achieved using SH/EX and SPH-SiIPV2-X hybrid
materials were lower, and the reaction times lorggrcompared to those of SPOV in
homogeneous conditions (Table 7). Moreover, thevewmion value increased in
correspondence with the rise of the SPOV contedttha catalysts are able to be simply
recovered from the reaction mixture. Only the materwith higher SPOV content (SPH-
SiPV1-30 and SPH-SiPV2-30), showed great conversaloes, with 79% and 94% of
DPS conversion and 90% and 100% selectivity toogelf respectively (Table 7, entries 4
and 7). The order in the oxidation capacity in ¢ch&lytic test, related to SPOV content, is
that expected according to the Eg values obtainetthe characterization of the samples,

and agrees with the order obtained in the acidity easnrements:

17



SPH-SiPV1-10<SPH-SiPV1-20<SPH-SiPV1-30 (the santeyieur was depicted for the
SPH-SiPV2-X samples). The incorporation of vanadinrthe primary structure of Keggin
heteropolyacids and POMs was reported to increaggtNe number of acid sites). In this
way, a correlation between thed\and the conversion values was observed [50,51].

The reusability is the most valuable characterisfica solid heterogeneous catalyst. In
general, the catalytic activity decreases withrépeated use and depends on many factors,

such as active compound leaching and catalyticalkzadtion.

To evaluate the reusability of SPH-SPOV-X, the SFOV-X catalyst was recovered and
reused under identical reaction conditions. Fos tmirpose, SPH-SPOV-X was filtered
from the reaction mixture upon reaction completismashed with the solvent and dried
under reduced pressure at 25°C until constant weidie results obtained for the first,

second and third reuses are summarized in Table 8.

SPH-SiPV2-30 was refluxed in acetonitrile (5 mLj) 24 h, filtered and dried under reduce
pressure till constant weight to further evaluatgeptial SiPV2 solubilisation from the

catalyst. No appreciable changes in conversionsatettivity values were detected when
the treated catalyst was used. DPS conversion 2&s&hd 94% for the treated and fresh
catalysts respectively with 100% selectivity forthbanaterials (Table 9, entries 1 and 2).
Acetonitrile was used as solvent to evaluate DA8abon under reflux conditions without

the addition of SPH-SiPV2-30. After 24 h, only 1086 DPS conversion was detected

(Table 9, entry 3), an analogous value to thaheftilank experiment (Table 3, entry 1).
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To conclude, an additional test was made to vehéycatalyst leaching. The reaction was
stopped at 3 h (before it was complete), the csttalyas filtered off and the reaction
continued for 7 h. The measured DPS conversionomagarable to that at 3 h (68% and
69%, respectively). These experiments proved thd@V3E was not leached from

SPH-SiPV2-30 catalyst, with the proposed systemgeighly stable and reusable under

the investigated reaction conditions.

Upon optimisation of the reaction conditions foe Belective oxidation of DPS, subsequent
selective oxidations were conducted to obtain daps(cheme 3), using 1 mmol of
4.,4’-diaminodiphenyl sulfide, 5 mL of acetonitrilé, mL of HO, 35% w/v, 1% mmol of
SPH-SiIPV2-30 as heterogeneous catalyst, 25°C anch.2¥/hen the reaction was
completed, the catalyst was removed, the solverst @eporated and the product was
easily isolated from the reaction mixture. Purifica was made by recrystallization from
ethanol, allowing a 72% vyield of pure dapsone. ptegluct was characterized By NMR
and °C NMR spectroscopy. Experimental and charactedratare specified in the

supplementary information.

Table 10 lists some of the methods reported inlitkeature for dapsone synthesis. In
general, all include several reaction steps, dughéonecessity of protecting the amino

group. The whole sequence is often protection-didadeprotection, using a strong and
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corrosive acid such as,H0O, (c), strong oxidizing agents or high temperatyiesble 10,
entry 2). The conditions used for the typical swystés involve the use of extra solvent,
reagents and the generation of unnecessary waaltde(T0, ent. 3 and 4) [53-55].

In the present work, the synthesis of 4,4’-diamipbdnyl sulfone was carried out using
low temperatures, cheap and easily available reagesith catalytic systems being able to
be used a minimum three times without any actiss. The oxidation reaction occurs in
only one step, due to the selectivity of the catiatg the sulfide, and the yield obtained is

comparable or improved to those previously repoftedle 10, entry 1).

4. Conclusions

Two series of Keggin-based hybrid materials wemglsssized by the inclusion of SiPV1
and SiPV2 into a superporous hydrogel. FTIR reselgaled that SiPV1 and SiPV2 were
successfully incorporated into the superporous dnelt The surface area of the hybrid
materials SPH-SPOV showed a remarkable increasernmparison with the bulk SPOV
compounds, which represents a great advantage inetierogeneous catalysis field.

The synthesized materials were evaluated as ctdadlyshe DPS oxidation to diphenyl
sulfone, using aqueous,8, 35% w/v as green oxidant. They showed a great ytatal
performance under mild reaction conditions, beibig &0 selectively obtain the sulfone. In
order to simplify the recovering of the catalydeathe reaction ended, the hybrid materials
were employed as heterogeneous catalysts, reprggeat significant advantage in
operational simplicity, the cleanness of the reactnd very good yield toward dapsone

synthesis.
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A correlation cold also be established betweenlytateaoxidation activity and absorption
edge energy (EQg) of the catalysts, demonstratingdttg be used as correlation parameters
for the reduction potentials of the materials, emicke of catalytic oxidation potential for

POM-based catalysts.

Supplementary information

The procedure of the hydrogel synthesis is destdiptAlso, the details of the
potentiometric titration technique are explainetie Texperimental conditions used in the
selective oxidation of sulfides are given, togethith the characterization By NMR and
3C NMR spectroscopy. Finally, W elemental mappingages and N adsorption-

desorption isotherms are shown.
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TABLES

Table 1 Sger, Dp, andPSD of SPH, SiPV1, SiPV2, and SPH-SPOV using né&nog

adsorption-desorption isotherm

Compound Sser (MQ) Dp (hm) PSD (hm)*

Small mesopores Large mesopores

SiPV1 5 H :

SiPV2 10 - i
SPH 341 13.5 3.6 16.2
SPH-SiPV1-10 330 13.5 3.7 15.9
SPH-SiPV2-10 335 13.2 3.6 16.0
SPH-SiPV1-20 318 12.9 3.4 16.5
SPH-SiPV2-20 310 12.8 3.5 16.1
SPH-SiPV1-30 305 12.9 3.4 16.0
SPH-SiPV2-30 300 12.8 3.5 16.2

*Maximum of the PSD
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Table 2. Eg values of SiPV1, SiPV2, and the SPH-SPOV hyimaderials

Compound E (eV)
SiP 3.02
SiPV1 2.17
SiPV2 2.07
SPH-SiPV1-10 2.90
SPH-SiPV2-10 2.88
SPH-SiPV1-20 2.84
SPH-SiPV2-20 2.72
SPH-SiPV1-30 2.78
SPH-SiPV2-30 2.60
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Table 3.Homogeneous catalytic reaction using SiPV1 an¥SiiRA the oxidation of DPS

Entry Catalyst Sulfide Sulfoxide Sulfone
Conversion Selecivity Selectivity
(%)" (%)"° (%)
1° None 5 100 -
2' SPH 7 100 -
3 SiPV1 66 58 42
4 SiPV2 96 60 40

&1 mmol DPS, 5 mL acetonitrle, 1 mL o6& 35%w/v, 1% mmol of catalyst, 25°C, 7 h
PMeasured by gas chromatography on the crude reacticture.

“Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

4 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne

°Blank test, 24 h

"1 mmol DPS, 5 mL acetonitrile, 1 mL o£8, 35% w/v, 1% mmol of SPH, 25°C, 24 h
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Table 4. Oxidation reaction of DPS using SiPV1 and SiPVZasiogeneous catalysts at

different reaction timés

Entry Catalyst Time (h) Sulfide Sulfoxide  Sulfone

Conversion Selectivity  Selectivity

(%)° %)™ (%)

1 SiPV1 5 52 76 24

7 66 58 42

9 70 52 48

24 100 - 100
2 SiPV2 5 89 78 22

7 96 60 40

9 100 - 100

24 100 - 100

41 mmol DPS, 1% mmol of SPOV, 5 mL acetonitrile, IL af H,O, 35% w/v, 25°C
PMeasured by gas chromatography on the crude reattixture.
Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

9 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne
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Table 5. Oxidation reaction of DPS using variable amounBiéfV2 as catalyst

Entry Catalyst Sulfide Sulfoxide Selectivity Sulfone Selectivity
amount%  Conversion (%)° (%)°° (%)
1 0.5 45 85 15
2 0.7 70 81 19
3 1 96 60 40
4 1.5 98 58 42

% mmol of DPS, 5 mL of acetonitrile, 1 mL&, 35% w/v, 25°C temperature and variable
amount of SiIPV2 as catalysts (0.5%, 0.7%, 1%, aB%Inmol), 7 h

PMeasured by gas chromatography on the crude reacticture.

“Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

4 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne
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Table 6. Oxidation of DPS using SiPV2 as catalysts andediffit ratios substratefd,

35% wi?

Entry Substrate/H,0, Sulfide Sulfoxide Sulfone

Conversion  Selectivity Selectivity

(%)° (%)°° (%)
1 1:3 70 68 32
2 1:5 75 58 42
3 1:7 85 20 80
4 1:10 100 . 100

% 1 mmol DPS, 5 mL acetonitrile, 1% mmol of SiPV25°€ and variable ratio
substrate/bO, (1:3, 1:5, 1:7, and 1:10), 9 h

PMeasured by gas chromatography on the crude reacticture.

“Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

9 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne
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Table 7.Oxidation of DPS using the synthesized materi&sl-SiPV1-X and SPH-SiPV2-

xa
Entry @ Catalyst Sulfide Sulfoxide Sulfone
conversion Selectivity Selectivity
(%)° (%) (%)
1 SPH 7 100 -
2 SPH-SiPV1-10 38 14 86
3 SPH-SiPV1-20 57 10 90
4 SPH-SiPV1-30 79 - 100
5 SPH-SiPV2-10 52 13 87
6 SPH-SiPV2-20 61 5 95
7 SPH-SiPV2-30 94 - 100

# mmol DPS, 5 mL acetonitrile, 1% mmol of SPH/SPP&/-X, 25°C, 1 mL HO, 35%
wiv, 24 h

PMeasured by gas chromatography on the crude reattixture.

“Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

9 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne
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Table 8.Reuse of catalysts SPH-SiPV1-30 and SPH-SiP\2-30

Entry Catalyst N° of Sulfide Sulfoxide Sulfone

cycle  Conversion Selectivity Selectivity

@)° @ (o)
1 SPH-SiPV1-30 1 79 - 100
2 78 2 98
3 7 - 100
2 SPH-SiPV2-30 1 94 - 100
2 94 - 100
3 91 - 100

%1 mmol DPS, 5 mL acetonitrile, 1% mmol of SPH-SIP30 or SPH-SiPV2-30, 1 mL
H,0,, 25°C, 24 h

PMeasured by gas chromatography on the crude reacticture.

“Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

9 Sulfone Selectivity = sulfone/(sulfoxide + sulfgne
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Table 9.SiPV2 leaching evaluation from SPH-SiPV2-30

Entry Test Sulfide Sulfoxide Sulfone
Conversion Selectivity Selectivity
Ok (%) (%)
1° SPH-SiPV2-30 94 - 100
2° Refluxed SPH-SiPV2-30 92 - 100
3 Refluxed acetonitrile 10 100 -

#Measured by gas chromatography on the crude reactixture.

P Sulfoxide Selectivity = sulfoxide/(sulfoxide + soife).

¢ Sulfone Selectivity = sulfone/(sulfoxide + sulfyne

9Reaction conditions: 1 mmol DPS, 5 mL acetonitrlléy mmol of SPH-SiPV2-30, 1 mL
H.O,, 25°C, 24 h

® SPH-SIiPV2-30 was stirred in 5mL of acetonitrile & h, filtered, dried under reduced
pressure until constant weight and use in a freahtion with the same conditions®as

"The acetonitrile obtained in poifitvas used as solvent in a fresh reaction with &mees

reaction conditions ifi, without the use of catalyst.
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Table 10.Different methods used for dapsone synthesis

Entry Reaction conditions Number of Yield (%) Bibliography
steps
1 HO, 35% wi/v 1 72 Present work
SPH-SiPV2-30
25°C
2 1) Glacial ACOH/Ac. 3 55-60 Raizisset al
anhydride [53]
2) KCr,07/H,SOy
3) HCl reflux
3 1) Glacial AcOH/Ac. 3 70 Van
anhydride (Crude) Arendonk et
2) Superoxol, boiling temp al [54]
3) HCI, reflux
4 1) Glacial AcOH/acetic 3 82 Villa et al
anhydride [55]
2) H,0,/NaWO,, 85°C
3) Hy, Pd/C, HCI
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SCHEME & FIGURE CAPTIONS

Scheme 1Oxidation reaction of diphenyl sulfide (DPS)
Scheme 2Dapsone structure

Scheme 30xidation reaction of 4,4’-diaminodiphenyl sulfittedapsone

Figure 1. FTIR spectra of SiP, SiPV1, and SiPV2

Figure 2. FTIR spectra of SPH, SPH-SiPV1-10, SPH-SiPV1-2PHSiPV1-30, and

SiPV1 (normalized to the 1630 &rhand)

Figure 3. FTIR spectra of SPH, SPH-SiPV2-10, SPH-SiIPV2-2BH&iIPV2-30, and

SiPV2 (normalized to the 1630 cnband)

Figure 4. Raman spectra of SiPV1 (A) and SiPV2 (B)

Figure 5.°"V MAS-NMR spectra of SiPV1 (A) and SiPV2 (B)

Figure 6. SEM micrographs of SPH (A) and SPH-SiPV1-30 (B) gi@s

Figure 7. DRS-UV-vis spectra of SiP, SiPV1, SiPV2, SPH, SBARV1-10,

SPH-SiPV1-20, SPH-SiPV1-30, SPH-SiPV2-10, SPH-SHR202and SPH-SiPV2-30

Figure 8. Potentiometric titration witin-butylamine of SPH, SiPV1, and SPH-SiPV1-X

(A) SPH, SiPV2, and SPH-SiPV2-X (B)
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Figure 9. DPS Conversion vs. amount of SiPV2

41



SCHEMES & FIGURES

Catalyst Catalyst
202 5% 202 5%

Scheme 10xidation reaction of diphenyl sulfide (DPS)

NP

HoN NH;

Scheme 2Dapsone structure

O\\ //O

S SPH-SiPV2-30 S
H,0, 35%
HoN NH; HoN NH,

25°C

Scheme3. Oxidation reaction of 4,4’-diaminodiphenyl sulfitiedapsone

42






781

926

Absorbance (a.u.)

—SiP
SiPV1
— SiPV2

T T T T T T T T T T T T T T T
1200 1100 1000 900 800 700 600 500 400

Wavenumber (cif)

Figure 1. FTIR spectra of SiP (black line), SiPV1 (green Jirend SiPV2 (red line).
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Figure 2. FTIR spectra of SPH (black line, bottom), SPH-SIPAD (red line, second from
bottom), SPH-SiPV1-20 (blue line, third from bottpr8PH-SiPV1-30 (pink line fourth

from bottom), and SiPV1 (green line, top), all natized to the 1630 cirband.

45



—— SiPV2 787

—— SPH-SiPV2-30
—— SPH-SiPV2-20
—— SPH-SiPV2-10
—— SPH

918

SiPV2 content
increases

Absorbance (a.u.)

1 l 1 l 1
1000 800 600 400

| : | : | 1 | : | |

2200 2000 1800 1600 1400 1200

Wavenumber (cif)
Figure 3. FTIR spectra of SPH (black line, bottom), SPH-S2PM) (red line, second from

bottom), SPH-SiPV2-20 (blue line, third from bottipr8PH-SiPV2-30 (pink line fourth

from bottom), and SiPV2 (green line, top), all nafized to the 1630 cirband.
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Figure 4. Raman spectra of SiPV1 (A) and SiPV2 (B)

47




1 n 1 n 1 n 1 n 1 I
580 560 540 520 500  -480  .5go 860  -540 520  -500  -480

3 (ppm) 3 (ppm)

Figure 5.°V MAS-NMR spectra of SiPV1 (A) and SiPV2 (B)

48



o

\ —_ ’
M3 3 25.0kV x100 100pm ———— / 3 M4 1 25.0kV x100 100pm ————

Figure 6. SEM micrographs of SPH (A) and SPH-SiPV1-30 (B) glas
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Figure 7. DRS-UV-vis spectra of SiP, SiPV1, SiPV2, SPH, SHRV1-10, SPH-SiPV1-
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Figure 8. Potentiometric titration witin-butylamine of SPH, SiPV1, and SPH-SiPV1-X

(A) SPH, SiPV2, and SPH-SiPV2-X (B)
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Figure 9. DPS Conversion vs. amount of SiPV2
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GRAPHICAL ABSTRACT. Polyoxometalate incorporated in a superporous lgelras

heterogeneous catalyst in the selective oxidatiGulfides
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RESEARCH HIGHLIGHTS

Silicopolyoxotungstovanadates immobilized in a superporous hydrogel as catalyst.

Selective oxidation of sulfides by hydrogen peroxide using heterogeneous catalysis.

Green synthesis of dapsone, an important drug for malaria and leprosy treatment.
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