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A series of titanium-containing silica catalysts (Tis/SiO;) with small oligomeric Ti centres
is obtained by impregnation of the air-stable and water-soluble tetranuclear Ti complex
(NH4)g[Tia(CeH407)4(02)4]-8H,0 onto commercial non-ordered mesoporous silica supports. Catalyst
preparation is performed under very mild conditions, with no controlled atmosphere, following a sim-
ple, cheap, safe and sustainable methodology. Ti4/SiO; catalysts can be used in the presence of TBHP or
aqueous hydrogen peroxide and were tested in the selective oxidation of limonene, cyclohexene, trans-
stilbene and 2,3,6-trimethylphenol. These catalysts showed performances fully comparable to (or even
better than) those obtained with titanium-silicate materials prepared via conventional post-synthesis
grafting approaches from organometallic precursors.
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1. Introduction

The post-synthesis modification of structured porous oxidic
materials is a versatile and accessible method to prepare tailored
catalysts with desired properties. Thanks to this approach it is
possible to select easily the support with the most suitable fea-
tures (chemical nature, composition, morphology and stability) and
choose the most promising catalytic centres in terms of chemi-
cal species, loading, redox ability or acid/base character [1,2]. So,
active metal centres can be added to the porous support by graft-
ing, that is by irreversible deposition of a precursor metal species
and formation of covalent bonds between the metal site and the
support. At the end, the metal centre possesses a different chem-
ical surrounding with respect to the parent precursor, since the
coordination shell around the metal centre is partially modified
during the deposition via covalent bonding and, eventually, during
any further thermal treatment [3].

Grafting strategy has been widely exploited for the preparation
of titanium-silica catalysts. The catalyst for olefin epoxidation
developed by Shell for the styrene monomer-propylene oxide
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(SMPO) process is a milestone in the preparation of grafted
Ti(IV)-SiO, systems. The catalyst is obtained in a multistep
gas-phase process by deposition of the Ti precursor (TiCly or
an organotitanium compound), heating the obtained material,
followed by steaming and silylation [4,5]. The Shell Ti(IV)/SiO,
catalyst is effective in epoxidation using alkylhydroperoxides as
oxidants because of the formation of site-isolated Ti species on
the surface of the support and the increased Lewis acidity of the
Ti(IV) due to electron withdrawing effect by the siloxy ligands
|6]. More recently, an exponential evolution of the post-synthesis
grafting strategy was observed in the synthesis of Ti(IV)-silica
catalysts where TiCly [7,8], Ti(OiPr)4 [9-14], Ti(OBu)4 [15] or
Ti(OEt)4 [16], TiF4 [17] or Ti(triethanolaminate)-isopropoxide
[18], were grafted either in liquid or vapour phase onto both
ordered (such as MCM-41, MCM-48 and SBA-15) and non-
ordered mesoporous silicas. Such systems showed interesting
results in the epoxidation of non-functionalised alkenes, dienes
and allylic alcohols with tert-butylhydroperoxide and aqueous
hydrogen peroxide as oxidant, sometimes, under mild condi-
tions [19]. Organometallic and inorganic precursors with an
increasing complexity level can also be used, when peculiar
characteristics in terms of isolation, dispersion, chemical nature
or nuclearity of the catalytically active metal sites are desired:
e.g. Ti(T]s—C5H5)2C12 [20,21], Ti[SiMez("q5—C5H4)2]TiC12 [22],
[{Ti(OiPr),(OMent)},] and [Ti(OMenth)s] (OMenth=1R,2S,5R-
(—)-menthoxo) [23], [(*BuO),Ti{w-0,Si[0Si(O'Bu)s3]>}]> [24] or
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Fig. 1. Schematic structure of (NH4)g[Tis(C¢H407)4(02)4] complex.

[Tig(p3-0)s(-02,CCsH4OPh)g(OEt)g] [25]. In the preparation of
these systems, a non-negligible skill is necessary, as most of these
inorganic or organometallic precursors require controlled and spe-
cific handling conditions (anhydrous conditions, inert atmosphere,
absence of protic solvents, use of unfriendly solvents, etc.). For
these reasons, in the present work, titanium-based catalysts sup-
ported on silica were prepared using a very easy, robust, rapid and
safe post synthetic method. (NHy4)g[Ti4(CgH407)4(02)4]-8H,0 was
used as titanium precursor. It is an air-stable and water-soluble
tetranuclear Ti complex prepared by inexpensive and convenient
synthesis [26,27] and it is suitable to be considered as a potential
easy-to-handle precursor for the preparation of porous grafted
titanium-silicate catalysts for the selective oxidation of a series of
substrates with different characteristics.

2. Experimental details
2.1. Catalyst preparation

Commercial amorphous Davisil silica and Nippon-Kasei sil-
ica were received from the suppliers (Grace Davison; LC60A and
Nippon-Kasei). Davisil silica was washed in 1M aqueous HNOs,
thoroughly rinsed and dried in oven prior to use. Nippon-Kasei
silica was used without any further pre-treatment. MCM-41 meso-
porous materials were prepared by hydrothermal synthesis [28],
calcined, to remove the templating agent and used as such.

The aqueous solution of tetranuclear ammonium citratoper-
oxotitanate(IV) complex, (NHg)g[Tig(CeH407)4(02)4]-8H, 0 (Fig. 1)
was synthesized according to the literature protocol [26]. In a typ-
ical synthesis 0.20g of Ti powder (Fluka; 99.7%) was stirred in a
cold aqueous (ultrapure deionized water; Millipore MilliQ) solu-
tion containing 16 mL of 30% aqueous hydrogen peroxide (Aldrich)
and 4 mL of 30% aqueous ammonia solution (Carlo Erba reagents) to
yield a yellowish transparent solution. Then, an equimolar amount
of citric acid (0.80¢g; Carlo Erba; p.a.) was added and stirred until
complete dissolution to give a yellow brilliant solution. The solu-
tion is used as such, without any further treatment (Ti content ca.
5gL-1).

Tig/SiO,-D and Tig/SiO,-N catalysts were prepared by impreg-
nation at the rotary evaporator at room temperature of an
aliquot of the aqueous solution, described above, of the complex
(NHg4)g[Tig(CgH407)4(02)4]-8H,0 (mixed to ultrapure deionized
water to obtain the desired final Ti loading on the solid) onto
Davisil silica and Nippon-Kasei silica, respectively. The impreg-
nated samples were calcined at 550°C for 3 h under oxygen flow
(20 mLmin~1). Ti/SiO,-D and Ti/MCM-41 catalysts were used as
reference catalysts and were prepared by grafting Ti(m°-CsHs ),Cl,
as described in previous literature [20,21].

2.2. Catalyst characterization

Titanium content in the catalysts was determined by ICP-AOS
spectroscopy (Intrepid Iris, Thermo Elemental), after dissolution of
the solid matrix with a HF-HNO3 digestion mixture.

BET specific surface area, pore size distribution and total
pore volume were obtained by nitrogen adsorption-desorption
isotherms at 77K, using a Micromeritics ASAP 2010 analyser or
ASAP 2400 instrument. Before the adsorption, the solids were pre-
heated under high vacuum in three steps: 1hat423K,1hat 513K,
and finally 4h at 623 K. Diffuse reflectance (DR) UV-vis spectra
were recorded on a Shimadzu 2501PC spectrophotometer.

2.3. Catalytic tests

All the catalysts were dried and calcined at 500 °C under dry air
flow for 1h prior to use. In all cases, samples of the reaction mix-
ture were taken at periodic intervals and the catalytic performance
was determined by GC analysis (HP6890; HP-5 30m-column; FID
and GC “Tsvet 500”; 30m x 0.25 mm Supelco MDN-5S column;
FID). GC-MS analyses were performed using a gas chromatograph
Agilent 6890 (quartz capillary column 30 m x 0.25 mm/HP-5 ms)
equipped with a quadrupole mass-selective detector Agilent MSD
5973. TH NMR spectra were recorded on an MSL-400 Bruker spec-
trometer.

The epoxidation tests on (R)-(+)-limonene (1mmol; 97%
Aldrich; 98% e.e.) were carried out in a glass batch reactor at 85°C
using ethyl acetate (Carlo Erba, RPE) as solvent (5 mL; previously
dried over 3A zeolites), in the presence of the catalyst (50 mg, that
is ca. 0.02 mmol Ti), anhydrous tert-butylhydroperoxide as oxidant
(TBHP; Aldrich, 5 M solution in decane; oxidant to limonene molar
ratio=1.1) and mesitylene as internal standard.

The epoxidation tests on trans-stilbene (1 mmol; Aldrich, 96%)
were carried out in a glass batch reactor at 90°C using acetoni-
trile (Sigma-Aldrich; for HPLC) as solvent (5 mL; previously dried
over 3A zeolites) in the presence of the catalyst (100 mg, that
is ca. 0.04 mmol Ti), anhydrous TBHP (oxidant to stilbene molar
ratio=1.2) and mesitylene as internal standard.

The epoxidation tests on cyclohexene (2.5 mmol; Aldrich, 99%)
were carried out in a glass batch reactor at 90°C using acetoni-
trile as solvent (5mL) in the presence of the catalyst (100 mg,
corresponding to ca. 0.04 mmol Ti) and mesitylene as internal
standard. A solution of H,0, (30% aqueous solution; Riedel-
de-Haen) in acetonitrile (1 mmol H;O0, in 1.8 mL of solution)
was added dropwise (0.01 mLmin~! over 3h, corresponding to
3.33mmol H,0, h™'g_}) with an automatic dosimetric appara-
tus. At the end of the addition, the initial cyclohexene to oxidant
molar ratio was 2.5. Yields were computed according to the relation
(oxidant as limiting agent):

mol(obtained epoxide)

Y epoX = | Gi(added H,05)

}xlOO

using pure standards to evaluate the GC response factors.
The oxidation tests on 2,3,6-trimethylphenol (TMP; Fluka 98%)
were performed under vigorous stirring (500 rpm) in thermostated
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glass vessels at 80 °C for 20-30 min. Typically, the reactions started
by adding 0.35 mmol H,0, (30wt.% in water; determined iodo-
metrically) to a mixture containing 0.1 mmol of TMP, the catalyst
(0.006 mmol of Ti), the internal standard (biphenyl; Aldrich 99%)
and 1 mL of acetonitrile.

In the tables displaying the catalytic performance, a standard
deviation of +2%, +4% and +4% has to be considered on average
for the conversion, selectivity and yield values, respectively. The
presence of H, 0, in the final reaction mixture and the oxidant effi-
ciency was checked by iodometric tests and titrations on the final
solutions.

3. Results and discussion
3.1. Catalyst preparation

The aqueous solution containing the tetranuclear cit-
ratoperoxotitanate(IV) complex having the chemical formula
(NHy4)g[Tig(CgH407)4(02)4]-8H,0 was easily obtained starting
directly from metallic titanium dispersed in water in the presence
of hydrogen peroxide and citric acid according to the following
reaction [26]:

4Ti + 12H,0, + 6CgHgO7 + 14NH3 — (NHy4)g[Tis(CgH407)4(02)4]
+16H20 + 2(NH4)3(CgHs507)

The limpid yellow solution was directly employed as an impreg-
nation solution to deposit the tetranuclear Ti(IV) complex onto the
desired silica support by means of a rotary evaporator to get a
uniformly coloured light yellow powder. The use of the impreg-
nation solution within the 24 h after the preparation was of crucial
importance, since this titanium(IV) peroxocomplex is unstable (the
mother solution turns into a yellowish milky suspension after 1
day) and slowly hydrolyses to produce polymers of titanium oxide
hydrates, that might lead to uneven large TiO, agglomerates dur-
ing the grafting [27]. The final Ti(IV)-silica catalyst was obtained
by a calcination treatment under oxygen in order to remove the
organic citrate moieties and the ammonium-containing species, as
confirmed by C,H,N elemental analysis (total carbon and nitrogen
below detection limit, respectively, in all cases after calcination).

It is worth highlighting the straightforwardness of the catalyst
preparation, as the whole procedure was performed under very
mild conditions, by using basic laboratory equipment (magnetic
stirrer and standard rotary evaporator) with no controlled atmo-
sphere, no heating devices (during grafting) and no use of organic
solvents. In addition, the supports here used are commercially
available silica materials. Such preparation approach was some-
how envisaged in a previous literature work where the tetranuclear
Ti(IV)-peroxocomplex was deposited onto a low-surface area sil-
ica [29]. Nevertheless, the present methodology, starting directly
from metallic Ti, represents a clear advantage, since it is less time-
consuming and more environmentally friendly with respect to
several other approaches for the synthesis of Ti-containing grafted
mesoporous silica catalysts reported in literature so far.

Two series of Ti-SiO; catalysts were prepared in various batches,
by varying the Ti content in the impregnation solution and aiming
at obtaining a final Ti loading of ca. 1 wt.% and 2 wt.%. The samples
were named Ti-Si0,-X-1 and Ti-SiO,-X-2, respectively.

For the sake of simplicity, catalysts prepared from tetranuclear
citratoperoxotitanate(IV) complex via grafting are named Ti4z—SiO; -
X catalysts. However, this does not necessarily mean that the
tetranuclear Tiq core of the original cluster was kept after the graft-
ing and the following calcination (v. Section 3.2).

F(R)

v T T T g T 1
200 250 300 350 400
A NM

Fig. 2. DR UV-vis spectra of Tig/SiO,-D-1 (A), Tig/SiO2-D-2 (0), Tig/SiO2-N-1 (a) and
Tis/SiO2-N-2 (M). All samples were calcined prior to measurements.

3.2. Catalyst characterization

The textural data of the mesoporous silica supports and of some
representative grafted Ti-silica catalysts are summarised in Table 1.
The elemental analysis data for the catalysts are also reported there.
All the silica starting materials had a medium-high or high specific
surface area and this favoured a good dispersion of the Ti species on
the support. In general, the specific surface area, pore volume and
mean mesopore diameter values showed a slight decrease after the
grafting procedure. This is due to the deposition of homogeneous
thin layers of titanium-containing species onto the inner surface of
mesopores, as already described in previous reports [25,30]. Never-
theless, in none case a dramatic drop of pore volume was observed.
Thisis an evidence that no mesopores have been blocked or plugged
after the deposition of the titanium(IV) peroxocomplex precursor.

DR UV-vis spectra of the grafted catalysts obtained from cit-
ratoperoxotitanate(IV) complex with ca. 1 and 2wt.% Ti content
over Davisil (D) and Nippon-Kasei (N) silica supports are shown in
Fig. 2. Even for the low Ti content samples (1 wt.%), along with small
adsorption at ca.210-220 nm, which is characteristic of site isolated
Ti(IV), the spectra show a broad absorption band centred around
260 nm, suggesting the presence of titanium oxidic aggregates with
a dimeric or oligomeric nature [31,32]. The tetranuclear titanium
core of the pristine complex was likely destroyed during the calci-
nation treatment. Nevertheless, spectroscopic data suggest that no
complete dissociation of the polynuclear Ti(IV) precursor occurred
to produce isolated Ti species during the grafting and calcination
procedure. The DRS UV-vis band shifted to longer wavelengths
with increasing Ti loading in the samples, indicating a further con-
densation of Ti species on the silica surface. However, no anatase
microcrystallites, which are manifested by a characteristic absorp-
tion at 330-340 nm, were identified. These results are therefore
consistent with a final structure consisting of a few Ti atoms bonded
through bridging oxygen atoms, similar to that observed by EXAFS
on analogous systems used for gas-phase epoxidation reactions
[29].

3.3. Evaluation of the catalytic performance

3.3.1. Limonene epoxidation

The epoxidation of limonene is considered a suitable reaction
to evaluate the oxidation properties of the prepared catalysts on
a model unsaturated terpene (Scheme 1). In addition, limonene
epoxide is an important building block for the synthesis of sev-
eral products from renewable sources and, in particular, of a new
biodegradable polymer, such as polylimonene carbonate [33]. The
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Table 1
Textural properties of the catalysts.

173

Support/catalyst Ti content (wt.%)

BET surface area, S (m?g!)

Pore volume, V (cm?g!) Mean pore diameter, D (nm)

SiO2-D - 529 0.88 5.4
SiOy-N - 679 0.66 3.8
MCM-41 - 972 0.65 2.6
Tis/Si0,-D-1 1.26 493 0.83 53
Tiy/Si0,-D-2 235 488 0.82 53
Tis/Si02-N-1 1.19 650 0.52 3.6
Tis/Si0,-N-2 1.89 602 0.49 3.2
Ti/SiO,-D 1.75 499 0.85 5.2
Ti/MCM-41 1.88 861 0.53 24
(0]
TBHP
—_— +
Ti
[Ti] o

limonene

limonene 1,2-epoxide

limonene 7,8-epoxide

Scheme 1.

results for the catalytic limonene epoxidation with anhydrous TBHP
in the presence of Tig/SiO, catalysts and of two reference grafted
catalysts, Ti/SiO,-D and Ti/MCM-41 are shown in Table 2.

As expected, limonene 1,2-epoxide was more abundant than
limonene 7,8-epoxide over all the catalysts, since the endocyclic
C=C bond is richer in electronic density than the exocyclic one.
Titanium(IV) peroxocomplex-derived catalysts (Tig/SiO,-D and
Tis/SiO,-N) showed better (or, at least, comparable) conversion
values, during the reaction (24 h), than conventionally grafted cat-
alysts taken as references. However, taking into account the initial
specific activity (TOF values after 1 h; Table 2), all the Tig/SiO- cat-
alysts showed a comparable behaviour, that is slightly lower to the
one of reference grafted catalysts. Then, if one considers the turn-
over number (TON) at the end of the tests, Tig/SiO, samples with
a lower Ti loading (ca. 1wt.%) were more active than 2 wt.% ones
(49 and 52 TON vs. 29 and 29 TON, respectively). These results are
consistent with the observation that, when the precursor is evenly
dispersed on silica, thanks to the high specific surface area of the
support, the presence of some oligomeric octahedral Ti species (as
evidenced by DRS UV-vis spectra too) is not detrimental to the
epoxidation mechanism, at least under these conditions [11,34].
With regard to the selectivity to limonene epoxide, Tis/SiO; cata-
lysts displayed better results than reference Ti-silica samples. In
fact, a lower amount of acid-catalysed rearrangement by-products
(such as carvone) occurred and selectivity values higher than 80%
were obtained. This behaviour suggests that the acidic character of

Tis/SiO, systems was less marked than the one of Ti/SiO, [6,35].
Iodometric measurements on the final mixtures revealed that in
none of the tests TBHP had been the limiting agent of the reac-
tion and the oxidant efficiency (the amount of oxidised products
obtained per amount of consumed oxidant) was in all cases very
high (always higher than 90%).

So, for limonene epoxidation, Tis/SiO, catalysts can represent
an interesting alternative to reference grafted titanosilicate solids
prepared via conventional Ti(1°-CsHs ),Cl, grafting.

3.3.2. Stilbene epoxidation

The catalysts were also tested in the epoxidation of trans-
stilbene in the presence of TBHP (Scheme 2). trans-Stilbene
is a further model substrate for epoxidation over mesoporous
redox-active catalysts, as it is bulky (it cannot be converted on con-
ventional TS-1), it does not possess allylic positions to be oxidised
and the possible formation of cis-epoxides (from the alkene in trans
configuration) reveals the occurrence of free-radical epoxidation
mechanisms [20,36].

The results of stilbene epoxidation with anhydrous TBHP over
of Tiy/SiO, catalysts and reference grafted catalysts are reported
in Table 3. In terms of initial conversion and activity (within
the first hour of reaction), the catalysts prepared from supports
with higher specific surface area showed higher conversion val-
ues (namely, Tiy/SiO,-N-1, Tig/SiO,-N-2 and Ti/MCM-41). Then, for
longer reaction times, catalysts of the Tis/SiO,-N series gave the

Table 2

Catalytic performance of Ti-containing catalysts in limonene epoxidation.
Catalyst Ti content Conversion Conversion TOF? TONP epox Sel®

(wt.%) 1h (%) 24h (%) 1h(h™1) 24h 24h (%)

Tis/Si0,-D-1 1.26 18 65 14 49 85
Tiy/Si0,-D-2 235 40 72 16 29 81
Tig[Si05-N-1 1.19 20 65 16 52 82
Tis/Si03-N-2 1.89 26 57 13 29 83
Ti/Si0,-D 1.75 33 61 18 32 74
Ti/MCM-41 1.88 42 68 21 33 62

Reaction conditions: 5 mL ethylacetate solvent, 50 mg catalyst, TBHP:limonene molar ratio=1.1, 85°C, 24 h.

2 TOF: turnover frequency after 1 h ([mol converted limonene]/([mol Ti][time])).
b TON: turnover number after 24 h ([mol converted limonene]/[mol Ti]).
¢ Selectivity to endocyclic 1,2-monoepoxide.
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highest conversions. This behaviour suggests that, for this reac-
tion, a good dispersion of Ti(IV) sites on a large silica surface
is a positive factor, even if the presence of purely isolated tetrahe-
dral Ti centres (virtually monoatomic Ti sites) is not mandatory to
have an efficient epoxidation catalyst. In fact, comparable activity
values were recorded on Tig/SiO, catalysts as well as on reference
grafted Ti/SiO, ones (see, for instance, Tis/SiO>-N-1 and Ti/MCM-
41). Moreover, catalysts with large specific surface areas, such
as Tig/Si0,-N-1, Tig/SiO2-N-2 and Ti/MCM-41, were less prone
to deactivation caused by the deposition of heavy organic by-
products formed during the reaction, since catalytically active
sites are less likely covered and blocked when they are placed
on broad solid/liquid interphases. With regard to selectivity to
stilbene epoxide, values were rather low after 24 h for all cata-
lysts. The epoxide, in fact, was easily converted into benzyl phenyl
ketone (1,2-diphenylethanone) and diphenylacetaldehyde (2,2-
diphenylethanal) due to subsequent acid-catalysed ring opening
and rearrangement [37]. Tig/SiO2-D-1 and Tig/SiO,-D-2 catalysts
showed higher selectivity to epoxide and this suggests they are less
active in promoting acid-catalysed rearrangements (as observed in
limonene epoxidation; v. Section 3.3.1). On the contrary, Ti/MCM-
41, with highly isolated tetrahedral Ti(IV) species, leading to a
marked acid character [21,35], showed a relevant formation of

diphenylacetaldehyde and, consequently, a very poor epoxide
selectivity.

Taking into account oxidised products and side products, the
oxidant efficiency for TBHP was, in this case too, high with values
on average higher than 85%.

With all catalysts, the formation of trans-stilbene epoxide as
the sole epoxide product provides evidence in favour of a non-
radical epoxidation mechanism, as observed in several other cases,
when TBHP is used as oxidant, instead of hydrogen peroxide [20].
Further tests starting from cis-stilbene confirmed that no iso-
merisation occurs, under these conditions, from the cis- to the
trans-stereoisomer as well.

For trans-stilbene epoxidation, therefore, Tis/SiO, catalysts dis-
play catalytic features that are fully comparable to (or even better
than) reference grafted Ti/SiO, systems.

3.3.3. Cyclohexene epoxidation

The epoxidation of cyclohexene in the presence of hydrogen
peroxide is a reaction of interest not only as a first-choice test to
evaluate the activity of oxidation catalysts, but also to discriminate
between homolytic or heterolytic pathways taking place during
the oxygen transfer reaction (Scheme 3) [19]. Moreover, it might
be also considered as a useful first step in the synthesis of adipic

Table 3

Catalytic performance of Ti-containing catalysts in stilbene epoxidation.
Catalyst Ti content Conversion Conversion TOF? TONP epox Sel¢

(wt.%) 1h (%) 24h (%) 1h(h1) 24h 24h (%)

Tis/SiO2-D-1 1.26 15 42 5.7 16 56
Tis[SiO,-D-2 2.35 11 50 23 10 62
Tig[SiO,-N-1 1.19 23 70 9.3 25 41
Tis/SiO2-N-2 1.89 28 72 7.1 18 38
Ti/SiO2-D 1.75 19 39 52 11 48
Ti/MCM-41 1.91 33 60 8.3 15 5

Reaction conditions: 5 mL acetonitrile solvent, 100 mg catalyst, TBHP:stilbene molar ratio=1.2,90°C, 24 h.

2 TOF: turnover frequency after 1 h ([mol converted stilbene]/([mol Ti][time])).
b TON: turnover number after 24 h ([mol converted stilbene]/[mol Ti]).
¢ Selectivity to stilbene epoxide.
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Table 4

Catalytic performance of Ti-containing catalysts in cyclohexene epoxidation.
Catalyst Ti content epox yield? epox Sel® TONC¢

(wt.%) 3h (%) 3h (%) 3h

Tiy[Si0,-D-1 1.26 26 >98 10
Tiy/Si0,-D-2 2.35 24 90 5
Ti4/Si02-N-1 1.19 35 95 13
Tis/[Si02-N-2 1.89 30 96 8
Ti/SiO,-D 1.75 28 >98 8
Ti/MCM-41 1.88 34 >98 9

Reaction conditions: 5 mL acetonitrile solvent, 100 mg catalyst, cyclohexene:H,0,
molar ratio=2.5, oxidant addition = 3.33mmol H,0, h™' g_1,90°C, 3 h.

2 Yield of cyclohexene epoxide after 3 h.

b Selectivity to cyclohexene epoxide after 3 h.

¢ TON: turnover number after 3 h ([mol converted cyclohexene]/[mol Ti]).

acid, according to a potential alternative route where cyclohexene
epoxide replaces cyclohexanone [38].

The data of cyclohexene epoxidation in the presence of aque-
ous hydrogen peroxide over Tis/SiO, catalysts and two reference
Ti/Si0,-D and Ti/MCM-41 catalysts are shown in Table 4. In all tests,
hydrogen peroxide was added dropwise, following a strictly con-
trolled addition rate (3.33 mmol H;0, h! gg;t). A minimal local
H, 0, concentration in the surroundings of Ti sites is indeed crucial
to avoid a fast deactivation of the catalyst and the formation of large
amounts of free-radical species leading to undesired side products
[39]. In addition, the dropwise addition of the oxidant minimized
the unproductive decomposition of hydrogen peroxide and, under
these conditions, the oxidant efficiency proved to be rather good,
with values spanning from ca. 60% to 75%.

In all tests, a high selectivity (>90%) in cyclohexene epoxide
was obtained at the end of the slow H,0, after 3 h. Nevertheless,
some cyclohex-2-enol, cyclohex-2-enol and cyclohexane-1,2-diol
has been detected with Ti4/Si05-D-2, Tis/SiO,-N-1 and Tis/SiO,-N-
2. This behaviour confirms that well dispersed, virtually isolated
Ti(IV) sites (as those obtained by grafting Ti(n>-CsHs),Cl,) are the
optimal loci for this kind of epoxidation reaction [39,40]. With
regard to cyclohexene epoxide yield, the Tis/SiO, systems are,
on average, comparable to reference Ti/SiO, catalysts. However,
Tig/SiO5-N catalysts gave rise to sensibly higher epoxide yields than
Tiy/Si0,-D and this can be due to the larger specific surface area of
SiO,-N support and hence to the better dispersion of Ti centres
in the former systems than the latter ones. In fact, Tig/SiO,-N-1,
with the highest specific surface area (Table 1), but with the low-
est Ti content as well (1.19 wt.%), showed the highest epoxide yield
(35%) and the highest activity over 3 h, which is even better than
the performance obtained on Ti/MCM-41.

So, for this reaction and under these conditions, Tig/SiO, cata-
lysts display a catalytic performance that is, on average, comparable
or superior to the one achieved on reference systems.

3.34. 2,3,6-Trimethylphenol oxidation

Some of us have recently investigated in detail the oxidation
reaction of 2,3,6-trimethylphenol (TMP) into 2,3,5-trimethyl-
1,4-benzoquinone (TMBQ, a key intermediate of vitamin E)
(Scheme 4), using as catalysts mesoporous titanium-silica mate-
rials obtained by hydrothermal synthesis [41,42] or prepared by
grafting titanocene dichloride onto the surface of commercial
silica [43,44]. Very high selectivity for the main product TMBQ
(up to 100%, in the best cases) at complete conversion of TMP was
achieved in the presence of titanium-grafted catalysts (Ti/SiO;). A
strong dependence of the product selectivity on the surface concen-
tration of titanium active centres was revealed and, for this peculiar
reaction, the advantages of titanium cluster-site catalysts over tita-
nium single-site catalysts in hydrogen peroxide based selective
oxidation reaction was highlighted [44,45].

(0]
OH
H20,
—_—
[Ti]
(6]
TMP TMBQ
Scheme 4.

The results of the catalytic TMP oxidation with 30% aqueous
H,0, in the presence of Tis/SiO, catalysts are summarized in
Table 5. The results acquired using conventionally grafted catalysts,
Ti/SiO,-N and Ti/MCM-41 (with different Ti surface concentra-
tions), are appended for comparison. In this case, aqueous hydrogen
peroxide was introduced in a single aliquot with no need of drop-
wise addition of the oxidant (slow oxidant addition was necessary
for cyclohexene epoxidation; v. Section 3.3.3, but it is detrimental
for the TMP oxidation [41]). The oxidant efficiency was rather high
in these experiments, with values around 75%, fully in line with
other previous measurements [44].

The TMP conversion was very close to 100% for all catalysts
after 30 min. In terms of turn-over frequency (TOF), the differences
were more marked: conventional Ti/MCM-41 showed higher activ-
ity (TOF=2.7 min~!) then Ti4/SiO, materials (TOF=1.6-2.2 min"1).
This might be explained either by some gradual reduction of the
number of accessible Ti sites in the supported cluster species or
by changes in the nature of the active site (e.g., altering coor-
dination number of Ti(IV) from 4 in a single site to 5 in a
dinuclear centre), hence affecting the oxidising capacity of the Ti
site in the oxidation of the coordinated substrate molecule [44].
However, in terms of selectivity to TMBQ, the performance over
Tiy/SiO, catalysts was far better than over reference conventional
Ti/SiO, systems that comprise site-isolated Ti centres. In fact, the
quinone was practically the only product when the titanium(IV)
peroxocomplex was used as precursor, whereas larger amounts
of side products (mostly, 2,2’,3,3’,5,5-hexamethyl-4,4’-biphenol
and 2,3,6-trimethyl-4-(2,3,6-trimethyl)phenoxyphenol, originated
from C-C and C-0 coupling of intermediate phenoxyl radicals [46])
were detected over Ti/SiO,-N and Ti/MCM-41 with comparable Ti
loading, in the range from 1 to 2 wt.%. This is therefore a confirma-
tion that clusterized polynuclear Ti sites (such as those obtained
from tetranuclear Ti peroxocitrate complex) show, at least in this
particularreaction, superior performance with respect toisolated Ti
single sites [44]. In fact, while for Ti/silica catalysts prepared using
mononuclear Ti precursor (Ti/SiO,-N and Ti/MCM-41) the selec-
tivity to TMBQ increased with increasing Ti surface concentration,
the use of the polynuclear Ti peroxocomplex precursor gave excel-
lent selectivities even at rather low Ti loadings and, hence, at low
Ti surface concentrations. The close proximity of Ti sites with one
another is therefore an important prerequisite to obtain TMBQ in
nearly quantitative yields.

3.4. Evaluation of the heterogeneous nature and recyclability of
the catalysts

The heterogeneous nature of the citratoperoxotitanate(IV)-
derived silica catalysts was verified under the conditions used in the
reaction described above. Hot filtration tests followed by separa-
tion of the solid catalyst were performed and the resulting solution
was tested in catalysis to evaluate any leaching of active homoge-
neous Ti species. In no case, homogeneous and catalytically active Ti
species were formed in the presence of aqueous hydrogen peroxide
or dry TBHP.
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Table 5
Catalytic performance of Ti-containing catalysts in TMP oxidation.

Catalyst Ti content (Wt.%) Ti surface concentration?® (Ti atom nm~2) TMP conversion (%) TMBQ selectivity (%) TOFyp ® (min~")
Tis[SiO,-D-1 1.26 0.30 99 96 2.0
Tig/SiO,-D-2 2.18 0.52 97 100 22
Tis[SiO2-N-1 1.19 0.22 96 99 1.6
Ti/SiO2-N 2.09 0.38 97 91 14
Ti/MCM-41 2.00 0.26 98 77 2.7
Ti/MCM-41 0.95 0.12 97 47 2.7

Reaction conditions: 0.1 M TMP, 0.35 H,0,, 0.006 mmol Ti catalyst, 1 mL acetonitrile solvent, 80 °C, 30 min.

2 Estimation based on BET surface area of the support and Ti content.

b (moles of TMP consumed)/(moles of Ti x time), determined from the initial rates of TMP consumption.

Tiy/SiO, catalysts were easily recovered by filtration, washed,
calcined and reused, at least, in a second catalytic run. The calcina-
tion step at 500 °C was necessary to remove the organic by-products
(ca. 2-5wt.%, as shown by TGA analysis) that lead to deactivation
of the Ti centres and to regenerate the chemical environment of the
catalytic sites. The recycled catalysts kept their oxidation ability. In
particular, reused Tig/SiO, systems showed a small loss (ca. 8-10%)
of activity for limonene and trans-stilbene with respect to fresh
catalyst. For cyclohexene epoxidation, fully comparable or even
slightly better activity with respect to the first run was recorded.
For TMP oxidation, the catalysts were reused in several consecutive
catalytic runs and solids with a higher Ti concentration showed to
be more stable to deactivation than the catalysts with a lower Ti
loading.

In general, no remarkable changes in selectivity to desired prod-
ucts were observed over the reused catalysts with respect to the
values obtained on fresh systems.

4. Conclusions

The impregnation in aqueous solution of tetranuclear cit-
ratoperoxotitanate(IV) complex over commercial non-ordered
mesoporous silica proved to be a simple, cheap and sustainable
method to synthesize active catalysts for the selective oxidation
of different classes of organic substrates. Such kind of Ti(IV)-
containing catalysts can be prepared in a straightforward, safe and
reproducible way over a broad variety of supports (either com-
mercial or custom-made), since no rigorously controlled reaction
conditions, no special handling and no uncommon reagents are
required.

Tig/SiO, catalysts can be used in the presence of TBHP or aque-
ous hydrogen peroxide and they showed, in general, catalytic
performances fully comparable to or, in some peculiar cases, even
better than those obtained with titanium-silicate materials pre-
pared via conventional post-synthesis grafting approaches from
organometallic precursors. In particular, Tis/SiO, are suitable oxi-
dation catalysts for those application in which a strict Ti(IV) site
isolation is not mandatory and where, on the contrary, the presence
of oligomeric TiOy species is beneficial.

For these reasons, citratoperoxotitanate(IV)-derived silica cat-
alysts can be considered a valid alternative to costly ordered
mesoporous titanosilicates as catalysts for the selective oxidation
of a broad range of substrates with different characteristics.
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