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Highlights

- Tungsten(VI)-silica heterogeneous catalysts for the epoxidation of alkenes

e -Two novel preparation approaches from tungstenocene(lV) dichloride and commercial silica
- Extended physico-chemical characterisation of the surface W(IV) species

- Good performance as catalysts for the epoxidation of limonene and methyl oleate with H,0,
- Promising robustness of the tungsten-grafted silica catalysts against metal leaching

ABSTRACT

Tungstenocene(lV) dichloride was successfully deposited and grafted on the surface of a commercially-
available non-ordered silica support via either a liquid-phase or a dry impregnation approach. After a high-
temperature calcination step, two W(VI)-grafted silica catalysts, with a metal loading around 1.2-1.7 wt.%,
were obtained. They were fully characterized by physisorption and spectroscopic techniques, which
evidenced well-dispersed tungsten oxide polyoxo cluster sites, for the catalyst prepared via liquid-phase
grafting, and evenly dispersed larger monoclinic tungsten(VI) oxide aggregates, for the catalyst prepared via
dry impregnation, respectively. Both W/SiO, solids showed moderate to good conversion values in the
epoxidation of (R)-(+)-limonene and methyl oleate (up to 68%), in the presence of aqueous hydrogen

peroxide, with good selectivity to the desired epoxides (63% and 78%, respectively). The heterogeneous



character of the most interesting W/SiO, catalyst prepared via dry impregnation was confirmed by a hot

centrifugation test and by an extended recovery and reuse of the solid in six catalytic runs.

Keywords: Epoxidation; hydrogen peroxide; heterogeneous catalyst; tungsten-silica catalyst;

tungstenocene dichloride; alkenes; XAS.

INTRODUCTION

In the panorama of single-site heterogeneous catalysts, the generation of active metal sites on the surface
of high-surface area inorganic oxides can be achieved by covalently grafting organometallic precursors onto
the solid support and by subsequent thermal treatment, in order to obtain a stable, active, easy-to-handle
and recyclable system [1,2]. The grafting approach allows the synthetic chemist to tune the metal loading,
optimise the surface distribution of active sites and their availability as well as select the most suitable oxidic

support in terms of specific surface area, porosity, morphology and hydrophobic/hydrophilic character.

In the field of heterogeneous oxidation catalysts, a very broad series of effective catalysts have been
prepared anchoring metallic precursors onto previously structured silica supports. Inorganic salts or
organometallic precursors of titanium, vanadium, tantalum, zirconium or niobium proved to be the most
suitable starting compounds and the active sites were mainly generated on mesoporous silica molecular
sieves [3,4,5,6,7]. Titanium-grafted silica catalysts are the first of this class of solids and have been
successfully applied to the selective transformation of alkenes into epoxides, (cyclo)alkanes into alcohols or
ketones, sulphides into sulphoxides, thiophenes into sulphones, alcohols into aldehydes or ketones, arenes
into phenols, phenols into benzoquinones, etc. [8,9]. Titanium-grafted silicate catalysts have shown
promising performance, especially in the presence of bulky and richly-functionalised substrates.
Nevertheless, the optimal performance of titanosilicalite-1 zeotype, TS-1, in selective oxidation is still
unparalleled, in terms of selectivity, activity and robustness of the catalyst structure [10]. Then, some
attention was attracted by vanadium, tantalum and zirconium-grafted species, which, on the contrary,
showed scarce stability to leaching in liquid-phase reaction media (especially for vanadium-based systems)
or limited results in terms of activity [11,12,13,14,15]. More recently, niobium-silicate catalysts displayed

interesting catalytic performance, in water-containing reaction media too, thanks to their enhanced



robustness against hydrolysis due to the more optimal geometry of Nb-O-Si bond angles compared to V-O-
Si [16]. The number of studies showing the successful application of Nb-containing systems in the presence

of hydrogen peroxide as an oxidant has therefore rapidly increasing accordingly, in the last years [17,18,19].

Grafted catalysts based on Group 6 organometallic precursors, on the other hand, have been somehow
neglected in this restless quest for the optimal metal-grafted silica catalyst for selective oxidations. This is
undoubtedly due to the scarce resistance to leaching of chromium- and molybdenum-containing systems
and their intrinsic higher activity when the metal sites are dissolved in homogeneous phase, rather than
deposited on the oxidic support [20,21]. In some cases, these catalysts did not show a genuine
heterogeneous nature, especially in the presence of aqueous hydrogen peroxide or when water-containing
reaction media were used [22]. With regard to tungsten, very good results have been recorded, in the last
decades, in the epoxidation of alkenes under homogeneous and/or biphasic conditions [23,24,25,26],
although these systems often show, as a major drawback, a difficult separation and recovery of the spent
catalyst. However, some recent works have paid attention to tungsten-based heterogeneous catalysts for
the selective oxidation of alkenes with hydrogen peroxide too [25,27,28,29,30,31,32,33,34,35]. Tungsten-
silica catalysts prepared by simple impregnation of the metal precursor onto porous siliceous molecular
sieves typically led to uneven surface WO3 domains, which are thus prone to further aggregation, activity
loss and scarce robustness [36,37]. For this reason, the most suitable strategy appeared to obtain isolated W
species grafted onto silica through W-0-Si covalent bonds [38]. Some of them displayed promising
performances in terms of activity and/or selectivity to desired epoxides. Other systems, on the contrary,
showed modest results either in terms of specific activity with values in the range of 10 h™? (moles of
converted alkene per mole of W per hour) [39] or because of a remarkable loss of active metal in the reaction
medium [40,41,42,43,44,45]. In some successful cases, it was shown that, even though a non-negligible
leaching of tungsten was observed from the solid into the reaction mixture, such W species were not able to
act as homogeneous catalysts by themselves, hence confirming the heterogeneous behaviour of the studied

tungsten catalyst [32].



In this aim, in the present work, we describe a detailed spectroscopic study about the nature of tungsten
species deposited onto the mesoporous silica following two post-synthesis approaches: a liquid-phase
grafting and an alternative, less environmentally unfriendly, solventless synthesis protocol based on dry
impregnation, DI, of bis(cyclopentadienyl)tungsten(IV) dichloride, W(Cp).Cl. Finally, the catalytic features of
the obtained sites were studied and compared in the liquid-phase epoxidation of two model alkene

substrates: an unsaturated terpene, limonene, and an unsaturated fatty acid methyl ester, methyl oleate.

EXPERIMENTAL DETAILS

Catalyst Preparation

Tungsten-silica catalysts were all prepared by grafting bis(cyclopentadienyl)tungsten(lV) dichloride
(W(Cp)2Cly; 99% Strem Chemicals) onto a commercially available amorphous pure silica support (Grace
Davison, Davisil SiO; LC60A, 60-200 um). The silica support was pre-treated under dry air at 500°C for 1 h,
then left at 500°C for 1 h in vacuo and finally cooled to room temperature in vacuo as well, in order to remove

any potential organic contaminant on the surface.

The W/SiO2-DI catalyst, obtained via dry impregnation, was prepared by adapting a method
previously adopted for Ti(Cp)2Cl2 and Nb(Cp)2Cl. [18]. The silica support was hydrated with high-
purity deionized water (MilliQ Academic, Merck Millipore, 18 MQ-cm) for 2 h, dried at the rotary
evaporator and then pre-treated in air at 300°C for 1 h and in vacuo overnight at 300°C. W(Cp).Cl>
was finely ground and mixed to the silica support, under inert atmosphere. The solid mixture was
continuously stirred overnight under steady vacuum at room temperature (20°C; in thermostatic bath).
The resulting light brown powder was calcined under dry oxygen at 500°C for 2 h in order to obtain
the final W(V1)-silica catalysts.

The W/SIO2-liq catalyst, prepared via liquid-phase grafting, was obtained modifying the method
previously described for titanium and niobium [46,47] and adapting it to
bis(cyclopentadienyl)tungsten(lV) dichloride. In this case, W(Cp)2Cl. was dissolved in anhydrous
CHCIs (Prolabo, RP; dried over 3A molecular sieves) under argon. The resulting solution was added

to the pre-treated silica and stirred for 60 min at room temperature. Freshly distilled triethylamine
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was then added to the suspension and left under stirring overnight. The solid was filtered on a Blichner
funnel, washed with fresh CHCI3 and dried for 3 h. It was calcined at 550°C under dry oxygen (80
mL mint) for 6 h.

Pure commercial WO3 (Sigma-Aldrich, puriss. 99.9%) was used for comparison with no further
modifications.

Catalyst Characterization

The tungsten content of the prepared samples was determined by inductively coupled plasma optical
emission spectroscopy (ICAP 6300 Duo, Thermo Fisher Scientific) after mineralization of the
samples in a microwave digestion apparatus (Milestone MLS 1200; maximum power 500 W) with a
mixture of hydrofluoric acid (ag. 40%) and fuming nitric acid.

Diffuse reflectance UV-Visible spectra were collected using a Perkin Elmer Lambda 900
spectrometer equipped with an integrating sphere accessory and using a hand-made quartz cell
allowing analysis both under vacuum conditions (residual pressure 10 mbar) and under controlled
gas atmosphere. Prior the analysis, the samples were dispersed in anhydrous BaSQO4 (10 wt.%).
Raman spectra were recorded in the 4000-50 cm™ range, using a resolution of 4 cm™* with 2000 scans,
using a RFS 100 Bruker FT-Raman spectrometer equipped with a 1064 nm wavelength excitation
laser. Laser power was set at 100 mW. Raman spectra were elaborated by using OPUS 5.0 software
(Bruker Optics Company).

X-ray diffractograms (XRD) were collected on unoriented ground powders with a Thermo ARL
‘XTRA-048 diffractometer with a Cu Ko (k = 1.54 A) radiation. Diffractograms were recorded at
room temperature with a step size of 0.02° and a rate of 1° 26 min™.

N2 physisorption measurements were carried out at 77 K in the relative pressure range from 1 x 10
to 1 P/Po by using a Quantachrome Autosorb 1MP/TCD instrument. Prior to analysis, the samples
were outgassed at 373 K for 3 h (residual pressure lower than 10 mbar). Apparent surface areas were

determined by using Brunauer—-Emmett—Teller equation, in the relative pressure range from 0.01 to



0.1 P/Po. Pore size distributions were obtained by applying the NLDFT method (N2 silica kernel based
on a cylindrical pore model applied to the desorption branch).

X-ray Absorption Spectroscopy

The XAS data for the W Lz and Liedges were collected at room temperature and under air at the
beamline 4-1 and 4-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) operating with an
energy of 3 GeV and a current of 500 mA. The samples were packed inside the sample holder under
ambient atmosphere and the fluorescence data were collected by a Lytle detector. In order to improve
the signal to noise ration each run has been repeated at least four times.

The collected data were analyzed with Athena and Arthemis software programmes [48] in order to
obtain the coordination number (N), the distance of the scattering atoms (R) and the disorder opw
factor of the neighbour scattering atoms (v. Table S1; Supplementary Material).

Catalytic tests

The epoxidation reaction tests on (R)-(+)-limonene (97%, Sigma) and methyl oleate (99% Aldrich) were
carried out in a round-bottomed glass batch reactor, in an oil bath set at 90°C, with magnetic stirring (ca. 800
rpm) under dry nitrogen atmosphere. The W/SiO, catalysts were pre-treated in dry air at 500°C and cooled
down to room temperature in vacuo prior to use. WO3 was pre-treated either at 120°C in dry air for 1 h and

then in vacuo for 1 h or at 500°C in dry air and cooled down to room temperature in vacuo prior to use.

The catalyst (100 mg) was dispersed in 5 mL of acetonitrile (Aldrich, HPLC grade), as solvent, in the presence
of 1 mmol of substrate (either limonene or methyl oleate) and 2 or 4 mmol of aqueous hydrogen peroxide
(H202; 50% Aldrich), as oxidant (oxidant to substrate molar ratio of 2 : 1 or 4 : 1). Tert-butylhydroperoxide,
TBHP (Sigma-Aldrich; 5.5 M anhydrous solution in decane) was used in one test with an oxidant to substrate
molar ratio of 1.1 : 1. Samples were withdrawn from the reaction medium at regular intervals and analysed
by GC (Agilent 6890 Series; SP-5 column, 30 m x 0.25 mm; FID detector), by using mesitylene (puriss. > 99%,
Fluka,) or methyl palmitate (> 99%, Sigma) as internal standards, for limonene or methyl oleate epoxidation,
respectively. Gas-chromatographic peaks were identified by comparison with peaks of genuine samples of

standard compounds and confirmed by means of GC-MS. For both limonene epoxide and methyl



epoxystearate, cis:trans ratios were determined by *H-NMR analysis (Bruker DRX 300) of the 6 h reaction
mixture, after solvent removal in vacuo. A standard deviation of +2 %, + 4 % and + 2 h™* has to be considered
on average for the conversion, yield and specific activity values, respectively. All tests were replicated at least
two times. No significant oxidation reactivity was recorded in the absence of solid catalyst or in the presence
of the pure silica support (in the absence of tungsten loading). A maximum limonene conversion of ca. 5-6%
was observed after 6 h of reaction, but with no noteworthy formation of epoxide products. Analogously, a
maximum methyl oleate conversion of ca. 7% was recorded after 6 h, with very minor traces of the related
epoxide, methyl epoxystearate. After each test, the presence of residual hydrogen peroxide was checked and

confirmed by iodometric assays.

In order to check the possible leaching of tungsten species, the solid catalyst was removed from the liquid
mixture after 45 min by hot centrifugation (at the same temperature of the reaction mixture) and the filtered
liquid solution was tested for further reaction [49]. In the tests for the recovery of the catalyst, the solid was
separated by filtration and thoroughly washed with acetonitrile and then with methanol (Fluka, HPLC grade).
The filtered solid was dried gently at 110°C, weighed, activated again at 500°C under dry air and then reused
in a new catalytic cycle as described above. In one limonene epoxidation test, hydroquinone (Carlo Erba; p.a.)
was used as a free-radical scavenger in a quasi-equimolar amount (0.8 : 1 mol/mol) with respect to the total
tungsten content in the catalyst and added to the reaction mixture under the same conditions reported

above.

RESULTS AND DISCUSSION

Catalyst preparation

In the present work, at the best of our knowledge, two tungsten-containing silica catalysts were
prepared for the first time via deposition of tungstenocene(lV) dichloride over a cheap and
commercially available non-ordered mesoporous silica support. The selected commercial silica
displays a relatively high specific surface area (605 m? g*; Table 1), thus providing a sufficient
surface for the deposition of the organometallic precursor. Then, the silica support was first calcined

at 500°C in order to remove from the surface undesired organic impurities that might contaminate the
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solid. However, such treatment can lead to an extended condensation of the surface silanol groups
and a reduction of the grafting points for the metallocene precursor. So, the support was first re-

hydrated with pure water and then treated at lower temperature, 300°C [50].

At the end the dry impregnation process, the freshly prepared W/SiO>-DI sample (before final
calcination) showed a uniform greenish-brownish colour, suggesting an even deposition of the metal
species. Then, by means of the calcination under oxygen, the organic cyclopentadienyl ligands were
oxidised and removed. In that step, the catalytically active W(V1) centres were also obtained on the
silica surface. The amount of tungstenocene precursor added into the dry-impregnation mixture was
chosen to obtain a metal loading of ca. 2 wt.%, since 1 to 2 wt.% was observed to be, in general, an
optimal Ti, Nb or W loading for the epoxidation of a large variety of alkenes [51,32]. In addition, a
metal loading of 2 wt.% on this kind of silica (with a specific surface area of 605 m? g*; Table 1)
approximately corresponds to 0.10 tungsten atoms per square nanometer. This surface tungsten
density is sufficiently lower than the value of ca. 0.3 W atoms nm, which is widely accepted as a
good approach to have an adequate metal loading and a homogeneous dispersion of the metal sites
on the porous silica support [52,53]. Beyond that limit undesirable large aggregates of WOy species
may occur on the catalyst surface. Nevertheless, the actual metal content showed that only a part of
the expected metal was present (Table 1). A part of the tungsten precursor was lost, likely deposited
on the walls of the glass vessels where the dry impregnation process took place and/or aspired by the
vacuum pump during the evacuation procedure. Anyway, the elemental analysis of different aliquots
of catalyst powder, sampled randomly on the same batch, confirmed the even dispersion of the W
species on silica support.

At the same time, one W/SiO»-liq catalyst was prepared via metallocene grafting in liquid phase and
used as a comparison with respect to the solid obtained via dry impregnation. It is worth highlighting,
however, that the dry impregnation route is conceptually simpler and does not require the use of a
hazardous and environmentally unfriendly solvent or of a base (i.e, chloroform and triethylamine,
respectively). Anyway, the scarce solubility of W(Cp).Cl> in chloroform led to a limited deposition

9



of the organometallic precursor and an amount lower than expected of tungsten was therefore grafted
onto the final solid (1.2 wt.% vs. expected 2 wt.%).

Physico-chemical characterization of W-containing silica catalysts

The grafting of bis(cyclopentadienyl)tungsten(IV) dichloride precursor in both W/SiO2-lig and
W/SiO2-DI samples was monitored by diffuse reflectance UV-Visible spectroscopy (Fig. 1). The DR
UV-Visible spectra of the two samples before calcination clearly show a band at 230 nm assigned to
W-0 charge-transfer transitions and other two absorptions around 270 nm and ca. 400 nm ascribed
to the transitions of the residual cyclopentadienyl groups attached to the metal site, in agreement with
literature data reported for similar catalysts [41,54]. Similar absorptions at 270 nm and in the 330-
470 nm range were observed in the spectrum of the pure bis(cyclopentadienyl)tungsten(lV)
dichloride precursor (Fig. S1; Supplementary Material). However, the wide broadening of these
bands in the spectrum of bis(cyclopentadienyl)tungsten(1V) dichloride may be tentatively ascribed to
hydrophobic molecular aggregation. The amount of tungsten deposited onto the silica surface in the
two samples was measured after calcination of the organic fraction, and was 1.18 for W/SiO-lig and

1.70 for W/SiO2-DI sample, respectively (Table 1).

The textural properties of the two catalysts were investigated by N2 physisorption analysis at 77 K
and the specific surface area (SSA) and pores volume and diameter were determined by Brunauer—
Emmett—Teller method and NLDFT approach. Both samples (prepared by liquid-phase grafting and
dry impregnation) showed N> physisorption isotherms of type IV with H2 hysteresis loop. These

isotherms are typically observed for porous materials characterized by an irregular pore size (Fig. 2).

The specific surface area of the W/SiO2—ligq sample is ca. 603 m?g™and is comparable to the one of
the pristine siliceous support. This behaviour is in line with previous observations on niobium-
containing catalysts [18]. Such a result is a clear indication that the liquid grafting did not modify the
textural features of the starting material. Moreover, W/SiO>-liq catalyst displays a disordered pore
size distribution in the 2-10 nm range, with a relative pore volume of 1.38 cm®g. Such unusual

increase of the specific pore volume with respect to the pristine SiO> is probably due to a different
10



aggregation of the secondary larger silica particles/grains during the various liquid-phase grafting
treatments (dispersion in solvents, calcination, etc.). For these non-ordered mesoporous materials, the
porosity is partially linked to particles aggregation, that can be affected by the synthetic procedure
adopted for the catalyst preparation. A completely different scenario was observed for W/SiO,-DlI
sample. In this case, a marked reduction of specific surface area to 465 m? g was observed after the
impregnation process (Table 1). The differences in the textural properties of the two catalysts may be
associated to a different organization and distribution of the tungsten sites in the solids promoted by

the two synthetic procedures.

The coordination and chemical environment of the W(VI) sites obtained after calcination and
distributed on the silica surface were studied by DR UV-Vis spectroscopy (Fig. 3). The spectra of
both samples show two important bands at ca. 250 and 320 nm ascribed to metal-ligand charge
transfer in partially isolated sites or organized in tungsten oxides with nanometric dimensions with
different coordination geometry (tetrahedral and octahedral), formed during the deposition of
tungsten [55]. Further information about the nature and the coordination chemistry of these metal

sites can be obtained through XAS experiments (see below).

Moreover, the DR UV-Visible spectrum of W/SiO2-DI catalyst (Fig. 3b) shows an additional wide
band centred at ca. 380 nm, not detectable on the sample prepared via liquid-phase grafting process.
This band is tentatively attributed to the formation of large tungsten oxide domains dispersed on the
surface. The presence of these metal oxide domains was also confirmed by other spectroscopic

(Raman) and structural analyses (X-ray diffraction).

Transition metal oxides, as they are typically characterized by a high structural symmetry, are suitable
to be characterized by Raman spectroscopy. The Raman spectrum of commercial monoclinic WOs3
sample exhibits some sharp peaks at 805, 715, 325 and 270 cm, assigned to octahedral tungsten
oxide units (Fig. 4) [55]. The first two peaks at high wavenumbers were also detected in the Raman
spectrum of W/SiO.-DI sample. The presence of these two peaks reveals the formation of octahedral

microdomains of tungsten oxide promoted by the calcination process (Fig. 4), in agreement with DR
11



UV-visible data. Interestingly, these two peaks were completely absent in the spectrum of W/SiO»-
lig sample, in which the metal centres were isolated and distributed more homogeneously than in the

sample prepared via dry impregnation (Fig. 4).

The crystallographic phase of the tungsten oxide domains in the sample prepared via dry
impregnation was studied by X-ray diffraction technique too. The X-ray profiles of W/SiO»-liq and
W/SiO.-DI samples are reported in Figure 5, where they are compared with the XRD pattern of the
commercial WOz sample. The diffractogram of the sample prepared by liquid grafting is
characterized by a broad band at 22° 20, typical of amorphous silica (Fig. 5, curve a). Furthermore,
no signals typical of large tungsten oxide aggregates were present. These results are in agreement
with the DR UV-Visible spectroscopy data and they suggest that the W(V1) sites of W/SiO»-liq were
well-distributed on the silica surface. In contrast, the diffractogram of the sample prepared by dry
impregnation (Fig. 5Sb) shows, along with the wide band centred at 22° 20, some weak reflections at
23.2°,23.6°, 24.2° 20, which are attributed to the presence of larger tungsten oxide aggregates. By a
direct comparison with the X-ray profile of the commercial monoclinic WO3 sample, the micro-
domains of oxide distributed on the silica surface for the W/SiO,-DI sample can be attributed to a
monoclinic structure. The set of data explained above indicates that the dry impregnation process,
although leading to a material with higher tungsten metal content, was also associated to the formation
of oxidic domains dispersed over the silica surface.

X-ray Absorption Spectroscopy characterization

The normalized XANES data for L; and Lz edges are reported in Figure 6, 7, S2 and in table S1
(Supplementary Material). While the main edge features for the Li-edge were similar for all the
samples (Fig. 6a), confirming the presence of W(V1) on the silica support, differences were clear in
the pre-edge region (Fig. 6b). The pre-edge feature at ca. 12100 eV in the W Li-edge is due to the 2s-
5d dipole-forbidden transition for a pure octahedral geometry and its intensity increases with the
degree of distortion around the W sites from pure octahedral to tetrahedral geometry, due to the loss

of the centre of inversion of symmetry and progressive mixing of empty p-d states [56]. The strong
12



pre-edge peak for the sample synthesized from liquid (Fig. 6b) is therefore related to a higher
distortion of the WOs unit compared to W/SiO,-Dl, being the intensity of pre-edge peak of the latter
closer to WOs. The pre-edge intensity for W/SiOz-lig is however weaker than expected for well-

isolated WQOg4 unit [57], supporting the presence of mainly WOg sites in all samples.

The position of the white line for the Lz-edge of the two samples (Fig.7a) was comparable to the one
of the WOz standard, in agreement with the presence of W(VI). However, differences in the shape
were clearly visible, especially in the second derivative plot (Fig. 7b). The W Lsz-edge is mainly due
to the dipole-allowed transition from the metal 2p3/2 orbitals to vacant d orbitals and its splitting is
related to the geometry of the W site. In fact, a larger splitting is expected for an octahedral site and
a smaller one for a tetrahedral one, as a result of the different energy splitting of the d orbitals due to
the different ligand field [58]. A splitting of 3.0 -4.0 eV is generally indicative for distorted WOe,
while a splitting of 1.8-2.0 eV is typical for WO4 moieties [59]. The second derivative of the white
line, reported in Figure 7b, clearly shows two distinct minima for WO3 and the W/SiO> samples. The
energy separation of 3.1 eV and 3.9 eV for W/SiO2-liq and for W/SiO,-Dl, respectively, prove the
presence of distorted octahedral WOe units in both solids. The smaller value for the sample
synthesized via liquid-phase grafting is consistent with a higher distortion of the W sites as well (vide

supra Li-edge).

The strong peaks between 1 A and 2 A shown in the FT of the EXAFS oscillation for the two samples
are the results of different W-O scattering paths in the WOe unit (Fig. 8). While W/SiO2-DI presented
only one broad peak, similar to WOz, W/SiO2-lig showed a splitting of the first shell into two different
peaks at shorter and a longer distance, reflecting the higher distortion of the WOs unit [60]. The
quantitative results of the fitting reveal three different W-O bonds for W/SiO2-liq (Table SI1): two
short bonds at 1.72 A and 1.91 A and a longer one at 2.26 A. This long W-O bond is consistent with
the high distortion of the octahedral unit and is characteristic of hydrated tungsten oxide polyoxo
clusters species [61]. The results for W/SiO-DlI are instead comparable to WO3 (W/SiO.-DI: 1.75 A

and 2.04 A; WOs: 1.81 A and 2.11A) and in agreement with the presence of WO3 domains for this
13



sample. A second peak between 2.3 A and 3.2 A and a third one centred at 3.5 A (non-phase shift
corrected distances) were present in the EXAFS of both WOz and W/SiO.-DlI, confirming the similar
nature of the W site for the two samples. The first peak derives from multiple scattering within the
first shell (W-0-O) while the second one is related to W-W scattering path for corner-shared WOe.
Notably, the shorter distance of the W-W shell for W/SiO2-liq evidences the presence of edge-shared
WOs typical of octahedrally coordinated small oligomeric tungsten oxide species confirming the
quantitative EXAFS analysis of the W-O shell and the XANES analysis of L1 and L3z edges [62]. The
peak at 2.7 A (non-phase shift corrected distance) for this sample may be assigned to W-Si scattering
path [63].

Interestingly, previous studies have already revealed the presence of both WO3 domains and hydrated
tungsten oxide polyoxo clusters under ambient conditions on the silica surface. Upon dehydration,
only the latter species decompose to isolated surface monoxo- and dioxo-isolated W species

[64,65,66].

The combination of UV-visible and X-ray absorption spectroscopy studies revealed that the
coordination geometry and structure of tungsten sites are markedly different in the two catalysts and
are strongly dependent on the adopted synthetic procedure. Tentatively, we can conclude that well-
dispersed tungsten oxide polyoxo cluster sites are mainly distributed on the surface of sample
prepared via liquid-phase grafting, whereas monoclinic domains of tungsten oxide are clearly
detected on the surface of W/SiO> sample.

Catalytic tests

The tungsten-grafted silica catalysts described above have been evaluated in the selective liquid-phase

epoxidation of two alkenes: limonene and methyl oleate.
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By studying the epoxidation of limonene, it is possible to evaluate not only the activity and chemoselectivity
of the catalysts, but also their regio- and stereoselectivity (Scheme 1a). The performance of the two catalysts,

namely W/SiO»-liqg and W/SiO,-DI, were compared to the one of a commercial batch of WOs; (Table 2).

All of the W-containing systems were active in the epoxidation of limonene, when aqueous hydrogen
peroxide was used as an oxidant, and moderate to good values were achieved, in terms of alkene conversion
(up to 80%, after 6 h) and yield to epoxides (up to 54%, after 6 h). Clearly, specific activity values for WO3
catalysts were very low, because of the very high (nominal) tungsten content in the bulk of pure tungsten
oxide samples. W/SiO»-DI showed the best performance in terms of specific activity per W site, confirming
that the non-negligible presence of aggregated oxidic domains (as revealed by DR UV-Vis and XAS studies;

see above) is not a detrimental feature for the epoxidation reaction.

Limonene epoxides were produced with good selectivities (in the range 60 to 68%) and the formation of the
oxirane ring on the 1,2- and 8,9-C=C double bonds was predominant with respect to the formation of
carveols, which are conversely obtained via allylic oxidation of the endocyclic unsaturation, via a radical
oxidation pathway. Carveols and other allylic cyclic terpenic alcohols were indeed the major side products.
However, non-negligible amounts of menthenediols, derived from the water-mediated opening of the
oxirane rings, were observed as well. This behaviour suggests that over W-silica systems the concurrent

formation of oxidized products via homolytic oxidation of limonene by H,0,-derived radicals played a less
15



relevant role than the heterolytic oxygen transfer from H,0, to the alkene group. Conversely, when
anhydrous tert-butylhydroperoxide, TBHP, an oxidant that is particularly suitable for use under water-free
conditions on Ti-based systems [11,67], was used, limonene indeed underwent oxidation, but no selective
production of epoxides was detected. In this case, a very large number of minor side-products, generated by
radical species derived from TBHP decomposition, was observed. In terms of regioselectivity, the molar ratio
between endocyclic to exocyclic limonene epoxides (Scheme 1a) was ca. 80:20 over all the catalysts. This
result is fully consistent with the values previously observed over other Ti-silica systems and suggests that
the oxygen transfer preferentially takes place on the electron-rich endocyclic unsaturation [47,68,69]. Finally,
a similar cis to trans limonene epoxide molar ratio (ca. 80:20) was recorded for all of the W-containing
catalysts. Such preferential trend towards the cis epoxide suggests that over both grafted and bulk WO;
systems the oxygen-transfer primarily occurs on the less hindered face of the cyclohexene ring, both methyl
and iso-propenyl groups (on C1 and C4 carbons, respectively) pointing towards the opposite face of the epoxy
ring (Scheme 1a). In one test, hydroquinone was used a radical scavenger in a quasi-equimolar amount with
respect to the total tungsten species in the W-SiO, catalyst. A modest slowdown of the epoxidation activity
was observed (specific activity after 1 h decreased to 24 h! and 21 h?, for W/SiO,-lig and W/SiO,-DlI,
respectively), but the reactivity was not suppressed. These experimental observations suggest that the role

of a radical-mediated pathway is small, although non-negligible, over these catalysts, under these conditions.

Since metal leaching is the main drawback W-silica catalysts suffer from, especially in the presence of
aqueous hydrogen peroxide [32,40,41,43], the actual heterogeneous nature of W/SiO,-DI was examined in a
hot-centrifugation test and compared to the results obtained over commercial WO3 (Figure 9). Under the
tested conditions, the production of limonene epoxides did not stop when WOs was centrifuged out from
reaction mixture, after 45 min, whereas W/SiO,-DI showed a genuinely heterogeneous nature, with no
further conversion of limonene into the related epoxide after the solid was removed from the liquid phase.
From a visual point of view too, the reaction mixtures containing the WO3; sample rapidly turned into a
greenish-brownish colour (in few minutes), after the addition of the aqueous H,0,. On the contrary, no
evident changes in colour were observed in the presence of the W/SiO,-Dl solid. This behaviour confirms that

no active soluble species leached out from W/SiO,-DI, whereas most of the catalytic activity of the
16



commercial WO3 sample has to attributed to homogeneous tungsten species present and active in the liquid

phase.

The W/SiO,-DI sample was then studied in a series of repeated catalytic cycles, up to six runs (Figure 10). It
is worth highlighting that an intermediate calcination step (in dry air at 500°C) was always necessary in order
to recover most of the pristine catalytic activity. The thermal regeneration step is indeed necessary to get rid
of the organic heavy deposit that might have fouled the active centres, thus hindering a proper recovery of
the catalytic activity [32]. Nevertheless, even after such regeneration step, a gradual loss in catalytic
performance was recorded along the six recycling runs, with a more remarkable diminution between the first
and the second run as well as between the fifth and sixth one. On the contrary, no remarkable changes in

epoxide selectivity were observed.

The amount of soluble W species in the liquid mixture after the hot centrifugation tests was quantified for
both solids by ICP-AES analysis. After the first recycle, that is usually the most prone to metal leaching, values
of 9 and 60 ppm of tungsten metal were found in the liquids that contained W/SiO,-liq and W/SiO,-DI,
respectively. The release of metal species into solution from the sample obtained via dry impregnation
method was thus higher than the one prepared via liquid-phase grafting. Such leaching values are, on
average, lower than those reported in the previous literature, especially when polar protic solvents were
used as reaction media (37,40,70). This behaviour does not show a massive leaching of metal species into
the reaction mixture. From the spectroscopic point of view, the distribution of the isolated and organized
nanosized tungsten oxide domains appeared slightly different after six catalytic cycles. The UV-Visible band
at ca. 300-320 nm, assigned to the presence of small domains of WO3 species, was more evident in the
recycled catalyst (Fig. S3; Supplementary Material). Therefore, the gradual loss in the catalytic performance
of W/Si0,-Dl is likely to be attributed to the alteration of the tungsten species located on the silica surface

rather than to a massive leaching of catalytically active metal.

W/Si0,-lig and W/SiO,-DI were, in addition, studied in the epoxidation of methyl oleate, as a widely accepted

model substrate for unsaturated oleochemicals [71,72] (Scheme 1b). With the noteworthy exception of
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heterogenised polyoxotungstate species [73,74], to our best knowledge, no tungsten-containing

heterogeneous silica catalysts have been used for the epoxidation of unsaturated oleochemicals so far.

The performance of the two catalysts were modest, in terms of yield (towards the desired methyl
epoxystearate) and specific activity, in comparison with other systems previously described in the literature
[75,76]. After 6 h of reaction, a maximum epoxide yield of ca. 50% was reached, the average values being
around 30% (Table 3). Under these conditions, allylic oxidation products, such as methyl hydroxyoleate, were
scarcely observed, the major side products being methyl dihydroxystearate derived from water-mediated

opening of the oxirane ring.

Thanks to a higher oxidant-to-alkene ratio (4:1 vs. 2:1 mol/mol), higher conversion and yield values were
achieved on both catalysts. Actually, when a 2:1 ratio only was used, hydrogen peroxide was entirely
consumed and no residual unreacted H,0; was detected by iodometric assay at the end of 6h of reaction.
The oxidant efficiency (the amount of oxidised products obtained per amount of consumed H,0,) was, on
average, quite scarce over these catalysts. Values always lower than 50% were indeed recorded due to the
unproductive decomposition of hydrogen peroxide into water and molecular oxygen. A larger excess of H,0,
(4:1 molar ratio) was thus necessary to push further the epoxidation reaction. In terms of specific activity,
the best performance was obtained over W/SiO,-lig with a four-fold excess of oxidant, whereas, if one
considers the yield towards the desired epoxide only, the best result was achieved over W/SiO,-DI, as it was

the case for the limonene epoxidation too.

Interestingly, by monitoring through 'H-NMR spectroscopy the cis-to-trans ratio in the formed methyl
epoxystearate at the end of the reaction, a noteworthy amount of the trans isomer was found (from 15% to
42% of the overall epoxide). Since the configuration of the parent methyl oleate is cis only, these values are
a clear clue that a radical-driven oxidation of the C=C bond occurred, with a consequent partial
recombination of the geometry around carbon-9 and carbon-10. In fact, if a free-radical epoxidation pathway
prevails over a heterolytic one, the formation of the trans isomer, the thermodynamically more stable form,
is predominant [77,78,79].

CONCLUSIONS
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Tungstenocene(lV) dichloride proved to be a suitable precursor for the preparation of W(VI)-grafted silica
catalysts to be used in the epoxidation of alkenes. The catalyst preparation via a dry impregnation grafting
approach was simple, versatile and did not require the use of hazardous or environmentally unfriendly
solvents. The spectroscopic characterization of W/SiO-liqg and W/SiO»-DI samples evidenced that W(VI) sites
were fairly evenly distributed on the silica surface for both systems. However, the W/SiO,-DI catalyst
displayed the presence of larger monoclinic tungsten(VI) oxide aggregates, whereas the W/SiO»-liq sample
showed mainly well-dispersed tungsten oxide polyoxo cluster sites. Indeed, the chemical environment and
the coordination geometry of W(VI) sites were noticeably different in the two systems and were strongly

dependent on the synthetic protocol adopted for their preparation.

When these catalysts were tested in the epoxidation of (+)-limonene and methyl oleate, as model alkene
substrates, both catalysts were active in the presence of aqueous hydrogen peroxide and W/SiO,-DI showed
the best performance, on average, in terms of yield to desired epoxides. The genuine heterogeneous nature
of the grafted W/SiO»-DI catalyst was successfully confirmed by a hot-centrifugation heterogeneity test and
the solid could be reused and recycled up to five times with a gradual loss in activity, before showing a clear
diminution in the performance at the sixth one. On the contrary, under the same reaction conditions, a
reference commercial WO3 sample showed, at the first run, a remarkable leaching of homogeneously active

tungsten species into the reaction mixture.

The W/SiO,-DI system was therefore a good compromise between an adequate interaction of the tungsten
sites with the silica surface, thus providing the catalyst with an satisfactory robustness against leaching, and
an even dispersion of the tungsten oxide domains over the support, thus providing the catalyst with a good

catalytic activity per metal site.
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Figure 1. DR UV-Vis spectra collected at room temperature of cyclopentadienyl-tungsten species

grafted onto SiO2 for W/SiO2-lig (a) and W/SiO2-DI (b), before calcination, recorded at room

temperature.
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Figure 2. N2 adsorption—desorption isotherms at 77 K (left) and pores size distribution obtained by

NLDFT (right) of W/SiO2-liq (a) and W/SiO-DI (b) samples.
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Figure 3. DR UV-Vis spectra of W/SiO2-lig (a) and W/SiO2-DI (b) after calcination, recorded at

room temperature.
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Figure 4. Raman spectra of W/SiO2-liq (a), W/SiO.-DI (b) and commercial WOs (c).
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Figure 5. X-ray patterns of W/SiO»-liq (a), W/SiO2-DI (c) and commercial WO3 (c).
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Figure 9. Heterogeneity tests for the epoxidation of (R)-(+)-limonene. Limonene epoxide yield
profile following hot centrifugation, at 45 min, of commercial WOs (red curve) and W/SiO,-DlI (blue
solid curve). Epoxide yield profile over W/SiO2-DI (without hot centrifugation) is reported for
comparison (blue dotted curve). Reaction conditions: 5 mL CH3CN solvent; 100 mg catalyst; 1.0
mmol limonene; 2.0 mmol H20- (ag. 50 wt.%); 90°C oil bath; batch reactor.
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Figure 10. Epoxidation of (R)- (+)-limonene over W/SiO2-DI. Limonene conversion after 1 h (blue
bars) and 6 h (orange bars) in consecutive catalytic runs (1 to 6). 10 mL CH3CN solvent; 300 mg
catalyst; 2.0 mmol (+)-limonene; 4.0 mmol H20- (ag. 50 wt.%); 90°C oil bath; batch reactor. The
catalyst was washed and activated again at 500°C under dry air prior to each run.
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Table 1. Metal loading and textural features of the pure support silica and derived tungsten-

containing catalysts

Metal loading Sger PV
Solid
(Wt.%) (m2g?) (cm?g?)
SiO; - 605 1.11
W/Si0,-lig 1.18 603 1.38
W/Si0,-DI 1.70 465 1.10

Table 2. Catalytic performance of tungsten-silica catalysts in the liquid-phase epoxidation of (R)-(+)-
limonene

b e
C* 1h Y>1h Céh Y 6h endo:exo cis:trans SA
Catalyst . . g
(%) (%) (%) (%) ratio® ratio (h?)
WOs 47 38 80 54 80:20 79:21 1.1
WOQOs8 21 17 76 45 81:19 74:26 0.5
W/Si0,-lig 18 11 55 31 77:23 80:20 28
W/SiO,-DI 20 15 68 43 83:17 80:20 31
W/SiO,-DI" 21 n.d. 55 2 n.d. n.d. 33

Conditions: 5 mL CHsCN solvent; 100 mg catalyst; 1.0 mmol (+)-limonene; 2.0 mmol H,0,; (aqg. 50 wt.%); 90°C
oil bath; batch reactor. a: limonene conversion; b: yield to limonene epoxides (endo-cis + exo-trans + exo); c:
endocyclic to exocyclic limonene epoxide molar ratio after 6 h; d: cis to trans endocyclic limonene epoxide
molar ratio after 6 h; e: specific activity ([MOlconverted alkene] [Molw h]?) after 1h; f: commercial WOs3 catalyst
pretreated at 120°C in air for 1 h and in vacuo for 1 h prior to use; g: commercial WOs catalyst pretreated at
500°Cin dry air for 1 h prior to use; h: 1.1 mmol tert-butylhydroperoxide, TBHP, as oxidant; i: non-detectable.
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Table 3. Catalytic performance of tungsten-silica catalysts in the liquid-phase epoxidation of methyl oleate

H,0, / oleate c1h Y® 1h C6h Y 6h cis:trans SA¢
Catalyst _ (%) ratio®

ratio ° (%) (%) (%) (h)
W/Si0,-lig 2:1 13 9 37 25 63:37 20
W/Si0,-lig 4:1 20 11 43 30 58:42 31
W/SiO,-DI 2:1 10 5 43 34 85:15 11
W/SiO,-DI 4:1 16 12 65 51 67:33 17

Conditions: 5 mL CHsCN solvent; 100 mg catalyst; 1.0 mmol methyl oleate; H,0; (aqg. 50 wt.%); 90°C oil bath;
batch reactor. a: methyl oleate conversion; b: yield to methyl epoxystearate; c: cis to trans methyl
epoxystearate molar ratio after 6 h; d: specific activity ([MOlconverted oleate] [Molw h]?) after 1h.
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