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Introduction

“Green chemistry” is a general name that represents the 21% century’s way to “do chemistry”. It
is based on the design of chemical products and processes that reduce or eliminate the use or
generation of hazardous substances [1]. In other words, green chemistry consists of using
chemicals and chemical processes designed to reduce or eliminate negative environmental
impacts. Green chemistry technologies provide a number of benefits, including reduced waste,
eliminating costly end-of-the-pipe treatments, safer products, reduced use of energy and
resources and improved competitiveness of chemical manufacturers and their customers. The 12
main principles of a green chemistry developed by Paul Anastas and John C. Warner are the
following [2]:

1) Prevention

It is better to prevent waste than to treat or clean up waste after it has been created

2) Atom economy

Synthetic methods should be designed to maximize the incorporation of all materials used in

the process into the final product

3) Less Hazardous Chemical Synthesis

Wherever practicable, synthetic methods should be designed to use and generate substances

that possess little or no toxicity to human health and the environment.

4) Designing Safer Chemicals

Chemical products should be designed to effect their desired function while minimizing their

toxicity

5) Safer Solvents and Auxiliaries

The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made

unnecessary wherever possible and innocuous when used.

6) Design for Energy Efficiency

Energy requirements of chemical processes should be recognized for their environmental and

economic impacts and should be minimized. If possible, synthetic methods should be

conducted at ambient temperature and pressure

7) Use of Renewable Feedstocks

A raw material of feedstock should be renewable rather than depleting whenever technically

and economically practicable

8) Reduce Derivatives



Unnecessary derivatization (use of blocking groups, protection/deprotection, temporary
modification of physical/ chemical processes) should be minimized or avoided if possible,
because such steps require additional reagents and can generate waste.

9) Catalysis

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents

10) Design for Degradation

Chemical products should be designed so that at the end of their function they break down
into innocuous degradation products and do not persist in the environment.

11) Real-time analysis for Pollution Prevention

Analytical methodologies meed to be further developed to allow for real-time, in-process
monitoring and control prior to the formation of hazardous substances.

12) Inherently Safer Chemistry for Accident Prevention

Substances and the form of a substance used in a chemical process should be chosen to

minimize the potential for chemical accidents, including releases, explosions, and fires.

The concept of Green Chemistry is a part of the more general approach of Sustainable

Chemistry [3]. As evidenced by the principles listed above, one of the most important guideline
of Green Chemistry is to avoid the use of hazardous substances.
Obviously, strong oxidants can be listed between the most hazardous reagents. Between them
manganese or chromium oxides, metal permanganates or bichromates, nitric acid etc. are often
used in industrial oxidations reactions [4-11]. The importance of these processes together with
the high impact of strongly oxidising agents leads Green Chemists towards the research of
suitable alternative routes for oxidation reactions.

Oxidation catalysis plays a leading role in industry, since the oxidation is the tool for the
production of vast quantities of intermediates and monomers for the polymer industry. In
particular, alkene epoxidation is a reaction of a great importance of industrial organic synthesis.
Epoxides are key raw materials in the production of a wide variety of products [12] and many
efforts are devoted to the development of new active and selective epoxidation systems that
avoid the formation of by-products and that are environmentally friendly [1, 13].

During last 40 years there has been an increasing interest for the development of
heterogeneous catalysts for oxidation reactions in the liquid phase with aqueous H,O, or organic
hydroperoxides such as tert-butylhydroperoxide [14, 15]. One of the first important examples of
use of a sustainable catalytic system in an industrial processes is titanosilicalite-1, TS-1. In the
late 1970s, TS-1 was synthesized by Enichem and it was shown that it can catalytically and

selectively oxidize certain organic compounds in the presence of H,O, (for example, phenol to
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hydroquinone [16], propene to propene oxide [17]). Such great features of titanium silicalite-1
are due to a combination of isolated tetrahedral titanium centers in a MFI structure and
hydrophobic acid-free environment [18]. Nevertheless, since microporous materials have a
limitation in their small pore size, only small and poorly functionalized substrates are able to be
converted on such catalysts. The oxidation of bulkier substrates requires the synthesis of
materials with larger pores. From here , the idea of using MCM-41 [19] and SBA15 [20-22] as
supports or as matrices for titanium atoms. [23].

It has to be underlined that, the need of using less strong oxidants than those typically adopted in
industrial oxidations, unavoidably request the use of suitable catalysts.

Therefore, and following 12 principles, the next paragraphs will be devoted to a better
explanation of the concepts of “catalysis”, and on “the use of sustainable oxidants”, especially in

the particular case of the alkene epoxidation.

I. Catalysis

Catalysis is mainly divided into two branches: homogeneous and heterogeneous. Homogeneous
catalysis deals with the use of a catalyst that is in the same phase of the reaction mixture, usually
in liquid phase. In heterogeneous catalysis the catalyst is in a different phase: typically, the
catalyst is a solid, while the reaction media is in gas/vapour or liquid phase. The main advantage
of homogeneous catalysis is that active sites are spatially well distributed and separated one from
another, as it also occurs in enzymes in Nature. Thus, there is a constant and optimum interaction
between each active site and the substrate molecules [24]. The main drawback of the use of
homogeneous catalysts is the difficult recycling and separation of the catalyst from the products.

Heterogeneous catalysts, on the contrary, can be quantitatively separated, purified and reused.
However, further efforts have to be applied in synthesizing new heterogeneous catalysts to reach
the activity and selectivity close to homogeneous ones. One of the most promising strategy is, in

this sense, the use of Single Site Heterogeneous Catalysts (SSHC).

1. Single Site Heterogeneous Catalysis (SSHC)
During last two decades different attempts have been performed to fill the gap between

homogeneous and heterogeneous catalysis, to transfer the homogeneous molecular approach to
heterogeneous catalysis that led to the development of Single Site Heterogeneous Catalysis
(SSHC) [25, 26]. A single site heterogeneous catalyst is a solid where the catalytically active
sites are well-defined, evenly distributed entities (single sites) with a definite chemical

surroundings, as in conventional homogeneous systems, but which show all the advantages of
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heterogeneous systems, in terms of separation, recover and recyclability. Such single sites are
typically located over solid supports with high surface area and present the following general
features:
« consist of one or few atoms (as in the case of chemically defined metal clusters);
« are spatially isolated one from another;
* have all identical energy of interaction between the site itself and a reactant;
« are structurally well characterized.
There are two main methods to create single-site centres:
1) in-matrix synthesis;

2) post-synthesis modifications.

1.1. In-matrix synthesis

In the first case, the atom-isolated catalytically active sites are homogeneously dispersed in the
matrix of the support and they are located at or adjacent to ions that have replaced framework
ions of the parent structure. The precursor of the active species is already present in the synthesis
mixture of the final material, together with the other components, and the single sites are
introduced during the synthesis step (e.g., during the hydrothermal synthesis of a zeolite or the
co-precipitation step of an amorphous mixed oxide). The chemical environment of the site (in
terms of hydrophilic/hydrophobic character, surface acidity, steric constraints, etc.) is strongly
dependent on physical-chemical characteristics of the matrix. As a main drawback, some centres
can be ‘buried’ within the bulk of the solid and they can be not accessible and available for
catalysis. Moreover, the presence of ‘heteroatoms’ in the synthesis mixture may affect critically
some preparation phases (gelation, crystallization, condensation, etc.) and it is then often
necessary to set up a completely new synthesis protocol for every new desired material. Such
approach can be very time-consuming, but the possibility of regeneration of these catalysts is

generally better than the one of catalysts obtained via post-synthesis techniques.

1.2. Post-synthesis modifications
Metal catalytic active centres can be added to a pre-existing mesoporous support in a second

step, by post-synthesis modifications. The metal sites can be deposited, heterogenised, tethered
or linked to a previously synthesized silicate (Figure 1) and by these techniques it is possible, in
principle, to obtain metal silicate catalysts from any sort of silica solids, also commercially
available [27-29].



Metal silicates obtained via post-synthesis modification generally show a very good accessibility
of the catalytic metal centres, as they are added onto the surface of a mesoporous silicate.
Conversely, one-step in-synthesis techniques lead to solids with an even distribution of metal
centres, some of which can be ‘buried” within the bulk of the solid and therefore they are not
accessible and available for catalysis. The different exposure of catalytic sites in isomorphically
substituted metal silicates, prepared by in-synthesis techniques, and materials obtained by post-
synthesis grafting has been evaluated and quantified, for instance, in the epoxidation of cyclic
alkenes over Ti-MCM-41 [30,31]. Under the same conditions, with the same Ti content and fully
comparable structural features, grafted Ti-MCM-41 are up to 10 times more active (in terms of
initial TOF) than in-matrix Ti-MCM-41.

In terms of regeneration and recoverability, metal silicates obtained by one-step methods can be
more easily recycled than those obtained by post-synthesis techniques, since they can efficiently
withstand calcination and severe washing treatments without losing their structural stability and
chemical integrity. On the contrary, post-synthesis materials are, in principle, more prone to
leaching and deactivation since the metal centres are more exposed towards the reaction
medium. Moreover, when they contain organic moieties, such as carbon-chain tethers, ligands or
organic modifiers, they can be sensitive to calcination and severe oxidation conditions that lead
to the disruption of the carbon species. So, according to the catalytic application, either post-
synthesis or in-synthesis materials can be the best choice.

Finally, by post-synthesis modification, it is possible to add a further catalytic metal centre to a
pre-existing metal centre, obtained by either in-synthesis or post-synthesis techniques. These are
therefore catalysts with a bifunctional character where two active centres are present thanks to
the spatial segregation offered by the solid support [32,33].

MLn+ - ellectrost.atic
e interaction
M~ anchoring
@ grafting
@ ————— physical
deposition
L ]
ML, encapsulation
ey

mesoporous silicate
Figure 1. Post-synthesis modifications of mesoporous silicates. Several strategies are chosen to

introduce catalytic functions onto the support.



M: catalytically active metal; C: non-active counterion; L: ligand.

The strategies to obtain metal silicates from mesoporous silica supports can be summarized into
five main groups: 1) electrostatic interaction; 2) anchoring; 3) grafting; 4) physical deposition

and 5) encapsulation.

1.2.1 Electrostatic interaction
The electrostatic interaction approach derives from the deep know-how in ion exchange

techniques developed with zeolites and zeotypes. Typically, metal cationic species (either metal
ions or complexes) can exchange labile positively charged counterions (e.g. Na* or H*) on the
surface of an acidic support, such as an aluminosilicate, and a ion-exchanged mesoporous silicate
is obtained. In these cases, particular attention has to be paid to the physical-chemical properties
of both the surface and the solvent the precursor is dissolved in. Factors such as the isoelectric
point of the oxidic surface, the nature of the counterions on the surface, the dipolar moment of
the solvent or the presence of protic species must be carefully considered. For instance, a
Mn(l11)-salen complex can be immobilized in the pores of AI-MCM-41 via the in situ reaction of
the ligand (R,R)-3,5-di-tert-butylsalen with a previously exchanged Mn(l1)-Al-MCM-41 [34,35].
This system was an effective catalyst for the epoxidation of cis-stilbene with PhlO at room
temperature with a catalytic performance remarkably different from that obtained with the free
homogeneous complex [Mn('Buysalen)CI] or with the Mn(salen)-Al-MCM-41, in which the
complex is deposited on the external surface only of the molecular sieve. Such change in
stereoselectivity indicates a confinement effect due to the immobilization of the Mn complex
within the mesoporous network of Al-MCM-41 [32]. However, these systems can suffer from
metal leaching as a major drawback.

If the mesoporous silica support does not possess exchangeable ionic sites, a ionic moiety, able
to create ion pairs, can be covalently deposited onto the support. Then the catalytically active
species is bound by ion-pair interaction. Anionic Cr(IV) species or phosphotungstic acid can be
immobilized onto imidazolium-functionalized silica (pyrogenic or SBA-15) and the negligible
leaching of anions under the reaction conditions indicates a strong interaction between the metal
and the imidazole moiety (Figure 2) [36,37]. So, H2[PW1,040]" was used as an efficient catalyst

for epoxidation of a variety of olefins using aqueous H,0, [35].
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Figure 2. Anionic Cr or W species immobilized via ion-pair onto imidazolium-functionalized

silica

Ordered mesoporous silicates are the support of choice in the case of very large cationic species,
as in the case of a hydroxo-bridged dinuclear cupric complexes, [(phen),Cu-OH-Cu(phen),]**
(phen = 1,10-phenanthroline) to mimic catechol oxidases in the oxidation of 3,5-di-tert-
butylcatechol to the corresponding quinine [38]. The complexes immobilized in MCM-41 or
MCM-48 showed a better stability against the irreversible dissociation of dinuclear cupric
complexes thanks to their optimal pore size, while Na-Y zeolite has too small a pore size to
stabilize them.

1.2.2 Anchoring and Grafting
The active centre can be added to the silicate support as a precursor via irreversible deposition,

by anchoring or grafting, onto the surface as it is, by the formation of covalent bonds, or after
functionalisation with a side chain (a tether) [39,40].

In the anchoring technique (Figure 3a), the active metal maintains the definite chemical
surroundings as in the parent homogeneous precursor, since the formation of the covalent bonds
takes place only at the opposite end of the tether. Such techniques merges the benefits of
homogeneous catalysts (high regio- chemo- and stereoselectivity) to the advantages of
heterogeneous systems (easy separation, recover and recyclability).

Conversely, in the grafting technique, the metal site has a different chemical surrounding with
respect to the parent precursor, since the coordination shell around the metal centre is partially
modified during the covalent deposition and a new reactivity of the active species can be
expected (Figure 3b).
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Figure 3. Covalent modifications of mesoporous silicates: anchoring and grafting.

Covalent anchoring is a good strategy to immobilize large and bulky moieties onto the surface of
mesoporous silicates, provided the mesopores are large enough to accommodate the guest
species. As an example, a Ti-containing polysilsequioxane (Ti-POSS), a complex widely used as
a soluble model for Ti single sites in a silica matrix, was anchored via covalent bonding to the
surface of a mesoporous SBA-15 silica (Figure 4). The final Ti-POSS-SBA-15 material revealed
a good dispersion of the Ti sites with catalytic activity in the liquid-phase epoxidation of
limonene to limonene oxide [41].
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Figure 4. Anchoring of a Ti-POSS onto the surface of SBA-15 silica (R = isobutyl; R’=
isopropyl group) (adapted from [39])

The techniques of immobilization can be different and rely either on the synthesis of silica-
bound ligand followed by complexation with metal ions or by the direct immobilization of
preformed metal complex to the silica support [42]. A bulky Ru-porphyrin complex
(Ru(TDCPP)(CO)(EtOH) where TDCPP = meso-tetrakis(2,6-dichlorophenyl)phorphyrin) was
anchored onto a propylamine-modified MCM-41 obtained by reaction of (3-
aminopropyl)triethoxysilane with the channel surface of the freshly calcined MCM-41 [43]. This
system is active for the epoxidation of aromatic and aliphatic alkenes with Cl,pyNO. In the (+)-
limonene epoxidation (which contains an endocyclic trisubstituted and an exocyclic terminal
C=C bond), a preferential formation of the exocyclic epoxide was observed, whereas on the

homogeneous system the endocyclic one is favoured, since the hindered endocyclic C=C bond is
12



more inaccessible to the anchored Ru centre within the MCM-41 structure than the exocyclic
alkene. In other cases, the supported Ru catalyst is active in oxidation, whereas the homogenous
precursor is not. A p-cymene-coordinated Ru-N-sulfonyl-1,2-ethylendiamine complex when is
tethered onto a Aerosil 200 SiO, surface is active in the stilbene epoxidation with a
O,/isobutyraldehyde system, while Ru(NH3)sCls or Ru(bpy).Cl, under homogeneous conditions
are totally inactive [44, 45].

Anchoring is also particularly suitable in the case of stereoselective oxidations, in order to
immobilize homogeneous oxidation catalysts optimised for the use under liquid-phase
conditions. These systems are deposited in porous silicates not only without losing their
properties (as anchoring preserves the chemical surroundings and the chiral directing species
around the active metal), but even enhancing and improving their stereoselectivity due to
confinement effects [46, 47, 48]. Mn(salen) complexes, when covalently immobilized inside
siliceous nanopores, also exhibit the effect of enhancement of chirality owing to confinement
effect in the enantioseletive epoxidation of non-functionalized olefins [49, 50, 51]. The
confinement effect originating from nanopores not only enhances the chiral recognition of the
catalyst, but also restricts the rotation of the intermediate within the nanopores, enhancing the
asymmetric induction and giving higher enantiomeric excess values than those obtained for the
same catalysts anchored on the external surface. In order to introduce the complex exactly and
only inside the support mesopores, the silanol groups located on the external surface can be
previously ‘passivated’ (e.g. by selective silylation), so that the chiral catalysts are anchored
exclusively via the reaction with the free silanol moieties on the internal surface [33,52].

On the other hand, grafting methods were developed expanding the concept of surface
organometallic chemistry in the 1980s [53]. Thanks to the systematic study of the reactivity of
organometallic complexes or coordination compounds with the surface of non-porous pyrogenic
(Aerosil) silica [54], the surface of the silicate can be considered as a ligand for an
organometallic molecular species, where the pendant silanol groups (on Aerosil whose typical
surface area is 200 m?g?, the silanol surface concentration is ca. 0.7 =SiOH nm™) bind
covalently the organometallic precursor [55,56]. Later, a significant advance was made when
Ti(IV) centres were grafted onto MCM-41 mesoporous silica using titanocene dichloride
[Ti(Cp).Cl;] (Cp = CsHs) [30,57].This sort of Ti(IV)-grafted mesoporous silica could be applied
to the epoxidation of a large variety of alkenes and to the oxidation of alkylphenols with high
selectivity and good activity [58-64]. In principle, the bulky cyclopentadienyl ligand should limit
the coalescence of Ti species on the surface and control the formation of undesired large TiO,-
like domains, but with high Ti loadings (higher than ca. 5 wt.% in Ti) some important bands due

to TiO,-like connectivity are observed [58,65]. Nevertheless, the Ti(IV)-SiO, catalyst for olefin
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epoxidation developed by Shell for the styrene monomer-propylene oxide (SMPQ) process can
be considered a grafted catalyst as well, since TiCl, is deposited onto an amorphous silica
support and the Ti(IV) species active in epoxidation are formed by surface hydrolysis of the
inorganic precursor [66-68]. The catalyst is prepared in a multistep gas-phase process by
deposition of the Ti precursor (TiCl, or an organotitanium compound), heating the obtained
material, followed by steaming and silylation [69, 70]. The Shell Ti(1V)/SiO; catalyst is effective
because of the formation of site-isolated Ti species on the surface of the support and because of
the increased Lewis acidity of the Ti(IV) due to electron withdrawing effect by the siloxy ligands
[71]. More recently, an exponential evolution of the Shell approach can be seen in the synthesis
of Ti(IV)-silica catalysts by grafting TiCl, onto ordered mesoporous silicates MCM-41, MCM-
48 and SBA-15 [72,73] as well as other alkoxides, such as Ti(OiPr), [74-79], Ti(OBu)4 [80] or
Ti(OEt), [81] onto both ordered and non-ordered mesoporous silicas. In fact, they showed
interesting results in the epoxidation of non-functionalized alkenes, dienes and allylic alcohols
with tert-butylhydroperoxide as oxidant and aqueous hydrogen peroxide, sometimes, under mild
conditions [82, 83]. Again, in the particular case of Ti(IV), a huge variety of non-conventional
different precursors has been investigated for grafting: e.g. Ti(triethanolaminate)-isopropoxide
[84],[SiMe2(n°-CsH4)2]TiCl, [85], [{Ti(OiPr);(OMent)},] and [Ti(OMent);] (OMent =
1R,2S,5R-(-)-menthoxo) [86], [(‘BuO),Ti{u-0,Si[0Si(0'Bu)s]}]> [87] or [Tie(ps-O)s(u-
0,CCsH,OPh)s(OEt)¢] [88].

Different transition metals too can be grafted onto mesoporous silica using the metallocene route
and active centers composed of isolated Zr(IV), Hf(1V), Mo(V1), Cr(VI) and VO(IV) have been
described [89, 90, 91]. So, grafting techniques are often used to obtain isolated catalytic centres
in single-site supported heterogeneous catalysts for oxidations. For instance, tin centres on
MCM-41 were recently prepared by grafting SnMe,Cl, and subsequent calcination. The Sn
single sites obtained in such way were compared to the ones obtained via direct synthesis and
they proved to be active in the Baeyer—Villiger oxidation of adamantanone, with a TOF value
(160 h™) very close to the one recorded over Sn-BEA (165 h™) prepared by isomorphous
substitution [92]. Similarly, a wide series of transition and post-transition metals, such as Fe, Zr,
Cr, Mo, Ta, Mo, Cu or Al, can be grafted onto the surface of mesoporous silica [93-103]. A
controlled grafting process can be obtained through atomic layer deposition (ALD), which uses
organic solvents and anhydrous conditions to control the deposition of tungsten oxide species
onto the silica surface and to avoid the formation of WOy oligomers prevalent in aqueous
solutions at nearly neutral pH [104]. Tungsten oxide species are highly dispersed on SBA-15
surfaces, even at 30 wt.% WO, content, with surface density of 1.33 WO,/nm?. ALD methods

led to samples with much better thermal stability than those prepared via impregnation.
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Another complementary approach to grafting relies on molecular precursors of Ti, Cr, Fe, Ta or
VO, that are deposited by thermolysis [105-108], rather than by liquid-phase nucleophilic attack
of the Si-OH groups on the metal centre, as in the examples mentioned above (Figure 5). In these
cases, the desired atomic environment aimed at in the final catalyst (e.g. Ti(OSi=), or -
Ti(OSi=),) is already present in the thermolytic precursor and in the final material it is always
covalently bound to the silicate support (as in all grafted catalysts). So, for instance, starting
from (iPrO)Ti-[OSi(OtBu)s]s, the local environment achieved at the end in the single-site
catalyst is -Ti(OSi)s. Typical supports are the high-area mesoporous silicas MCM-41 and SBA-
15, the latter being, for this purpose, distinctly more thermally stable than the former.
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Figure 5. Preparation of single-site catalysts on mesoporous silica through thermolytic
molecular precursors such as M[OSi(OtBu)3],. Adapted from [87].

Finally, redox-active metal centres can be added by simple impregnation of inorganic metal salts
(typically nitrates, chlorides or, less frequently, sulfates) onto the silicate support and by a
calcination step to fix it irreversibly on the surface as MOy species [109, 110]. Such
impregnation-calcination approach has also been employed to obtain oligomeric (=Ti-O-Ti=),
species with controlled nuclearity (dinuclear or tetranuclear) for the highly selective oxidation of

alkylphenols to benzoquinones with hydrogen peroxide [58, 111].

1.2.3 Physical deposition
Metal active centres can be immobilized onto the surface of a silicate support by physical

deposition, based on non-covalent interactions, such as hydrogen bonding, weak van der Waals
interactions, n-stacking, etc. A Ti-SiO, catalyst with highly isolated Ti centres was prepared by
ion-bean implantation directly from Ti metal [112, 113]. The Ti atoms are ionized first and the
ionized Ti beam is accelerated under high voltage to be implanted at high speed onto a non-

ordered silica. The Ti ions implanted onto the support are highly isolated since the ion density
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ion the beam is low and the ions are repelled from each other in the beam. Analogously, a
deposition by gentle adsorption (with no further treatments under harsh conditions) allows one to
obtain to heterogenize complex species without altering their pristine nature. So, a Ti(IV)
silsesquioxane [{(c-CsH11)7Si7012} Ti(n>-CsHs)] can be irreversibly adsorbed on the surface of
Al-free MCM-41 to give a self-assembled heterogeneous catalyst that is prone to neither
leaching nor deactivation [114]. According to the authors, the poorly hydrophilic nature of the
support, in comparison with an aluminosilicate-containing MCM-41, is ideal for the strong
adsorption and confinement of the silsesquioxane complex in the mesoporous network. In all the
systems deposited by physical deposition, a careful evaluation about the absence of leaching
and/or degradation of the active species must be carried out, especially when, in liquid-phase
oxidations, any change in the polarity or the solvating properties of the reaction medium can lead
to a re-dissolution and re-dispersion of the heterogenized metal species.

1.2.4 Encapsulation
Encapsulation covers a large selection of methods for immobilising catalytically active species

within the pores of microporous and mesoporous silicates and it does not require any attractive
interaction between the metal precursor (typically, a bulky metal complex) and the support. It
allows one to keep unaffected the optimal performances of the original homogeneous catalysts.
In some cases, thanks to a positive cooperative effect, it is also possible to have a final system
with improved characteristics (in terms of activity and/or selectivity) with respect to the parent
precursor. For instance, encapsulated metal complexes are assembled in situ via intrazeolite
synthesis and complexation and, for this reason, they are referred to as ‘ship-in-the-bottle’
complexes [115, 116]. Once formed, the metal complexes are spatially entrapped in the
molecular sieve, since they are too bulky to diffuse out, whereas the reactants and the products
can freely move through the pores. Alternatively, the preformed metal complex can be added to
the silicate synthesis gel and the solid is induced to grow around the catalytically active metal
complex. Encapsulated metal complexes are easily separated from the reaction media and can be
reused, with no metal leaching. This kind of materials often show, with respect to the
homogeneous parent complex, enhanced: (1) activity, thanks to sorption by the solid matrix
and/or concentration effects; (2) selectivity, as detrimental free-radical side reaction, that occur
in solution, are mostly suppressed in encapsulated systems, and (3) stability, since catalyst
deactivation pathways are hindered by local site isolation of the complexes inside the matrix.

The most remarkable examples of encapsulation were developed on zeolites (typically, faujasite
X or Y zeolites with pore diameters of 0.74 nm), in particular for high-added value chiral
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oxidations. Chiral Mn(salen) species was encapsulated within a Y-zeolite (FAU) by the ship-in-
a-bottle method and used in oxidation of various olefins using PhlO and these are the
encapsulated forms of Jacobsen’s catalyst [117-119] Analogously, the dicationic [VO(bipy).]*
complex was encapsulated via intrazeolite complexation method, by reacting VO**-excanged
NaY zeolite with 2,2’-bipyridine and tested in the oxidation of cyclohexane with H,O, [120].
Again, a highly efficient chiral dichlororuthenium(1V) porphyrin-silica catalyst was prepared via
sol-gel method, synthesizing the mesoporous silica matrix around the complex, and it showed to
be active in the asymmetric epoxidation of alkenes [121]. Some attempts of metal complex
encapsulation (Cu phthalocyanines and porphyrins) in ordered MCM-41 were reported [122,
123], but the lack of catalytic data on these catalyst suggests their stability to leaching is not
high. However, mesoporous silicates with an adequate geometry, suitable for spatial
confinement, such as the cage-and-channel structure of SBA-16, can be efficiently used for
encapsulation. Co(salen) complexes can be synthesized in the mesoporous cages of SBA-16 via
the ship-in-a-bottle method. The pore entrance size of SBA-16 was then precisely tailored by
varying the autoclaving time and silylation with phenyltrimethoxysilane to trap Co(salen)
complex in the cage of SBA-16 [124, 145].
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2. Microporous and Mesoporous Silicas

According to IUPAC, porous materials can be divided into three groups: microporous (<2 nm),
mesoporous (2-50 nm) and macroporous (>50 nm) materials. Microporous and mesoporous
inorganic solids are extensively used as heterogeneous catalysts and adsorption media [126]. The
utility of these materials is manifested in their microstructures which allow molecules access to
large internal surfaces and cavities that enhance catalytic activity and adsorptive capacity. A
major subclass of the microporous materials are molecular sieves. These materials are
exemplified by the large family of aluminosilicates (zeolites), that are the most widely used
catalysts in industry [127]. They are crystalline microporous materials which have become
extremely successful as catalysts for oil refining, petrochemistry, and organic synthesis in the
production of fine and speciality chemicals, particularly when dealing with molecules having
kinetic diameters higher than 1 nm. Zeolites have the following features that make them being so
successful in catalysis: [128]

1) They have very high surface area and adsorption capacity;

2) The adsorption properties of the zeolites can be controlled, and they can be varied from
hydrophobic to hydrophilic type materials.

3) Active sites, such as acid sites, can be generated in the framework and their strength and
concentration can be tailored for a particular application.

4) The sizes of their channels and cavities are in the range typical for many molecules of interest
(0.5-1.2 nm).

5) Their intricate channel structure allows the zeolites to present different types of shape
selectivity, i.e., product, reactant, and transition state shape selectivity, which can be used to
direct a given catalytic reaction toward the desired product avoiding undesired side reactions.

6) All of these properties of zeolites, which are very important in catalysis and make them
attractive choices for the types of processes listed above, are ultimately dependent on the thermal
and hydrothermal stability of these materials.

Despite these catalytically desirable properties of zeolites, they prove to be inadequate when
reactants whose size is above the dimensions of the pores have to be processed. In this case, the
rational approach to overcome such a limitation is to maintain the porous structure, which is
responsible for the benefits described above, and to increase their diameter to bring them into the
mesoporous region. Thanks to innovative synthesis strategies, an evolution towards structured
materials with larger pores is obtained. After the first reports, introducing the M41S family of

ordered mesoporous silicas at the beginning of the 1990s, the synthesis of advanced mesoporous
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materials has undergone exponential growth. The synthesis of mesoporous materials is an ever-

increasing and active field of research.

2.1. The main synthetic approaches to mesoporous materials

The synthesis of inorganic mesoporous materials is based on the use of organic template
molecules that are used in different assembly processes or textural templates, around which the
inorganic precursor can condense (Scheme 1) [129-134].
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Scheme 1. Main synthetic approaches to mesostructure materials. A) Liquid crystal templating,

B) self-assembly and cooperative self-assmbly, C) nanometric building blocks.

A large diversity in synthesis approaches is known for the formation of different materials, and
relatively similar materials (e.g. MCM-41, MCM-48, SBA-15) can be made by different
synthesis methods and surfactants, each of them allowing other parameters to be altered and
controlled. Next to differences in chemical ratios, the nature of the chemicals and additives that
are applied as well as synthesis temperatures and times, also alternative synthesis set-ups and
combinations thereof are used to obtain the necessary synthesis conditions (reflux set-ups,

autoclaves for hydrothermal treatments and microwaves) [135-141]. Basically, the synthesis of
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mesoporous materials and its control can be limited to the altering of the combination of the
chosen surfactant type, the specific synthesis mechanism and the interaction of the silica source
with the template molecules (if present) [132]. For example, M41S materials are made by S*I
(cationic surfactants and anionic silicate species) direct interaction between an ionic, positively
charged MOS (molecular-based organized system) surfactant and a negatively charged silica
source in a basic environment. Three types of mechanisms, liquid crystal templating, self-
assembly and cooperative self-assembly have been suggested for the synthesis of M41S
materials based on the applied synthesis conditions [128, 132, 136]. SBA materials, on the other
hand, have been made by use of POS (polymeric based organized system) surfactants that
interact through an indirect reaction of the template with the positively charged silica source
((SPH")(X1%)) in acid medium [142-144].

A general synthesis for the preparation of tempated mesoporous materials can be described as
the dissolution of the template molecules in the solvent (with attention for pH, temperature,
additives, co-solvents) followed by addition of the silica source (TEOS, metasilicate, fumed
silica) After a stirring period at a certain temperature to allow hydrolysis and precondensation,
the temperature is increased (sometimes combined with hydrothermal treatment or microwave
synthesis, the addition of additives or changes in the pH) in order to direct the condensation
process. Then, in the following step, the products are recovered, washed and dried. Finally, the
template needs to be removed by calcination procedures or extraction methods. The latter is
environmentally and economically the preferred procedure since it allows the recovery and
recycling of the templates. However, extraction processes are often incomplete [145] and cannot
be executed for all surfactants and materials. Moreover, in contrast to calcination procedures at
high temperatures, extraction methods do not result in an additional condensation of the silica

framework.

2.2. M41S materials

M41S is the generic name for a whole family of various types of MCM (Mobil Composition of
Materials) materials in the mesoporous range. The first ordered mesoporous materials known as
M41S were reported in 1992 by Mobil [146-152]. The Mobil researches introduced self-
assembling surfactants as structure directing agents to direct the formation of SiO,
mesostructured materials.

All M41S materials have well-defined uniform of pores consisting of amorphous silica. Various

heteroelements (Al, Ti, Co, Zr, Cu, Fe, Zn) can also be added to the main matrix. By changing

20



the synthesis conditions it is possible to alter the topology of the material and therefore create
new types of structures belonging to the M41S family. In general, most M41S materials are
made in basic environment with quaternary ammonium salts (CnHzn+1(CrnHam+1)sNX with n = 6—
22, m = 1-4 and X = OH/CI, OH, ClI, Br or HSO,4) or gemini surfactants ([CnHzm+1(CH3z)2N—
CsH2s—N(CH3),CrHan+1]2Br with m and n = 16-18 and s = 2-12). The key parameters for the
M41S synthesis are the following: hydrogel composition, the type and length of the surfactant,
the alkalinity, the temperature and the synthesis time.

2.2.1. MCM-41

MCM-41 possesses an amorphous (alumino, metallo)-silicate framework forming a hexagonal
array of pores. MCM-41 has high surface areas of up to 1200 m%g and broad pore volumes. The
pores are very uniform causing narrow pore size distributions [153]. The pores are unidirectional

and arranged in a honeycomb structure over micrometer length scales (Fig. 1).

Figure 1. TEM image of the honeycomb structure and a schematic representation of the

hexagonal shaped one-dimensional pores.

The pore diameters of MCM-41 span between d,=1.5 and 20 nm. The pore walls are quite thin
with a thickness between 1 and 1.5 nm. The presence of this thin pore walls leads to low
chemical and hydrothermal stabilities [154]. To improve the stability, various techniques can be
applied: addition of various salts, post-modification methods such as ion exchange, treatment in
acid, grafting of organosilane functional groups to produce hydrophobic organic chains on the
surface [155, 156, 157].

Thanks to the simplicity and ease in the preparation of MCM-41, this material is often used as a
model in comparison with other materials or to study fundamental aspects in sorption, catalysis,
etc. [158].
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2.2.2. MCM-48

MCM-48 is a mesoporous material with a three-dimensional array of pores. The BET surface
area can reach the value of 1400 m°g™, while pore sizes and volumes are similar to MCM-41.
The wall thickness of the pores is thin for the MCM-48 as for MCM-41 causing limited chemical
and hydrothermal stabilities. The structure of MCM-48 can be described as a gyroid. The gyroid
surface divides the cube into two identical but separate compartments, creating two independent

but interwinning enantiomeric 3D pore systems (Fig. 2) [159].

Figure 2. Cubic unit cell of MCM-48 with two independent micelle systems (red and blue rods)
separated by the pore wall (upper right).

Increased interest in three-dimensional materials can be attributed to the expectation that the 3D
pore network could have some important advantages in catalysis compared with one-dimensional
ones. There is more agitation in the system due to an increased curvature in the pores. Moreover,
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the 3D network reduces the chance of restrictions in diffusion, which is not limited to one
dimension [160].

2.3. Hexagonal mesoporous silica: SBA-15

In 1998 the family of highly ordered mesoporous materials of SBA type was synthesized using
triblock poly(ethylene oxide) — poly(propylene oxide) - poly(ethylene oxide) copolymers (PEO-
PPOy-PEOy) [161]. The family includes materials with cubic cage structures Im3hm (SBA-16),
cubic Pm3hm (SBA-11) (or others), the three-dimensional hexagonal P63/mmc cage structure
(SBA-12), a honeycomb hexagonal p6mm structure (SBA-15), and lamellar (LR) and possibly
continuous L3 sponge, mesophases. Under acidic conditions, non-ionic alkyl-ethylene oxide
oligomeric surfactants often favour the formation of cubic mesoporous silica phases at room
temperature, while poly(alkylene oxide) triblock copolymers tend to favor the hexagonal (p6mm)
mesoporous silica structure.

SBA-15 is a combined micro- and mesoporous material with hexagonally ordered tuneable
uniform mesopores (4-14 nm) [162,163]. The size of the micropores depends on the synthesis
conditions and can vary between 0.5 and 3 nm in size [164-170]. It consists of thick microporous
silica pore walls (3—-6 nm) responsible for the high hydrothermal stability of SBA-15 compared
to other mesoporous materials with thin pore walls like MCM-41, MCM-48 [154, 171]. The
micropores in the walls of the SBA-15 mesopores originate from the polyethyleneoxide blocks
(PEO) in the triblockcopolymers that are directed to the aqueous solution [163, 170, 172, 173,
174], whereas the polypropyleneoxide blocks (PPO) are more hydrophobic and give rise to the
internal structure of the mesopore [175, 176, 177]. A schematic representation of the structure-
directing assembly of the PEO and PPO blocks in SBA-15 can be seen in Fig. 3.

micropore

Figure. 3. SBA-15 before and after calcination.
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Because of their large pores, high hydrothermal stability, and easy preparation, SBA-15
materials have been considered very promising materials and have been tested for several
applications: as catalysts (Al-SBA-15 [178, 179] or Ti-SBA-15 [180,181]), supports for grafted
catalysts [182,183], sorbents for polluting heavy metals [184], advanced optical materials [185]
templates for metal nanowires (Pt, Ag) [170, 186], or selective sorbents for proteins [187].
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Il1. Use of Sustainable oxidants in epoxidation reactions over Ti-containing

Single-Site Heterogeneous Catalysts

Typical oxidants used in the intermediate and fine industrial synthesis nowadays are: HNOg3, Cly,
ROOH, H,0,. For example, in Table 1 many important intermediates for chemical industry are
shown [3]. It is important to note, that in last 10 years the efforts have been devoted to use more
sustainable oxidants in the production of the shown below intermediates for the polymer
industry. If considerable effort had not been spent on the continouos improvement of the
technologies used for the productions of these chemicals, the influence of these productions on

the environment might have been much greater than it is now.

Table 1. Organic base chemicals produced by means of oxidation.

Chemical Capacity [Mta~'] Oxidant
Air O, HNO, d, ROOH H,O,
Terephthalic acid 44 X
Fomaldehyde 19 X
Ethene oxide 18 X
1.2-Dichlommethane 18 X K X
Propene oxide g X X X
Cyclohexanone [+ X X
Vinyl acetate [+ X X
Acrglonitrile 6 X
Styrene (ex PO/SM)™ 5 XX
Phenol/acetone 5 X
Phthalic anhydride 5 X
Aordlic acid 5 X
MTEE (ex PO/TBAR! 4 X
Adipic acid 3 X
Maleic anhydride 2 X
Hydrogen cyanide 2 X

[a] MTBE: methyl-tert-butyl ether; PO: propene axide; 5M: styrene (mono-
mer); TBA: tert-butyl alcohol.

However, some processes still co-produce large amounts of wastes. For example, nitric acid that
is used in the adipic acid production, [188] is cheap, but unavoidably forms various nitrous
oxides, among which the N,O. N,O is believed to contribute to the greenhouse effect and global
warming because of its strong IR adsorption, which is about 300 times stronger than that of CO,

[3]. Moreover, the amount produced is around 300 kg of N,O per tonne of adipic acid.
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For the catalytic epoxidation of olefins over heterogeneous Ti(IV) catalysts, organic
peroxides and hydrogen peroxide are used [12]. Although organic peroxides are generally much
more active than hydrogen peroxide, they are more expensive, since the active oxygen content is
rather low and they often are not considered as fully sustainable reagents. The epoxidation
reaction generates stoichiometric amounts of corresponding alcohols, which, in most cases, are
quite easily recycled via a reaction with hydrogen peroxide, but this process requires at least two
extra separation and one extra reaction steps. There is a strong need for the development of new
epoxidation methods which employ safer oxidants and produce little waste. The employment of
hydrogen peroxide is an attractive option both on environmental and economic grounds. It is
cheap, readily available and gives water as the only by-product [189]. It can oxidize organic
compounds with an atom efficiency of 47% and with the generation of water as the only
theoretical co-product. It is relatively cheap, < 0.7 US dollar per kg (100% H,0,), and about 2.4
million metric tonnes are produced for use, mainly as bleach [190]. The reaction should be
achieved with an H,O, concentration of < 60% because the use, storage, and transportation of
higher concentrations of H,O, are not desirable for safety reasons [191]. The H,O, oxidation is
particularly useful for the synthesis of high-value fine chemicals, pharmaceuticals or
agrochemicals, and electronic materials which require high chemical purity. There is a trend to
use H,O, as an oxidant for large volume processes such as caprolactam synthesis (Sumitomo
Chemical Co.) [192] and propylene oxidation (BASF and Dow Chemical Co.) [193]. One of the
major advantages of the H,O, oxidation is the high tunability of the reaction parameters.
Moreover, H,0O, displays good results with microporous TS-1, whereas with mesoporous Ti
silicas [194], it leads to a rapid deactivation of the active sites, due to the detrimental interaction
of water with Ti(IV) centres in the silica matrix. For these reasons, the use of H,O, or, in the best
case, molecular O, is a challenging and looked after topic for a selective oxidation of fine

chemicals.
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Aim of the thesis

In order to have a sustainable and environmentally friendly oxidation process, the use of
heterogeneous easily recyclable catalysts and of sustainable oxidants (H,O,, TBHP, molecular
O, or air) are necessary factors. However, the progress in this direction is obstructed by the
difficulties in finding efficient and stable heterogeneous catalysts for selective oxidations in
liquid phase [195,196].

Therefore, the aim of the present PhD thesis is the design and development of
efficient and robust heterogeneous catalysts that can be used with TBHP, H,O; or, in the
best case, molecular O, or air.

Ti in siliceous matrices [197,198] appears to be the most suitable system to perform

oxidation with peroxidic reagents, since it is more robust to leaching and selective with respect
to, e.g., Co, Mn or V-based systems [199]. In the past 20 years, a number of ordered mesoporous
titanium-silicates was synthesized and tested in liquid-phase selective oxidation reactions. Here,
the post-synthesis modification (e.g., grafting or anchoring) to obtain Ti(IV) heterogeneous
silicas was used. The main advantage of the grafting procedure is that Ti(IV) sites are situated on
the surface and all the species are virtually active and accessible in the catalyst. Furthermore, a
careful tuning of the metal and metal loading is also possible. Different precursors can be used to
obtain Ti(IV) heterogeneous silicas, such as TiCp,Cl,, TiCls, Ti(OiPr),. The disadvantage of
Ti(iOPr), is that the oligomerization process can easily occur, leading to TiO, domains, which
are often detrimental in oxidation processes. At the same time, with the use of TiCl,, the
quantities of evolved HCI are potentially damaging to the siliceous MCM-41. Titanocene
dichloride (TiCp,Cl,) was therefore chosen as the most promising precursor, because relatively
stable cyclopentadienyl ligands protect the titanium centre and, hence, prevent dimerization and
oligomerization of the Ti species.
Ti-silica catalysts were prepared by grafting of titanocene dichloride (TiCp.Cl,) onto silicas with
different characteristics: SiO, Aerosil (non porous pyrogenic material), SBA-15 (with micro and
mesoporous network), MCM-41 (mesoporous one-dimensional) and MCM-48 (mesoporous
three-dimensional).

As already introduced previously, the preferential oxidants employed in the oxidation
over heterogeneous Ti(IV) catalysts are H,O, or organic hydroperoxides, such as tert-
butylhydroperoxide (TBHP) [200]. H,O, displays good results with microporous TS-1, whereas
with mesoporous Ti silicas, it leads to a rapid deactivation of the active sites. TBHP has the

advantage of high selectivity, thanks to a heterolytic oxidation pathway, but it is not generally
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considered as a fully sustainable reagent. For these reasons, the use of H,O, or, in the best case,
air or molecular O, is a challenging topic for a selective oxidation of fine chemicals. This last
aspect was also considered in this work. In fact, the last chapter of the present manuscript is
devoted to the description of different strategies for O, activation: 1) the enzymatic approach and
2) the use of Au metal nanoparticles.

The PhD thesis is divided into six chapters, according to six main phases and topics of
the research work. In all chapters major attention was paid to the design and development of
heterogeneous catalyst for the epoxidation of unsaturated substrate molecules in liquid phase.
For all the considered catalysts and approaches, the following substrates were used: methyl
oleate, cyclohexene, trans-stilbene, limonene, dimethyl sulfoxide (DMSO). Cyclohexene and
trans-stilbene were chosen as model substrates of relatively bulky alkenes, with and without free
allylic positions, respectively. Methyl oleate was chosen as a representative substrate for the
wide series of unsaturated fatty acid derivatives used in oleochemistry. Limonene was chosen as
a model substrate of alkenes found in flavour and fragrances chemistry. Moreover, the reaction
of limonene epoxidation is useful to understand chemo- and regioselectivity of the epoxidation
process. Finally, dimethyl sulfoxide was chosen as a model substrate of recalcitrant sulfur-

conatining pollutants typically found in wastewater treatment processes.
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Chapter 1. Ti-containing heterogeneous catalysts in cyclohexene
epoxidation with hydrogen peroxide.

The epoxidation of cyclohexene is a reaction of a great interest. It used as test reaction which
allows to evaluate the activity of the catalyst and to differentiate which pathway is taking place
during the reaction: homolytic or heterolytic one (Scheme 1.1) [1]. Moreover, cyclohexene oxide

is a useful monomer in polymerization and coating industries [2].
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Scheme 1.1. Homolytic and heterolytic pathways

Cyclohexene epoxide is used in the synthesis of pesticides, pharmaceuticals, perfumery, and in
the production of adipic acid [3, 4]. Adipic acid is an important chemical, which production is
necessary for the manufacture of nylon-6,6 that is used in carpet fibers, upholstery, tire
reinforcements, auto parts, apparel, and other products. Worldwide industrial adipic acid
production is up to 2.5 billion kilograms per year [3] and it is currently produced by the
oxidation of a cyclohexanol/cyclohexanone mixture or cyclohexane with nitric acid [5]. During
this synthesis, nitrous oxide (N2O), which has a strong impact on global warming and ozone
depletion [6] is generated (0.3 tonne emitted per tonne of adipic acid produced). Therefore, the
development of environmentally friendly practical procedure is highly desirable. A potential
alternative route for adipic acid production is the epoxidation of cyclohexene by hydrogen
peroxide with the following opening and transformation to a diol, then a Bayer-Villiger

oxidation and multiple hydrolysis steps resulting in adipic acid (Scheme 1.2) [3, 7].
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Scheme 1.2. The reaction pathway for the direct oxidation of cyclohexene with aqueous
H»0, to adipic acid.

For this purpose, various homogeneous and heterogeneous systems were studied. Different
homogeneous systems showed to be active. However, a complete separation of the homogeneous
catalyst from the final mixture can pose some problems.

In the field of heterogeneous catalysis, all the titanium-containing heterogeneous catalysts
showed poor activity in the cyclohexene epoxidation with aqueous H,O, [8,9,10,11].
Mesoporous Ti-silicates are easily deactivated in the presence of aqueous H,O, due to the
presence and the in situ co-production of water. Most transition metal catalysts are very sensitive
to water which cause hydrolysis of Ti-O-Si bonds and, hence, leaching of the active metallic
sites [4, 12-16]. Gianotti et. al. have studied the adsorption of H,O, and TBHP on Ti-MCM-41
(Fig. 1.1) [17]. They have observed that after the Ti-MCM-41 contact with anhydrous TBHP, the
sample turns yellow, signifying the formation of Ti(IV)-peroxo complex. The adsorption of
TBHP and produced a shift of the band at 210 nm (Fig 1.1 A, curve a), typical of Ti (IV)
tetrahedral centers, to higher wavelength (Fig. 1.1 A, curve b). After reactivation in O, at 550°C
the features related to the presence of Ti(IV)-peroxo species were removed (Fig. 1.1 A, curve c)
and the adsorption egde is almost completely restored. In the case of H,O, adsorption, the UV-
Vis spectra changes irreversibly. The band at 210 nm is broadened and shifted to 250 nm upon
H.0, contact (Fig. 1.1 B, curve b). This shift is larger than one observed upon TBHP interaction
attributed to the formation of 6-coordinated Ti(IV) species. After the reactivation of the catalyst
in O, at 550°C (Fig. 1.1 B, curve c) the original absorption maximum at 210 nm is not restored
and a relevant fraction of species absorbing in the range 300-350 nm is still present.
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Figure 1.1. DR-UV-Vis spectra of calcined Ti-MCM-41 (spectra A, B curve a), after TBHP
(spectra A) H,O, (spectra B) adsorption at room temperature (b), after reactivation in O, at
550°C (c).

Better results were achieved by applying the slow dropwise addition of H,O, technique (Scheme
3) [18, 19], thus increasing the yield of cyclohexene epoxide formation with respect to the
addition of the oxidant in one aliquot. Several authors focused their attention on the slow
dropwise addition technique of hydrogen peroxide were published [18,20,21,22]. The positive
role of the slow dropwise addition of aqueous hydrogen peroxide (Scheme 1.3) was highlighted
not only in terms of reduced H,O, decomposition into oxygen and water, but also of lower

degree of titanium leaching and enhanced catalyst stability [23].

/

H,0,

Ti/IMCM-41

Scheme 1.3. Slow dropwise addition of H,0,

However, some key factors deserve a deeper understanding: 1) the role of the silica support in

the epoxidation reaction of cyclohexene by the slow addition of H,O; (ag. 30%) and, 2) how the
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morphology and topology of the support (convexity and concavity) may affect the stability to

hydrolysis and to leaching in repeated recycles.

Results and discussion

For these reasons, the first part of the work was aimed at testing the stability, re-usability and
heterogeneous character of the systems.

Three kinds of titanocene-grafted silica solids with different textural properties were chosen as
catalysts: Ti/SiO, Aerosil, with a non-ordered network of mesopores, Ti/MCM-41, with an
ordered one-dimensional array of mesopores with hexagonal symmetry, and Ti/MCM-48, with
an ordered three-dimensional network of mesopores with cubic symmetry. To check the stability
and re-usability, the catalyst was recovered after 3 h of reaction (that corresponds to the end of
the slow-addition time). The catalyst was then filtered off, dried and calcined for 3 h at 550°C
(this high-temperature calcination step is essential to have a complete and thorough removal of
the adsorbed heavy organic by-products). The recovered catalyst was again used for the

epoxidation reaction under the same conditions (Table 1.1) for two catalytic runs more.

Table 1.1 Epoxidation of cyclohexene by slow addition of H,0,

Catalyst Ti content®(wt.%)  Catalytic run  Epoxide yield (%) TON? at 3h

1 26 16

Ti/SBA-15 0.78 2 37 22
3 35 21

1 33 30

Ti/SiO, Aerosil 0.61 2 33 30
3 36 29

1 33 21

Ti/MCM-41 0.80 2 11 7
3 11 8

1 25 15

Ti/MCM-48 0.79 2 29 17
3 31 17

Reaction conditions: cyclohexene = 2,5 mmol, mesitylene = 1mmol, H,0, (30% w/w aqueous solution)= 1 mmol,
solvent acetonitrile, reaction temperature = 85°C, reaction duration = 3h; °determined by ICP; "Turn-Over Number

(moles of produced epoxide per mole of titanium).

The activity of the studied catalysts follows the order: Ti/SiO, Aerosil > Ti/SBA-15 > Ti/MCM-
48 > TiI/IMCM-41. In all tests, the only detected product was cyclohexene epoxide
(chemoselectivity > 98%). In particular, the formation of enol and enone, due to oxidation at the
allylic position, was not detected. This means that the reaction follows a heterolytic mechanism
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(Scheme 1.1). It was observed that Ti/SBA-15 and Ti/SiO, Aerosil possess both good activity
and stability even after three catalytic runs. Ti/MCM-48 shows a slight lower activity, even if its
stability is maintained after three cycles. On the contrary, TI/MCM-41 is the least stable catalyst.
All the data fit well with the DRS-UV-VIS analysis (performed in collaboration with the
“Institut de Chimie Moleculaire et des Materiaux de Montpellier” - CNRS, in Montpellier).

The band at 210-230 nm, a characteristic of Ti(IV) isolated sites existence in tetrahedral
environment [24,25,26], is present in all the catalysts spectra (Fig. 1.2-1.5). In all UV spectra
after catalysis, a shift towards lower wavelenght is observed, that suggests a better organization
of Ti occuring during the catalysis. This might be an explanation for the increase in epoxide
yield after recycling for all catalysts (Table 1.1), except MCM-41. Only in the case of Ti/MCM-
41, UV spectra recorded after the recycling procedure (Fig. 1.2) present a wide shoulder
between300 and 400 nm, which is often related to the formation of TiO, nanodomains. This
could explain the loss in activity observed for this catalyst after the first and the second recycle

(epoxide yield decreasing from 33 to 11%).

TiIMCMA41Py
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Figure 1.2. DR-UV-Vis spectra of calcined Ti/MCM-41 before (red line) and after three runs of

catalysis (yellow line) in the presence of aqueous H,0..
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{
Figure 1.3. DR-UV-Vis spectra of calcined Ti/SBA-15 before (blue line) and after three runs of

catalysis (purple line) in the presence of aqueous H,0;

Figure 1.4. DR-UV-Vis spectra of calcined Ti/MCM-48 before (pink line) and after three runs

of catalysis (yellow line) in the presence of aqueous H,0,
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Figure 1.5. DR-UV-Vis spectra of calcined Ti/SiO,-Aerosil before (blue line) and after three

runs of catalysis (purple line) in the presence of aqueous H,0,

Another factor that is not fully clarified yet is the effect of the morphology and topology of the
silica support (in particular, its convexity or concavity) and its role in the stability to repeated
catalytic cycles. In principle, parameters such as the hydrophobic/hydrophilic character or the
curvature radius of the mesopores could be taken into account. It was observed that the influence
of the convexity of the support surface showed a positive effect on the catalytic stability. In fact,
the stability is good on Ti/SiO, Aerosil and Ti/MCM-48, both having a convex silica surface,
whereas it is very poor on Ti/MCM-41, with a concave internal surface. The case of Ti/SBA-15
is apparently difficult to interpret, but the bimodal micro- and mesoporous network (with
mesopores ca. 10 nm) can account for the notable stability of this catalyst. Moreover, after the
analysis of N, adsorption/desorption isotherms, it was found that the inner porosity of SBA-15
has changed from cylindrical with rugosity to a more constricted one keeping the hexagonal
arrangement after catalysis (Fig. 1.6).

SN

8.61 11. | Je.2nm

AAAF

Figure 1.6. Restructuration of SBA-15 during catalysis.
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Furthermore, the different surface silanol density population can account for the improved
robustness of this catalyst. To calculate the silanol density population, thermogravimetric

analyses (TGA) were performed and they are described in the following paragraph.

Set-up for the determination of surface concentration of OH groups

By TGA analysis it is possible to determine:

1) the temperature of the pretreatment of the material (= the temperature at which the

condensation of silanols occurs);

2) the quantity of free SiOH groups (can be obtained from AW);

3) the temperature at which free SiOH groups are still present;

4) hydrophobicity / hydrophilicity.
To evaluate the SiOH concentration at the surface of the materials a series of TGA
measurements was performed (Fig. 1.7, 1.8). AW (weight loss) was calculated in the range of
120 — 900°C. On the analysis of Ti/SBA-15 the presence of two steps is observed. At the
temperatures 50-120°C the desorption of physisorbed water occurs. Then, the weight loss
between 120°C and 600°C corresponds to the gradual condensation of hydrogen-bonded and free
silanols. Between 600°C and 900°C the collapse and vitrification of the mesoporous structure
occurs [27,28].
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Figure 1.7. TGA analysis of Ti/SBA-15. Analysis temperature range: 50-1000°C, heating rate
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Figure 1.8. TGA analysis of SBA-15. Analysis temperature: 50-1000°C, rate 5°C min™.

Programme and sample temperature, blue and green line, respectively.

The silanol density SiOH/Ti mol/mol (Table 1.2) was calculated according to the following

relations:

SlOHa = [AW (g/loog material) '1000 * 2]/[Mr(H20) ° 100 g material]
OH/nm? = [SiOH mmol/g - 10° - Na]J/[nm%/g - 10*%]
SiIOH/Ti mol/mol = [SIOH mmol/g * 1009 materiat = Mr(Ti)]/[Ti content (%0)- 1000]

Table 1.2 AW (%): weight loss (%) in the temperature range 120-900°C; OH/nm?: considering
that 1 molecule of H,O is generated by the condensation of 2 OH groups; * computed directly
from TGA

Surface | .. . . .
Catalysts area | 1lcontent) o (%) SIOH SIOHITE | 2
(m%g™) (%) mmol/g mol/mol
Ti/SBA-15 514 0.78 2.897 3.2 19.65 3.77
Ti/MCM-41 930 ~0.8 1.352 1.5 8.98 0.97
Ti/IMCM-48 982 ~0.8 1.097 1.2 7.19 0.74

As supposed, the silanol density of Ti/SBA-15 is higher than in other materials. That explains the
higher stability of Ti/SBA-15 to catalytic recycles.
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Conclusions

The stability, reusability and the influence of the topology and morphology of the support
(convexity, concavity) on the repeated recycles were studied in this chapter. The activity of the
studied catalysts follows the order: Ti/SiO, Aerosil > Ti/SBA-15 > Ti/MCM-48 > Ti/MCM-41.
The formation of TiO, nanodomains, detected on Ti/MCM-41 during the recycles, can lead to a
partial loss in activity, whereas the interesting performance of Ti/SBA-15 and Ti/MCM-48 can
be attributed to good and stable site isolation. The convexity of the support surface showed a
positive effect on the catalytic stability. The stability and the robustness of the catalyst is good
for Ti/SiO, Aerosil and Ti/MCM-48, which both have a (quasi) convex silica surface, whereas it
is very poor for TI/MCM-41, with a concave internal surface. The case of Ti/SBA-15 is
somehow difficult to interpret, but the bimodal micro and mesoporous network can account for
the notable stability of this catalyst. The work is still in progress in this field.

Some ab-initio DFT calculations reporting some studies about the role of the topology of the
silica support, performed few weeks ago by Dr. Tzonka Mineva, are inserted as supplementary

material in Appendix I.
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Chapter 2. Ti-containing heterogeneous catalysts in methyl oleate
epoxidation with hydrogen peroxide.

Epoxides of fatty acid methyl esters (FAMES) are a class of oleochemicals playing a pivotal role
as intermediates in the production of a wide series of important industrial products and materials.
Derivatives of FAMESs epoxides and, especially, of methyl epoxystearate (the epoxide obtained
from methyl oleate epoxidation), find indeed applications in several domains, e.g. in the
manufacture of lubricants [1-5], plasticizers in polymers [6,7], wood impregnants [8], stabilizers
in chlorine-containing resins [9], cosmetics [10], pharmaceuticals [11,12] and, in the near future,
bio-fuel additives [13].

Nowadays, at industrial scale, epoxides of FAMEs are generally obtained in
homogeneous phase via the Prilezhaev reaction (Scheme 2.1). In this epoxidation process,
discovered in 1908, the unsaturated fatty compound reacts with peracetic or performic acids
obtained through the acid-catalyzed oxidation of the corresponding acid with hydrogen peroxide
[14,15]. To avoid the handling of hazardous species, the peracid is generally formed in situ for

large-scale epoxidations.
0

R .
R"COOOH
— ———
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Scheme 2.1. Prilezhaev epoxidation reaction

However, carboxylic acids and mineral acids (such as sulfuric acid) are essential for peracid
formation and the presence of these strongly acid reactants leads to some major drawbacks such
as: 1) an uncontrolled opening of the oxirane ring, that leads to low selectivity in epoxide, and 2)
a cumbersome separation of the excess organic acids from the final reaction mixture. Thus,
during last decades, several studies have been performed searching for an active catalytic system
for the epoxidation of vegetable oils and their derivatives, in particular FAMEs, using hydrogen
peroxide instead of peroxoacids [16-19]. In this aim, some recent papers reported interesting
results using homogeneous, heterogeneous and chemoenzymatic systems. For instance, tungsten-
containing heteropolyacid catalysts (“Tetrakis” tetrahexylammoium
tetrakis(diperoxotungsto)phosphate (3-)) were used in the presence of hydrogen peroxide and
excellent epoxide yields up to 94% under solvent-free conditions were reached [19]. Similarly,
the use of methyltrioxorhenium with an amine adduct led to outstanding selectivity (99%) and
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conversion (99%) in the epoxidation of soybean oil [20]. However, in these two cases, a
complete separation of the homogeneous catalyst from the final mixture can pose some
problems.

In the field of heterogeneous catalysis, different works over heterogeneous systems based
on pure alumina in the presence of hydrogen peroxide were also described and led to high yields
in methyl epoxystearate with very good selectivity (>97%), even though a large amount of
oxidant with respect to the substrate (7.5 mol oxidant/ mol substrate) is necessary [17,18].
Similarly, a very high selectivity of 97% to methyl epoxystearate was obtained over a large-pore
zeolite Ti-BEA and H,0; in the epoxidation of methyl oleate [16] with an interesting oxidant to
substrate molar ratio (0.25 mol/ mol). However, with this system, a maximum yield in methyl
epoxystearate of only 45% was reached. Then, the epoxidation of soybean oil over the
amorphous heterogeneous Ti/SiO; in the presence of tert-butanol with H,O, in organic solution
led to an epoxide yield of 87% [21]. In this case, however, the separation of the high-boiling
alcoholic solvent from the reaction mixture can lead to some difficulties.

Chemoenzymatic epoxidation gained much interest too, as the process typically occurs
under mild conditions and with very good chemoselectivities. For instance, Novozym 435, a
Candida antarctica lipase B immobilized on polyacrylate, is one of the most efficient and stable
catalyst for the epoxidation of oleochemicals. Yields in the range 72-91% for vegetable free fatty
acids were obtained with high selectivity (>98%) [22]. Similarly, the use of Amano A. lipase
(from Aspergillus niger) in hydrophobic and hydrophilic ionic liquids gave the epoxidized
compound with yields in the range 67-89% after one hour [23]. Since chemoenzymatic systems
are highly chemospecific, they can unfortunately be less versatile for a wide series of
oleochemical substrates.

Previously, some of us have reported that titanium-grafted silicates are efficient catalysts
for the epoxidation of FAMEs with tert-butylhydroperoxide (TBHP) [24,25]. Mesoporous
materials with 3-10 nm ordered pores are suitable systems for such transformation as Ti sites are
easily accessible by the bulky reactants and a peculiar cooperative interaction between the
hydrophilic one-dimensional pores of Ti-MCM-41 enhances the formation of epoxy FAME
derivatives with noteworthy performance. Nevertheless, even though TBHP has the advantage of
high selectivity, it is not the most sought-after oxidant from the point of view of atom economy
and environmental sustainability. Hydrogen peroxide represents a more promising alternative
[26-28]. As a main drawback, the use of hydrogen peroxide usually leads to a rapid deactivation
of mesoporous Ti-silica catalysts due to a clustering of surface Ti species [29]. By applying a

slow dropwise addition of hydrogen peroxide in the reaction mixture, it has been possible to
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minimize the detrimental irreversible transformation of isolated Ti centers into titanium oxide-
like species, in cyclohexene epoxidation [30-31].

In the present work, we have applied the experimental protocol of the controlled slow
addition of aqueous hydrogen peroxide (described in the Chapter 2) to the epoxidation of methyl
oleate (Scheme 2.2).

Vi

b

o) H,0, / o) o
Ti-MCM-41
N S U — = K
o (CH2)7 CgH17 o (CHz)7 CgHy7
methyl oleate methyl epoxystearate

Scheme 2.2. Epoxidation of methyl oleate with slow dropwise addition of H,0,.

Thanks to this procedure we expect to reduce the decomposition of the oxidant, increase the
catalyst stability and reach high yields in epoxide.

Results and discussion

Titanium-grafted silica materials were used as heterogeneous catalysts in the liquid-phase
epoxidation of methyl oleate with hydrogen peroxide under batch conditions.

Titanium active centers were obtained by grafting titanocene dichloride (Ti(Cp),Cly), as

previously proposed by Maschmeyer et al. [32] (described in Experimental part) and then
optimized by some of us for a wide series of silica supports [33]. Three silica materials with
different structural and textural features (Table 2.1) were used as supports to evaluate the
influence of the silica support on the catalytic performance.
The main advantage of such grafting methodology is that Ti(IV) sites are situated on the surface,
are well dispersed and are all virtually active and accessible to the reactants. In particular,
Ti(Cp).Cl, was grafted over: 1) one-dimensional hexagonal ordered mesoporous material
(MCM-41); 2) three-dimensional cubic ordered mesoporous material (MCM-48); and 3) non-
porous pyrogenic nanosized silica particles (Aerosil).

The titanium content is comparable in all the samples and it gave rise to an even
dispersion of titanium sites on the silica. Actually, the surface concentration of Ti sites was

always lower than 0.3 Ti/nm? and this reduces the aggregation of catalytic centres during the
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epoxidation in the presence of hydrogen peroxide, as previously shown in the cyclohexene

epoxidation on similar materials [30].

Table 2.1. Specific surface area (Sger), mean pore diameter (Dy), titanium loading of Ti-

containing silica catalysts after calcination

Catalyst Sger/m’g"’  Dp/nm Tl(vc;‘/(t).r;/toe)nt
Ti/IMCM-41 930 3.6 0.80
Ti/IMCM-48 982 3.8 0.79
Ti/Aerosil 262 n.d. 0.64

n.d. not determined

The DRS-UV-Vis spectroscopic analysis is a tool to evaluate the coordination state of Ti(IV)
(species in tetrahedral coordination at 220-260 nm and species in octahedral coordination at 260-
290 nm) as well as the degree of isolation of Ti(IV) in the silica matrix. Indeed, absorption bands
above 290 nm indicate the aggregation of some Ti through the formation of Ti-O-Ti bonds. The
DRS-UV-Vis spectra of the three samples were performed in collaboration with the “Institut de
Chimie Moleculaire et des Materiaux de Montpellier” - CNRS, in Montpellier) The DRS-UV-
Vis spectra showed mainly isolated Ti(IV) sites in Ti/MCM-41 and Ti/MCM-48 with a higher
proportion of tetrahedral Ti for MCM-41. For Ti/Aerosil a broader distribution of Ti sites was
evidenced by a larger band revealing not only the presence of Ti(IV) isolated sites in octahedral

coordination, but also some additional aggregation of Ti centres (Figure 2.1).
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Figure 2.1 DR-UV-Vis spectra of TI/MCM-41, Ti/MCM-48 and Ti/Aerosil after calcination.
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The results obtained in the methyl oleate epoxidation with hydrogen peroxide are summarized in
Table 2.2.

Table 2.2. Liquid-phase epoxidation of methyl oleate with aqueous hydrogen peroxide over Ti-

silica catalysts after 24 h reaction

Entry  Catalyst C (%) SEPOX SENON SKETO YEPOX cisftrans  OXEf
(%) (%) (%) (%)  EPOXratio (%)
1  TiIMCM-41 52 83 11 6 43 80:20 39
2 TiIIMCM-48 52 78 12 10 41 72:28 39
3 TilAerosil 47 83 13 10 39 78:22 38
4  MCM-41 33 50 25 22 17 38:62 25
5  Nocatalyst 24 40 38 22 10 26:74 18

Reaction conditions: 1,5 mmol methl oleate, 2 mmol ag. H,O, (50%), 50 mg catalyst, H,O,:substrate molar
ratio=1,3:1, CH5CN, 24h, 85°C, dropwise oxidant addition 0.01 ml min™. C: substrate conversion; S: selectivity; Y:
yield; Ox Eff: oxidant efficiency.

Earlier, some of us reported that Ti(IV) sites grafted onto the walls of a well-ordered one-
dimensional mesoporous MCM-41 showed outstanding performances in the selective
epoxidation of fatty acid methyl esters with TBHP than Ti(IV) centres grafted on non-ordered
mesoporous or nonporous silicas [24,25]. This particular behaviour was attributed to a
synergistic interaction between the elongated shape of quasi-linear FAMEs (especially the
methyl elaidate [25]) and to a favoured approach of partially oxidised FAMEs (especially methyl
ricinoleate [34] and methyl vernolate [24]) to the inner hydrophilic pore surface of MCM-41.
During this work, on the contrary, all materials (Ti/MCM-41, Ti/MCM-48 and Ti/Aerosil; Table
2, entries 1 to 3) showed a very similar behaviour in terms of conversion, selectivity and yield,
with values of ca. 50%, 80% and 40%, respectively. Such results are in the same order of
magnitude with those obtained over Ti-BEA [16]. They are also the first ones obtained, to our
best knowledge, in methyl oleate epoxidation with aqueous hydrogen peroxide over Ti-grafted
silica materials. Interestingly, the presence of some Ti-O-Ti domains in Ti/Aerosil (as evidenced
by DRS-UV-Vis absorption bands above 300 nm) did not affect negatively the epoxidation
performance and such behaviour can be attributed to the favorable conditions due to the slow
oxidant addition protocol [35].

In addition, in these examples, it is evident that the morphology and the texture of the
silica support do not play a key role in terms of catalytic activity (Table 2.2, entries 1-3). In fact,
when hydrogen peroxide is used as oxidant instead of the sterically more demanding TBHP, the
steric interactions between the FAME substrate and the porous catalyst are not decisive and the

morphology of the catalyst is not a critical factor.
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Such result is consistent with other recent observations on different Ti-based catalytic systems,
where, in the narrow interlayer space of a Ti-containing layered clay, the epoxidation reaction
takes place with H,O, as oxidant, but it does not with TBHP [36].

In terms of selectivity, methyl epoxystearate (EPOX), the epoxidised derivative, is the
major product (ca. 80%). The most relevant side products are methyl oxooctadecenoate (ENON;
a mixture of methyl 8-oxooctadec-9-enoate and methyl 11-oxooctadec-9-enoate) and methyl
oxooctadecanoate (KETO; a mixture of methyl 9-oxooctadecanoate and methyl 10-
oxooctadecanoate) (Scheme 2.3). ENON is obtained by allylic oxidation of methyl oleate,
whereas KETO is formed via oxirane ring rearrangement from the epoxide. In both cases, no
particular regioselectivity was detected and the two regioisomers for each product were obtained
in practically equimolar amounts. The selectivity values to ENON and KETO are ca. 10% over
the three catalysts. Blank reactions with pure silica MCM-41 (without Ti; Table 2.2, entry 4) and
with no catalyst (Table 2.2, entry 5) led to 17% and 10% vyield in methyl epoxystearate,
respectively.

ENON
Scheme 2.3. Products of the reaction: methyl epoxystearate (EPOX), methyl
oxooctadecanoate (KETO) and methyl oxooctadecenoate (ENON)

This behaviour shows that uncatalysed oxidation pathways have a non-negligible influence under
these conditions and the presence of purely siliceous MCM-41 is not fully innocent. Actually, in
the absence of Ti most of the methyl epoxystearate observed is due to a free-radical oxidation

process (vide infra).
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In terms of stereoselectivity, the epoxidation of methyl oleate can lead to the formation of
cis and trans epoxides depending on the reaction pathway. In fact, when TBHP is used as
oxidant, the epoxidation of cis methyl oleate proceeds via a heterolytic mechanism with retention
of the C=C double bond configuration [25,37]. On the contrary, if a free-radical pathway prevails
over the heterolytic one, the formation of the trans form, the thermodynamically more stable
isomer, is predominant. For this reason, in the absence of Ti (Table 2.2; entries 4-5) the
formation of methyl trans-epoxystearate dominates.

In terms of oxidant efficiency (the ratio between the moles of oxidised products produced
and the moles of H,O, consumed), the achieved results (slightly less than 40%; Table 2.2) are
interesting and comparable with the values obtained on homogeneous and heterogeneous
systems [16,17,38]. Also for this parameter, the slow dropwise addition of the oxidant helps in

reducing the disproportionation of H,O, into O, and H,0 [21,31].

Improving the epoxide yield

To improve the final epoxide yield different strategies have been contemplated and Ti/MCM-41

was used for this optimization.

1) Effect of the temperature
The first strategy was to see the effect of temperature, to decrease the reaction temperature from

85°C to 40°C. In fact, in the work by E. Poli, using tungsten-containing heteropolyacid
homogeneous catalysts “tetrakis” with H,O, as oxidant, a yield in EPOX reached 94% when the
reaction temperature was 40°C [19]. While at the reaction temperatures higher than 40°C the
formation of dimers was occurred. In our case, (Table 2.3), at 40°C the activity of the catalyst
significantly decreases (from 52% to 24%), and the selectivity to epoxystearate remains at the

same order.
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Table 2.3. Influence of the reaction temperature on the catalytic performance after 24 h reaction.
Tests performed over Ti/MCM-41

Enry  REGCHON o o0 SEPOX SENON SKETO Sothers Y EPOX CEQ&QS Ox Eff
Y Teo) ) o) %) ) ) o (%)
1 85 52 83 11 6 5 43 80:20 39
2 40 24 70 19 10 0 17 82:18 18

Reaction conditions: 1.5 mmol methyl oleate, 2 mmol ag. H,0, (50%), H,0,:substrate molar ratio = 1.3:1, CH;CN,
24 h, dropwise oxidant addition 0,01 ml min™. C: substrate conversion; S: selectivity; Y: yield; Ox Eff: oxidant

efficiency.

2) Effect of the amount of hydrogen peroxide
Another strategy was the increase of the oxidant/substrate molar ratio from 1.3 to 4.0, the yield

to epoxide rised up, but, at the same time, an increase in the formation of trans-epoxide was
observed as well (Table 2.4; entries 2 and 4, Table 2.5). Such increase can be explained by a
higher fraction of free-radical pathway of the reaction taking place when an excess of hydrogen

peroxide is present.

Table 2.4. Influence of the amount of hydrogen peroxide on the catalytic performance after 24 h

reaction. Tests performed over Ti/MCM-41

Entry CAAYSt HiO» o0 SEPOXSENONS KETO S others Y EPOX CES;QS Ox Eff
(mg)  (mmol) (%) (%) (%) (%) (C) BN ()
1 50 2 52 83 11 6 5 43 80:20 39
2 50 6 83 82 12 6 0 68  61:39 20
3 200 2 73 96 1 2 1 70 928 55
4 200 6 82 92 5 3 0 75 7426 20

Reaction conditions: 1.5 mmol methyl oleate, CHsCN, 24 h, 85°C, dropwise oxidant addition 0.01 ml min™. C:

substrate conversion; S: selectivity; Y: yield; Ox Eff: oxidant efficiency.

Table 2.5. Influence of the amount of hydrogen peroxide on the catalytic performance after 24 h

reaction. Tests performed over Ti/Aerosil

Entry CAtElYSt H:Oz o SEPOXSENONSKETO Y EPOX C'Esgga)rgs Ox Eff
Y (mg) (mmol) (%) (%) (%) () R )
1 50 2 47 83 13 10 39 7822 38
2 50 6 65 69 18 12 45  62:38 48

Reaction conditions: 1.5 mmol methyl oleate, CHsCN, 24 h, 85°C, dropwise oxidant addition 0.01 ml min™. C:

substrate conversion; S: selectivity; Y: yield; Ox Eff: oxidant efficiency.
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3) Effect of the amount of catalyst
Conversely, by increasing the amount of catalyst, the conversion of the reaction rises from 52%

to 96% and a high selectivity in epoxide (ca. 90%) is maintained (Table 6, entries 1-5). By
augmenting the amount of Ti (substrate:Ti molar ratio from 180 to 22), it was possible to
increase the yield from 43% up to 91%. In this case, no remarkable influence on stereoselectivity
was noted, the formation of cis epoxide being always prevalent (around 80%). Nevertheless, the
combination of a higher quantity of Ti/MCM-41 (200 mg) and a large excess of H,0, (6 mmol)
did not lead to a sensible improvement, since the EPOX yield attained 75% with the formation of

a lower fraction of cis epoxide (Table 2.4, entry 4).

Table 2.6. Influence of the amount of catalyst on the catalytic performance after 24 h reaction.
Tests performed over Ti/MCM-41

enty GRSt o0 SEPOX SENON SKETO Sothers Y EPOX Cg’gg;?s Ox Eff
(mo) ) ) ) ) o (%)
1 50 52 83 11 6 5 43 80:20 39
2 100 47 83 9 8 0 39 7822 35
3 200 73 96 1 2 1 70 92:8 55
4 300 78 86 5 2 7 67 7228 54
5 400 96 95 3 3 0 o1 8515 73

Reaction conditions: 1.5 mmol methyl oleate, 2 mmol agq. H,0, (50%), H,O,:substrate molar ratio = 1.3:1, CH3CN,
24 h, 85°C, dropwise oxidant addition 0,01 ml min™. C: substrate conversion; S: selectivity; Y: yield; Ox Eff:

oxidant efficiency.

Such results in methyl epoxystearate yields (up to 91%) are the highest data obtained in literature
so far over titanium-silica molecular sieves catalysts with aqueous hydrogen peroxide. In
addition, the effectiveness of oxidant use is promising also in terms of oxidant to catalyst and
oxidant to substrate ratios. Under optimized conditions (Table 2.6; entry 5), the oxidant to
catalyst ratio (mol H,O,/massc,;) and oxidant to substrate ratio (mol/mol) are as low as 0.005 and
1.3, respectively. Actually, the value of oxidant to catalyst ratio is better than the results typically
reported in literature, spanning from 0.008 in the epoxidation of methyl oleate over Ti-BEA [16],
up to 0.1, in soybean oil epoxidation over Ti/SiO, [21].

Reasons of trans-epoxide formation
Finally, it is important to understand the reasons leading to trans epoxide formation under the

tested conditions. Since there is H,O, (50%) in the reaction medium, the first hypothesis was the

influence of the water on the interconversion of C=C double bond in methyl oleate (Scheme 2.4).
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Scheme 2.4. Possible role of water in acidic conditions in the interconversion of cis-form

into trans-form of 9-octadecenoic acid methyl ester.

For this purpose, a specific test was done: first, the methyl oleate was in the contact with water
(slow dropwise addition of the solution H,O/AcOEt or H,O/CH3CN), solvent and catalyst, with
no presence at all of oxidant. After 24 h the solution was filtered, a fresh pretreated catalyst was
added and the oxidant (TBHP) was introduced in the reaction. It is commonly accepted that the
use of TBHP as oxidant on titanium-based silicate catalysts proceeds via non-radical mechanism
with retention of the configuration of the C=C double bond [37]. Thus, if the water plays a role
in the interconversion of C=C double bond of methyl oleate, we would have detected the trans-
form of the epoxide after the reaction with TBHP. The performed tests showed that in both the
solvents, there is no formation of methyl trans-epoxystearate after the reaction, and this means
that water is not implied in the isomerisation of the C=C double bond nor in the formation of

methyl trans-epoxystearate.

According to a second hypothesis, the simultaneous presence of hydrogen peroxide and
acetonitrile is the cause of trans-isomer formation. In fact, since, in the reaction medium,
acetonitrile and hydrogen peroxide are simultaneously present, it can be assumed that the
formation of trans epoxide is due to a Payne-type free-radical reaction, where peroxyimidic acid
is formed in situ, typically under alkaline conditions (Scheme 2.5) [39]. Actually, specific tests

have confirmed that the formation of peroxyimidic acid occurs and Payne oxidation takes place.

NH
(base)

CH3CN + H202 _—
HaC OOH

Scheme 2.5. Scheme of Payne reaction, formation of peroxyimidic acid.

However, some of us have recently reported that there is no influence of Payne reaction in the
epoxidation of cyclohexene over Ti(IV)-silica catalysts in acetonitrile with dropwise addition of

hydrogen peroxide under fully comparable conditions [30]. To understand the apparent
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contradiction, according to which Payne-type oxidation occurs only in the epoxidation of methyl
oleate, it must be recalled that commercial methyl oleate samples (even reagent grade) always
possess some mild alkalinity, due to residual amounts of basic transesterification catalysts during
the production steps [40] and such alkalinity promotes the formation of peroxyimidic acid in the
reaction mixture. In fact, if methyl oleate undergoes a repeated rinsing and washing with 0.1 M
aqueous HNOs, trans epoxide formation is reduced (from 7% to 3% in trans-epoxide yield and
cis/trans epoxide ratio from 26:74 to 50:50).

Effect of the solvent
Epoxidation tests carried out in polar solvents other than acetonitrile showed poorer performance

(Table 2.7). Similar conversion, but lower selectivities, were obtained in ethyl acetate (Table 2.7,
entry 1), while in dichloromethane (Table 2.7, entry 2) comparable epoxide selectivity, but lower
conversions, were found. The optimal behaviour observed with acetonitrile is consistent with
previous reports in the epoxidation of other substrates. In fact, acetonitrile, thanks to its slightly
basic nature, allows to minimize the formation of acid-catalysed secondary products [30, 41].
Moreover, fluorinated alcohols have recently attracted a great attention as solvents for oxidation
with hydrogen peroxide and, in general, for their affinity with oxygen-donor reactants [40a].
According to physicochemical and theoretical studies, fluorinated solvents enhance the oxidation
processes since they act as a template activating the oxygen transfer through the multiple
hydrogen bonding [40b]. Moreover, the presence of fluorinated solvent makes the H,O, a more
active oxidant that can oxidize olefins even in the absence of catalyst. However, in our case the
use of a protic solvent is not advisable. For this reason, a fluorinated solvent, such as
(trifluoromethyl)benzene (TFMB) (o,a,o-trifluorotoluene) was the solvent of choice.
Unfortunately, however, this solvent did not lead to the expected improvement, either in
conversion or in selectivity, but, on the contrary, the catalyst became completely inactive (Table
2.7, entry 4).

Table 2.7. Influence of the solvent on the catalytic performance after 24 h reaction. Tests
performed over Ti/MCM-48

Entry | Solvent | Conv | Select Select Select Select Y Cis/trans | Ox.
24h EPOX | ENON |KETO | others E(F;/?)X EPOX Eff.
(%) 24h (%) | 24h (%) | 24h (%) | 24h (%) ratio (%)

1 AcOEt 68 68 7 10 21 46 | 85:15 54

28 CHCl, |11 100 0 0 0 11 | 100:0 8
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3 CHsCN | 52 78 12 10 0 41 72:28 39

4 TFMB - nd. - - - - - -

Reaction conditions: 1.5 mmol methyl oleate, 2 mmol ag. H,O, (50%), H,O,:substrate molar ratio = 1.3:1, 24 h,
85°C, dropwise oxidant addition 0.01 ml min™. C: substrate conversion; S: selectivity; Y: yield; Ox Eff: oxidant
efficiency; ®Ti/SiO,-Aerosil, T reaction 40°C.

The Ti-silica catalysts were easily recovered by filtration, washed, calcined and reused in a
second catalytic run. In particular, after the first recycle, Ti/MCM-41 showed a loss of ca. 3% in
both conversion and selectivity. As observed on different lighter alkenes (cyclohexene or
unsaturated terpenes [30,42]), it is worth noting that a complete removal of the organic side
products adsorbed on the catalyst surface is necessary to restore the original activity of the fresh
catalyst. Because of this reason, prior to recycling, the solids were carefully washed with

methanol and then calcined under dry air at 500°C.

Conclusions

Heterogeneous porous and non-porous grafted titanium-silica catalysts proved to be sustainable
and efficient catalysts in the epoxidation of methyl oleate with aqueous hydrogen peroxide. The
different textural and morphological features of the mesoporous catalysts did not affect
noticeably their catalytic performance. Thanks to the applied protocol of the dropwise oxidant
addition, the hydrogen peroxide decomposition and local water concentration into the proximity
of Ti(IV) sites were minimized. By optimizing the experimental conditions, yields as high as
91% in the desired methyl epoxystearate were achieved. Such results are the highest data
obtained in literature so far over titanium-silica molecular sieves catalysts with aqueous

hydrogen peroxide.
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Chapter 3. The effect of surface silylation on the catalytic
performance of Ti-MCM-41 in the epoxidation of limonene.

Epoxidic compounds are important intermediates in organic synthesis due to the high reactivity
of the oxirane ring in their structure, from which a wide variety of functional groups can be
obtained. Limonene oxides (Scheme 3.1) prepared by epoxidation of limonene are important
building blocks for the synthesis of products from renewable sources [1] and find applications in
many areas: e.g. as insect repellents [2] or as herbicide components [3]. Limonene 1,2-oxide is a
promising monomer for the synthesis of new biodegradable polymers (polylimonene carbonate)
[4] and biopolyesters [5], obtained from renewable feedstock. Limonene is the main component
of citrus oil and can be easily obtained from citrus peel, a waste material of the fruit juice
industry. At industrial scale, limonene oxide is usually obtained via the stoichiometric peracid
process, thus the development of potential sustainable alternatives to this route has attracted
great attention [6]. Titanium-based catalyst obtained from the ordered mesoporous silica MCM-
41 can be applied to the liquid-phase epoxidation of limonene with high activity and selectivity
[7,8]. Moreover, thanks to the modification by silylation, the surface hydrophilic character of the

catalyst can be decreased to fit the hydrophobic character of alkenes [9-14].

(0]

TBHP !
—_— +

Ti-MCM41

Scheme 3.1. Epoxidation reaction of limonene to limonene 1,2-oxide (A) and limonene
8,9-oxide (B).

However, all of these studies were performed in the epoxidation of simple model alkenes, aiming
at improving the hydrophobic character of the catalyst which can interact with alkene, rather than
maximising the interaction with tert-butylhydroperoxide (TBHP), used as oxidant.

The aim of the present chapter is to apply the post-synthesis silylation of Ti-silicate catalysts to
obtain high yields in a bulky and high added-value molecule, such as limonene oxide, an
intermediate getting growing attention in industrial chemistry. The investigation is performed

studying the effect of little variations of the surface silylation coverage on activity and selectivity
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in the epoxidation of limonene with TBHP. Under these specific conditions and by finely tuning
the hydrophilic/hydrophobic properties of the catalyst, promising yields in limonene mono-oxide
can be achieved.

Results and discussion

The redox-active Ti-MCM-41 catalyst (1.8 wt.% Ti; 950 m? g* surface area; 2.5 nm mean pore
diameter; 1.10 cm® g™ total pore volume) was obtained by grafting Ti(Cp).Cl, onto a purely
siliceous ordered mesoporous MCM-41 support [7,15]. The hydrophobic character of the catalyst
was varied by post-synthesis silylation with hexamethyldisilazane (HMDS) (Scheme 3.2)

[16,17].
© Megsi\o o/SiMe3
. ~/ \ | |

- §j—O——S§j—— + —Si Si—— N —Si—O0——Si
/ N N o /

H

Scheme 3.2. Post-synthesis silylation with hexamethyldisilazane (HMDS)
First, a series of five modified catalysts with different levels of silylation were obtained by
changing gradually the HMDS to Ti-MCM-41 ratio (mol/mol), as shown in Table 3.1 and Figure
3.1.

Table 3.1. Features and catalytic performance of Ti-MCM-41 and the series of partially silylated

Ti-MCM-41 catalysts in the epoxidation of limonene.

HMDS/ b c d C* S12-EPOX' Stot”

Catalyst ~ Ti-MCM-41 %2) ?02) @]T{) 24h 24h 24 h
ratioa (%) (%) (%)

Ti-MCM-41 0 0 0 34 78 76 89
Ti-MCM-41/Sill 0.010 1.9 16 52 83 77 91
Ti-MCM-41/ Sil2 0.017 2.2 19 50 80 79 94
Ti-MCM-41/ Sil3 0.048 43 36 60 89 78 90
Ti-MCM-41/ Sil4 0.120 6.5 55 54 86 85 98
Ti-MCM-41/ Sil5 0.250 9.1 77 51 92 73 89

Reaction conditions: batch reactor; 5 mL ethyl acetate; 363 K; 25 mg catalyst; 0.5 mmol limonene; TBHP/limonene
= 1.10 mol/mol. (a) HMDS/ Ti-MCM-41 molar ratio (mol HMDS / mol SiO,); (b) carbon content; (c) catalyst

surface coverage; (d) specific activity of the catalyst computed after 1 h ([molconverted 1im}/[MOlrih]); () conversion of
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limonene after 24 h; (f) selectivity to 1,2-oxide after 24 h (sum of cis and trans isomers); (g) selectivity to mono-
oxide after 24 h (sum of 1,2- and 8,9-epoxide).

100 -

| -

60 - -
40 | -
L 4

b4

O‘ T T T 1
0.000 0.050 0.100 0.150 0.200 0.250
HMDS / Ti-MCM41 ratio

Surface coverage (%)

Figure 3.1. Profile of the percentage of surface coverage vs. HMDS/Ti-MCM-41 molar ratio.

After performing the silylation with different HMDS to Ti-MCM-41 ratios, spanning from 0.010
to 0.250, it was observed that the silylation of the last surface silanols left is more difficult than
that of the first ones and the —Si(CHs)3 groups already present on the catalyst surface hinder and
slow down the extended silylation of the residual silanols [16]. A further increase of the
HMDS/Ti-MCM-41 ratio did not lead to a remarkable improvement in coverage and, even for
very high HMDS/Ti-MCM-41 ratios, a sensible amount of non-silylated silanols was anyway
present [12,18]. The silylated samples are referred to as Ti-MCM-41/Sil X (X =1 + 5). In all
cases, the silylation procedure did not lead to a loss in structural order, the specific surface area
and the pore diameter being always around 900 m? g™ and 2 nm, respectively. The carbon
content, determined by elemental analysis, was used to estimate the degree of surface coverage
by trimethylsilyl groups (see Tab. 3.1), assuming that the surface occupied by each —Si(CHs)s
group is 0.476 nm? [16,19].

The series of silylated catalysts was tested in the liquid-phase epoxidation of limonene with a
modest excess of TBHP (10 mol%). The effect of the surface coverage by silylation on the
catalytic performance is summarised in Table 3.1.

The initial activity, expressed as specific activity (Ai) calculated with respect to the total
number of Ti sites, was the most sensible parameter to partial silylation. By tuning the surface
coverage, it was possible to increase and maximise considerably the At values. The highest

value of 60 h™ was achieved over Ti-MCM-41/Sil3 (with a surface coverage of 36%) and this
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result has to be compared to 34 h™ for the non-silylated sample Ti-MCM-41. After 24 h, the
conversion of limonene was higher than 85% for all the highly silylated samples (Sil3 through
Sil5).

With regard to selectivity, limonene mono-oxides (the sum of 1,2 and 8,9 epoxides) were always
the major products. Limonene di-oxide, carveol and carvone were, on the contrary, minor side
products (less than 10% overall). Over all the catalysts, the endocyclic limonene 1,2-oxide was
the main product (more than 75% of the converted terpene) and a remarkable selectivity of 85%
was obtained over Ti-MCM-41/Sil4. The exocyclic 8,9-oxide is the second most abundant
product with selectivities in the range 13 to 16%. Thus, over all the catalysts, the total selectivity
to limonene mono-oxide (sum of regioisomers) was at least 89%.

Cis and trans limonene 1,2-oxide can be obtained, but no significant stereoselectivity was
observed before or after silylation. In fact, cis / trans molar ratios between 45:55 and 55:45 were
recorded in all tests.

In terms of production of limonene oxide, Figures 3.2 and 3.3 show clearly that the highest
yields were achieved over Ti-MCM-41/Sil4.

80 -
75 A
70 A
65
60

55 -

limonene 1,2-oxide yield (%)

50 T T T T T 1
0 15 30 45 60 75 90

Surface coverage (%)

Figure 3.2. Yields in limonene 1,2-oxide obtained over Ti-MCM-41 with different silyl surface
coverage.

Under these conditions, yields as high as 84% and 73% were obtained for limonene oxide (sum

of regioisomers) and 1,2-oxide, respectively.
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Figure 3.3. Yields in limonene mono-oxide (sum of 1,2- and 8,9-epoxide) obtained over Ti-

MCM-41 with different silyl surface coverage.

Both graphs show a similar trend: a wide bell-shaped curve with a maximum around 55% of
surface coverage. Over this catalyst, yields in limonene oxide as high as 84% were obtained.
Such value is the highest among the most effective titanium-silica systems reported so far (over
either silylated and non-silylated catalysts, with either organic hydroperoxides or hydrogen
peroxide, as oxidant) [6-8, 20-23]. This behaviour suggests that an intermediate surface coverage
by silylation can be an ideal compromise in the presence of a hydrophobic substrate, such as
limonene, and a rather hydrophilic oxidant, such as TBHP. Actually, highly silylated catalysts,
with a remarkable hydrophobic character, can interact more readily with limonene than with
TBHP. Conversely, non-silylated samples, with a hydrophilic character, can interact readily with
the oxidant rather than with limonene. Therefore, a catalyst with a surface coverage in the range
of 50-60% is an appropriate choice for this particular reaction and for this peculiar combination
of substrate, oxidant and solvent. In this scenario, the simultaneous presence of silylated and
non-silylated silanol moieties on the catalyst’s surface can promote the adsorption of both the

alkene and the oxidant and the desorption of the epoxide.

Conclusions

The present study shows that the post-synthesis modification by partial silylation can be an
effective tool to obtain good yields in limonene oxide formation. The interaction between
substrates and catalyst as well as the catalytic performances are often affected by a delicate
counterbalance of several factors, such as the polar character of the substrate, of the oxidant or
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the competitive adsorption of the reaction medium. So, a fine tuning of the
hydrophilic/hydrophobic character of the catalyst is necessary to have optimal results. By
varying gradually the surface coverage of non-silylated sample it was possible to increase the
initial activity of the catalyst (expressed as specific activity of Ti sites) from 34 h™ to 60 h™. In
this case, a partial silylation (55% of the catalyst surface) proved to be the best choice to

maximize the production of moderately polar limonene oxide with the yield of 84%.
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Chapter 4. Ti-POSS covalently immobilized onto mesoporous silica.

A model for active sites in heterogeneous catalytic epoxidation.

The characterization of the solid catalysts in this chapter was performed in collaboration with
Nano-SISTEMI Centre, University of Eastern Piedmont “A. Avogadro”, Alessandria, Italy.

In the last years, large efforts have been devoted to the investigation of silica-based materials
containing dispersed titanium centres to be used as heterogeneous catalysts in selective oxidation
reactions. In particular, since the successful development of TS-1 (already employed nowadays
in industrial oxidation plants [1,2]), several microporous (TS-2, Ti-BEA, Ti-MOR, Ti-MCM-22
[3-6]), mesoporous (Ti-MCM-41, Ti-SBA-15 [7-9]) or layered (Ti-NHM-1 and Ti-NHM-2
[10,11]) Ti-silica materials have been proposed as effective catalysts at lab-scale level.
Epoxidation is an ideal reaction to evaluate the catalytic activity of these systems. Typically, four
factors have an important influence on the performance of the titanium sites in epoxidation
reactions: i) the dispersion of the metal site on the inorganic support (isolated single site); ii) the
accessibility to the site by the different substrates involved in the reaction; iii) the hydrophobic or
hydrophilic character of the support; and iv) the nature of the chemical environment around the
catalytic site (e.g. presence of ancillary silanol groups, acid centres on the inorganic support,
confinement effects in porous systems, etc.). However, it is often very difficult to control and
tune all these factors during the preparation of conventional heterogeneous catalysts. Therefore,
the use of Ti(IV) species with a specific a priori control of the geometry and of the chemical
surroundings of the catalytic site could represent an important tool to understand the mechanism
of catalytic heterogeneous epoxidation and it is the main topic of the present chapter.
Ti-containing polyhedral oligomeric silsesquioxanes (Ti-POSS) are good candidates for this
purpose. In fact, Ti-POSS are excellent models of isolated and well-dispersed Ti sites in SiO;
matrix. They proved to be highly active in homogeneous catalysis for the epoxidation of alkenes
[12-17] and, thanks to their homogeneous nature, they can be the object of detailed spectroscopic
characterization and mechanistic studies [18].

Special attention was recently devoted to the heterogenization of Ti—POSS moieties onto
insoluble and easily recoverable supports through ionic or weak non-covalent interactions.
Interesting examples encompass the incorporation, following different synthetic approaches, of

Ti—POSS into mesoporous MCM-41 silica, into sol-gel matrices, into polysiloxanes or the
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preparation of organic—inorganic hybrid materials based on polystyrene polymers containing Ti—
POSS moieties [16,19-23].

Recently, the immobilization of a functionalized Ti-POSS via covalent bonding on mesoporous
silicas was optimized in our laboratory [24]. The heterogeneous catalyst obtained by anchoring
the Ti-POSS on a silica supports was tested in the epoxidation of limonene, showing that the
solid is active as an epoxidation catalyst and that it is truly heterogeneous in nature.

Starting from these results, a deeper investigation of the nature of the active metal site present in
the Ti-POSS structure after anchoring on the two mesoporous silica surface (an ordered
mesoporous SBA-15 and a non-ordered commercial SiO;) is performed in this chapter, in terms
of coordination state, neighbouring atoms and chemical surroundings of the Ti centre. In
addition, the understanding of the distribution of Ti-POSS molecules on the two different silicas
is another important objective of this part of PhD thesis. Finally, particular attention is paid to
the evaluation of the catalytic performance of the final anchored catalysts, in comparison to
classical grafted Ti-containing silica (Ti/SBA-15 and Ti/SiOy), in the epoxidation of a series of
unsaturated terpenes with various functionalities and morphology. Limonene, carveol and o-
pinene were chosen as test substrates to assess the effect of proximity of Ti(IV) sites to surface

silanol groups in the support on the reactivity and the performance in the catalytic epoxidation.

Results and discussion

Thanks to the presence of three ethoxy groups, Ti-POSS was anchored by covalent bond onto the
surface silanols of SBA-15 and SiO, Davison (Scheme 4.1) [24]. The content of Ti in the
anchored solids, as measured by elemental analysis, was 0.26 and 0.33 wt.% for Ti-POSS/SiO,
and Ti-POSS/SBA-15, respectively. Several attempts to increase the Ti loading on the solids, by
increasing the concentration of Ti-POSS in the anchoring solution were made, but in all cases a
maximum Ti content around 0.3 wt% was attained. Such maximum value is due to a physical
limitation to extended anchoring rather than to a failure of the anchoring methodology (vide
infra). For this reason, two reference Ti-containing silica materials were prepared by grafting
Ti(Cp).Cl, with a comparable Ti loading, namely 0.29 wt% for Ti/SiO, and 0.24 wt% for
Ti/SBA-15.
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Scheme 4.1. Schematic view of Ti-POSS anchoring reaction on the surface of SBA-15

and SiO, silicas.

Nitrogen physisorption analysis showed that both pure silica SBA-15 and the anchored material
Ti-POSS/SBA-15 present type IV isotherms (IUPAC classification) and have an H1 hysteresis
loop, representative of mesoporous cylindrical or rod-like pores (Fig. 4.1A). The results of the
nitrogen isotherms, the Brunauer—Emmett—Teller specific surface area (Sger), the total pore
volume and diameter determined by NLDFT method, for SBA-15 and Ti-POSS/SBA-15 are

shown in Table 4.1.
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Figure 4.1. N, adsorption/desorption isotherms at 77 K of A) SBA-15 (-e-) and Ti-POSS/SBA-
15 (-o-) and B) SiO, (-e-) and Ti-POSS/SiO; (-o-). Pores size distribution obtained by NLDFT
are reported in A’) SBA-15 (-e-) and Ti-POSS/SBA-15 (-o-) and B’) SiO;, (-e-) and Ti-
POSS/SiO, (-0-).

Table 4.1. Textural properties (measured by N, adsorption—desorption isotherms) of the porous

materials.
: S PD? PVvP
Matel’lal (m IEng) (nm) (Cm3 g-l)
SBA-15 650 8.8 1.04
Ti-POSS/SBA-15 547 8.8-8.5 0.91
SiO, 277 10.0-32.5 1.4
Ti-POSS/SiO, 210 10.0-32.5 1.1

a: mean pore diameter; b: specific pore volume

SBA-15 showed a high specific surface area (650 m? g*), a pore volume of 1.04 cm® g* and a

mesopores average diameter of 8.8 nm (Table 1 and Fig. 1A). The anchoring of Ti-POSS on
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SBA-15 surface did not significantly modify the textural properties of the solid. Ti-POSS/SBA-
15 showed a slightly decrease of the specific surface area and pore volume, passing from 650 m?
g™ to 547 m? g™ and from 1.04 to 0.91 cm® g, respectively. No restriction of the pores diameter
was observed in the final anchored material (Fig. 4.1A’). This suggests that that Ti-POSS
moieties are not present inside the mesopores network, but are in large amount anchored on the
external surface of SBA-15 particles.

A different behaviour was observed for Ti-POSS/SiO, material (Figures 4.1B and B’). SiO;
Davison is characterized by the presence of structural irregular large mesopores with diameter
values in the range 10.0-32.5 nm, volume close to 1.4 cm® g™ and specific surface area of 277 m?
g™ (Table 4.1). The anchoring of Ti-POSS on SiO, significantly influenced the surface area, that
decreased from 277 to 210 m? g™ (24 % diminution) and affected the pattern of pores size
distribution (Fig. 4.1B and B’). Indeed, a significant decrease of larger pores with diameters in
the range 25.0-32.5 nm and a diminution of average pore volume (from 1.4 cm® g™ for SiO, to
1.1 cm® g™ for the anchored material) was observed, suggesting a partial confinement of Ti-
POSS within the silica mesopores.
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Figure 4.2. TGA (left) and DTG (right) of SBA-15 (curve a) and Ti-POSS/SBA-15 (curve b) (A
and B) and of SiO, (curve a) and Ti-POSS/SiO, (curve b) (C and D) under oxygen flow. DTG of
pure Ti-POSS is reported in the inset of Figure B.
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By studying the thermogravimetric profile of the two anchored materials, pure SBA-15 showed a
significant weight loss of 4 wt% around 100°C which was assigned to the evaporation of
physisorbed water (Fig. 4.2A and B, curve a). A progressive weight loss at higher temperatures
in the range 200-800°C was attributed to the condensation of vicinal silanols on the surface of
SBA-15 silica. Ti-POSS/SBA-15 showed a different thermal profile (Fig. 4.2A and B, curve b).
In addition to a weight loss around 100°C of ca. 2 wt% (lower than that observed for pure silica),
a significant weight loss at 245°C was observed according to the TGA and DTG profiles of Ti-
POSS/SBA-15 (Fig. 4.2A and B, curves b). The lower weight loss at 100°C suggests a higher
hydrophobic character of the anchored solid, while the weight loss at 245°C is assigned to the
thermal decomposition of the Ti-POSS moiety anchored onto the silica surface (see inset in the
Fig. 4.2B).

A different thermal behaviour was observed for Ti-POSS/SiO, (Fig. 4.2C and D, curves b). In
addition to a weight loss of ca. 2 wt% around 100°C, Ti-POSS/SiO, showed a maximum of
thermal decomposition for the Ti-POSS moiety at 280°C, that is 35°C higher than the value for
Ti-POSS/SBA-15 and for the pure Ti-POSS precursor. Such difference suggests that SiO,
Davison is able to stabilize Ti-POSS moieties slightly more than SBA-15. The confinement of
the Ti-POSS molecules inside the pores of SiO, Davison could justify the thermal degradation
delay of Ti-POSS molecules bound to the silica surface. By contrast, this effect was not observed
for Ti-POSS/SBA-15 because Ti-POSS molecules are mainly localized on the particles external

surface and their TGA profile is comparable to pure Ti-POSS.
DR-UV-Vis spectroscopy was used to investigate the coordination of Ti centres in Ti-

POSS/SBA-15 and Ti-POSS/SiO,. Ti-SBA-15 and Ti-SiO, obtained by grafting were instead

studied as reference materials.
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Figure 4.3. DR UV-Visible spectra of Ti-POSS/SBA-15 (a) and Ti-SBA-15 (b) (frame A) and
Ti-POSS/SiO2 (a) and Ti-SiO; (b) (frame B), after dilution of the sample in BaSO,4 matrix (10
wt%) and treatment at 100°C in vacuo for 1h. UV-Visible spectrum of Ti-POSS sample in

BaSO, matrix after treatment at 100°C in vacuum for 1h is reported as inset of figure A.

Ti-POSS/SBA-15 showed a main absorption at 250 nm assigned to the charge-transfer transition
between oxygen atoms and Ti(IV) centre in distorted five-fold coordination [10,18,30] (Fig.
4.3A, curve a). Moreover, an evident shoulder centred around 295 nm was also found (Fig. 4.3A,
curve a) and it was assigned to octahedral hexacoordinated Ti atoms, as also observed in the
literature [30], thus suggesting that Ti-POSS molecules anchored on the SBA-15 silica surface
exist mainly as a dinuclear =Ti(-OR-),Ti= dimer form. UV-Visible spectrum of pure Ti-POSS
diluted in BaSO,4 matrix, after dehydration at 100°C for 1h, was also collected and compared
with that of Ti-POSS/SBA-15 (see inset in the Fig. 4.3A). The UV-Visible spectrum of Ti-POSS
sample showed the same bands at ca. 250 nm and 295 nm observed for Ti-POSS/SBA-15 solid,
thus indicating that Ti-POSS molecules also before the chemical anchoring on silicas surface

exist mainly as a dinuclear =Ti(-OR-),Ti= dimer form.

Ti-POSS/SIiO;, (Fig. 4.3B, curve a) showed the same bands observed for Ti-POSS/SBA-15
sample, but shifted at lower wavelengths (i.e. at 235 and 280 nm) and with different intensity
ratio with respect to those observed for Ti-POSS/SBA-15. This could be due to a different
geometry of Ti-POSS dimers when anchored on SiO, Davison with respect to ordered
mesoporous SBA-15.
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DR-UV-Visible spectra of the solids Ti-SBA-15 and Ti-SiO,, prepared by grafting similar
amount of Ti on the surface of silica, were also collected under the same conditions of the
previous solids and compared to spectra of Ti-POSS/SBA-15 and Ti-POSS/SiO, (Figure 4.3A
and B, curves b). Ti-SBA-15 spectrum showed only one defined band at 225 nm typical of
Ti(IV) with isolated tetrahedral geometry (Fig. 4.3A, curve b), whereas the DR-UV-Vis
spectrum of Ti-SiO, material showed a broader absorption centred at ca. 235 nm with a shoulder
at high wavelengths, which can be assigned to the presence Ti(IV) in expanded coordination
(Fig. 4.3B, curve b). The different coordination of Ti centres, when grafted on silicas with
different morphology, should be related to some diversity in textural properties (i.e. specific
surface area) of the two supports [31,32]. The formation of oligomeric Ti species, responsible for
the presence of the band centred at ca. 280 nm for Ti/SiO,, should be associated to a lower

specific surface area of SiO, Davison with respect to SBA-15 support.

UV-Visible spectroscopic results were also supported by XAFS studies recorded on pure Ti-
POSS and Ti-POSS/SBA-15 which clarified the nature of the local environment of the metal
centre. XAS spectra of neat Ti(iPrO),, and anatase TiO, were also collected (in collaboration

with Dr. Laura Sordelli) as references for tetrahedral Ti(IV) and octahedral Ti(IV), respectively.
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Figure 4.4. XANES (A) and EXAFS (B) spectra collected in vacuo of Ti(iPrO), (curve a, in
yellow), TiO; (curve b, in gray), pure Ti-POSS (curve c, in red) and Ti-POSS/SBA-15 (curve d,
in black).

EXAFS and XANES spectra (Fig. 4.4A and B, respectively) showed that pure unsupported Ti-
POSS and Ti-POSS/SBA-15 species consist of a dinuclear moiety formed by two Ti-POSS units
bridged by two oxygen atoms. The resulting Ti(IV) atom is in pentacoordinated geometry, with 5
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oxygen atoms in first shell, one Ti neighbour at 3.05 A belonging to the adjacent monomer unit
in the dimer, and 3 Si atoms belonging to the POSS cage in second shell at 3.22 A. The best fit
procedure of EXAFS data of both Ti-POSS and Ti-POSS/SBA-15 showed five overall oxygen
atoms in first shell bound to Ti, one Ti-Ti shell at the dimer distance and three silicon atoms
belonging to the POSS cage, thus confirming the existence of Ti-POSS dimers.

A representative view of the dimer structure of Ti-POSS anchored on the silicas surface is
reported in Scheme 4.2.
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Scheme 4.2. Graphical view of A) Ti-POSS in dimeric form anchored on silica surfaces

and of (B) Ti-grafted materials.

The existence of Ti-POSS species in form of dinuclear dimeric structures with large molecular
sizes could justify the different localization of POSS moieties on the surface of SBA-15 and SiO,
supports. In the case of SBA-15, which showed pore diameters lower than SiO, Davison, the
confinement of Ti-POSS inside the pores was drastically hindered. The Ti-POSS species are
therefore located mainly on the external surface area (it accounts for about 20% of the total
specific surface area) of the mesoporous SBA-15 silica and this accounts for the low maximum
titanium content achievable (max ca. 0.3 wt% Ti). On the contrary, in the case of Ti-POSS/SiO,,
the non-ordered mesopores of SiO, Davison are broad enough to accommodate bulky dimeric
Ti-POSS species and they are evenly distributed on the external and internal surface of the silica

support. However, the poor maximum titanium loading for Ti-POSS/SiO, too is likely due to the
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lower value of specific surface area of SiO, Davison with respect to SBA-15 (290 m? g* vs. 650
m? g™, respectively).

From the combination of the characterization techniques, in neither of the anchored Ti-POSS-
catalysts, Ti(IV) sites were found close to or in direct interaction with the surface silanols of the
support. It means Ti-POSS/SBA-15 and Ti-POSS/SiO, can be used as heterogeneous model
systems in which Ti(IV) centres are deposited onto a silica matrix, but are not in close proximity
of silanol groups. The opposite is true for grafted Ti/SBA-15 and Ti/SiO,, where Ti(IV) sites are
grafted and covalently bound to the silica surface and fully surrounded by silanol groups.
Ti-POSS/SBA-15 and Ti-POSS/SiO, were tested as catalysts in the epoxidation with tert-
butylhydroperoxide (TBHP) of a series of unsaturated terpenes with various functionalities and
morphology (Scheme 4.3). Limonene, carveol and o-pinene were chosen as test substrates to
assess how and how much the proximity of Ti(IV) sites to surface silanol groups in the support

can affect the reactivity and the performance in the catalytic epoxidation.

HO é;
@) (b) (©

Scheme 4.3. Limonene (a), carveol (b) and a-pinene (c).

First, the heterogeneous character of all the catalysts (both anchored and grafted) over the three
substrates was proven by removing the solid catalyst by high-speed centrifugation and testing the
residual liquid mixture for further reaction [33]. Since no significant loss of active species and no
further activity was detected, the four catalysts were considered truly heterogeneous.

Taking into account the epoxidation of limonene (Table 4.2), the four catalysts were all active.
The conversion, the selectivity values and the turn-over number (TON after 24 h) of both Ti-
POSS/SBA-15 and Ti-POSS/SiO, were comparable. Actually, since Ti-POSS moieties, in both
catalysts, are not confined inside narrow mesopores, but they are located at the external surface
of SBA-15 or in the wide and open mesopores of SiO, Dav, they are not sensitive to the
morphology of the support (and to confinement effects) and they show a similar behaviour in

terms of activity and selectivity.
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Table 4.2. Catalytic performance of the catalysts in limonene epoxidation.

: a C°  TON  Sepoy Sepox

Catalyst Ti content® (wt.%0) 24h (%) 24h 24 hp (%) isocorfv. (%)
Ti-POSS-TSIPI/SBA-15 0.23 25 95 88 88
Ti-POSS-TSIPI/SiO; 0.33 39 108 85 87
Ti/SBA-15 0.24 48 192 78 82
Ti/SiO; 0.29 60 198 82 84
No catalyst - 4 - nd.| n.d
SiO; - 5 - n.d. n.d

Glass batch reactor; 10 mL AcOEt; 85°C; 24 h; 50 mg cat.; 1.2 mmol TBHP; 1.0 mmol limonene.
a: obtained by ICP-AES; b: limonene conversion after 24 h; c: after 24 h (mol converted substrate/ mol Ti); d:
selectivity to endocyclic limonene monoepoxide after 24 h; e: selectivity to endocyclic limonene monoepoxide at

25% conversion; f: not determined.

However, anchored catalysts showed a lower activity (half of the TON) with respect to the
reference grafted materials, i.e. Ti/SBA-15 and Ti/SiO,. Such difference is ascribed to the good
Ti(IV) site isolation achieved by grafting modest amounts of titanocene dichloride over silica
(for TiI/SBA-15 and Ti/SiOy), whereas a relevant fraction of Ti(IV) sites in Ti-POSS/SBA-15 and
Ti-POSS/SIiO; are in dimeric form and therefore they are less accessible to the substrate [34].

In terms of selectivity (comparing the values at 25% isoconversion conditions), the anchored
materials displayed slightly better results than the grafted catalysts with comparable metal
loading. In all cases, the main product was the endocyclic limonene epoxide (from ca. 80% to
88% selectivity). The other main product was the exocyclic epoxide only (10-12%), over
anchored Ti-POSS-derived catalysts, whereas acid-derived by-products (9-14%) were found
when reference titanocene-grafted catalysts were used. This behaviour suggests that a similar
reactivity takes place at the Ti(IV) sites in both cases, but a more marked acid character is
present in the reference grafted catalysts than in the anchored ones, due to the Lewis-acid nature
of Ti(IV)-silica species obtained by grafting [29,35,36].

With regard to the epoxidation of carveol (Table 4.3), anchored catalysts showed conversion and
TON values almost identical to grafted catalysts. This behaviour suggests that thanks to the
effect of the OH-group in allylic position on the carveol molecule, the allylic binding of the
hydroxyl to the Ti(IV) centre favours the epoxidation reaction [29]. So, in this case, there is no
remarkable effect on the catalytic activity of the silica support morphology and of the proximity
(or not) of the surface silanol groups. A similar behaviour was observed in Ti(IV)-grafted silica

catalysts where silanol groups were selectively removed by silylation and, in fact, the same
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activity was recorded in Ti-silica catalysts in the presence or in the absence of neighbouring
silanols [37]. Conversely, anchored systems presented a remarkably higher selectivity to
endocyclic epoxide (1,2-epoxide) than titanocene-derived systems (ca. 80% vs. 60%,
respectively), even at comparable conversions (at 12%). Also with this substrate, as for
limonene, the higher acid character of grafted Ti-silica catalysts than in the anchored ones
accounts for the formation of undesired acid-catalysed secondary products from carveol epoxide
and the loss of ca. 20% in selectivity.

Table 4.3. Catalytic performance of the catalysts in carveol epoxidation

Catalyst Ticontent® C° TON® &° Select®
(Wt.%) 24h (%) 24h 24h (%) isoconv. (%)
Ti-POSS-TSIPI/SBA-15 0.23 12 47 79 79
Ti-POSS-TSIPI/SiO, 0.33 19 52 80 83
Ti/SBA-15 0.24 12 48 57 57
Ti/SiO, 0.29 14 a7 61 62
no catalyst - 4 - n.d.” n.d.

Glass batch reactor; 10 mL AcOEt; 85°C; 24 h; 50 mg cat.; 1.2 mmol TBHP; 1.0 mmol carveol.
a: obtained by ICP-AES; b: carveol conversion after 24 h; c: after 24 h (mol converted substrate/ mol Ti); d:
selectivity to endocyclic carveol monoepoxide after 24 h; e: selectivity to endocyclic carveol monoepoxide at 12%

conversion; f: not determined.

Finally, the epoxidation of a-pinene was chosen as a third test reaction, since the product of
epoxidation, a-pinene oxide, is a reactive molecule and can undergo further transformation by
acid-catalysed rearrangement according to a two-step bifunctional pathway (Scheme 4.4). It is
thus a tool to evaluate not only the oxidant activity of Ti(IV) sites, but also their acid properties
[38].

others
Scheme 4.4. Two-step epoxidation of a-pinene and acid-catalysed rearrangement of a-

pinene oxide.

The conversion and TON values are rather low for all the catalysts, even if they are roughly
comparable to the values obtained in carveol epoxidation (Table 4.4). Nevertheless, in terms of

selectivity (under isoconversion condition) to epoxidation and acid-catalysed rearrangement
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products, a sharp difference was noted between anchored and grafted titanium-silica systems. In
fact, over Ti-POSS/SBA-15 and Ti-POSS/SiO,, a-pinene oxide was the major product recorded
at the end of the reaction, whereas, over Ti/SBA-15 and Ti/SiO,, campholenic aldehyde, the
compound obtained by bifunctional oxidation of a-pinene plus acid-catalysed rearrangement of
the intermediate a-pinene oxide (Table 4.4), was the most abundant product. The rest of the
products (from 15 to 30%) are carveol, pinocamphone, etc. and they are all obtained through via
acid-catalysed rearrangement with different mechanisms.

Such product distribution is a further confirmation that grafted catalysts posses a higher acid
character than the anchored ones [29,39] and the Lewis-acid nature of Ti(IV)-silica species is
corroborated by the formation of campholenic aldehyde, that is commonly accepted to be formed
mainly via a Lewis-acid catalysed rearrangement of a-pinene oxide [40-42].

Table 4.4. Catalytic performance of the catalysts in a-pinene epoxidation.

Catalyst Ti content® Cb TON® SEpoxd SCALDd Sothersd
(wt.%0) 24h (%) 24 h (%) (%0) (%0)
Ti-POSS-TSIPI/SBA-15 0.23 13 47 59 14 27
Ti-POSS-TSIPI/SiO, 0.33 14 38 51 17 32
Ti/SBA-15 0.24 16 64 13 67 15
Ti/Si0, 0.29 8 26 12 72 10
no catalyst - 3 - n.d.' n.d. n.d.

Glass batch reactor; 10 mL AcOEt; 85°C; 24 h; 50 mg cat.; 1.2 mmol TBHP; 1.0 mmol pinene
a: obtained by ICP-AES; b: pinene conversion after 24 h; c: after 24 h (mol converted substrate/ mol Ti); d:
selectivity to products EPOX, CALD and others (see Scheme 3) at 13% conversion; f: not determined.

Conclusions

Ti-POSS precursors can be efficiently anchored via covalent bond, with good dispersion, on the
surface of ordered and non-ordered silica supports. Owing to the peculiar size and reactivity of
these precursors, Ti-POSS moieties are mainly accommodated as dinuclear dimer species on the
external surface of ordered mesoporous silica or in the large mesopores of non-ordered silica
supports. Ti-POSS/SBA-15 and Ti-POSS/SiO, are valid models of those solid systems where
Ti(IV) centres are deposited onto a silica matrix and are not in close proximity of silanol groups.
They can be used as heterogeneous catalytic models not only for generic Ti(lV)-catalysed
oxidation reaction, but, more specifically, in those cases where a controlled chemical
surroundings close to Ti(IV) sites (for instance, the presence or not of silanols moiety near the
catalytic centre) is needed. Actually, these anchored Ti(IV) systems show, on average, a lower

catalytic activity than their analogues obtained by post-synthesis grafting of simpler Ti(IV)
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precursors. However, the different selectivity recorded over anchored catalysts, with respect to
the grafted ones, can be potentially diagnostic about the mechanism or the molecular

intermediates occurring at the surface during the oxidation reaction.
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Chapter 5. Use of Au in the epoxidation reactions with molecular O,

During decades the gold was supposed to be poorly active as a heterogeneous catalyst. However,
the knowledge of poor activity comes from the chemistry of smooth gold surface or of relatively
large gold particles with diameters above 10nm. In 1989 Haruta [1] found that when gold is
deposited on selected metal oxides as ultra-fine particles, its chemistry dramatically changes.
After this discovery, gold nanoparticles have been studied in many fields and, with particular
efforts, in heterogeneous catalysis. It was found that dispersed gold particles are highly active in
many important reactions for chemical industry, such as propene oxidation [2], CO oxidation at
low temperatures [3], hydrochlorination of acetylene [4-6], oxidative coupling of methanol [7],
epoxidation of propylene with H,/O, mixtures [8], oxidation of alcohols [9-13], and the direct
synthesis of hydrogen peroxide [14, 15].

However, the adsorption of most molecules on gold surfaces is very weak at room
temperature, and dissociative chemisorption of simple molecules such as O, is
thermodynamically prohibited [16, 17]. This limitation, together with the already mentioned
importance of oxidation reaction in the chemical industry, is at the bases of the big efforts
devoted to promote oxygen activation over gold nanoparticles.

In particular, this part of the thesis, focused on the activation of molecular O, was
encouraged by a series of works by P. Lignier, where the stereoselective epoxidation of trans-
stilbene using Au-based heterogeneous catalyst is performed. In such reactions
methylcyclohexane (MCH) is used as a solvent, and TBHP as a radical initiator. It was shown
that the use of methylcyclohexane as a solvent helps to reach the yield of 50% in trans-stilbene
epoxide [18]. It was also discovered that Au/TiO, catalyst exhibits high selectivity for the
aerobic epoxidation of stilbene [19].

In the epoxidation of cyclohexene, cyclooctene, styrene, trans-stilbene in the presence of
catalytic amounts of TBHP and Au/C, under air at atmospheric pressure, it was shown that
TBHP plays a role of an “initiator of a chain reaction sustained by oxygen” [20].

The hypothesis was the following: the combination of the gold ability to catalyze
oxidations of C-H bonds in hydrocarbons, on one side, and the epoxidizing properties of Ti(IV),
on the other side, could lead to an interesting catalyst for the epoxidation of bulky olefins in the
liquid phase. Thus, the activation of molecular O, would proceed by means of gold nanosized
particles, which are able to produce organic hydroperoxide from molecular O, and alkanes with a
tertiary carbon atom (Scheme 5.1A). The in situ formation of the organic hydroperoxide can be
therefore exploited to carry out the oxidation of the desired substrate molecule in the presence of

a redox active Ti(IV) single-site centers (Scheme 5.1B).
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Scheme 5.1. Mechanism for trans-stilbene epoxidation over the hybrid Au-Ti-based

heterogeneous catalyst.

Results and discussion

Gold nanoparticles with different loadings were deposited by three different methods: deposition

precipitation (DP), impregnation and sol-gel immobilization (Table 5.1; See the Experimental

part for the catalysts’ preparation).

Table 5.1. Au-based catalysts used in the epoxidation reactions

Catalyst Dp/nm pH of preparation Au content (wt.%0)
Au/MgO 19.9 9 2
AU/TIO, 9 0.5
AU/SIiO; (impregnation) 29.6 7 1
Au/SiO; 9732 (sol) 235 3 1
AU/SiO;, DavC (sol) 9 3 1
AU/SiO, 9732 (impregnation)  33.6 3 1
Au/SiO;, DavC (impregnation)  30.8 3 1
AU/SIO, 154 9 10
Au/C <3 0.3
AuU/SiO; Dav C <3 3 0.5
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The prepared materials were tested in the epoxidation of two substrates: trans-stilbene and
limonene. In the literature, different solvents were tested in the epoxidation of trans-stilbene over
AU/TiO; [21]. Amongst all the solvents investigated, only mono- and disubstituted cyclohexanes
allow to achieve high yields of epoxide and high selectivity 1-methylpiperidine < piperidine <
dimethylsulfoxide < benzylalcohol < dimethylformamide < cyclohexane < acetophenone <
toluene < n-heptane < acetonitrile < propionitrile << methylcyclohexane ~ 1,4-
dimethylcyclohexane ~ 1,3-dimethylcyclohexane. Methyl cyclohexane (MCH) showed to be the

most appropriate solvent for the epoxidation of substrates chosen for our tests.

Epoxidation of trans-stilbene

Epoxidation of trans-stilbene was chosen as a test reaction to avoid the undesired formation of

allylic oxidation by-products. The preliminary results are demonstrated in the table 2.

Table 5.2. Epoxidation of trans-stilbene

Formation of

OH Yield (%) of
. Conversion of

Auor Ti day . ‘ o

Catalyst M and trans-stilbene
9%

(wt.%0) (nm) djo o (%) O
Au/SiO, 9732 10 15.4 Yes 23 6
Au/carbon 0.3 <3 Yes 40 9
AU/SIO, 08 194 Yes nd. n.d.
Aerosil
AU/TiO; (P25) 0.5 n.d. n.d. n.d.
Au/MgO 1 19.9 Yes 33 12
Ti/SiO,
Day C&¢ 1 27 8
Ti/SiO,
Dav.CP*¢ 1 2 9
AU/SIOZ
coupled  with Yes 43 n.d.

Ti/SiO, Dav.C*
Reaction conditions: magnetical stirring: 900 rpm, glass batch reactor, trans-stilbene: 0.5mmol, methylcyclohexane

(MCH): 10 ml, catalyst: 150 mg, TBHP as co-oxidant: 0.025 mmol, O, pressure: latm, reaction T: 80 °C, 48 h,
pretreatement of the catalyst at 250 °C for 4 h.

#solvent AcOEt

b solvent CH,CN

“H20,
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d addition of Ti/SiO, Davisil C was performed after 19 h of the reaction.

AU/SIO; (Au 10 wt.%) and Au/carbon (Au 0.3 wt.%) catalysts are active and selective catalysts,
in terms of formation of stilbene oxide. It is worth noting, actually, that epoxide yields in the
order of magnitude 10-20% represent prominsing results, with respect to the current state of the
art. In addition, Au/SiO, (Au 0.8 wt.%) did not lead to the formation of epoxide, but the
formation of tiny amounts of (methylcyclohexyl)hydroperoxide was observed. The formation of
oxidized species was anyway higher than the initial quantity of TBHP, confirming an effective
activation of molecular O, during the tests. The conversion of trans-stilbene reaches 40% in the
case of Au/carbon (Au 0.3 wt.%) and 31% in the case of Au/SiO; (Au 10 wt.%).
Finally, the combination of Au and Ti based catalysts was tested by mechanical mixing the two
materials, namely Au/SiO, and Ti/SiO,. Unexpectedly, the first test of coupling of Au activity
and Ti epoxidation capacity did not show any activity of the system. A possible explanation
could be the following: the presence of Ti-sites can suppress the formation of (methylcyclohexyl)
hydroperoxide, and the present amount of TBHP can be not sufficient, since it was introduced in
the reaction only as a free-radical chain initiator. Thus, the following strategy was adopted: 1) on
the first step it is important to allow the formation of (methylcyclohexyl)hydroperoxide, 2) after
19 hours (it was seen that 19 hours is enough to have proper amount of (methylcyclohexyl)
hydroperoxide in the system), the Ti/SiO, was added (Table 5.2, last line). Unfortunately, this
strategy did not lead to any improved results. However, it is worth noting, that the set of data
obtained so far are fully consistent with the best results described in the literature.

Further investigation to understand the effect of catalyst’s pretreatment was followed
(Table 5.3).

Table 5.3. Influence of the catalyst’s pretreatment on the catalytic activity in trans-stilbene

epoxidation.

Catalyst Au (wWt.%)  C 24h, (%) Y 24h, (%)
AU/SiO; (non-pretreated) 10 32 13
AU/SiO; (pretreated) 10 23 23
Au/carbon (non-pretreated) 0.3 51 46
Au/carbon (pretreated) 0.3 40 34
Au/MgO (non-pretreated) 1 33° 128
AU/MgO (pretreated) 2 n.d. n.d.

Reaction conditions: magnetical stirring: 900 rpm, glass batch reactor, trans-stilbene: 0.5mmol, methylcyclohexane
(MCH): 10 ml, catalyst: 150 mg, TBHP as co-oxidant: 0.025 mmol, O, pressure: latm, reaction T: 80 °C, 48 h,
pretreatement of the catalyst at 250 °C for 4 h.

aConversion of trans-stilbene after 48 h of the reaction
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Note that the activity of the catalysts is higher when the materials are not pretreated. In addition,
even though trans-stilbene epoxide was the only expected product of trans-stilbene epoxidation,

other products, such as benzophenone, 2,2-diphenyl-acetaldehyde were also detected.

Limonene epoxidation

Limonene was chosen as a further model for the epoxidation over Au-based systems using
molecular O,. Several effects were studied, such asthe Au nanoparticles’ size, the solvent’s
nature, the presence of H,O, nature of radical initiator, the nature of the support, the pH during

the catalyst preparation, and the reaction temperature.

1. The role of the Au particles’ size

In this paragraph, the role of the Au nanoparticles’ size in the epoxidation of limonene is
analysed (Table 5.4).

Table 5.4. Influence of the Au particles’ size on the conversion of limonene in limonene

epoxidation.
Catalyst Au (wt.%) d(Au) nm  C limonene, %
Au/SiO; Dav. C 0.5 <3 13
Au/SiO, 9732 1 23.5 16
Au/SiO; Dav. C 1 30.8 26

Reaction conditions: glass batch reactor, 80°C, catalyst: 50 mg, limonene: 0.5 mmol, solvent: methyl cyclohexane
(MCH), reaction time 48 h, oxidant: molecular O, 1 atm, co-oxidant: TBHP 0.03 mmol, catalysts pretreatement -
250°C in air for 4 h.

To compare the activity of the three catalysts having different Au loading (0.5 wt.% or 1 wt.%),
the specific surface area of each material was calculated (nanoparticles were considered as being
spherical):
S=(4nrd)/(@Gnr’13) =3I
S1(Au/SiO, DavC, 0.5%, <3nm) = 2 nm™
S2(Au/SiO, 9732, 1%, <23.5 nm) = 0.3 nm™
S3(Au/SiO, DavC, 1%, <30.8 nm) = 0.2 nm™
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p(Au) = 19.30 - 10*® mg/nm®
ml (Au) =50 mg - 0.5% /100 = 0.25 mg Au
V1=ml/p=12.9 10" nm?

Al (surface area) = V1- S1 = 25.8 - 10* nm?
m2 (Au) =50 mg - 1% /100 = 0.5 mg Au
V2 =m2/p=25.9 10" nm*

A2 (surface area) = VV2- S2 = 7.77 - 10" nm?
m3 (Au) =50 mg - 1%/ 100 = 0.5 mg Au
V3 =m3/p=25.9 -10* nm®
A3 (surface area) = V3- $3=5.18 - 10" nm?

Even though, the first material (Au/SiO, Dav. C) has the Au loading of 0.5%, the surface area
(A1) is however higher than in other two materials with the Au loading of 1 wt.%.
Notwithstanding only catalysts with particles size lower than 10 nm have always been considered
as very active in oxidation reactions [1] Table 5.4 and calculations show unexpected results.
Surprisingly, it was found that the catalyst with Au particle size of 30 nm is more active in the
limonene epoxidation (limonene conversion 26%) than one with the nanoparticles’ diameter of 3
nm (limonene conversion 13%). Perhaps, the optimal size of nanoparticles is not the same for all

support types.

2. Effect of the solvent

The coupling of the Au activity with the epoxidation capacity of Ti has been performed also in
this case. Since the presence of water can inhibit, in principle, the activity of Ti active sites (see
chapter 1), anhydrous MCH was initially used as the solvent (Table 5.5). However, it was
observed that anhydrous methyl cyclohexane does not lead to the improvement of the activity.
On the contrary, the presence of water enhances the conversion of limonene and the yield of the
limonene epoxide. This fact was as already observed in other oxidation reactions [22, 23]. The
potential role of water and hydroxyls in catalysis over Au nanoparticles has been highlighted
recently. It was shown that small amounts of water increase the catalytic activity in CO
oxidation, which is partly attributed to activation of oxygen on the hydroxylated support.
Analogously, the positive role of water suggests the need for free protonic species which may
take part in the formation of the hydroperoxide intermediates. Further investigation is however

needed to clarify the beneficial role of water and/or of protic solvents in this oxidation process.

85



Table 5.5. Influence of the solvent on the epoxidation of limonene

Catalyst Solvent C limonene (%) Y limonene epoxide(%)
Au/MgO MCH 29 n.d.
Au/MgO+Ti/SiO, MCH 28 n.d.
Au/MgO+Ti/SIO, MCH anhydrous 14 n.d.
Au/MgO+Ti/SiO, MCH+20ul H,O MQ 43 7
Au/MgO+Ti/SiO, 5 mL MCH (anh.) + 14 n.d.
SmLTFT

Reaction conditions: glass batch reactor, 80°C, limonene: 0.5 mmol, solvent: methyl cyclohexane (MCH): 10 mL,
reaction time 48 h, T reaction: 80 °C, oxidant: molecular O,, 1 atm, co-oxidant: TBHP 0.03 mmol, catalysts

pretreatement - 250°C in air for 4 h.

In order to verify the benefit of the presence of fluorinated solvents reported in the literature [24],
that are ascribed to the increase of solubility of the dissolved oxygen and to the peculiar affinity
of oxygen-donor species with fluorine-containing solvents, the role of trifluorotoluene as a co-
solvent was evaluated. Unfortunately, no improvement was observed with respect to the use of
pure MCH.

3. Influence of the radical’s initiator nature

The role of different radical initiators was already deeply studied and many examples are present
in the literature. In all cases O, was adopted as the oxidant. It was shown that the presence of
catalytic amounts of TBHP leads to the production of epoxide, while di-tert-butylhydroperoxide
(‘BuO-OBuU") and hydrogen peroxide (HO-OH) are not suitable for epoxidation [21]. Moreover,
the use of azobis-iso-butyronitrile, AIBN (Scheme 5.2), as radical intiator leads to high yields
[25]. Here, the use of TBHP and AIBN was studied in the limonene epoxidation over Au/MgO
catalyst (Table 5.6).

HsC  CHj
N
AN N
NN
HsC  CHjs

Scheme 5.2. Azobis-iso-butyronitrile, AIBN
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Table 5.6. Influence of the radical initiator on the activity of Au/MgO in the limonene

epoxidation.
) . _ Y limonene epoxide,
Catalyst Radical Initiator C limonene, % y
0
Au/MgO TBHP 41 10
Au/MgO AIBN 36 5

Reaction conditions: glass batch reactor, 80°C, limonene 0.5 mmol, solvent: methyl cyclohexane (MCH), reaction

time 48 h., oxidant: molecular O,, 1 atm, co-oxidant: 0.03 mmol, catalysts pretreatement — no pretreatment.

The use of AIBN as radical initiator does not lead to the improvement of the activity and
selectivity of the catalyst. On the contrary, the yield to limonene epoxide is decreased (5%).
Such difference in the behaviour can be ascribed to the difference pressure of O, adopted in the
present work (1 atm) with the respect to the one used in the literature (12 atm) [3]. Moreover, the
leaching of Au was observed together with a total decolouration of the the catalyst powder. In
this case, the formation of soluble gold cyanocomplexes, derived from the decomposition of

AIBN, and the leaching of the metal out from the support is probable.

4. Influence of pH and preparation method

The effect of pH during the catalyst synthesis was also investigated. In fact, preparation of the
catalysts was performed at different pH values: 3, 7 and 9. These Au-containing catalysts were
then tested without any co-catalyst or coupled with Ti-SiO, (Scheme 5.3). Au-based catalyst
prepared at pH=7 shows high activity, but the activity decreases when the Au-based material is
coupled with Ti-heterogeneous silica. On the other hand, Au-based catalyst prepared at pH=9
shows higher activity when coupled with Ti-heterogeneous silica. The Au-based material
prepared at pH=3 has the same activity of the one prepared at pH=9, but its coupling with Ti
leads to a drastic decrease of activity. The explanation of these effects is likely connected to the
support PZC but the deep analysis of this factor is not a main aim of this work. Anyhow, these

results are in accordance with the literature [26].
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Scheme 5.3. Influence of the pH during the catalyst preparation on the catalytic

behaviour in the limonene epoxidation.

In addition, the comparison of the two methods of the preparation of gold nanoparticles (sol

immobilization and impregnation) was performed (Scheme 5.4).
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Scheme 5.4. Different methods of the preparation of gold nanoparticles.

It was observed that Au/SiO, catalyst prepared by impregnation is more active than the one
prepared by sol-immobilization. The activity reaches 48% in limonene conversion with the yield
of 28% in limonene oxide.

To prove the hypothesis shown on Scheme 1, the ability of Au in O, activation has been
coupled to the epoxidation capacity of Ti. First, the mechanical mixture of Au/SiO, and Ti/SiO,

was prepared. Then, some bifunctional materials were obtained following the grafting of
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TiCp,Cl; onto the surface of a pre-formed Au/SiO, mesoporous material. However, the expected
synergistic effect was not achieved. Actually, the addition of titanium causes a dramatic loss of
gold activity. Anyway, no clear-cut experimental evidences are available so far about the

mechanism taking place at the Au centres and the work is still in progress in this topic.

Conclusions

Gold with different loadings was deposited by two different methods: impregnation and sol-gel
immobilization. The supporting materials were SiO,, MgO or Carbon and a common material
was adopted while analyzing a certain factor. All composites were tested in the epoxidation of
trans-stilbene and limonene. Molecular O, was used as oxidant and TBHP as a free-radical
initiator. In the epoxidation of trans-stilbene the influence of the pretreatment of the catalyst was
studied: it was observed that non-pretreated catalyst is more active in the epoxidation of trans-
stilbene. The formation of side-products, such as benzophenone, 2,2-diphenyl-acetaldehyde was
also detected, even though the expectations from the epoxidation of trans-stilbene were the
formation of only trans-stilbene epoxide.

Limonene was chosen as another model for the epoxidation over Au-based systems. The
effect of various factors, such as Au nanoparticles’ size, the solvent’s nature, the presence of
H.0O, nature of radical initiator, the pH during the catalyst preparation was studied. Surprisingly,
it was found that the catalyst with Au particle size of 30 nm is more active in the limonene
epoxidation (limonene conversion 26%) than one with the nanoparticles’ diameter of 3 nm
(limonene conversion 13%). Studying the influence of the solvent’s nature, it was found that the
presence of water enhances the conversion of limonene and the yield of the limonene epoxide,
while the use of trifluorotoluene did not lead to improved performance.

Studying the nature of the radical initiator, it was observed that the use of AIBN does not
lead to the improvement of the activity and selectivity of the catalyst, on the contrary, the yield
to limonene epoxide is decreased (5%).

AU/SIiO, catalyst prepared by impregnation method is more active than the one prepared
by sol-immobilization technique in the epoxidation of limonene. The activity reaches 48% in
limonene conversion with the yield of 28% in limonene oxide.

Finally, to prove the hypothesis shown on Scheme 5.1, the ability of Au in O, activation
has been coupled to the epoxidation capacity of Ti. First, the mechanical mixture of Au/SiO, and
Ti/SiO, was prepared. Then, bifunctional materials were obtained following the grafting of

TiCp,Cl; onto the surface of a pre-formed Au/SiO, mesoporous material. However, the expected
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synergistic effect was not achieved. Actually, the addition of titanium causes a dramatic loss of
gold activity. Anyway, no clear-cut experimental evidences are available so far about the
mechanism taking place at the Au centres and the work is still in progress in this topic.
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Chapter 6. Production of H,O, in-situ by means of (Glucose
Oxidase) GOx in air

This part of the thesis was performed in Montpellier at Laboratoire de Materiaux Catalytiques et
Catalyse en Chimie Organique CNRS/ENSCM/UML1 Ecole Nationale Superieure de Chimie de
Montpellier.

The most common way for the industrial H,O, production is the anthraquinone process
[1] (Scheme 6.1).
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Scheme 6.1. Anthraquinone process for industrial H,O, production

Other methods for the H,O, production can be mentioned: hydrogenation of oxygen over
the Pd-based heterogeneous catalyst [2], electrochemical ways [3], or enzymatic routes [4,5].
Here we will focus on the enzymatic route for in situ H,O, production.

Enzymes are very selective catalysts and may represent a suitable response for the
challenges of the 21% century in catalysis with respect to improvement of the selectivity of the
reactions [6]. Many industrial processes use enzymatic catalysis. For example, lactic acid,
propane-1,3-diol, and many pharmaceutical intermediates can be synthesized by using either
chemical or biochemical processes where catalytic steps are of great significance [7]. For
instance, Glucose Oxidase (GOx) finds large application in chemical, pharmaceutical, food,
beverage, clinical chemistry, biotechnology and other industries [8-10]. Novel applications of
glucose oxidase in biosensors have increased the demand in recent years. Moreover, GOXx
promotes the H,O, production by catalyzing the oxidation of B-D-glucose to gluconic acid, by
utilizing molecular oxygen as an electron acceptor.

However, there are some problems with the use of enzymes, such as their stability
towards temperature, solvents, or pH. Thus, for industrial applications, a challenge is to find a
way to increase the stability towards the factors mentioned above and to recover the biocatalyst
from the medium after the reaction. The solution can be to heterogenize the biocatalyst by
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immobilizing it into an inorganic matrix without deactivating it. There are different methods for
immobilizing enzymes in inorganic supports such as covalent binding, adsorption and sol-gel
encapsulation (Fig. 6.1) [11-13].

Enzymes immobilisation in silica

| Immobilization by binding ‘ l Immobilization by physical retention ‘
| Binding to support || Co-Crosslinking | [Matrix entrapment ‘ | Membrane enclosure‘
N :
Adsorptive | | Covalent

or ionic binding

E E 3%

Sol-Gel Liposomes

Wncept

Sponge Mesoporous Silica (SMS)
Figure 6.1. Schematic representation of the different ways to immobilize enzyme.

All these methods have advantages and disadvantages [14]. The adsorption of enzymes in an
inorganic support is the cheapest and the easiest method, but is often susceptible to a progressive
leaching. The grafting of enzymes onto a support avoids the leaching, but is more time
consuming as it implies a previous functionalization of the support before to react with a part of
the protein, which can sometimes lead to the denaturation of proteins. Silica sol-gel entrapment
represents a good compromise. However, the direct interaction of proteins with silanols should
be minimized to avoid protein deformation. For this purpose, soluble excipients are added to
stabilize the correctly folded protein conformation. Additives help also to stabilize proteins
against the denaturing stresses encountered upon sol-gel entrapment. Silica sol-gel allows
maintaining activity of enzymes [14] or bacteria [15-17] by using additives such as sugars,
glycerol, charged polymers (poly-vinylimidazole, -ethyleneimine, -ethyleneglycol) or gelatin.
For lipases encapsulated in sol—gel, poly(vinyl alcohol) [18,19] has been used and the synthesis
has been further developed commercially by Fluka. Nevertheless, in sol-gel encapsulation, the
lack of controlled porosity limits the diffusivity of the substrates.

A new method developed by group of A. Galarneau for the encapsulation combines the

sol-gel method with a templating process using bilayers of phospholipids to provide an organized
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network of lecithine species inside the silica and, at the same time, to protect the embedded
enzymes, as if they were entrapped in a biological membrane supported on silica [12]. This
brings a porosity control to the classical sol-gel encapsulation and increases the accessibility of

the substrate to a maximum of enzymes.

Structure of Glucose Oxidase

GOx (B-D-glucose-oxygen 1-oxidoreductase) is a flavoprotein which catalyzes the oxidation of
B-D-glucose to D-glucono-6-lactone and hydrogen peroxide using molecular oxygen as an
electron acceptor. GOx is a dimeric protein (Figure 6.2) with a molecular weight ranges from
130 to 1750 kDa, containing one tightly bound (K, = 1x10°) flavin adenine dinucleotide (FAD)
per monomer as cofactor (actually two FAD-sites per the enzyme). The FAD is not covalently
bound and can be released from the holo-protein following partial unfolding of the protein. This
process can be performed under mild conditions preventing full denaturation of the enzyme. The
respective GOx apo-enzyme can be obtained after FAD extraction. The apo-enzyme missing the
FAD cofactor is not biocatalytically active, but it can be reconstituted with native or artificially
modified FAD cofactor. The enzyme is glycosylated with a carbohydrate content of 16% (w/w).
The carbohydrate moiety is designated as high mannose type with 80% (w/w) of the

carbohydrate being mannose. The mannose is N and O glycosidically linked to Asn, Thr and Ser.

Asn-518

Trp-430

His-563 e

¥/

Figure 6.2. Glucose oxidase
Glucose oxidase (GOx) is purified from a range of different fungal sources, mainly from
the genus Aspergillus and Penicillium, of which A.niger is the most commonly utilized for the

production of GOx [20, 21].
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It will be advantageous to combine chemo-, regio-, and stereoselectivity of enzymes with
high oxidation ability of TS-1. In this chapter, the immobilization of GOx and its combined use
with Ti(IV)-silica catalysts in the epoxidation reactions using in situ formed H,O, will be

described.

Results and discussion

A hybrid enzymatic-inorganic system composed of glucose oxidase (GOx) and TS-1 was
developed (see Experimental Part). This particular system in the presence of air and glucose

allows one to perform oxidation reactions thanks to the in situ formation of H,0, [20,22].

1. DMSO oxidation
DMSO is widely used as a solvent. As a consequence, large amounts of DMSO-containing

wastewater are generated. There are chemical and biological methods for treating wastewater
containing organic contaminants. Among the chemical methods for DMSO removal, the
oxidative degradation is particularly promising. Biological treatment is not applicable because
DMSO is less biodegradable and during this process volatile and noxious products are formed.
The combination of oxidation and biological processes could provide a valuable solution for the
treatment of DMSO-containing wastewaters.

Here, the oxidation of DMSO is performed in liquid phase in water solution (Scheme
6.2). Encapsulated glucose oxidase (GOx-NPS) was used in the oxidation of DMSO in the
presence of TS-1 in water solution at room temperature and it presented the first example of the

use of hybrid enzyme-inorganice catalyst.
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Scheme 6.2. In situ production of H,O, and its use in DMSO oxidation
The catalytic properties of TS-1 were initially investigated. For this, the reaction was performed

with H,O, (50wt. % aqueous solution). The 100% conversion was reached in 15 minutes.
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To perform the reaction with the hybrid enzyme-inorganic catalyst, it is crucial to determine the
ratio between GOx and TS-1, since it is the first example of the use of hybrid enzyme-inorganic
catalyst. Thus, different amounts of active free- and GOx-NPS were used. Obtained results are

shown in Table 6.1.

Table 6.1. DMSO oxidation with GOx free and GOx-NPS hybrid enzyme-inorganic catalyst.
Cbwmso at 24h, % Cbwmso at 24h, %

Amount of active GOx, mg

Free GOx GOXx-NPS

0 19 19
0.15 19 27
0.75 37 30
15 56 21
3.5 100 21
7.5 100 21
15 96 12
16.5 95 10

Reaction conditions: DMSO=2mmol, phosphate buffer =15 ml (pH=5.3), oxidant= bubbling air, biocatalyst=GOx
free or GOx-NPS, catalyst= 50 mg TS-1, Glucose=4.5 g, reaction temperature=25°C.

The optimum amount of GOx free for DMSO oxidation (100% conversion) is 3.5 mg,
corresponding to a GOx:Ti weight ratio of 5.4. Encapsulated glucose oxidase (GOx-NPS) was
used in the oxidation of DMSO in the presence of TS-1 in water solution at room temperature.
The maximum conversion for DMSO using encapsulated GOx was found to be 30% at the

amount of active GOx 0.75 mg (Fig. 6.3).
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Figure 6.3. Conversion of DMSO vs. amount of active GOXx:
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Determination of GOx activity

Since enzymes are particularly sensitive to environmental conditions such as temperature, pH,
use of organic solvent, it is very important to measure the enzyme’s activity if one of the
parameters is changed. Different methods exist for measuring GOXx activity. Most researchers
use an analytical method for GOx that is based on the principle that GOx oxidizes to B-D-
glucose in the presence of oxygen to B-D-glucono-o-lactone and H,O,. The H,0; is then utilized
to oxidize a chromogenic substrate in a secondary reaction with horseradish peroxidase (HRP)
with a resultant color change that is monitored spectrophotometrically.

Here, the activity of free GOx and of two batches of encapsulated GOx was determined

by Trinder test (see Experimental part) [23]. Obtained results are demonstrated in the Table 6.2.

Table 6.2. Activity of the GOx free and encapsulated GOx (GOx-NPS)

Material Activity
GOx free 8000 umol/min-g
GOx'NPS (EG020) 135 pmol/min-g
GOx encapsulated (EG020) 16 mg active GOx/1g GOx'NPS
batch no. 1
GOx'NPS (EG026) 90 pmol/min-g
GOx encapsulated (EG026) 11 mg active GOx/1g GOx*NPS
batch no. 2
GOx free® 8000 umol/min-g

%GOx activity measured in the presence of CH3;CN solvent.

To check the stability of free GOXx in the presence of organic solvent, the activity was measured
in the presence of CH3CN. No change in activity was observed. The value of 8000 umol/min-g
confirmed that there is no influence of the organic solvent on the stability of free glucose

oxidase.

2. Epoxidation of trans-stilbene

Free and encapsulated GOx were tested also in trans-stilbene epoxidation in organic media. The
activity of free GOx in the presence of CH3;CN was measured and the value was not changed.
Ti/SiO, catalyst was tested in the epoxidation of trans-stilbene with the slow dropwise addition
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of H,O,. The conversion reached 50% after 3 hours with the yield to epoxide of 6%. The
coupling of Ti(IV)-silica material with free GOx lead to the increase in the conversion (90%).
Further coupling of the Ti-silica material with encapsulated GOx lead to the increase of the
conversion up to 98% and the yield of the epoxide reached 12% after 3 hours of the reaction
(Thale 6.3).

Table 6.3. trans-stilbene epoxidation with H,O, formed in-situ from Glucose and GOx
Catalyst Amount of active ~ C 3h (%) Y epoxide, 3h

GOx (%)

Ti/SiO,? 0 50 6

Ti/IMCM-41  0.75 mg of GOx 90 0
free

Ti/IMCM-41  0.75 GOx-NPS 98 12

doxidant=H,0,
Reaction conditions: trans-stilbene: 0.5mmol, solvent: 10 mL CHsCN, oxidant: slow addition of GOx in 15 ml of

phosphate buffer, reaction temperature: 85°C

Thus, the coupling of TiI/MCM-41 with encapsulated GOx leads to the improvement of the
activity and selectivity of the system. The conversion to trans-stilbene and the yield to epoxide
enhance significantly, from 50% to 98% and from 6% to 12%, correspondingly. These promising
results prompted us to go on with the tests about this topic and further unsaturated substrates will

be tested soon.

Conclusions

Encapsulation of glucose oxidase was performed by an efficient method combining the sol-gel
technique with a templating process. The optimum amount of GOx free for DMSO oxidation is
3.5 mg, corresponding to a GOx:Ti weight ratio of 5.4 while for the encapsulated GOx the
optimum amount was found to be 0.75 mg, and the maximum conversion was found to be 30%.
The activity of encapsulated and free GOx was measured and the results show that the enzymes
retain similar values when encapsulated in inorganic matrix and that the presence of organic
solvent (CH3CN) does not change the activity of free glucose oxidase. Encapsulated and free
GOx were also tested in the oxidation of trans-stilbene. The coupling of encapsulated GOx with
Ti/MCM-41 led to very high activity of the system (trans-stilbene conversion reaches 98%) and

the yield reached 12%. To our best knowledge, this is the first example of the combination of
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enzyme and inorganic material used in the oxidation reactions both in aqueous and organic
media. In other words, this is the proof of principle that such a combination leads to successful
results. However, the set of data collected so far is still preliminary and the work is in progress.
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General Conclusions

The main following conclusions can be drawn:

Ti(IV)-heterogeneous silicas were successfully synthesized by the grafting procedure;

All Ti-containing catalysts are active in epoxidation reactions with ag. H,O, thanks to the
applied slow dropwise addition protocol,;

The effect of Ti modification surrounding was studied,;

The model compound (Ti-POSS/SiO,) was synthesized. It can be a powerful tool for
studying the mechanism of the epoxidation reaction;

In-situ production of H,O, by means of GOx was performed,

Activation of molecular O, by means of Au-nanoparticles was studied.
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Experimental Part

Reagents

In the present work the following reagents were used:
1. 9-octadecenoic acid methyl ester (methyl oleate)
Sigma-Aldrich

/\/W\/\/\/\/\)Lo/

2. Methyl hexadecanoate (methyl palmitate) - used as internal standard
Sigma-Aldrich

@)

WMO/

3. (R)-(+)-Limonene) — is a cyclic pentene used as a precursor in synthesis of carvone.
Limonene commercially is obtained from citrus fruits by centrifugation.
Sigma-Aldrich

4. Cyclohexene —Is a precursor to adipic acid. It is produced by the partial hydrogenation of
benzene - Carlo-Erba

Mesitylene — Sigma-Aldrich - used as internal standard

tert-butylhydroperoxide (TBHP 0.5-0.6 M in decane) —Sigma-Aldrich

Hydrogen peroxide (H,0,, 30% and 50% w/w) — Sigma-Aldrich

Molecular Oxygen

© © N o O

Acetonitrile — is produced mainly as a byproduct of acrylonitrile manufacture.

10. Ethyl Acetate — is used in glues, nail polish removers. Is synthesized via Fischer
esterification of ethanol and acetic acid.

11. Dicloromethane —

12. Chloroform — Sigma-Aldrich, stabilized with ethanol

13. Pyridine — Fluka

14. Triethylamine — Sigma-Aldrich
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15. Trifluorotoluene — Sigma-Aldrich

16. Titanocene dichloride (TiCp,Cl,) — Fluka

17. Glucose oxidase (GOx) from Aspergillus niger (E.C. 1.1.3.4. type X-S, 1000units/mg
solid, 75% protein)
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Materials used

The following materials were chosen as catalysts, reported in two different tables, in dependence
on the nature of the active site.

Table 1. Ti-heterogeneous silicates

Catalyst Ti content, wt.% Sger/m?g™ Dy/Nm
Ti/SBA-15 0.78
Ti/Aerosil 0.64 262 n.d.
Ti/MCM-41 0.8 930 3.6
Ti/MCM-48 0.8 982 3.8
TS-1 1 346
Ti-POSS-TSIPI/SBA-15 0.23 547 8.8-8.5
Ti-POSS-TSIPI/SiO; 0.33 210 10.0-32.5
Ti/SBA-15 0.24 n.d. n.d.
Ti/SiO, 0.29 n.d. n.d.

Table 2. Au-based catalysts

Catalyst Dp/nm pH of preparation  Au content (wt.%0)
Au/MgO 19.9 9 2
AU/TIiO, 9 0.5
AU/SIO; (imp.) 29.6 7 1
Au/SiO; 9732 (sol) 235 3 1
Au/SiO, DavC (sol) 9 3 1
AU/SiO, 9732 (imp.) 33.6 3 1
AU/SiO, DavC (imp.) 30.8 3 1
AU/SIO, 15.4 9 10
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Preparation of the catalysts

The following supports were prepared in the laboratory of Anne Galarneau in Montpellier,

France.

Preparation of ordered mesoporous silicas
MCM-41. MCM-41 was prepared with the molar ratio, 1 SiOy/ 0.1 CTAB/ 0.27 NaOH/ 32

H.0.43 19.06 g H,0, 0.356 g NaOH and 1.204 g cetyltrimethyl ammonium bromide (CTAB,
Aldrich) were mixed at 50°C until an homogeneous solution was obtained and then 2 g of silica
(Aerosil 200, Degussa) were added stepwise and stirred for 1 h. Then the mixture was put in an
autoclave at 115°C for 24 h. The resulting slurry was filtered and washed until neutral pH and
dried at 80°C overnight. The powder was then calcined at 550°C for 8h.

MCM-48. MCM-48 was prepared with the molar ratio, 1 SiO,/ 0.175 CTAB/ 0.38 NaOH/ 120
H,0.44 214 g H,O, 1.54 g NaOH and 6.22 g cetyltrimethyl ammonium bromide (CTAB,
Aldrich) were mixed at 50°C until an homogeneous solution was obtained and then 6 g of silica
(Aerosil 200, Degussa) were added stepwise and stirred for 2 h. Then the mixture was put in an
autoclave at 150°C for 15 h. The resulting slurry was filtered, without washing, and dried at
80°C overnight. The powder was poured again in an autoclave with water (7.5 g H,O per gram
of solid), the mixture was stirred for 20 min and the autoclave was put at 130°C for 6 h. This
post-treatment was repeated once again. The resulting slurry was filtered and washed until

neutral pH and dried at 80°C overnight. The powder was then calcined at 550°C for 8h.

Preparation of Ti-Silica Catalysts
Catalysts were prepared by grafting titanocene dichloride (TiCp,Cl,; Fluka) onto different silicas

(MCM-41, MCM-48, Aerosil).
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[32,42]
Before grafting, the supports were pretreated at 500°C for 2 hours in air and then in vacuo at the
same temperature for 2 hours [T. Maschmeyer, F. Rey, G. Sankar, J.M. Thomas, Nature, 378,
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1995, 159]. Titanocene dichloride was dissolved in anhydrous chloroform (Sigma-Aldrich)
under argon and stirred for 2 hours at room temperature. Triethylamine (Sigma-Aldrich) or
pyridine (Fluka) was then added to the suspension and left overnight under stirring to activate the
surface silanols of the support (e.g. MCM-41). A weaker base, pyridine, was used in the grafting
over MCM-41 and MCM-48 to protect the support. The colour of the suspension changed from
red via orange to yellow, signifying that the well established substitution of chloride with
alkoxide/siloxide ligands had occurred. After washing with chloroform, Ti(IV) active centers
were obtained after calcination under dry oxygen at 550°C for 3h in the U-shaped reactor with a
porous septum, leaving the white mesoporous catalyst. The last step is obligatory for removing

the template, or the organic ligands of the organometallic precursor.
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Preparation of TS-1
The preparation of TS-1 was performed during the three months stay in Montpellier.

TS-1 was prepared by direct hydrothermal synthesis using tetraethoxysilane and titanium tetra-
isopropoxide as Si and Ti sources, respectively. Alkali-free tetrapropylammonium hydroxide
(TPAOH) was used as template. The initial molar composition of the gel was as follows:
Si0,:0.015 TiO,:0.4 TPAOH:16 H,0. The gel was crystallized into a Teflon-lined autoclave at
175°C for 24 h. The resulting solid was recovered by centrifugation, extensively washed with
deionised water until neutral pH and dried overnight at 80°C. The organic template was removed
from the as-synthesized material by calcination under air flow at 550°C for 6 h.

The crystallinity of the samples prepared was measured by X-ray diffraction using Ni-filtered Cu
Ka radiation (Philips, PW-1700), and the morphology of the samples was examined by SEM
(Hitachi, X-650). FT-IR spectra were recorded in air at room temperature on a Bomem MB 104
spectrometer using a diffuse reflectance cell. UV-Vis diffuse reflectance spectroscopy was
performed under ambient conditions using dehydrated MgO as a reference in the range of 190—

800 nm on a Varian CARY 3E double-beam spectrometer.
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Characterization techniques

N, adsorption/desorption:

The nitrogen adsorption/desorption isotherms (-196°C) were measured with a Micromeritics
ASAP 2010 automatic analyzer.

TS-1 displayed an isotherm of type I, which revealed its microporous nature. The specific

surface area and pore volume were 346 m?g™ and 0.1 cm3g?, respectively.
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Figure 1. N, adsorption-desorption isotherm at -196°C of calcined TS-1

UV-VIS analysis

The Diffuse Reflectance UV-Vis (DRUV-Vis) spectroscopic analysis is a tool to evaluate the
coordination environment of Ti atoms in the catalyst. DRUV-vis spectra was recorded on a
Varian Cary 05 E UV-vis—NIR spectrometer equipped with an integrating sphere using BaSO,
powder as the reflectance standard. TS-1 showed a well-defined band at 210-215 nm attributed

to oxygen-to-metal charge transfer at isolated tetrahedral Ti(IV) centers.
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Ti-content determination

Ti-content determination was performed via inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Samples have to be mineralized with HF since the materials’ matrix
contains insoluble silica. Thus, the mineralization is occurred in teflon beaker. The concentration
of HF has to be maintained as slow as possible in order to not to damage the quarz parts of
spectrophotometer, the concentration of HF has to be maintained low. Thus, the final
concentration of HF of the solutions to analyze was ca. 0.01 ppm.

Sample’s mineralization:

Beaker in teflon

Automatic micropipette P1000 (1000 pl)
Flask 0.5 L in polipropilene

Standard solution of Ti (1020 pg/mL Fluka)

The mineralization procedure was the following:

25 mg of the sample were transferred into the teflon beaker with the following addition (under
the hood) of 0.3 mL of HF (40% aqueous solution) using the automatic micropipette. After the
careful agitation, 50 mL of deionized water MilliQ. The solution is transferred into the flask of
polipropilene of 0.5 L and necessary amount of water MilliQ is added.

Preparation of standard solution:

Using the standard solution of Ti (1020 ug/mL) three standard solutions are prepared in the flask
of 0.5 L with water MilliQ and HF (40%): 0.5 ppm, 1 ppm and 2 ppm. In the same manner, the
blank standard is prepared, using water MilliQ and HF (40%) using the same flask of 0.5 L.

Calculation of the Ti content:

The intensity is registered at Ti 334.9 nm. Concentration values are obtained using linear
regression of 3 standards + blank standard.

The SiO,-TiO, Grace (1.40% Ti p/p), being a commercial sample, was always used in the

analysis as a reference material.
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Gas-Chromatography (GC-FID)

HP5890; HP-5 column, 30m x 0.25mm; FID detector, head pressure 165 kPa. Split ratio of the
injector was 17.7 and the characteristics of the flows are the following:

% Column flow: 6.1 mL min™;

% H, flow: 30 mL min™;

% Makeup flow: 25 mL min™;

< Air flow: 410 mL min;

< Split: 80 mL min™;

< Septum purge: 3 mL min™.

For the analysis of methyl epoxystearate the following temperature program was used:

-initial temperature: 60°C 195°C 30 min
-temperature rate of 40°C min™ until 140°C /

0 -
-temperature rate of 8°C until 195°C 140°C 8°C/min

-final temperature: 150°C for 30 min.

-
Total time =38.87 min 40°C/min

60°C
For the analysis of trans-stilbene the following temperature program was used: 250°C  2min

-initial temperature: 80°C ﬁ

-temperature rate of 20°C min™ until 180°C 180°C 5°C/min
-temperature rate of 5°C min until 250°C

-final temperature 250°C for 2 min. 20°C/min

Total time=21 min 80°C

For the analysis of limonene the following temperature program was used: 280°C  7min
-initial temperature: 60°C for 3 min ﬁ
-temperature rate of 2,5°C min until 90°C for 1 min 90°C 1 min 15°C/min

-temperature rate of 15°C min™ until 280°C _
3 min

-final temperature 280°C for 7 min. 2,5°C/min

Total time=35,33 min 60°C
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For the analysis of cyclohexene the following temperature program was used: 220°C 5 min

-initial temperature: 37°C for 1,7 min S

-temperature rate of 5°C min™ until 90°C 90°C 20°C/min

-temperature rate of 20°C min™ until 220°C

-final temperature 220°C for 5 min.
Total time=23,8 min 37°
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Preparation of anhydrous solvents

The preparation of anhydrous solvents was performed over the molecular sieves (Siliporite A)
activated at 180°C for 2h in air and for 2h in vacuum. The solvent of interest was added to the
pretreated molecular sieves in the Ar flow by the help of a syringe, letting bubble the solvent in

the syringe first. Prepared solvent was conserved under the Ar atmosphere.
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Experimental part for Chapter 1

Preparation of Ti-Silica Catalysts

Catalysts were prepared by grafting titanocene dichloride (TiCp,Cl,; Fluka) onto different silicas
(SBA-15, Aerosil, MCM-41, MCM-48), as previously described [32, 42]. Aerosil 380 is
commercially available from Degussa. Before grafting, the supports were pretreated at 500°C for
2 hours in air and then in vacuo at the same temperature for 2 hours. Titanocene dichloride was
dissolved in anhydrous chloroform (Sigma-Aldrich) under argon and stirred for 2 hours at room
temperature. Triethylamine (Sigma-Aldrich) or pyridine (Fluka) was then added to the
suspension and left overnight under stirring to activate the nucleophilic substitution of surface
silanols onto titanocene. A weaker base, pyridine, was used in the grafting over MCM-41 and
MCM-48 to protect the support. After filtering, Ti(IV) active centres were obtained after
calcination under dry oxygen at 550°C for 3h.

Catalytic test
All catalysts were pretreated at 500°C in dry air for 1 h prior to use. The epoxidation tests were
carried out in a glass batch reactor under inert atmosphere at 85°C. Typically, the solution of
cyclohexene (2.5 mmol; Aldrich) in 5 ml of acetonitrile was added to the catalyst (50 mg). A
solution of 1.2 ml of hydrogen peroxide (30% aqgueous solution) in 20 ml acetonitrile (1 mmol
H,O, in 1.8 mL of solution) was slowly added (0.01 ml min™ over 3h) with an automatic
dosimetric apparatus. Hot filtration tests followed by separation of the solid catalyst were
performed and the resulting solution was tested in catalysis to evaluate the leaching and confirm
the heterogeneous nature of the catalytic reaction. During recycling tests, the catalyst was filtered
off, washed with methanol and acetonitrile, calcined at 500°C (this high-temperature calcination
step is essential to have a complete and thorough removal of the adsorbed heavy organic by-
products) for 3 hours under dry air, cooled in vacuo and reused under the same conditions.
Catalytic performance was determined on GC analysis (HP6890; HP-5 30m — column; FID
detector). Mesitylene was added as internal standard. All data were obtained from an average of
at least three catalytic tests. Cyclohexene conversion was computed considering the substrate as
the limiting agent. Epoxide yield was computed according to the relation:

Y epox = [mol (obtained epoxide)/mol (H.0,)] x 100
At the end of each reaction, minimal amounts of the oxidant were detected by potassium iodide
colorimetric tests. Standard deviations on conversion and selectivity values are £ 2% and + 4%,

respectively.
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TGA analysis
To calculate the surface concentration of hydroxyl groups (OH/nm?) TGA analysis were

performed. In a typical procedure 10-20 mg of the sample were transferred in air in the pan
hanging from the balance. The samples were heated in programmable manner (5.0°C min™) in
air from 50 to 1000°C. Air flow was 35 mL min™, oxygen flow was 35 mL min™.
The TGA pattern of Ti/SBA-15 shows a weight loss in two steps at 120°C and 700°C. The first
step is due to the removal of physically adsorbed water. The weight loss between 120°C and
700°C is due to the decomposition of organic groups and condensation of silanols.
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Experimental part for Chapter 2

Preparation of ordered mesoporous silicas

MCM-41. MCM-41 was prepared with the molar ratio, 1 SiO,/ 0.1 CTAB/ 0.27 NaOH/ 32
H.0.43 19.06 g H,0, 0.356 g NaOH and 1.204 g cetyltrimethyl ammonium bromide (CTAB,
Aldrich) were mixed at 50°C until an homogeneous solution was obtained and then 2 g of silica
(Aerosil 200, Degussa) were added stepwise and stirred for 1 h. Then the mixture was put in an
autoclave at 115°C for 24 h. The resulting slurry was filtered and washed until neutral pH and
dried at 80°C overnight. The powder was then calcined at 550°C for 8h.

MCM-48. MCM-48 was prepared with the molar ratio, 1 SiO,/ 0.175 CTAB/ 0.38 NaOH/ 120
H,0.44 214 g H,O, 1.54 g NaOH and 6.22 g cetyltrimethyl ammonium bromide (CTAB,
Aldrich) were mixed at 50°C until an homogeneous solution was obtained and then 6 g of silica
(Aerosil 200, Degussa) were added stepwise and stirred for 2 h. Then the mixture was put in an
autoclave at 150°C for 15 h. The resulting slurry was filtered, without washing, and dried at
80°C overnight. The powder was poured again in an autoclave with water (7.5 g H,O per gram
of solid), the mixture was stirred for 20 min and the autoclave was put at 130°C for 6 h. This
post-treatment was repeated once again. The resulting slurry was filtered and washed until

neutral pH and dried at 80°C overnight. The powder was then calcined at 550°C for 8h.

Preparation of Ti-Silica Catalysts

Catalysts were prepared by grafting titanocene dichloride (TiCp,Cl,; Fluka) onto different silicas
(MCM-41, MCM-48, Aerosil), as previously described [32,42]. Aerosil 380 is commercially
available from Degussa. Before grafting, the supports were pretreated at 500°C for 2 hours in air
and then in vacuo at the same temperature for 2 hours. Titanocene dichloride was dissolved in
anhydrous chloroform (Sigma-Aldrich) under argon and stirred for 2 hours at room temperature.
Triethylamine (Sigma-Aldrich) or pyridine (Fluka) was then added to the suspension and left
overnight under stirring to activate the nucleophilic substitution of surface silanols onto
titanocene. A weaker base, pyridine, was used in the grafting over MCM-41 and MCM-48 to
protect the support. After filtering, Ti(IV) active centres were obtained after calcination under
dry oxygen at 550°C for 3h.

Textural and spectroscopic characterization
Nitrogen adsorption/desorption isotherms of materials were measured using a Micromeritics

ASAP 2010 instrument. The calcined samples were outgassed at 250°C and titanocene-
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containing samples at 120°C until stable static vacuum of 3x10-3 Torr was reached. Mesopore
diameters were calculated from the desorption branch of the nitrogen isotherms by the Broekhoff
and de Boer (BdB) method,45 which has been shown to provide reliable results for MCM-41
materials [46].

UV-Vis diffuse reflectance spectra were obtained in a Varian Cary 05E UV-Vis-NIR
spectrophotometer using BaSO4 as background standard. Titanium content was determined by
ICP-AES on an Intrepid Iris instrument (Thermo Elemental).

Catalytic tests

All catalysts were pretreated at 500°C in dry air for 1 h prior to use. The epoxidation tests were
carried out in a glass batch reactor under inert atmosphere at 85°C. Typically, the solution of
methyl oleate (1.5 mmol; Aldrich) in 5 ml of acetonitrile was added to the catalyst (50 mg). A
solution of hydrogen peroxide (50% aqueous solution) in solvent (2 mmol H,0O; in 2.4 mL of
solution) was slowly added (0.01 ml min™ over 4h) with an automatic dosimetric apparatus. Hot
filtration tests followed by separation of the solid catalyst were performed and the resulting
solution was tested in catalysis to evaluate the leaching and confirm the heterogeneous nature of
the catalytic reaction. During recycling tests, the catalyst was filtered off, washed with methanol
and acetonitrile, calcined at 500°C for 3 hours under dry air, cooled in vacuo and reused under
the same conditions.

Catalytic performance was determined on GC analysis (HP6890; HP-5 30m — column; FID
detector). Methyl palmitate was added as internal standard. All data were obtained from an
average of at least three catalytic tests. Methyl oleate conversion was computed considering the
substrate as the limiting agent. At the end of each reaction, minimal amounts of the oxidant were
detected by potassium iodide colorimetric tests. For this reason, oxidant efficiency (Ox Eff) was
calculated, as follows:

Ox Eff (%) = 100% x (3. moloxidised products)/(MOlH202 consumed)

considering the full consumption of the initial hydrogen peroxide after 24 h. Standard deviations

on conversion and selectivity values are = 2% and + 4%, respectively.

GC-MS analysis

Reaction products were also analysed by Gas-Chromatography interfaced with mass
spectroscopy.

The chromatograms of the reaction mixture after 24 hours shown in the Spectrum 1 (GC) and
Spectrum 2 (GC-MS) represent four principle compounds with the following retention time (first

value is from GC, the second is from GC-MS):
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Internal standard — methyl palmitate - retention time 8.89 min (11.6 min);

Methyl oleate non-reacted - retention time 11.5 min (15.9 min);

trans-methyl epoxystearate - retention time 15.8 min (23.94 min);

cis-methyl epoxystearate - retentioin time 16.4 min (24.85 min);

Methyl oxooctadecanoate (KETO; a mixture of methyl 9-oxooctadecanoate and methyl
10-oxooctadecanoate) - retention time 16.5 min (24.65 min);

Methyl oxooctadecenoate (ENON; a mixture of methyl 8-oxooctadec-9-enoate and

methyl 11-oxooctadec-9-enoate) - retention time 18.5 min (28.24 min).
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Spectrum 1. Chromatogram of the reaction mixture after 24h (analysed by GC)
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Spectrum 2. Chromatogram of the reaction mixture after 24h (analysed by GC-MS)
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Spectrum 3. Mass-spectra of methyl oleate
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Spectrum 4. Mass-spectra of cis- methyl epoxystearate (cis-EPOX)
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Spectrum 5. Mass-spectra of trans-methyl epoxystearate (trans-EPOX)
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Spectrum 6. Mass-spectra of Methyl oxooctadecanoate (KETO; a mixture of methyl 9-

oxooctadecanoate and methyl 10-oxooctadecanoate)

Determination of ENON and KETO
To determine two unknown peaks, we have performed the defragmentation analysis of the mass-
spectra were performed. On the spectrum 6, the mass-spectra of the compound X (ENON) is

present.
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Spectrum 7. Mass-spectra of ENON (oxooctadecenoate)
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Scheme 1. Fragmentations of the ENON

McLafferty rearrangement is observed in mass-spectrometry. A molecule containing a double

bond, a keto-group undergoes B-cleavage with the gain of the y-H atom (Scheme 2).
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Scheme 2. McLafferty rearrangement of ENON
Determination of the product Y (KETO)
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Spectrum 8. Mass-Spectra of the Methyl oxooctadecanoate (KETO; a mixture of methyl 9-

oxooctadecanoate and methyl 10-oxooctadecanoate)
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Scheme 3. Fragmentations of the KETO.
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Spectrum 9. Mass-spectra of Methyl oxooctadecenoate (ENON; a mixture of methyl 8-

oxooctadec-9-enoate and methyl 11-oxooctadec-9-enoate)
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Experimental part for Chapter 3

Materials:

Ti-MCM-41 was prepared by grafting Ti(Cp).Cl, (Fluka) onto a purely siliceous mesoporous
MCM-41 [7,24]. Limonene (R-(+)-limonene; 97%) was used as received from Aldrich. The
titanium-containing catalysts were modified by calcining the sample at 573 K for 1 h in air and
for 2 h in vacuo. The solids were treated with a solution of hexamethyldisilazane (HMDS,
Aldrich) in anhydrous toluene (20 mL; dried on molecular sieves) under argon at 383 K during 2
h. Silylation was performed using different of HMDS to catalyst molar ratios (computed as mol
HMDS / mol SiO2) (see Tab. 1). The silylated catalysts were filtered, washed with dry toluene
(40 mL) and finally dried at 373 K. The catalysts were pretreated at 573 K in vacuo prior their
use.

The epoxidation tests were carried out in a glass batch reactor (stirring rate 500 rpm) at 363 K
using the pretreated catalyst (25 mg), ethyl acetate (AcOEt, Carlo Erba), as solvent (5 mL),
previously dried on 3A molecular sieves, limonene (0.5 mmol) and mesitylene (Fluka) as
internal standard. Anhydrous tert-butylhydroperoxide (TBHP; Aldrich, 5 M solution in decane)
was used as oxidant (TBHP/limonene molar ratio = 1.10). The presence of the oxidant at the end
of each reaction was systematically confirmed by means of GC analysis or iodometric titration.
The catalyst to substrate weight ratio was 33 wt.%. Samples were analysed by GC analysis
(HP5890; HP-5 column, 30m x 0.25mm; FID or MS detectors, head pressure 160 kPa). Standard
deviation is + 2% and = 3% in conversion and selectivity values, respectively. Carbon content
analyses were performed on a Thermoquest NA2100 analyzer. A blank experiment was carried
out mixing the reactants in the absence of the catalyst. A substrate conversion of 2% was
recorded and was then subtracted to all the other conversion data in the presence of catalyst.

Specific activity (Ari) was calculated after 1h with respect to the total number of Ti sites:

[Molconverted timonene]/[MOlTieh].
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Experimental part for Chapter 4

Materials

Ti-POSS suitable to be anchored on the silica materials was prepared following a synthetic
methodology developed and optimized by some of us [24]. Ti-NH,POSS [25] (1g; 1.1<10-3 mol)
was dissolved in 40 mL of chloroform (by Sigma Aldrich) and stirred at room temperature for
few minutes. Triethylamine (153 pL) and 3-isocyanatopropyl triethoxysilane (272 pL; 1.1 <10-3
mol) were added to the solution under dry nitrogen flow. The reaction was stirred at room
temperature for 20 h. Finally, the solvent was removed under vacuum until to obtain a powder

product (700 mg).
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Scheme 1. Reaction between Ti-NH,POSS and (1) 3-isocyanatopropyl triethoxysilane for the
preparation of Ti-POSS-TSIPI (2); R=isobutyl group.

'H NMR (400 MHz) spectrum of Ti-POSS in CDCl; solvent: 3.9 ppm [2H, NH, ureic group], 3.7
ppm [6H, CH,, OEt], 3.6 ppm [1H CH, OiPr], 2.9 [4H, CH, of ureic group], 1.85 ppm [6H, CH],
1.20 ppm [15H, CH3; of OEt and OiPr groups and], 0.93 ppm [36 H, CH3 of isobutyl groups],
0.59 ppm [20H, CH,].

SBA-15 mesoporous silica was prepared according to the literature [26] and non-ordered
amorphous SiO, Davison was a commercial sample obtained from Grace Davison. The
anchoring of Ti-POSS on the surface of both SBA-15 and SiO, Davison was carried out by using
the following approach. The silica supports were previously activated by treating them in

vacuum at 500°C for 4h. Ti-POSS (200 mg) was then added to a suspension of activated silica (1
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g in 50 mL of toluene) during 24 h at room temperature. The final anchored solids, namely Ti-
POSS/SBA-15 and Ti-POSS/SiO,, were obtained by filtration and washing in toluene.

) Tcu,cu,
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Scheme 1. — Preparation of the systems Me-POSS anchored on inorganic oxides, one-step
pathway

Ti/SBA-15 and Ti/SiO, catalysts were prepared by grafting titanocene dichloride onto the
surface of SBA-15 and SiO, Davison, respectively, adapting the method developed by
Maschmeyer et al. [27,28]. Titanocene dichloride (Ti(Cp).Cly; Fluka) was dissolved in
anhydrous chloroform (Sigma-Aldrich) under argon and stirred for 2 hours at room temperature.
Triethylamine (Sigma-Aldrich) was then added to the suspension and left overnight under
stirring to activate the covalent grafting. After filtering and washing, the final catalysts were

obtained by calcining the solids under dry oxygen at 550°C for 3h.

Characterization
- Ny physisorption measurements were carried out at 77 K in the relative pressure range from
1+10-6 to 1 P/Py by using a Quantachrome AutosorbIMP/TCD instrument. Prior to the analysis
the samples were outgassed at 373 K for 3 h (residual pressure lower than 10 Torr). Apparent
surface areas were determined by using Brunauer-Emmett-Teller equation, in the relative
pressure range from 0.01 to 0.1 P/P,. Pore size distributions were obtained by applying NLDFT
method (N silica kernel based on a cylindrical pore model applied to the desorption branch).
- Thermogravimetric analyses (TGA/DTG) were performed under oxygen flow (100 mL min™)
with a SETSY'S Evolution TGA-DTA/DSC thermobalance, heating from 50°C to 800°C at 10 °C
min,
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- DR-UV-Visible spectra were recorded using a Perkin Elmer Lambda 900 spectrometer
equipped with a diffuse reflectance sphere accessory (DR-UV-Vis). Prior to the analysis, the
powdered samples were dispersed in anhydrous BaSO,4 matrix (10 wt%) and treated at 100°C in
vacuum for 1h in order to remove physisorbed water coordinated to the metal centre.

- XAFS characterization was performed at the XAFS beamline of the Elettra Synchrotron facility
in Trieste. EXAFS-XANES spectra of pure and supported Ti complex and of Ti reference
systems (Ti foil for calibration in energy, TiO,, Ti(iPrO), for octahedral and tetrahedral Ti(1V))
were collected at the Ti K edge (4966 eV) in transmission mode at both room and liquid
nitrogen temperature at the end of both in-situ and ex-situ treatments (in-situ treatments have
been carried out inside our EXAFS-catalysis cell, designed to work in transmission mode under
controlled gas flow and temperature, permanently located at the beamline available to users).
The very low Ti loading of some of the samples required integration time of several hours per
EXAFS spectrum, getting spectra of satisfactory signal-to-noise ratio even in transmission mode.
The use of the Si(311) monochromator, with the high accuracy of the encoder, allowed to obtain
XANES spectra with excellent resolution.

Catalytic tests

The catalysts (50 mg) were pre-treated at 140°C in vacuum for 12 h prior to use. At this
temperature and in the absence of oxygen no degradation of the organic moiety in Ti-POSS-
anchored samples occurs. The substrates ((+)-limonene, (-)-carveol and (-)-a-pinene; Aldrich;
1.0 mmol), internal standard (1.0 mmol; mesitylene; Fluka) and the oxidant (1.2 mmol; TBHP
5.5 M in decane; Aldrich) were added to the solid in anhydrous ethyl acetate (Fluka) under dry
nitrogen. The reaction was performed in a glass batch reactor, at 85°C during 24 h and the
mixture was analysed by GC-FID and GC-MS. Titanium contents were determined by
mineralization of the solids and elemental analysis by ICP-AES as described in the literature
[29].
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Experimental part for Chapter 5

Materials were prepared by the group of Prof. M. Rossi at the Dept. of Inorganic, Metallorganic

and Analytical Chemistry of the University of Milan.

Synthesis of the materials

Gold with different loadings was deposited by three different methods: deposition
precipitation (DP), impregnation, sol-gel immobilization.
1%Au/MgO (Ref7) preparation: 2 g of MgO are dissolved in 40 mL of water with the following
addition of 0.5 mL of Au 40mg/mL (HAuUCl,) solution. The initial pH=9.3 is rised to 10.6 with
NH3 6N. Following dropwise addition of NaBH, (Au: NaBH,=1:1 w/w) reduces the Au®** to a
metal state. After the deposition for 30 min, the catalyst was filtered with distilled water to

remove chlorine contaminants and dried at 170°C.

10%Au/Si0,9732-0.5%Au/Si0,9732 (Ref 9) preparation: 1 g of SiO, is dissolved in 20 mL of
water with the following addition of 2 mL (0.1 mL) of Au 50mg/mL (HAuCI,) solution and 1
mL of NH3; 6N and leaft for stirring for some minutes. Following dropwise addition of NaBH,
(Au: NaBH,=1:1 w/w) reduces the Au®* to a metal state. After the deposition for 30 min, the
catalyst was filtered with distilled water to remove chlorine contaminants and dried at 170°C.

1%Au/SiO;Davisill-sol and 0.5%  Au/SiO,Davisil-sol, 1%Au/SiO,9732-sol and 0.5%
Au/Si0,9732so0l, sol-gel immobilization. First, the preparation of 400 ml (200 ml) of sol of Au 25
mg/L is done as follows:

400 mL (200 mL) of water milliQ is added to the 1 mL (0.5 mL) of the solution of Au 10 mg/mL
(HAUCI,), glucose (glucose/Au=50, molar ratio) and the solution of NaBH, (Au: NaBH,=1:1
w/w) with the following addition of SiO,, and the pH is changed to 2.3 by the addition of HCI
1 M. The mixture is left for stirring for 1h, then the catalyst is filtered with distilled water and
dried at 170°C.

1%Au/Si0,9732 VP-0.5% Au/Si0,9732 VP, 1%Au/SiO,Davisil VP-0.5% Au/SiO,Davisil VP
Impregnation:

1 mL (0.5 mL) of Au 10 mg/mL solution are added to the 0.7 mL (1.2 mL) of water milliQ, with
the following addition of 1 g of SiO,. The catalyst is reduced at 300°C for 3h in H; flow.
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Catalytic tests

The catalytic tests were carried out in a magnetically stirred glass batch reactor containing
substrate (0.5mmol), solvent (10 ml), oxidant (TBHP, 0.03 mmol, molecular O, 1 bar). The
temperature of the reaction was 80°C. Catalytic performance was determined by GC analysis
(HP6890; HP-5 30m — column; FID detector). All data were obtained from an average of at least
three catalytic tests. Substrate conversion is calculated as [initial concentration of substrate -

final concentration of substrate]/[initial concentration of substrate]*100.

GC/ GC-MS analysis

Oxidation of limonene over Au/MgO (1%) with TBHP as radical initiator and molecular O,
Reaction products were also analysed by Gas-Chromatography interfaced with mass
spectroscopy.
The chromatograms of the reaction mixture after 24 hours shown in the Spectrum 1 (GC) and
Spectrum 2 (GC-MS) represent four principle compounds with the following retention time (first
value is from GC, the second is from GC-MS):

Internal standard — mesitylene - retention time 3.6 min (6.87 min);

limonene - retention time 5.21 min (9.26 min);

trans-limonene oxide - retention time 8.87 (14.32 min);

cis-limonene oxide - retentioin time 16.4 min (14.09 min);
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Spectrum 1. Chromatogram of the reaction mixture after 48h (analysed by GC-MS)
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Measuring the oxygen consumption in limonene oxidation with molecular O, and

TBHP used as radical initiator.

The apparatus to measure the oxygen consumption in the reaction of
limonene epoxidation over Au-based catalyst is shown on the Figure
1: a barometric tube of glass of 60 cm was connected to the mercury
vessel at one end and to the reactor at the other end. First, the test
with empty reactor was performed at the temperature of 20°C. For
this, the reactor and the tube were filled with molecular O,
compensated to air and after that, the reactor was closed (closing the
stop-cock 1). The initial level of mercury in the barometric tube was
4.15. After 2 hours it was changed to 4.8, After 24 h the value was
4.36. Second test, the blank reaction without catalyst, was performed

at the temperature 80°C. The following reagents were added into the

OZ
1
|
| |
0oml
Reactor
5ml
Figure 1

Vessel
with
mercury

reactor at the room temperature: methyl cyclohexane (MCH), TBHP, limonene, mesitylene. The

reactor was filled with O, and the stop-cock 1 was closed. The barometric tube was filled with

molecular O,, the stop-cock 1 was opened, and the mercury level was set up to the sign of 4.5

mL on the barometric tube. The reactor was put in the oil bath at 80°C. The stop-cock was closed

and the reactor was left for 2 hours. After 2 hours, before measuring the level of O, the reactor

was cooled to room temperature. The level was changed from 4.5 mL to 3.95 mL. After 22 h the

level was 2.08 mL. However, even though the temperature difference, the dead volume of the

system were considered, it is clear that the sensitivity of this technique does not allow to evaluate

the quantitative consumption of O, in the reaction of limonene epoxidation.
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Experimental part for Chapter 6

Encapsulation of glucose oxidase (GOx)
Nanoporous silica capsules (NPS) were synthesized during the three months stage in Montpellier

by using lecithin/dodecylamine/lactose as templates in an ethanol/aqueous media and are suitable

for enzyme encapsulation.
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Figure 1. Schematic representation of porous nanoporous silica capsules (NPS) formation, from

phospholipids and formation of micelles of phospholipids inside lipids bilayer.

NPS encapsulation combines the sol-gel method with a templating process using bilayers
of phospholipid to provide an organized network of phospholipids inside the silica and in the
same time protect the embedded enzymes (Fig. 1). The role of each reagent in the synthesis is
described below. Lecithin (Fig. 2) belongs to the phospholipids family, which forms the lipid
matrix of biological membranes. Because of its nearly cylindrical molecular shape, lecithin can
not grow micelles by itself in aqueous media. Its tendency to curve, described in terms of its
spontaneous curvature, is very low, and therefore it induces the formation of lamellar bilayer
phospholipids structures, described as membranes, vesicles or liposomes (Fig. 3). By addition of
surfactant, which is dodecylamine in our case, the transition of vesicles to micelles is possible
due to the spontaneous curvature induced by mixed-micelles formation. Thus, dodecylamine
stabilizes the structure of the resulting mesophase by maintaining the space between lipid heads.
At the same time, dodecylamine catalyzes the polymerization of the alkoxyde of silica (TEOS)
around this mesophase to lead to the NPS material. The addition of ethanol facilitates the water

penetration in the membrane interior as well as the migration of phospholipids.
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Figure 2. Schematic model of lecithin.
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Figure 3. Vesicle to sponge-like phase transition by addition of dodecylamine/ethanol and silica

source to lecithin vesicles. Co is a spontaneous curvature of each phase.

Encapsulation of GOx was performed as following: the first solution was prepared with 7.2 mL
of phosphate buffer (pH=7), 50 mg GOx, 50 mg B-lactose. The second solution with 2g ethanol,
0.7g lecithin and 50 mg of dodecylamine was prepared. The two solutions were mixed under
stirring for 30 min and then 1 g of TEOS was added. The mixtured was then left in static for 24
hours in a water bath at 37°C. The solution was then centrifugated and washed 3 times with
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phosphate buffer at pH=7 and then 3 times with ethanol. The solids were dried by lyophilisation
and kept in fridge at 4°C before use.

Measurements of the activity of GOx free and encapsulated GOx by Trinder test.

The activity of GOx was measured by Trinder test (Fig. 4). The Trinder test is a reaction between
H.0,, phenol and aminoantipyrine with the formation of a quinone (quinoneimine), catalyzed by
the presence of a horseradish peroxidase. For this purpose, the following solutions were
prepared:

1) Solution of 4-aminoantipyrine 0.5 mM (4-AAP) and phenol (31.25 mM) in phosphate buffer
(0.1 M, pH=7)

2) solution of horseradish peroxidase (HRP) 10 mg L™

3) solution of GOx 5 mg L™

4) solution of glucose 2.5 M

All solutions for GOx activity determination were prepared in phosphate buffer. Phosphate
buffer solution (0.1 M) was prepared by mixing appropriate amounts of Na,HPO, in water MQ,
then adjusting the solution to the pH value needed with HCI or NaOH.

Measurements of free GOXx activity:

In the cuve of Quartz of 3 mL 1600 uL of the solution of 4-AAP and phenol were added. The
following addition of 150 uLL HRP, 200 uL glucose was performed. By the addition of 50 puL of
the solution of glucose we start the kinetic measurements. Augmentation of optical density
occurs at 508 nm. The test lasts 4 min (Fig. 5). The temperature of the measurement procedure
was 25°C.

GOx
b-D-Glucose + O, — D-glucono-d-lactone + H,0,
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Figure 4. Trinder test
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Figure 5. Absorbance versus time for GOx free

A series of three experiments with different concentration of glucose (1.5 M, 1 M, 5 M) was
performed. The activity was calculated from the Beer-Lambert law:
[Product] = Absorbance / € -1

Measurements of encapsulated GOx
Into the reactor of 40 mL equiped with a glass filter (Fig. 6) the solution of 4-AAP and phenol

was added. The following addition of 50 uL of HRP, 5 mL of glucose solution was occurred.
With the addition of 10 mg of encapsulated GOx the reaction was started. The agitation of the
solution was kept on 200 tours min™’. The peristaltic pump (40 mL min™) was used to induce the
flow. The reagents from the reactor were introduced into the capillaries using typical flow-rated
tubes, using the filter Interchim (PVDF, 0.45 um, NM770). Measurements were performed at
508 nm. A series of three experiments with different concentration of glucose (1.5 M, 1 M, 5 M)

was performed.
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Figure 6. Picture of the reactor, peristaltic pump and UV-spectrophotometer.

Catalytic test:
In a typical catalytic test 50 mg of TS-1, 2 mmol DMSO, 15 mL phosphate buffer (pH=5.5),

10 uL GOx, 4.5 g of glucose were added into the reactor. The syringe with the attached

compressed air was inserted into the reactor allowing air to bubble.

HPLC analysis

High pressure liquid chromatography (HPLC) was used for the analysis of the DMSO oxidation
reaction. The characteristics are the following:
Column: Rezex — RHM — Monosaccharide H* (8%) (contains sulfonated styrene —
divinylbenzene spheres in 8% cross-link forms).
Mobile phase: H,O MQ
Flow rate: 1ml min™
Detection: RI (refractive index)
T=85°C
Back pressure: 265 psi
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APPENDIX I

Ab-initio DFT calculations results

Ab-initio DFT calculations were performed in the collaboration with Dr. Tzonka Mineva,
Laboratoire de Materiaux Catalytiques et Catalyse en Chimie Organique CNRS/ENSCM/UM1
Ecole Nationale Superieure de Chimie de Montpellier.
The idea was to study the role of the silicate curvatures (plan and pores) on the geometrical
properties and energies of grafted Ti(OH)y (x=2 and 3) species from ab-initio DFT calculations.
Four stable structures of Ti(OH)x / SIOH were obtained. These structures represent
Ti(OH), and Ti(OH)3 species, bound to two or one oxygen, respectively, of the silicate surface.
The two surfaces are models of a SiOH plane and pore walls. Only one Ti(OH)x species per
surface model have been considered. The interaction energies of Ti(OH)x have been computed
from the relation:
AE = E (Ti(OH)y / SiOH) — [E (SiOH) + E (Ti""(OH)x — x*E(H)], where n is the charge on the
Ti""(OH)y, i.e. for x = 2 and 3 -> n = 2 and 1. The interaction energies per Ti — O bonds to the
surface oxygens are summarized in Table 1, together with characteristic geometrical parameters.

An on-top view of the optimized structures is given in Figures 1 - 4.
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Figure 1. On top view of the fully optimized Ti( OH), / SiOH plane model. Red, blue, green and
gray balls represent O, Si, Ti and H atoms, respectively. Same is used in Figure 2, 3 and 4. The
H-bonds are shown as dotted lines.

Figure 2. On top view of the fully optimized Ti(OH)3; / SiOH plane model.
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Figure 4. On top view of the fully optimized Ti(OH)3; / SiOH pore model.

Table 1: Interaction energies, AE, in eV, selected bond distances in A and atomic charges
(Mulliken evaluation scheme) in electrons as obtained for the four minimum energy Ti(OH)x /
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SiOH models. The error bars of the bond lengths are within 0.005 A and of the AE within few

kcal/mol. The Basis Set Superposition Error is not considered, but it will be similar in the four

models.

System AE Ti— O(Si) Ti-O(H) q (Ti) q (O(Ti)
Ti(OH),/ -8.67 1.81 1.77 +1.5 -1.0
SiOH (plane) 1.87
Ti(OH)s/ -7.03 1.83 1.78;1.76 +1.5 |-1.0
SiOH (plane) 1.82 (H...O-Si)

Ti(OH),/ -10.00 1.81 1.75 +1.5 -1.0
SiOH (pore) 1.86
Ti(OH)a/ -6.49 1.80 1.81;1.77 +1.5 |[-1.0
SiOH (pore) 1.82 (H...O-Si)

Conclusion

On both surface models, Ti(OH), species bound stronger than Ti(OH)3;

Almost no difference in the geometrical parameters and atomic charges computed in the 4

models.

and

This leads to a hypothesis that the confinement potentials influence the binding energies

not

geometrical

differences due

to

the

surface

curvatures.
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NANO-HOST

Overview. This project is aimed at generating new fundamental knowledge and fostering new
prospects and frontiers, training and transfer of knowledge in the field of highly efficient, highly
selective, supported, recyclable catalysts. Targets of the research programme are strongly
innovative methodologies for the preparation, recovery and reuse of single-site, multipurpose,
nanostructured catalytic materials, and the engineering of reactors based on these catalysts, as
this represents an essential part towards the elaboration of sustainable production processes of
high-added value fine chemicals. The approach pursued will be the immobilization of
homogeneous catalysts, and particularly transition metal complexes, onto preformed (in)soluble
supports (heterogenised catalysts). Materials defined at the nanometric level obtained by surface
organometallic chemistry will be included. The focus will be on their applications on specific,
selected reactions. In this project, we plan to use advanced catalyst design to develop catalysts in
which the support allows improvements in terms of activity, selectivity, catalyst lifetime and
versatility, compared to their homogeneous counterparts. This will be an interdisciplinary, jointly
executed research project encompassing complementary, synthetic (inorganic supports, ligands,
organometallic compounds, functionalized polymers, dendrimers, nanoparticles), reactivity
(homo- and heterogeneous catalysis), characterization (of materials and in situ), engineering
(continuous / supercritical flow reactors) and modelling activities. The network aims at
implementing a joint training programme directed to a high-level, high-competency
multisectorial education of early stage and experienced Fellows.

Starting date: 01/10/2008

Duration 48 months

The maximum Community contribution to the project is about 3,385,000 €.

INITIAL TRAINING NETWORKS

Objective. To improve young researchers' career prospects in both the public and private sectors.
This will be achieved through a transnational networking mechanism, aimed at structuring the
existing high-quality initial research training capacity. What is funded. The networks are built on
joint research training programmes, responding to well identified training needs in defined
scientific areas, with reference to interdisciplinary and newly emerging supradisciplinary fields.
Support is provided for: ¢ Recruitment of researchers who are within the first five years of their

careers in research for initial training. Recruitment of Senior Visiting Scientists of outstanding
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stature in international training and collaborative research. Networking activities, organisation of
workshops and conferences, involving the participants own research staff and external
researchers. Training is focused on scientific and technological knowledge through research on
individual, personalised projects, complemented by substantial training modules addressing other
relevant skills and competences. Researchers are normally required to undertake transnational
mobility when taking up appointment.

Participants. Organisations members of a network selected by the Commission which
contributes directly to the implementation of the joint research training programme of the
network, by recruiting and employing and/or hosting eligible researchers an by providing
specialised training modules.

Network partners. The Network includes seven participants whereas the work will be carried
out by different teams:

Consiglio Nazionale delle Ricerche

Istituto di Chimica dei Composti OrganoMetallici - Firenze

Istituto di Scienze e Tecnologie Molecolari - Milano

Centre National de la Recherche Scientifique

Laboratoire de Chimie, Catalyse, Polymeéres et Procédés - Lyon

Institut Charles Gerhardt - Montpellier

Consejo Superior de Investigationes Cientificas

Instituto de Investigaciones Quimicas - Sevilla

Instituto de Ciencia de Materiales de Aragon - Zaragoza

Katholieke Universiteit Leuven

Katholieke Universiteit Leuven - Leuven

The University Court of the University of St. Andrews

School of Chemistry - St. Andrews

BASF Nederland B.V.

Catalyst Research Center - De Meern

National Research School Combination Catalysis

Technische Universiteit Eindhoven - Eindhoven

Utrecht University - Utrecht

All participants are members of the FP6 Network of
Excellence IDECAT

Associated partners.
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Dowpharma - Chirotech Technology Limited

Bruker BioSpin S.r.l.

Hybrid Catalysis B.V.

Science and Technology Facilities Council - ISIS Pulsed

Neutron & Muon Source

Research programme. The research activities carried out by NANO-HOST are based on a
jointly executed research programme. The scientific work is broken down into three Work
Packages with identified tasks.

WP1 “Catalysts immobilized on silica and zeolites” is centred on: a) the development of
innovative strategies for the design and the mastered elaboration of micro- and mesoporous
inorganic matrices with structured porosity and controlled surface properties, b) the
immobilisation of homogeneous catalyst precursors on these matrices, ¢) the use and recycle of
the heterogenized catalysts in selective reactions, d) development of (super critical) flow /
monolithic reactors.

WP2 “Catalysts immobilized on dendrimers” is centred on the design and the synthesis of new
dendritic materials and nanoparticle hybrids, and the catalysts based on them, and their use in
chemical transformations with enhanced selectivity.

WP3 “Catalysts immobilized on functionalised polymers” is centred on the development of
methodologies for covalent and non-covalent immobilization of metal complexes onto
functionalized organic or hybrid polymers: latex polymers, ion-exchange resins, carbon

nanotubes, metal-organic frameworks, metal oxide nanotubes, polymer ligands.

WP 1 WP 2 WP 3
Catalysts immobilised Catalysts immobilised Catalysts immobilised on
on silica and zeolites on dendrimers functionalised polymers

Synthesis & reactivity

Characterization

Modelling

Reactors engineering

| ; | I

Training programme. The jointly executed training programme is based on a comprehensive set
of scientific and complementary elements and in an appropriate number of training events. The
programme includes multi-lateral collaborative research / training projects and those of the

individual recruited researchers.
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Joint training L)
programme

The scientific training programme will be fully integrated with the research activity of the
Network and will include:

e training modules, corresponding to the research activities required to accomplish the

goals of the project,

e aset of advanced instrumental techniques training sessions,

e an appropriate number of training events.
The elements of the scientific training programme will be provided by the recruiting institutions
and by secondments. The recruiting institutions will afford the primary training. Secondments
will include visits, short stays, stages, attendance to courses, etc. and they will be carried out at
the collaborating institutions. The complementary training programme will include a set of skills
coherent with the overall activities of the Network. The complementary activities will be offered
by the recruiting institutions, by secondments and by the associated partners. The Network as a
whole will provide training activities for a total minimum of 530 person-months of Early Stage
(12) and Experienced Researchers (10) whose appointment will be financed by the contract.
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