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Abstract

The research work described in this Doctoral Thesis was developed within the frame of
the MULTI2HYCAT European Project (grant agreement N. 720783) and it is focused
on the synthesis and characterization of mono- and multi-functional hybrid catalysts fea-
turing acid, base or redox active sites. Several research lines have been developed in
parallel to design multiple hybrid catalysts for different catalytic processes, building
upon the needs of the industrial partners.

Due to the collaborative nature of the project, each academic partners mainly focused on
one aspect of the whole process. Instituto de Tecnologia Quimica (ITQ-CSIC), where
this Thesis was developed, mostly focused on the design and synthesis of the hybrid
catalysts. For that, part of the characterization results reported in Chapter 3 have been
carried out at Universita del Piemonte Orientale (IT), during a one month stay. Some of
the catalytic results reported in Chapter 3 and Chapter 5 have been carried out by the
University of Southampton (UK).

In Chapter 3 the synthesis of two different heterogeneous hybrid catalysts carrying aryl-
sulfonic moieties, in which the aromatic ring was either fluorinated or not, is reported.
Two multi-step synthetic approaches were developed, involving the synthesis of the si-
lyl-derivative precursor, template-free one-pot co-condensation (at low temperature and
neutral pH) and tethering reaction. A multi-technique approach was implemented to
characterize the hybrid catalysts. Textural properties, thermal stability and chemical
makeup of the materials were studied. Moreover, probe molecules were adsorbed onto
the hybrids and the interaction were studied with multi-nuclear NMR and FTIR spec-
troscopies. The catalytic activity of the two hybrids showed superior performances for
the fluoro-aryl-sulfonic acid, compared to the non-fluorinated material, in the acetal for-
mation between benzaldehyde and ethylene glycol. Silanol-capped versions of the hy-
brids have also been prepared and their properties have been compared with those of
hydrophilic hybrids, to study the effect of the polarity of the surface on the overall cata-
Iytic activity of the hybrids.

In Chapter 4, the synthesis of hybrid mesoporous organocatalysts, obtained by grafting
of commercial and custom-made silyl-derivatives onto MCM-41 supports, is reported.
The hybrid catalysts were characterized and tested for different reactions involving C-C
bond formation, such as Knoevenagel condensations and Michael addition. Finally, the
catalysts were tested in the condensation between furfural and methyl isobutyl ketone
and the most performing catalyst was selected for the synthesis of a multi-functional
hybrid. Reaction mechanisms have been proposed and the beneficial effect of the surface
silanol groups on the catalytic activity was demonstrated.

In Chapter 5, the synthesis of hybrid multi-functional catalysts is reported. Building
upon the results reported in Chapter 4, a hybrid catalyst featuring aminopropyl moieties




and palladium nanoparticles was developed. Structural and textural properties of the cat-
alysts were accessed. Moreover, transmission electron microscopy showed a narrow na-
noparticles distribution, centered a value equivalent to the size of the mesoporous chan-
nels of the support. The catalyst was tested in a tandem process involving the aldol
condensation between furfural and methyl isobutyl ketone followed by hydrogenation of
the aldol adduct. The influence of several variables on the activity of the multi-functional
catalyst was explored, with the scope of paving the way for more thorough studies to be
carried out in flow regime. Lastly, proof-of-concept syntheses of multi-functional hybrid
catalysts featuring base sites and supported metal complex are reported.
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Resumen

El trabajo de investigacion descrito en la presente Tesis Doctoral ha sido desarrollado en
el marco del proyecto europeo MULTI2HYCAT (grant agreement N. 720783) y se ha
centrado en la sintesis y caracterizacion de materiales mono- y multi-funcionales que
presentan sitios cataliticos acidos, basicos o redox. Diferentes lineas de investigacion
han sido desarrolladas en paralelo para obtener distintos materiales hibridos que seran
empleados en diferentes procesos cataliticos, en linea con las necesidades de los socios
industriales del proyecto.

Debido a la naturaleza colaborativa del proyecto, cada miembro académico se ha encen-
trado en un aspecto del desarrollo de los materiales. Es por ello que el Instituto de Tec-
nologia Quimica (ITQ-CSIC), donde se ha llevado a cabo esta Tesis Doctoral, se ha
centrado en la sintesis de los catalizadores hibridos. Por ello, parte de la caracterizacion
descrita en el Capitulo 3 se ha llevado a cabo en la Universita del Piemonte Orientale
(IT), durante una estancia de un mes. Ademas, alginos resultados cataliticos descritos
en los Capitulos 3 y 5 han sido obtenidos por la University of Southampton (UK).

En el Capitulo 3, se ha descrito la sintesis de dos catalizadores heterogéneos hibridos
que presentan moléculas de acido aril-sulfénico en su composicion. En uno de ellos, el
anillo aromatico presentara atomos de fllor en posicion 2, 3, 5, 6. Se han llevado a cabo
dos estrategias de sintesis multi-etapas, a través de la sintesis de los precursores alkoxi-
silanos, a través de procesos de condensacién junto a un precursor de silice (en ausencia
de agentes directores de estructura, a pH neutro y temperaturas bajas) y de una reaccion
de tethering. Los materiales hibridos han sido caracterizados a través de diferentes téc-
nicas. Las propiedades texturales, la estabilidad térmica y la composicion quimica de los
catalizadores ha sido estudiada. Ademas, moléculas sondas han sido adsorbidas en los
materiales hibridos y las interacciones entre ellos han sido estudiadas a través de espec-
troscopias FTIR y RMN multi-nuclear. El catalizador hibrido en que el anillo aromatico
estaba fluorado resultd ser el mas activo cataliticamente en la reaccion de formacién de
acetal entre benzaldehido y etilenglicol. Una versién de los hibridos en que la superficie
habia sido pasivada con grupos metilos también fue obtenida. Las propiedades de los
materiales hibridos pasivados fueron comparadas, para poder estudiar el efecto de la po-
laridad de la superficie del soporte sobre la actividad catalitica.

En el Capitulo 4 se describe la sintesis de 6rgano-catalizadores hibridos obtenidos por
anclaje de precursores de silicio funcionalizados con grupos basicos sobre un soporte del
tipo MCM-41. Los catalizadores han sido caracterizados y empleados en diferentes reac-
ciones de formacion de enlaces C-C, como la condensacion de Knoevenagel y la adicidn
de Michael. Finalmente, los catalizadores hibridos han sido empleados en la condensa-
cién entre furfural y metil isobutil cetona. El catalizador mas activo ha sido seleccionado
para ser funcionalizado posteriormente con nanoparticulas de paladio y empleado en un
proceso catalitico en cascada. Mecanismos de reaccion han sido propuesto para cada
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proceso catalitico. El efecto beneficioso debido a la presencia de los grupos silanoles en
la superficie del soporte también fue analizado.

En el Capitulo 5, la sintesis de catalizadores hibridos multi-funcionales fue descrita.
Basandose en los resultados obtenidos en el Capitulo 4, se ha preparado un catalizador
gue presente grupos aminopropil- y nanoparticulas de paladio. Las propiedades estruc-
turales y texturales han sido estudiadas. Ademas, a través de la microscopia electronica
de transmision, la distribucion dimensional de las nanoparticulas ha sido estimada, re-
sultando en un tamafio medio equivalente a la dimension de los canales mesoporosos del
soporte, MCM-41. El material ha sido empleado como catalizador multi-funcional en un
proceso tandem basados en la condensacidn entre furfural y metil isobutil cetona y la
hidrogenacion consecutiva del producto formado. La influencia de distintas variables
sobre la actividad catalitica ha sido estudiada. Los resultados de estas pruebas prelimi-
nares permitiran planear en el futuro un estudio mas amplio sobre el potencial de este
catalizador en un reactor de lecho fijo, en continuo. Ademas, se han descrito resultados
preliminares sobre la sintesis de catalizadores multi-functionales que presentan centros
cataliticos basicos y complejos organometalicos soportados.
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Resum

El treball de recerca descrit en aquesta tesi doctoral es va desenvolupar en el marc del
projecte europeu MULTI2HYCAT (grant agreement N. 720783) i se centra en la sintesi
i la caracteritzacio de catalitzadors hibrids mono i multifuncionals amb acid, base o redox
actius llocs. S’han desenvolupat diverses linies d’investigaci6 en paral-lel per dissenyar
multiples catalitzadors hibrids per a diferents processos catalitics, basant-se en les ne-
cessitats dels socis industrials.

A causa del caracter col-laboratiu del projecte, cada soci académic es va centrar princi-
palment en un aspecte de tot el procés. Institut de Tecnologia Quimica (ITQ-CSIC), on
es va desenvolupar aquesta tesi, esta principalment centrat en el disseny i sintesi de ca-
talitzadors hibrids. Per aix0, part dels resultats de caracteritzaci6 reportats al Capitol 3
s’han dut a terme a la Universita del Piemonte Orientale (IT), durant una estada d’un
mes. Alguns dels resultats catalitics reportats al Capitol 3 i al Capitol 5 han estat realitzats
per la Universitat de Southampton (Regne Unit).

En el Capitol 3, s'ha descrit la sintesi de dos catalitzadors heterogenis hibrids que pre-
senten moléecules d'acid aril-sulfonic en la composici6. En un d'ells, I'anell aromatic pre-
sentara atoms de fluor en posici6 2, 3, 5, 6. S'han dut a terme dues estrategies de sintesi
multi-etapes, a través de la sintesi dels precursors alkoxi-silans, mitjancant processos de
condensacio al costat d'un precursor de silice (en abséncia d'agents directors d'estructura,
a pH neutre i temperatures baixes) i d'una reaccié de tethering. Els materials hibrids han
estat caracteritzats mitjancant diferents técniques. Les propietats texturals, I'estabilitat
térmica i la composici6 quimica dels catalitzadors ha sigut estudiada. A més, molécules
sondes han estat adsorbides en els materials hibrids i les interaccions entre ells han estat
estudiades mitjancant espectroscopies FTIR i RMN multi-nuclear. El catalitzador hibrid
en que l'anell aromatic estava fluorat va resultar ser el més actiu cataliticament en la
reaccié de formacio d'acetal entre benzaldehid i etilenglicol. Una versi6 dels hibrids en
que la superficie havia estat pasivada amb grups metilos també va ser obtinguda. Les
propietats dels materials hibrids passivats van ser comparades, per poder estudiar I'efecte
de la polaritat de la superficie del suport sobre I'activitat catalitica.

En el Capitol 4 es descriu la sintesi d'organo-catalitzadors hibrids obtinguts per
ancoratge de precursors de silici funcionalitzats amb grups basics sobre un suport del
tipus MCM-41. Els catalitzadors han estat caracteritzats i empleats en diferents reaccions
de formacié d'enllagos C-C, com la condensacié de Knoevenagel i I'addicié de Michael.
Finalment, els catalitzadors hibrids han estat emprats en la condensacid entre furfural i
metil isobutil cetona. El catalitzador més actiu ha estat seleccionat per a ser funcionalitzat
posteriorment amb nanoparticules de pal-ladi i emprat en un procés catalitic en cascada.
Mecanismes de reacci6 han estat proposat per a cada procés catalitic. L'efecte beneficios
a causa de la presencia dels grups silanols en la superficie de suport també va ser
analitzat.




En el Capitol 5, la sintesi de catalitzadors hibrids multi-funcionals va ser descrita. Ba-
sant-se en els resultats obtinguts en el Capitol 4, s'ha preparat un catalitzador que presenti
grups aminopropil- i nanoparticules de pal-ladi. Les propietats estructurals i texturals
han estat estudiades. A més, a través de la microscopia electronica de transmissio, la
distribucié dimensional de les nanoparticulas ha estat estimada, resultant en una
grandaria mitjana equivalent a la dimensid dels canals mesoporosos del suport, MCM-
41. El material ha estat emprat com a catalitzador multi-funcional en un procés tandem
basats en la condensaci6 entre furfural i metil isobutil cetona i per la hidrogenaci6 con-
secutiva del producte format. La influéncia de diferents variables sobre I'activitat catali-
tica ha sigut estudiada. Els resultats d'aquestes proves preliminars permetran planejar en
el futur un estudi més ampli sobre el potencial d'aquest catalitzador en un reactor de Ilit
fix, en continu. A més, s'han descrit resultats preliminars sobre la sintesi de catalitzadors
multi-functionals que presentan centres catalitics basics i complexos organometal-lics
suportats.
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Chapter 1

Introduction to
Functional
Hybrid Catalysts

The synthesis of hybrid organic-inorganic materials provides powerful tools to
incorporate catalytically active functional groups within inorganic frame-
works. Silica-based hybrids are especially suitable for this task, due to their
mechanical stability, tunable textural properties and reactive surface. In this
Chapter, a brief introduction to silica-based hybrid catalysts is reported. Ex-
amples of mono-functional catalysts, baring acid, base, organometallic func-
tionalities are reported. Examples regarding multi-functional catalysts are also
described with particular focus on the synthetic strategies that different authors
developed to incorporate multiple functional groups, often incompatible with
each other, through multi-step synthetic pathways. The chemistry of sol-gel
synthesis of silica is also reported. Hydrolysis/condensation mechanisms are
described, as well as acid, base and fluoride catalyzed sol-gel.






Chapter 1

Catalysis plays a crucial role in the chemical industry since many decades. Approxi-
mately, 85-90% of the products of chemical industry are made in catalytic processes.
They are indispensable in the production of transportation fuels, with about 440 oil re-
fineries heavily relying on them (data of the year 2007) and in the production of bulk
and fine chemicals in all branches of the chemical industry. They are key players in the
prevention of pollution, in the abatement of automotive or industrial exhaust and they
provide environmental and economic advantages by enhancing the selectivity toward the
desired product, in turn avoiding or limiting the production of unwanted byproducts.
Catalysts offer alternative, energetically favorable mechanisms to non-catalyzed reac-
tion, therefore enabling processes to be carried out under industrially feasible conditions
of temperature and pressure. Catalysts come in many forms, from atoms and small mol-
ecules to macromolecules such as enzymes and crystalline structures such as zeolites and
metal oxides. Moreover, they can be employed in different conditions: liquid, gaseous
or at the surface of solids.*

In heterogeneous catalysis, solid materials catalyze reactions of molecules in gas or lig-
uid phase. They provide several advantages over homogeneous catalysts, such as the
ease of separation from the reaction mixture and consequent better recyclability and re-
use. In addition, solid frameworks and macromolecules bring about additional proper-
ties, compared to homogeneous catalysts, which have been exploited by scientists for
several decades. Examples involve the shape selectivity of microporous zeolites that, due
to the shape of the cavity in which the active site is located, allows for the catalytic
activation of a specific reactant or promote the formation of a specific product by stabi-
lizing the transition state that precedes the desired product. Nature pioneered this strategy
with much greater success, specifically with enzymes, in which the way they are folded
onto themselves allows for exceptional specificity toward certain reactants and selectiv-
ity toward certain products.?® (Fig. 1.1) Another instance is the synthesis of supported
noble metal nanoparticles. Due to their small size, nanoparticles expose a relatively large
surface area that, when they are used in homogeneous phase, cause them to aggregate
and sinter, in turn lowering the surface area exposed and lowering their free energy. By
depositing the nanoparticles onto solid supports (often porous), chemists have been able
to limit sintering, allowing the use of these catalysts over multiple cycles and easing their
separation from the reaction mixture.®® Even further, in the last decades scientists have
been able to coordinate single atoms of various metals within a solid support, with major
advantages in terms of catalytic activity and atom economy.®°

Among the different types of heterogeneous catalysis, hybrid organic-inorganic catalysts
provide some unique properties, compared to purely inorganic catalysts (e.g. zeotypes)
and purely organic ones (e.g. resins). In fact, they combine the advantages of inorganic
solids (high mechanical, thermal, and structural stability) and organic molecules or mac-
romolecules (flexibility and functionality).
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Figure 1.1: Stereoview of the active site of glucose oxidase with the modelled substrate B-d-
glucose (adapted from ref. 4). B: The structure of y-valerolactone within zeolite pores as ob-
tained using in situ X-ray diffraction data (adapted from ref. 5). C: Single Pt atoms bounded
to N- rich or S- rich regions in doped carbonaceous supports (adapted from ref. 10).




Chapter 1

1.1. Hybrid organic-inorganic catalysts

In general, the concept of hybrid material refers to a solid composed of two types of
building blocks, an inorganic one and an organic one, mixed with each other at the na-
nometric scale. By cleverly combining different organic and inorganic precursors, many
authors have been able to guide their self-assembly, achieving hybrids featuring unique
properties for applications as advanced materials in several fields. In the last few dec-
ades, these types of materials underwent tremendous development, thanks to soft sol—
gel and self-assembling micellar processes (Fig. 1.2).1! Hybrid materials can be classi-
fied according to the interactions between organic and inorganic building blocks. Quite
logically, the strength and the directionality of chemical bonds holding them together are
crucial aspects to consider in the pursuit of designing a hybrid with specific properties.

bjects »
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Figure 1.2: Scheme of the main chemical routes for the synthesis of organic-inorganic hybrids.
Adapted from ref. 11.
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Sanchez and Ribot classified as Class | hybrids those in which weak bonds (hydrogen or
van der Waals bonding) give cohesion to the whole structure (Fig. 1.3). Organic dies
have been imbedded in amorphous sol-gel matrixes, in order to improve their stability
and avoid the formation of dimers or oligomers.*2*3 Inorganic fillers have long been
imbedded into organic polymeric matrixes in order to improve their mechanical proper-
ties. However, traditional filler blending occurs under high viscosity conditions, which
lead to partial agglomeration of the inorganic particles, lowering the matrix-filler inter-
actions. By generating the inorganic particles in-situ by sol-gel chemistry, a much better
dispersion can be achieved.**> Wet or dry impregnation have been implemented to ob-
tain Class | hybrids, as well .18

A

i OH —= Siandl graups: [ Hybrid erganic-inorganic sol-gel matrix | B 4
>

—;su-o- = Phenyl groups

. -~
—Si—0-Si— —= Siloxane
- N

OH : OH 5

O:
S i / W
R len]

Figure 1.3 A: Schematic representation of the porous structure of a phenyl modified silica
matrix doped with Rhodamine 6G molecules (adapted from ref. 13). B: Structure of PVP-silica
hybrid material (adapted from ref. 14).

In Class 1l materials, the two phases are linked together through strong chemical bonds
(covalent, coordination or ionic bonding).**81" This type of hybrids are of special inter-
est for catalytic applications. In fact, while weak bonds between organic and inorganic
building blocks would be susceptible to breakage in the reaction media, with consequent
loss of structural properties and catalytic activity, strong bonds would favor the preser-
vation of the hybrid catalysts, allowing for using the catalyst over multiple cycles. There
are two main families of hybrid materials belonging to class Il that are implemented as
heterogeneous catalysts: metal-organic frameworks and mesoporous silica-based hy-
brids. Other types of hybrid materials have been described, e.g. organozeolites,* silica-
graphene composites® and laminar metal oxides featuring organocatalysts in the inter-
laminar space.? However, they are less commonly used in heterogeneous catalysis and
less related to the research described in this Thesis. For that, after a brief introduction of
MOFs, the discussion will focus on silica-based hybrids.
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1.2. Metal-Organic Frameworks (MOFs)

Within the realm of reticular chemistry, metal-organic frameworks (MOFs) are the most
prominent class of materials.! Yaghi et al. classified as MOFs those coordination poly-
mers featuring crystalline structure, high surface area, specific pore size distribution and
high stability, consequent to the strong metal-ligand interactions. MOFs are composed
by inorganic poly-nuclear clusters (Secondary Building Units or SBU) and organic link-
ers bounded together by strong coordination bonds.?? The term SBU was originally used
in the description of zeolites, where primary building units (TO4 tetrahedra) form larger
periodically recurring structural arrangements.? Inorganic clusters act as framework
nodes, bounding organic linkers and allowing for the development on mono- bi- and
tridimensional structures. Appropriate choices of metals and ligands, together with spe-
cific synthetic conditions can promote the formation of one structure or another. Differ-
ent metals have been successfully implemented as building block in the synthesis of
MOFs, both as single atoms or clusters: alkaline, earth alkaline, transition block metals
as well as rare earth metals. Under specific conditions, each metallic unit forms a specific
SBU featuring coordination vacancies, available to coordination by the organic ligands.
Number and spatial position of the coordination vacancies vary between different SBUSs,
which, in turn, leads to the formation of differently structured materials.?* Among the
many possible SBUs, two of the most widely used to synthetize MOFs are those present
in MOF-5% and MIL-88% (Materials Institute Lavoisier), reported in Fig 1.4.

A

Figure 1.4 A: SBU of MOF-5 (Zn,0). B: SBU of MIL-88 (Cr3;0).¥
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Depending on the inorganic precursor, the organic ligand and the synthesis conditions,
more complex SBUs can be obtained. Concerning the organic ligands, in recent years,
most studies have been focused on organic molecules baring carboxylic acid groups,
which can strongly coordinate metal nodes through the oxygen atoms of the carboxylate
anion (Fig. 1.5).222 Relevant examples include rigid aromatic moieties such as tereph-
thalic acid®, but also more flexible aliphatic molecules such as succinic acid® and glu-
taric acid®2. Others functional groups have been exploited as ligands to coordinate metal
nodes for the synthesis of MOFs. Examples include phosphonic acids, pyridine- and im-
idazole-based moieties.??
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Figure 1.5: Various carboxylic acid linkers used for MOF synthesis and a common nitrogen
linker group BIPY.?®

After an initial period, in which most publication on MOFs focused on synthesis methods
and discovery of new structures, in the last decade more and more studies are being
reported on their possible applications. Relevant examples range from gas storage® and
heterogeneous catalysis®* to applications exploiting luminescent® or magnetic®® proper-
ties and controlled drug delivery®.

MOFs can display excellent textural properties, with specific surface area values reach-
ing up to 7000 m?/g, in some cases.* That, together with their tunable surface properties,
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make them ideal candidates for adsorption applications. Reports in the scientific litera-
ture include selective adsorption of CO2,% Hy,“* CH4* as well as selective adsorption of
H. and O, fed into the reactor mixed with N, and CO, and separation*? of propylene from
a propylene/propane mixture®3. All of these separation processes involve very high quan-
tity of gases and high amount of energy required. Therefore, possible future applications
of more effective adsorbent on an industrial scale will have a big impact in the progres-
sive shift to a more environmentally friendly chemical industry.

High surface area, tunable pore size and relatively high chemical and thermal stability
make MOFs exploitable as heterogeneous catalysts. Many articles are reported in the
scientific literature on reactions such as oxidations, epoxidations, aldol condensations,
hydrogenations among others.** MOFs’ catalysis can be classified based on which part
of the hybrid catalyst constitute the active site: intrinsic reactivity of structural metallic
sub-domains, coordination vacancies of the metal nodes*®, metal nanoparticles located
in the framework cavities,*® and reactive functional groups located on the organic lig-
ands,*” mainly (Fig. 1.6).

Metal ion or cluster

Encapsulated
catalyst

’ “ Defect

Figure 1.6: Different active sites available in MOFs responsible for catalysis.*®
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1.3. Mesoporous silica-based hybrid materials

Since the development of M41S materials by the Mobil Oil Company in 1992, porous
materials with large specific surface areas has been a field of extensive research, partic-
ularly with regard to potential applications in areas such as catalysis, adsorption, gas
storage, chromatography, controlled drug-delivery and sensor technology. Like mi-
croporous crystalline zeolites, this class of materials feature very large specific surface
areas, ordered pore systems and well-defined pore size distributions. However, unlike
zeolites, M41S materials exhibit amorphous pore walls and their pore diameters is com-
prised between 2 and 10 nm. The most representative materials belonging to this class
include silica solids MCM-41 (with a hexagonal arrangement of the mesopores), MCM-
48 (with a cubic arrangement of the mesopores), and MCM-50 (with a laminar struc-
ture).*® (Fig. 1.7)

Figure 1.7: Structures of mesoporous M41S materials: MCM-41 (A), MCM-48 (B) and MCM-
50 (C).®

Not long after their discovery, researchers began attempting to incorporate organic com-
ponents within an inorganic silica framework to achieve symbiosis of the properties of
both components. The combination of the properties of organic and inorganic building
blocks within a single material is highly attractive. In fact, this allows for the possibility
of combining the enormous variety of functional groups, typical of organic chemistry,
with the advantages of a thermally stable and robust inorganic substrate. This is particu-
larly appealing for applications in heterogeneous catalysis. The symbiosis of organic and
inorganic components can lead to materials with considerably different properties from
those of their individual, isolated components. Silica-based materials also allow for ad-
justment of the polarity of the pore surface either by the addition of organic building
blocks in the synthesis medium or by post-synthetic reaction of the surface silanol groups
with organic siloxanes, that can act as passivating agents. Using the same approaches, it
is possible to functionalize the silica matrix with specific organic functionalities such as
C=C multiple bonds, alcohols, thiols, sulfonic and carboxylic acids, amines. This aspect
is central in the frame of this Thesis. Sol-gel chemistry provides a versatile and effective

10
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way of anchoring organic moieties to a porous solid silica support. As it will be shown
below, these organic moieties (e.g. acidic, basic, organometallic complexes) can be cat-
alytically active for a specific reaction and being selective toward the formation of one
product, instead of another. Bounding them to a solid support, opens up to the possibility
of carrying out reactions under heterogeneous regime, allowing for recovery and reuse
of these valuable catalyst over multiple cycles, easing product separation and purifica-
tion.*° Silica-based hybrids can be achieved by (i) post-synthetic modification of the
pore surface of a purely inorganic silica material (grafting), (ii) co-condensation of a
silica precursor and a silyl-derivative baring the functional group of interest (“one-pot”
approach), (iii) condensation of bi-silylated precursors featuring the functional group of
interest in the linker between the two alkoxy-silyl groups (alone or together with a min-
imal amount of tetra-alkoxysilyl precursor), leading to a material in which the organic
functionalities are imbedded within the pore walls.

1.3.1. Post-synthetic modification (Grafting)

Grafting refers to the post-synthesis modification of the surfaces of mesostructured silica
phases with organic groups. This process is mainly carried out by reaction of orga-
nosilanes of the type RSi(OR”)s with the free silanol groups of the pore surfaces. Less
frequently chlorosilanes CISiR3 or silazanes HN(SiR3)z are used. (Fig. 1.8)

Figure 1.8: Grafting of a generic silyl-derivative RSi(OR’); onto a mesoporous silica pore
walls.*

11
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In principle, by varying of the organic residue R, functionalization with different organic
groups can be achieved. By implementing this approach, the mesostructure of the starting
silica phase is usually retained. On the other hand, a reduction in the porosity of the
hybrid, compared to the parent mesoporous silica, is usually observed, proportionally to
the size of the grafted organic moieties. Furthermore, the organic silyl-derivatives might
preferentially react with the surface silanol groups that they will encounter first, i.e. those
located at the pore mouth or in the initial part of the mesoporous channels. This effect
will be modulated by several factor. Firstly, the reactivity of the alkoxy groups bounded
to the silicon atom will determine the ease with which hydrolysis/condensation reactions
will occur. The diffusion of the silyl-derivative compounds through the mesopores, pri-
marily determined by its size, relative to the pores diameter, and by the chemical affinity
between the organic moieties and surface silanol groups. Lastly, while in an initial stage
of the grafting, silyl-derivatives are allowed to diffuse through the pore channels before
the catalyst (acid or base) is added into the mixture, molecules baring acidic or base
functionalities can catalyze their own hydrolysis and condensation before reaching opti-
mal diffusion, leading to a worse distribution of organic moieties throughout the porous
framework. A key advantage, unique to this method, is the fact that the templating agent
used for generating the mesopores is entirely removed by calcination prior to the grafting
procedure. The grafting approach allows for introducing organic functionalities onto a
pre-existing mesoporous silica framework. Consequentially, in these hybrids the organic
moieties are expected to be pending from the pore walls, partially occupying the meso-
porous channels.

1.3.2. Co-condensation method (“one-pot”)

An alternative method to synthesize ordered hybrid organic-inorganic mesoporous silica
phases is the co-condensation method. It is possible to prepare mesostructured silica
phases by the co-condensation of tetra-alkoxysilanes, typically tetraethyl ortosilicate
(TEQS) or tetramethyl ortosilicate (TMOS), together with trialkoxy-organosilanes of the
type RSi(OR); in the presence of structure-directing agents, obtaining materials with
organic residues pending covalently from the pore walls (Fig. 1.9).

By using structure-directing agents that are typically implemented in the synthesis of
pure mesoporous silica phases (e.g. MCM or SBA silica phases), organo-functionalized
silica hybrids can be prepared in such a way that the organic linkers, connecting the
functional group of interest to the inorganic support, are pending directly from the pore
walls, with the silicon atoms deriving from hydrolysis/condensation of the alkoxy-silyl
groups being imbedded into the silica pore walls. Since the organic functionalities are
direct components of the silica matrix, pore blocking is not a problem in the co-conden-
sation method, although a slight decrease in the pore diameter can be detected. Moreover,
the organic units are generally more homogeneously distributed than in hybrid mesopo-
rous materials obtained by grafting process.

12
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Figure 1.9: Co-condensation between tetraethyl ortosilicate (TEOS) and a generic silyl-deriv-
ative compound, RSi(OR’)3, followed by calcination/extraction to achieve hybrid organic-in-
organic mesoporous silica.*

Nevertheless, the co-condensation method presents also a number of disadvantages: the
degree of mesoscopic order of the resulting materials tend to decreases with increasing
concentration of RSi(OR”)z in the synthesis mixture. Consequently, the relative amount
of organic moieties in the modified silica phases does not normally exceed 40 mol%.
Furthermore, the yield with which the organic groups can be incorporated into the pore-
wall network is generally not 100% and it decreases proportionally to the amount of
organic silyl-derivative in the synthesis mixture. These observations can be explained by
the fact that an increasing proportion of RSi(OR’)z in the reaction mixture promotes ho-
mocondensation reactions, favoring the formation of oligomers. These phenomena are
caused by the different hydrolysis and condensation rates of the different silyl-type pre-
cursors. It is a potential problem whenever this synthetic strategy is implemented, as the
homogeneous distribution of the organic functionalities in the framework cannot be
guaranteed. Moreover, exceeding in the loading of organic groups can lead to a reduction

13



Introduction to Functional Hybrid Catalysts

in the pore diameter, pore volume, and specific surface areas. From a purely methodo-
logical point of view, a higher degree of care needs to be taken in the removal of the
surfactant, used to generate the mesopores. Calcination cannot be implemented as it
would compromise the integrity of the organic groups Si-R. Consequently, template re-
moval is commonly done by continuous extraction, carried out using a soxhlet apparatus.
Although fairly effective, an incomplete removal of the template is usually observed.

An additional tool to incorporate specific organic functionalities within silica-based ma-
terials are tethering procedures. For that, firstly, mono-silanes RSi(OR")3 are incorpo-
rated into a silica support (either by co-condensation or grafting). Afterwards, in a post-
synthetic step, an organocatalyst featuring the active site of interest and a specific func-
tional group R” is reacted with the hybrid material. R and R” need to be chosen properly,
so that they can react and form a covalent bond that can guarantee the anchoring of the
organocatalyst. Example of such R/R™ pairs include primary amine and isocyanate, re-
acting to form urea group; thiol and terminal alkene, reacting in presence of a radical
initiator to form a thioether; a halide (Br or I) functioning as good leaving group in a Sn2
reaction and a strong nucleophile.

1.3.3. Periodic Mesoporous Organosilicas (PMOs)

PMOs are a class of silica-based organic—inorganic hybrid materials obtained by hydrol-
ysis and condensation reactions of bridged silsesquioxane precursors of general formula
(R’0)3Si-R-Si(OR)s, used as the only silicon source.>®5! In contrast with the two meth-
ods previously reported (grafting and direct synthesis), in this case, the organic building
blocks bear two alkoxy-silyl groups that can largely improve their incorporation in the
three-dimensional network as well as their homogeneous distribution throughout the
solid (Fig. 1.10 A). Moreover, a major difference between PMOs and silica-based hy-
brids obtained by co-condensation and grafting is that in the former, active sites are im-
bedded into the pore walls, rather than pending from the surface of the support. As in the
case of the synthesis of pure silica mesophases, the use of a surfactant in the presence of
bi-silylated organosilica precursors allows obtaining materials featuring ordered meso-
pores, narrow pore size distribution and in which the organic bridges are integral com-
ponents of the silica network.*

Although presenting several advantages over grafting and co-condensation, the synthesis
of PMOs also bring about challenging aspects, the most notable being the synthesis of
the suitable bi-silylated precursors. In fact, alkoxy-silyl groups are highly reactive spe-
cies and synthesizing complex molecules baring two of such groups and a specific or-
ganic residue R, is often a challenging task. Nevertheless, bridged polysilsesquioxanes
featuring a wide range of bridging groups have been prepared. In 1999, three research
groups independently reported on mesoporous organosilica hybrids from bi-silylated
precursors baring methyl or ethyl groups as organic bridges.®*%+% After that, several
PMOs were prepared featuring ethylene, ethenylene, phenylene and thiophene as R
groups.
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Rigid unsaturated precursors able to form weak interaction, such as n- &, can self-assem-
ble in the synthesis mixture. When hydrolysis/condensation take place, this order can be
preserved and layered “crystal-like” structural sub-domains can be included in the final
PMO-type materials. The first materials featuring 1,4-phenylene bridges was prepared
in 2002. Upon varying the size of the R residue, materials featuring layers of different
width were obtained (5.6 - 11.9 A).5* Building upon these early studies, a variety of
organic groups, ranging from hydrocarbons and heteroaromatics to metal complexes,
have been successfully incorporated into PMO hybrids (Fig 1.10 B).452%
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1.4. Sol-gel chemistry and hybrid materials

In this Section, a description of the sol-gel chemistry of silica is reported, with a specific
focus on aspects that are recurrent throughout this Doctoral Thesis and that need to be
considered when designing and preparing silica-based hybrid materials. In a general def-
inition, a sol is defined as a colloidal dispersion of particles in a liquid, while a gel con-
sists of a continuous solid skeleton enclosing a continuous liquid phase. The formal def-
inition of sol-gel processing is therefore the growth of colloidal particles and their linking
together to form a gel.

Hydrolyzed silica in aqueous solution is constituted by orthosilicic acid, Si(OH)4. Proto-
nation of silanols to form cationic species =Si(OH_)* can occur below pH 2, while further
hydrolysis involves the deprotonation of a silanol group to form an anionic species
Si(OH)30" above pH 7, and Si(OH),0,% above pH 12 (Fig 1.11).

Ok o 0
HO'Si_+ HO'Si_ - HO'Si_ -
HO" OH, HO' ©O HO" ©

pH<2 pH>7 pH> 12

Figure 1.11: Protonation/deprotonation of orthosilicic acid.

Concerning the condensation of silicic units, ller®® divides the polymerization process
into three approximate pH domains: pH<2, 2-7, and >7. At pH 2, a boundary is present,
due the point of zero charge, i.e. surface charge is zero, and the isoelectric point, i.e.
electrical mobility of the silica particles, is also zero. A pH of 7, represents another
boundary, because both the solubility and dissolution rates are maximized at or above
pH 7, and because above pH 7 the silica particles are appreciably ionized. Consequently,
particle growth occurs without aggregation or gelation.

Below pH 2, condensation involves the protonation of a silanol, followed by nucleophilic
attack on the silicon atom by a =SiOH species. Polymerization above the isoelectric point
(pH > 2) involves a bi-molecular nucleophilic condensation mechanism (Sn2-Si), featur-
ing the attack of hydrolyzed, anionic species on neutral species. Due to inductive effects,
the most acidic silanols, which are the most likely to be deprotonated, are the most highly
condensed species. Consequently, condensation occurs preferentially between more con-
densed species and less condensed, neutral, species. In other words, monomers and oli-
gomers feed the growth of bigger particles. Specifically, once tetramers are formed, they
tend to cyclize due to the proximity of chain ends and further growth occurs by addition
of monomer and other low-molecular-weight species to cyclic species to form particles,
and by aggregation of particles to form bigger networks.
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Above pH 7, particle growth differs from that below pH 7 by at least two factors. Firstly,
while near the isoelectric point no electrostatic repulsion is present, so that growth and
aggregation processes occur altogether, at pH above 7 particles are appreciably charged,
which makes particle aggregation unlikely. Secondly, above pH 7 the size dependence
of the solubility of silica increases. Consequentially, growth of primary particles contin-
ues by Ostwald ripening, a process in which smaller, more soluble particles dissolve and
feed the growth on larger, less soluble particles. The growth ceases when the difference
in solubility between the largest and smallest particles becomes negligible.®’

1.4.1. Hydrolysis and condensation of silicon alkoxides

Silicate gels are most often synthesized by hydrolyzing the alkoxides dissolved in water
and/or their parent alcohols with a mineral acid or base catalyst.®*® Three bimolecular
nucleophilic reactions are generally used to describe the sol-gel process:

=Si-OR + H,0 —> =Si-OH + ROH (1
=Si-OR + =Si-OH —> =Si-0-Si= + ROH (2)
=Si-OH + =Si-OH —> =Si-0-Si= + H,0 (3)

The first reaction involves the hydrolysis of the alkoxy residues and the release of an
alcohol molecule ROH. Reactions (2) and (3) represent nucleophilic substitutions in
which the oxygen of a hydroxyl group attacks a silicon atom to form a Si-O-Si species,
with release of ROH or HO, respectively. The hydrolysis reaction can be acid or base
catalyzed. Acid catalysts protonate the alkoxide group, making a better leaving group
(ROH) that does not require a proton transfer in the transition state. Base catalysts con-
tributes to the reaction rate by increasing the concentration of strongly nucleophilic OH-
species.

The condensation reaction is dependent on the acidity of the silicate reactants. At pH
values above 2, acidic silanols are deprotonated and strong nucleophiles, =SiO", are cre-
ated. Below about pH 2, weakly acidic silanols or alkoxides are protonated, so that better
leaving groups (H2O or ROH) are present. Like for the acid-catalyzed hydrolysis, the
reaction does not require a proton transfer in the transition state. The rate of siloxane
bond (Si-O-Si) hydrolysis increases above pH 4 and at very low pH. Siloxane networks
are formed under those conditions in which depolymerization is less likely to occur. In
this situation, the condensation is irreversible and siloxane bonds cannot be hydrolyzed
once they are formed. For example, by replacing water with a 90% methanol 10% water
mixture, the solubility of silica is reduced by a factor of 28 and hydrolysis of siloxane
bond is less likely. In Fig. 1.12, a schematic representation of hydrolysis and condensa-
tion reaction of silica, under acid or base catalysis, is reported.
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Figure 1.12: Schematic representation of hydrolysis/condensation reactions of tetramethyl or-
tosilicate (TMOS) under acid and base catalysis.

19



Introduction to Functional Hybrid Catalysts

It has been observed that acid catalyzed sol-gel processes lead to the formation of bigger
particles with less defects, while base catalyzed syntheses lead to the formation of
smaller particles featuring more defects.

The most implemented precursors for sol-gel synthesis of silica are tetraethyl ortolisicate
(TEOS) and tetremethyl ortosilicate (TMOS). Bernards et al. studied the hydrolizability
of siloxane featuring alkoxy residues of different length. They found that the hydrolyza-
bility of the silanes in an acidic environment was inversely proportional to the size of the
alkoxy residues (TMOS > TEOS > TPOS, Fig. 1.13). They explained that the effect of
the alcohols on the hydrolysis rate of each of the silanes was due to differences in degree
of dissociation of HCI in each one of the alcohols (methanol > ethanol, 1-propanol > 2-
propanol).®

Figure 1.13: Ball and stick representation of tetramethyl ortosilicate (TMOS), tetraethyl orto-
silicate (TEOS) and tetrapropyl ortosilicate (TPOS).

1.4.2. Fluoride catalyzed hydrolysis and condensation

Besides acid and base catalysis, there is a less common way to catalyze sol-gel reactions.
F ions have been reported to efficiently catalyze hydrolysis/condensation of alkoxy
silanes decades ago.®* Hydrolysis/condensation reactions follow the pathways reported
in Fig. 1.14. In the hydrolysis reaction, a nucleophilic fluorine ion approaches a molecule
of alkoxy silane in solution. A Sn2 reaction occurs, forming a partially fluorinated silicon
alkoxide that in presence of H30™, yields water and alcohol as by-products. Due to strong
inductive effect, fluorine withdraws electron density from the silicon atom, making it
more susceptible to nucleophilic attack from H2O. Consequentially, a pentacovalent
complex is formed in the presence of water. The complex reacts to form a partially hy-
drated silicon alkoxide and hydrofluoric acid. The condensation process occurs by for-
mation of a hexacovalent intermediate. ller postulated that the effectiveness of fluorine
in the polymerization reaction is due to the smaller ionic radius of the fluorine anion,
compared to that of the hydroxyl.
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Figure 1.14: Fluoride-catalyzed hydrolysis (A) and condensation (B) of tetramethyl ortosili-
cate. Adapted from ref. 62.

Other anions, such as CI, Br, I, NOs", SO4™ are all bulkier than hydroxyl and for that,
are much less effective than hydroxyl in catalyzing these reactions by nucleophilic at-
tack.®2 Under optimal conditions, fluoride catalyzed sol-gel synthesis can lead to meso-
porous materials featuring high surface area and relatively narrow pore size distribution.

Reale et al. studied the influence of Si/F ratio on the textural properties of pure silica
materials. For that, they used NH4F as fluoride source. NH4*/NHs equilibrium in water
ensures the presence of protons in the reaction medium, needed for the mechanism de-
scribed in Fig. 1.14. Varying the Si/F ratio between 15 and 320, they were able to obtain
materials featuring specific surface area values (BET) ranging from 500 to 1000 m?/g
and mean pore size (BJH) ranging between 75 and 30 A. The authors explained these
variations by considering that the larger the mesoporous diameter, the larger the average
silica particle radius. This could denote that the nucleation of silica particles is highly
disfavored at high fluoride concentration, which would result in a low concentration of
viable nuclei that can grow at the expenses of the silica precursor, in solution. Accord-
ingly, high fluoride concentration would promote the formation silica particles featuring
large diameter and large interparticle void.

The authors also studied the effect of the alcohol used as co-solvent by preparing mate-
rials using a 1:1 mixture of water and one among methanol, ethanol and 2-propanol.
Upon increase of the alcohol size, surface area decreased and mean pore size increased.
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Nucleophilic attack of water to the fluorinated silicon intermediate, which is the rate
determining step in the TMOS hydrolysis, is less favored by more polar solvents. Con-
sequentially, a lower amount of nuclei is formed as consequence of the slower hydrolysis
kinetics. Coherently, the silica material prepared in 2-butanol resembles that prepared
using the highest fluoride concentration.%?

It is important to highlight that these syntheses are carried out at neutral pH, 36 °C, using
low amount of solvent and in the absence of templating agents. By tuning the composi-
tion of the synthesis mixture, it is possible to achieve highly porous materials, with tex-
tural properties that are tuned for a specific application. Moreover, F~ sol-gel syntheses
allow to incorporate Al and Ti within the network as well as organic building blocks, by
substituting a fraction of TMOS with an equimolar amount of either an Al (or Ti) pre-
cursor or a silyl-derivative of the type RSi(OR")3, baring a functional group R of interest.

1.4.3. Surfactant mediated sol-gel synthesis

As mentioned before, surfactants are widely implemented in sol-gel synthesis to achieve
mesoporous silica materials, for applications in several fields. Supramolecular aggre-
gates of ionic surfactants (long-chain alkyltrimethylammonium halides) and non-ionic
triblock copolymers have been used as structure-directing agents (SDASs) in many syn-
thetic procedures. In solution, under certain conditions, they form of a lyotropic liquid-
crystalline phase, which can guide the assembly of ordered mesostructured materials
through hydrolysis and condensation of the silica precursors under basic conditions. The
mesoporous materials are obtained by removal of the surfactant by extraction or calci-
nation.

Typically, a lyotropic liquid-crystalline phase is formed above a certain concentration of
surfactant. However, a cooperative self-assembly between the SDA and the silica pre-
cursors can lead to a liquid-crystal phase with hexagonal, cubic, or laminar arrangement,
even at lower concentration of surfactant. An essential condition to ensure this coopera-
tive self-assembly and avoid phase separation is the presence of attractive interactions
between the template and the silica precursor. Such interactions vary, depending on the
type of surfactant and on the pH of the solution. If the reaction takes place under basic
conditions, silica species will be present in the form of anions. If a cationic quaternary
ammonium surfactant is used as the SDA, electrostatic interactions such as those de-
picted in Fig 1.15 A will be produced. However, if the preparation takes place below pH
2, silica species will be positively charged and to produce an interaction with the cationic
surfactant, it is necessary to add a counter ion X" (usually a halide, Fig. 1.15 B). Although
less commonly, negatively charged surfactants (e.g. long-chain alkyl phosphates) can
also be used as the SDA. Compared to positively charged surfactant, a reverse situation
is expected, with protonated silicon species interacting with the negatively charged func-
tional groups of the surfactant molecules, at pH below 2 (Fig. 1.15 C), and a mediating
positive ion M* needed under basic conditions (Fig. 1.15D). Lastly, when non-ionic sur-
factants are used (e.g. long chain amines), attractive interaction between SDA molecules
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and silica precursors are provided by hydrogen bonds. Such interactions can be promoted
by adding to the mixture either polar molecules (e.g. polyethylene oxide, depicted as
triangles in Fig. 1.15E) or ion pairs (Fig. 1.15F).*

B —1 S X1

—

Figure 1.15: Schematic representation of the possible interactions between silica precursors
and surfactant molecules. Adapted from ref. 49.

1.4.4. Handling silyl-derivatives

Throughout the first part of this Chapter, many silyl-derivatives of different complexity
were shown. Considering that most of the research work reported in this Thesis relies on
the uses of precursors of the type RSi(OR’)s, it is worth to briefly discuss these class of
molecules. Alkoxy groups are highly reactive species. They can easily undergo partial
hydrolysis and condensation leading to oligomers. This is particularly problematic con-
sidering that, in many cases, they are used as precursors of materials in which the func-
tional groups R need to be homogeneously dispersed throughout the material (heteroge-
neous catalysts, adsorbents, sensors etc.). Silyl-derivatives are very moisture-sensitive.
For that, the design of synthetic routes usually aims to incorporate the alkoxy-silyl group
in the last step of the preparation of the building block. Whenever this is not possible,
silyl-derivatives need to be protected from humidity, by storing them under inert atmos-
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phere and by always carrying out reactions that involve them under anhydrous condi-
tions, especially if acid or bases are also present in the reaction mixture. Additional care
needs to be taken in the work-up procedure, as distillation at high temperature can cause
spontaneous condensation of alkoxy groups. The size of the alkoxy group also affects
the kinetic of hydrolysis with TMOS containing synthesis mixture, reaching the sol-gel
transition after shorter time, compared to TEOS-based mixtures. This is in line with what
can be deduced by observing the mechanism depicted in Fig. 1.12 and the ball and stick
structures depicted in Fig. 1.13. Ethoxy substituent are bulkier than methoxy and there-
fore they partially hinder the approach of the nucleophile to the silicon.®® Consequen-
tially, methoxy-silyl groups are expected to be less stable and more reactive than ethoxy-
silyl groups.
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1.5. Silica-based hybrids in heterogeneous catalysis

With the aim of highlighting the broad scope of application of silica-based hybrid cata-
lysts, a general overview of different type of active sites bounded onto silica supports is
described in this section, together with few representative examples of their synthesis
and applications.

1.5.1. Acid catalysts

Many reactions in the chemical industry are carried out under acid catalysis conditions.
Purely inorganic microporous zeolites are perhaps the most notable example of hetero-
geneous catalysts, being them implemented in several chemical processes.®* Neverthe-
less, the small pore size limits their application to certain reactions, while others require
catalysts in which the active sites are accessible to more bulky molecules. One solution
to this problem is functionalizing mesoporous silica supports with molecules baring
Bronsted acid groups.®® Heteropolyacids (HPAs) are polyoxometalates constituted by
MOy polyhedra (usually distorted octahedral) which surround one or more heteroatoms
(Fig. 1.16 A).% Several authors reported on silica-supported HPAs for applications in
heterogeneous catalysis. Sato et al. supported three types of HPA over differently porous
silica by wet impregnation: phosphotungstic acid (HsPW12040 - nH20), silico-tungstic
acid (HaSiW 12040 - 24H,0), and phospho-molybdic acid (HsPMo012040 - nH20). The cat-
alysts were used in the vapor-phase dehydration of glycerol to acrolein. It was found that
silico-tungstic acid, supported on silica materials featuring mesopores of 10 nm, showed
the best catalytic activity, with 98 mol% conversion and an acrolein selectivity higher
than 85 mol%. Moreover, they observed an influence of the meropores size on the cata-
Iytic activity, with a very steep deactivation of the catalysts when the HPA were sup-
ported onto a silica material having mesopores of 3 nm.®’ In another study, Blanco et al.
used silica supported H3PM012040 - NH20 and HzPW1,040 - NH2O for dehydration reac-
tions of different alcohols. Specifically, the dehydration of 1,2-diphenylethanol, 1-3,4-
dimethoxyphenyl-2-phenylethanol and cholesterol was investigated. The authors found
both catalysts to be highly active and selective with no appreciable loss of the catalytic
activity over multiple cycles.®® Laurenti et al. prepared silica supported HaSiW1204 -
nH>0 and HsPW 12049 - NH20 by wet impregnation and tested them for the alkylation of
3-methylthiophene with 2-methyl-2-butene, used as model reaction for gasoline desul-
furization. Their performances were shown to be superior to those of zeolites USY, Beta
and MCM-22. Supported H3PW1,040 - NH20O was also tested in a real feed of FCC gas-
oline with promising results.®®

Another class of silica-supported acid catalysts are based on the incorporation of poly-
phosphoric acid (PPA-SIO>) that has been used as a protic acid catalyst for organic reac-
tions. PPA is a viscous liquid at room temperature, which makes its handling challenging
for scaled-up applications.” To overcome this limitation, supporting PPA onto silica has
been proposed and studies have been reported for a number of catalytic applications. For
example, Aoyama et al. reported on PPA-SiO; for the conversion of carbonyl compounds
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into oxathioacetals and dithioacetals. Under mild conditions (room temperature), they
were able to achieve high yields in reactions involving a number of carbonyl compound
and either mercaptoethanol or 1,2-ethanedithiol.” In another study, Maleki et al. pre-
pared a magnetic silica-supported acid catalyst, NiFe20.@SiO2-PPA, for the synthesis
of N,N -alkylidene bis-amide derivatives by one-pot condensation of aldehydes and am-
ides (Fig. 1.16 B). NiFe20.@SiO2-PPA was found to be an efficient catalyst for the re-
action of aldehydes with amides, allowing to achieve the corresponding product in yields
ranging from high to excellent. Notably, besides the typical advantages of supported cat-
alysts over non-supported ones, such as not being corrosive and presenting lower dis-
posal problems, this magnetic catalyst could be easily isolated from the reaction mixture
by simple magnetic separation, and it could be used in six reaction cycles without any
significant loss of activity.” Other inorganic acids such as perchloric acid,” fluoroboric
acid” and sulfuric acid’* have been supported onto silica. Although effective in over-
coming some of the limitations of microporous acid catalysts, these purely inorganic
materials present little margin for modifications and fine tuning of their properties for a
specific catalyzed reaction.
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Figure 1.16 A: Ball and stick representations of two of the most common HPA variants. P
(black), Mo (dark grey), O (light grey). Adapted from ref. 66 B: Model reaction for synthesis
of N,N’-(3-nitroophenylmethylene)dibenzamide.™
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Perhaps, the most versatile way to incorporate strong Bronsted acid sites into mesopo-
rous silica matrixes is the synthesis of supported sulfonic acid groups. The nature of the
acidic residues allows for a fine tuning of the acidity of the sulfonic proton by exploiting
the versatility of organic synthesis.” The acidity is strongly influenced by the chemical
makeup of the sulfonic groups: sulfonic groups were found to be more acidic, for exam-
ple, when attached to an aromatic ring or to a fluorinated carbon atom (Fig. 1.17). A
detailed introduction on the state of the art of silica-supported sulfonic acid groups will
be reported at the beginning of Chapter 3.

SO3zH

SO;H SO,H SO3H
Fr, HN

F ;
QO O

Figure 1.17: Schematic representation of some of the different chemical makeups of sulfonic
acid groups. Adapted from ref. 75.

1.5.2. Base catalyst

Another important class of catalysts are those carrying base functionalities, able to acti-
vate certain functional groups by electron-donation. Within the realm of silica-supported
hybrids, the majority of these catalysts consist of N-based compounds (amines and N-
cycles of various nature). Brunel et al. compared the catalytic activities of primary and
tertiary amino groups bounded to MCM-41 in the Knoevenagel condensation’®. Bigi et
al. indicated a strong correlation between the activity scale of supported amines and that
of the corresponding homogeneous counterparts, the order of activity being primary >
secondary > tertiary in nitroaldol condensation reactions at 90 °C.”” However, this gen-
eral trend has not always been confirmed. For example, Kitayama et al. reported on mes-
oporous silica FSM-16 functionalized with secondary amines being more active for the
aldol reaction than FSM-16 functionalized with primary amines.”® In another study, Katz
et al. found that acid-base synergy between surface silanols and primary amines could
also affect chemical reactivity and that such cooperativity enhanced the selectivity to
unsaturated products in base-catalyzed reactions, such as the Michael, Henry and
Knoevenagel reactions.”

Shantz et al. prepared a series of surface-anchored amines by either grafting or tethering
reactions and compared their activity in the Henry reaction between nitrobenzaldehyde
and nitro-methane (Fig. 1.18 A). The authors found the primary amine (catalyst 1) to be
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the less active than secondary and tertiary amine. They also observed differences in se-
lectivity. The primary amine appeared to follow the imine formation mechanism, favor-
ing the formation of the nitrostyrene product. On the other hand, the samples containing
secondary amines resulted to be highly selective to the nitroalcohol product. Interest-
ingly, the selectivity to the nitroalcohol product increased proportional to the amine load-
ing. Among the secondary amines, the less sterically hindered one (catalyst 2) appeared
to be the most active. This study emphasizes how crucial it is to choose a specific type
of amine for a specific reaction, keeping into account basic strength as well as reaction
mechanisms, depending on the product of interest.

Wang and co-workers found that silanols-capped hybrids baring amine groups were
much less active than non-capped samples.”” Silica supported guanidine moieties have
been synthesized by several authors and implemented in a number of catalytic reactions.
Dupont et al. synthetized a guanidine-based silyl-derivative by reacting 3-ami-
nopropyltrimethoxysilane and dicyclohexylcarbodiimide (Fig. 1.18 B). The silyl-deriv-
ative was grafted onto silica and the hybrid was tested for the production of biodiesel.
Conversions up to 98% were obtained for soybean oil methanolysis at 353 K for 3 h. The
catalytic system was transposed to a semi-pilot scale in a continuous flow reactor.?® In
another study, Sartori et al. used a guanidine-based hybrid catalyst in the cycloaddition
of epoxides, to produce cyclic carbonates at 140 °C. Different epoxides were used, with
yield at 70 h ranging between 55 and 95 %. The catalyst was less active than the homo-
geneous counterpart, although it could be reused over three catalytic cycles.®!

Another relevant class of base hybrid catalysts are supported imidazolium based moie-
ties. In an exemplificative study, Hesemann et al. developed a mesoporous SBA-15 type
silica, bearing ionic imidazolium substructures, via post-synthesis grafting reactions us-
ing bi-silylated imidazolium precursors (Fig. 1.18 C). Passivated versions of the hybrids
were prepared and the four catalysts were tested in Henry reactions and cycloadditions
of carbon dioxide to epichlorohydrin. In both types of reaction, the passivated versions
showed higher catalytic activity, although to a lesser extent in the case of cycloaddition
reactions. The authors speculated a beneficial synergistic effect involving the imidazo-
lium cation, its counter-ion and the hydrophobic groups introduced during the pas-
sivation of the material . Gianotti et al. prepared a hybrid catalyst using proton sponges
as organic building blocks. The proton sponges, i.e. diamines that exhibit very high ba-
sicity, were reacted to obtain bi-silylated building blocks (Fig. 1.18 E). The resulting
precursors were co-condensed with TMOS under fluoride catalyzed conditions. The hy-
brid was tested in the Knoevenagel condensation between benzaldehyde and ethyl cy-
anoacetate, showing high activity and recyclability over four catalytic cycles.®®
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Figure 1.18 A: Schematic representation of the grafted amines reported in ref. 7" B: Synthesis
of guanidine-based silyl-derivative.® C: Imidazolium-based silyl-derivatives.?? D: Silica-sup-
ported pyrrolidine-based chiral ionic liquid.®* E: 1,8-bis(dimethylamino)naphthalene
(DMAN)-based silyl-derivative. & F: Silica-functionalized pyrrolidine-based chiral hybrid cat-

alyst.®
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The capacity for electron rich atoms, such as N, to coordinate electrophilic atoms, to-
gether with the versatility of organic syntheses, allows for the possibility of functional-
izing silica supports with chiral amines to carry out asymmetric catalytic reactions. Wang
et al. developed a silica supported pyrrolidine-based chiral ionic liquid capable of cata-
lyzing Michael addition reaction of ketones with nitrostyrenes in good yields, excellent
enantioselectivities and high diastereoselectivities. The catalyst could be reused up to six
times (Fig. 1.18 D). In another study, Llopis et al. reported on a new chiral mesoporous
hybrid material based on pyrrolidine units integrated into an organic—inorganic structure,
obtained from a bi-silylated precursor. The mesoporous hybrid was prepared by fluoride
sol-gel methodology under soft synthesis conditions and in the absence of structural di-
recting agents. The chiral solid was tested as asymmetric catalyst in the Michael addition
reaction between a wide range of linear aldehydes to nitroalkenes with excellent yields
as well as high enantioselectivities. The hybrid catalyst was stable, easily separable and
could be reused several times (Fig. 1.18 F).%

1.5.3. Organometallic complexes

The possibility of covalently incorporate organic moieties within inorganic insoluble
structures, allowed several research groups to heterogenize organometallic complexes.
This is perhaps one of the most promising area of research within the field of hybrid
catalysts preparation, as transition metal complexes can catalyze a number of reactions
including C-C, C-N, C-O bonding formations, oxidations, reductions, as well as different
kind of asymmetric reactions. In this Section, relevant examples involving silica-sup-
ported complexes of different metals are shown, with the scope of describing common
approaches implemented for supporting organometallic complexes onto silica. In Chap-
ter 5, studies related to the classes of complexes dealt with in this Thesis will be reported
in detail.

Suzuki-Miyaura, Heck and Sonogashira coupling reactions are among the most efficient
routes for the formation of C-C bonds. Palladium catalysts have been long known to be
highly active in these coupling reactions and several types of ligands have been used to
support palladium onto silica matrixes.®® Luo et al. synthesized a mesoporous silica-sup-
ported palladium imino-pyridine complex by implementing a multi-step strategy. Firstly,
they carried out a nucleophilic substitution reaction between imino-pyridine ligand and
(3-chloropropyl)triethoxysilane, achieving a silyl-derivative with coordination capacity.
Secondly, they grafted the silyl-derivative onto MCM-41. Lastly, after quantifying the
amount of ligand in the solid, they obtained the supported complex by suspending the
solid in a palladium acetate solution in acetone, at room temperature (Fig. 1.19).

30



Chapter 1

EtO,
Eto-Si” >""cl

EtO EtO, //—<_\ MCM-41
Ho o N7 - EtO—Si/\/\OON N—T e
EtO Toluene

NaH, DMF
S //—Q Pd(0A); o //_<i/>
—o—Si/\/\OO—N N — —0-si”" "o N NN
o/ Acetone 0/ N7 P d{
AcO OAc
MCM-41 MCM-41

Figure 1.19: Schematic representation of the preparation of MCM-41 supported Pd complex.®’

The catalyst was found to be an efficient for Suzuki-Miyaura coupling reactions in aque-
ous medium. The reactions of various aryl bromides with arylboronic acids were carried
out, using low Pd loading in the reaction mixture (0.1 mol %), with good to excellent
yields and very low Pd leaching (<0.2 ppm).%’

Sanchez et al. prepared mesoporous silica-supported chiral ruthenium NHC-based cata-
lysts for asymmetric reactions. Neutral unsymmetrical pyridine pincer-type ligands with
lateral (S)-prolinamide donor function and a N-heterocyclic carbene (NHC) moiety were
prepared. The prolinamide substituents of the CNN-pincer backbone were functionalized
with a triethoxysilyl group. The incorporation of ruthenium was achieved by Lin’s
method of transmetalation from intermediate silver (I) complexes. Lastly, the silyl-de-
rivative Ru complexes were grafted by heating at reflux in toluene for 24 h (Fig. 1.20).
The heterogenized catalysts were observed to be highly active, selective, and recyclable
in the asymmetric hydrogenation of alkenes and showed promising results in the cyclo-
propanation of styrenes.®
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Figure 1.20: Schematic representation of the synthesis of silica-supported chiral Ru complexes.

Adapted from ref. 88.

Corma et al. reported on the synthesis of periodic mesoporous organosilicas prepared
using a bi-silylated vanadyl Schiff base complexes as building block. The synthesis of
the catalysts was carried out following the scheme reported in Fig. 1.21 A. Firstly, a
Suzuki coupling between p-vinylphenylboronic acid and 4-bromosalicylaldehyde deriv-
atives was carried out (step b), followed by the diimine formation using ethylenediamine
or (1R,2R)-(—)-I,2-diaminocyclohexane (step c¢). Subsequently, the formation of the
vanadyl complex was performed (step d). The authors reported that an alternative strat-
egy in which vanadyl complexation was carried out after the introduction of the tri-
methoxysilane groups on the ligand led to extensive hydrolysis and the formation of
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untreatable mixtures. Then, radical coupling between 3-mercaptopropyl trimethox-
ysilane and the p-styryl residues was performed, to achieve the bi-silylated vanadyl com-
plex. Lastly, the organic building blocks were co-condensed with TEOS, in different
proportions, to obtain the hybrid PMOs. The templating agent was removed by extrac-

tion.
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Figure 1.21 A: Schematic representation of the synthesis of PMOs containing vanadyl Schiff

base complexes. Adapted from ref. 89. B: Schematic representation of the synthesis of gold
NPs imbedded into silica.®
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The catalysts were tested in the room-temperature cyanosilylation of aldehydes in chlo-
roform, using trimethylsilyl cyanide as reagent, showing high conversions and complete
selectivities to the desired silylated cyanohydrins. Although ee of 30% was observed for
the cyanosilylation of benzaldehydes, the result was much lower than that observed for
the same reaction performed using the vanadyl complex in homogeneous phase. %%

Organic-inorganic solids have also been cleverly implemented to incorporate metal na-
noparticles within silica structures.®>*® In a representative example, Budroni et al. pre-
pared Au nanoparticles embedded in silica. Firstly, ionic gold was reduced with hydra-
zine, in the presence of a mixture of 1-dodecanethiol and 3-mercaptopropyl
trimethoxysilane (MPMS). Alkanethiols lowers the surface energy of the Au particles
and consequently their tendency to aggregate. Alkanethiol-stabilized gold nanoparticles
were then dispersed into an ethanol solution, together with TEOS. Hydrolysis and con-
densation of the alkoxysilyl- groups was carried out using NH4F as catalysts. 1-dodec-
anethiol molecules act as physical spacers between the particles and the silica shell (Fig.
1.21 B). The method proposes to include the nanoparticles into a shell of silica that will
prevent them from aggregation at high temperature, at the same time without limiting
the accessibility of the reactant to the catalytic sites.*
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1.6. Silica-based multi-functional hybrid catalysts

The capability of incorporating active sites within solid structures, fixing them in specific
regions of the material, opens up to the possibility of designing heterogeneous catalysts
featuring multiple active sites, to carry out cascade or tandem reactions, using only one
recoverable catalytic system. This is no trivial task, considering that catalytically active
sites are, by definition, reactive functional groups and that different active sites can in-
teract with each other (or annihilate) in the synthesis mixture preventing their homoge-
neous distribution or causing their mutual inactivation. To avoid this, clever synthetic
strategies are in need. Approaches based on silica are particularly advantageous for this
purpose, for various reasons. The versatility of sol-gel chemistry and the reactivity of the
surface of silica materials make it possible to introduce different functionalities in sub-
sequent steps (e.g. co-condensation and grafting). Silica supports are also generally
cheap and easy to synthetize. Moreover, their thermal and mechanical stability, their high
surface area, tunable pore size diameter and the ease with which their surface can be
modified in a post-synthesis step (introducing additional functional groups or varying
their hydrophilic/hydrophobic properties) are welcomed features for inorganic supports.
In this section, representative examples describing some synthetic strategies used for
preparing multi-functional silica-based heterogeneous catalysts are reported.

Gianotti et al. prepared bifunctional mesoporous hybrid materials, containing both acid
groups and proton sponges. Co-condensation of TMOS, 3-mercaptopropyltriethox-
ysilane (MPTES) and bi-silylated 1,8-bis(dimethylamino)naphthalene (DMAN-2Sil),
was carried out under NH4F catalysis, at low temperature and neutral pH (Fig. 1.22 A).
After the synthesis, in order to oxidize thiol groups to sulfonic acids, the hybrid was
stirred in 30% H20- solution. The authors also prepared ordered mesoporous organosil-
ica featuring the same functional groups. They achieved that by implementing a surfac-
tant-mediated one-pot co-condensation of MPTES, disilylated-DMAN and TEOS, in
presence of hexadecylamine (HDA). Template removal was performed by ethanol ex-
traction using a Soxhlet apparatus and the thiol groups were oxidized to sulfonic acid
groups with a H2O solution. Lastly, the bi-functional hybrids were also prepared by
multi-step synthesis (Fig 1.22 B). In this case, firstly, both ordered and non-ordered con-
taining MPTES silicas were synthesized following a template route and a NH4F co-con-
densation route at room temperature. Secondly, after extraction of the template and oxi-
dation of the thiol groups to sulfonic acids, mono-silylated DMAN (DMAN-1Sil) was
grafted both on ordered and non-ordered materials. The hybrid catalysts were tested in
the one-pot cascade reaction involving an acid-catalyzed acetal hydrolysis followed by
a base-catalyzed Knoevenagel or nitroaldol (Henry) reaction. Interestingly, non-ordered
hybrids, prepared by NH4F catalyzed route, showed superior catalytic activity, compared
to the other hybrids. This was particularly true when a more demanding methylene com-
pound (such as diethylmalonate or nitromethane) was used as substrate. The authors ten-
tatively ascribed the enhanced activity to the higher structural flexibility of the non-or-
dered silica network and to the higher amount of silanol groups that can perform a
cooperative electrophilic activation.
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Figure 1.22 A: One-pot synthesis of bi-functional mesoporous hybrids. B: DMAN grafting on
mesoporous silicas containing sulfonic acids. Adapted from ref. 94.

In another study, Asefa et al. prepared bi-functional mesoporous organosilicas baring
Pd-diamino and propylamino residues. The synthesis was carried out following the
scheme reported in Fig. 1.23, using MCM-41 and SBA-15 as supports. For both hybrids,
firstly, 3-aminopropyltrimethoxysilane was grafted onto the silica support. Then, a silyl-
functionalized Pd complex was prepared by mixing at room temperature Pd'" acetate and
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (1:1 mol ratio). The silyl-derivative
was then grafted onto the amino-functionalized mesoporous silica, in toluene, to achieve
the bi-functional hybrid catalyst. The authors attributed great importance to using the
appropriate solvent in each of the grafting procedures carried out. Specifically, by using
isopropanol, they were able to achieve a more homogenous dispersion of the active sites
throughout the surface of the support, at the same time leaving enough free silanol groups
to perform a second grafting. For that, they used toluene, which is reportedly a good
solvent for grafting processes. The hybrid catalysts were tested in the one-pot tandem
Sonogashira-Henry reactions (Fig. 1.23, inset). The catalysts showed to be active in the
tandem reaction with a 60% yield of the Sonogashira-Henry product, after 5 h.%
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Figure 1.23: Schematic representation of the synthesis of bi-functional hybrid catalyst baring
amino functionalities and Pd-diamino complexes. Inset: Sonogashira-Henry tandem reaction
used for testing the activity of the hybrid catalyst. Adapted from ref. 95.

Another interesting possibility is the coexistence of acid/base functionalities together
with metal nanoparticles, to perform tandem or cascade reactions. In an interesting study,
Backvall et al. prepared an artificial metalloenzyme with two different modes of reac-
tivity: one exhibited by a nanometallic component and one by an enzyme. The presence
of the two functionalities in the same cavity of a mesoporous heterogeneous support
created an environment in which these active sites could work in close proximity to one
another in a cooperative fashion, to perform tandem catalysis. In this work, siliceous
mesocellular foams (MCFs) were used as inorganic supports. MCFs are a class of porous
siliceous materials featuring high pore volume and cavities, which make them the ideal
platform for supporting macromolecules such as enzymes. The approach used for the
multi-step synthesis was based on leaving the incorporation of the enzyme as the last
one, as by doing otherwise the macromolecule would have risked to be affected by the
strongly basic condition in which the metal nanoparticles could be obtained. An amino-
functionalized MCF was used as support for Pd nanoparticles deposition (1-2 nm in di-
ameter).% The material was then suspended in aqueous glutaraldehyde in phosphate
buffer, to react the remaining amine groups, not interacting with the Pd. The enzyme
Candida antarctica lipase B (CALB) was then reacted with the pendant aldehyde groups,
to achieve the bi-functional catalyst (Fig. 1.24). The catalyst was tested in the dynamic
kinetic resolution (DKR) of a primary amine. In this reaction a lipase enzyme selectively
transforms only one enantiomer of the starting amine into the corresponding amide.
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Figure 1.24 A: Synthesis of the bi-functional hybrid catalyst. B: Schematic representation of a
general dynamic kinetic resolution (DKR) of a primary amine. C: DKR of an amine with a bi-
functional biomimetic catalyst in which Pd nanoparticles and a lipase (CALB) are co-immobi-
lized in the same pore of MCF.%

The racemization reaction allows interconversion of the amine enantiomers and contin-
uously feeds the enzyme catalyzed reaction with more reactive enantiomer (Fig. 1.24 B
and C). The hybrid catalyst proved to be exceptionally active for the DKR of 1-phenyle-
thylamine and ethyl methoxy acetate with quantitative yield and ee of 99%. Besides these
representative examples, many other articles and reviews have been published dealing

with silica-based multi-functional catalysts featuring various combinations of active
sites. 17,97-102

Layered structures also provide interesting synthetic alternatives for preparing multi-
functional catalysts. Corma et al. prepared a bi-functional acid-base hybrid catalyst start-
ing from laminar MWW zeolite (Fig. 1.25). For that, firstly, they proceeded with swell-
ing of the layered zeolitic precursors, in presence of cetyltrimethylammonium hydroxide
(CTMA). The positively charged alkylammonium groups in the surfactant molecules fa-
cilitated the interaction with the negative charges of the zeolitic framework. Secondly,
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the swollen material was suspended in a dioxane solution of 1,4-bis(triethoxysilyl) ben-
zene (BTEB). This aryl-bridged silsesquioxane molecules were able to diffuse in the
interlayer space between the zeolites layers and to covalently bind them through the
alkoxide groups. The swelling agents were removed by acid extraction. X-ray diffraction
allowed to observe the presence of dimeric pillaring moieties constituted by two con-
densed BTEB molecules located in the interlayer space. Lastly, the aromatic bridging
moieties were functionalized with amine groups, to obtain the bi-functional catalyst.
Specifically, the pillared hybrid MWW-BTEB material was reacted in a HNO3/H,SO4
mixture to incorporate -NO; groups, which were then reduced to -NH through reaction
with SnCl,. The final material featured a hierarchical system of pores and the presence
of the two active sites in different pore frameworks. Specifically, the acid sites were
located within the micropores of the zeolitic layers and the basic amino groups were
located in the mesopores formed by intercalation of the organic pillaring agents.
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Figure 1.25 A: Synthetic procedure implemented for the synthesis of the pillared hybrid zeo-
litic materials from MWW precursors. B: Layered hybrid material obtained by pillaring with
BTEB silsesquioxane molecules (MWW-BTEB).1%

The catalyst was tested in a cascade reaction, involving an acetal hydrolysis followed by
a Knoevenagel condensation. Specifically, benzaldehyde dimethylacetal was hydrolyzed
to produce benzaldehyde, which was reacted with malononitrile to give benzylidene
malononitrile. The results showed high activity of the catalyst in the tandem reaction,
with a product yield of 96% after 7.2 h of reaction and a selectivity of 99%.103

In another study, Gaona et al. prepared functional acid-base hybrid materials based on
(organo)aluminosilicate layers prepared through direct hydrothermal synthesis processes
in the presence of aluminum-rich alkaline media and two combined types of organosilox-
ane precursors. They were able to achieve isolated aluminosilicate sheets with amino
and/or sulfonic groups homogeneously distributed along their external surface, located
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between the layers. The NH>-functionalized hybrid material was prepared by hydrother-
mal synthesis in which triethoxymethylsilane (TEMS) and 3-aminopropy! trimethox-
ysilane (APTMS) were implemented as silicon precursors together with sodium alumi-
nate (NaAlO,) and NaOH. The slurry was stirred at room temperature until gelation
occurred and it was then transferred into a stainless steel autoclave and heated at 135 °C
for 9 days under autogenous pressure and static conditions. Finally, the solid was washed
with distilled water and dried. A catalyst featuring HSO3 moieties was prepared, as well,
by using as silicon precursors a mixture of TEMS and 3-mercaptopropyl trimethox-
ysilane (MPTMS). The thiol groups resulting from the use of the MPTMS were oxidized
to sulfonic acids by stirring the material in an acid ethanolic solution (0.02 M HS0.) at
room temperature for 24 h. Finally, by using TEMS, APTMS and MPTMS as silicon
sources, the authors were able to prepare laminar materials featuring both NH; and HSO3
groups. Individual nanolayers were able to interact with each other through multiple
types of interactions, such as VVan der Waals, hydrogen or ionic interactions, allowing to
obtain layered crystalline materials without using a structure directing agent. Different
catalytic reactions were implemented to test the activity of the different hybrids. The
condensation of carbonyl compounds with active methylenic substrates, in reactions
such as Knoevenagel and Henry was used to probe the activity of NH2-functionalized
catalyst, whereas acetalization of benzaldehyde with methanol to 1,1-dimethoxytoluene
was used to test the activity of the HSOs-functionalized material. The performances of
the bi-functional acid-base catalysts were evaluated in one-pot two-step process involv-
ing an acid-catalyzed acetal hydrolysis followed by a base-catalyzed Knoevenagel reac-
tion, with a product yield of 92%. This study provided a valid alternative to the typical
mesoporous silica for applications as inorganic supports for the synthesis of multi-func-
tional hybrid organic-inorganic catalysts.1%*
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Chapter 2

As it was highlighted in Chapter 1, the development of synthetic strategies for obtaining
hybrid organic-inorganic heterogeneous catalysts featuring multiple active sites are be-
coming ever more attractive, due to the perspective of developing cascade processes that
would represent greener and more environmentally-friendly alternatives for the fine
chemicals and pharmaceutical industries. The incorporation of multiple catalytic sites
within a single material is not a trivial task and usually require a custom-made synthetic
approach for each new organic-inorganic hybrid. Many aspects need to be considered,
such as surface and textural properties of the support, the choice of the organic fragments
to incorporate into the solid, the impact of a simultaneous (versus sequential) incorpora-
tion of several catalytic sites, the interactions between pendant organic moieties and the
surface of the support, the hydrophilicity/hydrophobicity of the solid’s surface and its
impact on the overall catalytic activity, amongst others.

Probably, the most reasonable approach to this complicated task is to first study the prop-
erties of a mono-functional catalyst and of the one-step catalytic process in which it is
implemented, then proceeding with the incorporation of a second active site and with the
development of a multi-step cascade process. This approach is the backbone of this Doc-
toral Thesis, which describes the development of different classes of hybrid catalysts that
were designed upon the needs of the industrial partners of the MULTI2HYCAT Euro-
pean project. For all of the above, the general objectives are the following:

e Mono-functional hybrid organic-inorganic silica-based heterogeneous catalysts fea-
turing new super-acid catalytic sites, specifically (fluoro)aryl-sulfonic acid groups,
will be synthesized, following a multi-step synthesis process starting from commer-
cially available substrates.

e Theacid hybrid catalysts will be thoroughly characterized and the effect of the fluor-
inated aromatic ring on its catalytic activity will be studied in the acetal formation
reaction between benzaldehyde and ethylene glycol. Moreover, a silanol-capped ver-
sion of the hybrids will be prepared and the effect of the hydrophilicity of the surface
will be studied.

o  For the first time, organic probe molecules will be adsorbed onto acid organic-inor-
ganic silica-based hybrid catalysts and will be studied by NMR and FTIR spectros-
copies. Probe molecules will include carbon monoxide, ammonia and trime-
thylphosphine oxide.

o Silica based hybrid catalysts featuring base groups (amine or N-heterocyclic ammo-
nium hydroxides) will be prepared using MCM-41 as support. The catalysts will be
tested in three different catalytic reactions involving C-C bond formation, i.e.
Knoevenagel condensations between benzaldehyde and substrates featuring differ-
ent pKa and the Michael addition between ethyl 2-oxocyclopentane 2-carboxylate
and methyl vinyl ketone. Moreover, the catalysts were tested in the aldol condensa-
tion between furfural and methyl isobutyl ketone, which will then constitute the first
step of a tandem process. The screening of the activity of the hybrids will provide
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information on the most suitable mono-functional base catalyst, onto which a second
functionality will be later incorporated.

A new, versatile synthetic approach to support phosphazenium hydroxide moieties
onto silica-based supports will be presented to expand the family of silica-based hy-
brid catalyst containing active base groups.

A multi-functional hybrid catalyst featuring a base group and metal nanoparticles
will be developed, based upon previous results. The catalyst will be characterized
and tested in a cascade catalytic process of industrial interest, i.e. the aldol conden-
sation between furfural and methyl isobutyl ketone followed by the hydrogenation
of the aldol adduct. The influence of several variables on the catalytic activity will
be explored, in the perspective of more thorough optimization of the process to be
carried out in flow regime.

The synthesis of two multi-functional silica-based catalysts featuring base groups
and metal complexes will also be reported. The first one will feature pendant ami-
nopropyl species and palladium-based bis-N-heterocyclic-carbene complex moie-
ties. The second one will be prepared from a bi-functional molecular platform de-
rived from BINAP, provided by a partner of the MULTI2HYCAT consortium. The
bi-functional hybrid will feature primary amine groups and Pd-BINAP-based com-
plexes. The synthetic processes for preparing the hybrid catalysts will be described.
Preliminary characterization results as well as a proof-of-concept example of cata-
Iytic application will also be reported. Specifically, the activity of the catalysts will
be demonstrated in a tandem reaction involving a Suzuki coupling between ben-
zeneboronic acid and 4-bromobenzaldehyde, followed by aldol condensation of the
product with acetone.










Chapter 3

Organosiliceous
Hybrid Materials
Functionalized with
Aryl-Sulfonic Acid Groups

Two different heterogeneous hybrid catalysts carrying aryl-sulfonic moieties,
in which the aromatic ring was either fluorinated or not, were successfully
synthesized. The multi-step synthetic approaches implemented involved the
synthesis of a silyl-derivative precursor, template-free one-pot co-condensa-
tion (at low temperature and neutral pH) and tethering reaction. A multi-
technique approach was implemented to characterize the hybrid organic—in-
organic catalysts. The catalytic activity of the two hybrids showed superior
performances for the fluoro-aryl-sulfonic acid, compared to the non-fluori-
nated material.







Chapter 3

3.1. Sulfonic acid groups in heterogeneous catalysis

Sulfonic acids groups are one of the main organic functionalities implemented in the
design of hybrid catalysts due to their strong Bronsted acidity and the ease with which
they can be synthetized and incorporated into solid materials. The first reports of heter-
ogeneous acid catalysis by resinous exchangers containing sulfonic acid groups date
back to the late 1940s. In the following decades, sulfonic functionalized polymers be-
came of great interest, specifically for catalytic applications in reactions such as ester
hydrolysis, > alkylation of aromatics,* synthesis of bisphenol A.> Nowadays, sulfonated
resins are implemented for a number of acid catalyzed reactions aimed to biodiesel pro-
duction®*2 and production of fine chemicals from biomass.***

FC F| RF o
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o>gr§—0|-;

F F FFO

Figure 3.1: Schematic representation of the structure of Nafion polymers.

The most important examples of sulfonic acid catalysts are undoubtedly Nafion'® (Fig.
3.1) and Amberlist® resins. Though these catalysts are more expensive than mineral ac-
ids, advantages such as lower corrosion and environmental effects related to the acid
waste treatment and ease of product separation often compensate for their high costs.
Additionally, when compared with other heterogeneous catalysts (e.g. zeolites, metal
oxides), they present unique features that make them much more suitable for certain re-
actions. Firstly, the strong sulfonic acid group confers greater acidity; moreover, the sur-
face properties of the polymer differ from those of inorganic oxides. This feature is ben-
eficial, for example, in the production of biodiesel where the hydrophobicity of the
polymer backbone promotes the interaction with the tails of alcohol and fatty acids
which, in turn, facilitate enhanced catalytic activity.!” Due to the pore-swelling of the
resins in organic reaction media, mass transfer limitations are usually minimized with
consequently enhanced accessibility of reactant to the acid functionalities.*® Neverthe-
less, this behavior is strongly influenced by the reaction medium.®-? For example, Sua-
rez et al. reported a study on the use of Sn(3-hydroxy-2-methyl 4-pyrone).(H20).as cat-
alyst for methanolysis that lost its activity when it was immobilized onto ion exchange
resin. This was ascribed to the poor swelling properties of the Purolite CT-275 in a polar
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medium such as methanol. On the other hand, resins that had higher degree of swelling
due to increased divinylbenzene contents, displayed higher yields of methyl esters.? Alt-
hough undoubtedly promising for some reactions, resins present some drawbacks that
limit their overall applicability as a support for heterogeneous catalysts. Firstly, due to
their organic nature, resins present low thermal stability, which narrows the range of
applicability to low-boiling mixtures.?* Secondly, their swelling behavior must be kept
into account for their usage in fixed bed reactors.?

Another aspect to consider, more related to the scope of this Thesis, is that the choice of
the support on which the active sites are incorporated is a major factor to keep into ac-
count while designing a multi-functional catalyst. Catalytically active sites are intrinsi-
cally reactive functional groups, which makes their incorporation and co-existence into
a single material at the nanoscale not trivial. For all of the above, a class of supports
more versatile than resins are required if one wants to incorporate sulfonic acid groups
into the design of a multi-functional catalyst. Ideally, the support should be mechanically
and thermally stable, its surface should be mildly reactive and its hydrophilic/hydropho-
bic properties should be tunable. Mesoporous silica supports are one of the primary can-
didates for such role. Thermal and mechanical stability, compared to that of the organic
moieties they would be meant to support, and high surface area are just some of the
advantages that they bring about. The highly reactive surface allows for multiple steps
of functionalization, which can involve the addition of a second catalytic functionality,
the change in the hydrophilic/hydrophobic nature of the surface, the deposition of metal
nanoparticles and others.

Before deepening into the state of the art of the research on silica supported sulfonic
acids and highlighting the objectives of the work reported in this Chapter, it would be
useful to give a brief outlook on the other materials that are being used to support sulfonic
acid groups.

3.1.1. Sulfonic acids supported onto mesoporous carbons

Mesoporous carbons have recently been developed. They are synthetized by hard- or
soft-templating carbonization. Due to their high stability and potential for undergoing
sulfonation, mesoporous carbons have attracted great interest for the development of
supported sulfonic acid moieties for applications requiring high temperatures.?®-28 Wu et
al. pioneered a vapor-phase sulfonation of controllable carbonized CMK-3, in autoclave
with pure H2SO4 followed by treatment with pure SO3 gas.?® They also studied the influ-
ence of carbonization on the functionalization of CMK-3 at temperatures ranging be-
tween 673 and 1173 K, at which a highly ordered mesoporous carbon was obtained (Fig.
3.2 A). In the synthesis of these materials, the presence of polycyclic aromatic rings and
their preservation throughout the carbonization process is a crucial parameter, as the sul-
fonation occurs on these sites. The catalyst was implemented in the Beckman rearrange-
ment of cyclohexanone oxime and in the condensation of bulky aromatic aldehydes.
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Figure 3.2 A: functionalization of CMK-3 with fuming H,S0,4.28 B: sulfonation of CMK-5 with
benzene para-diazonium sulfonic acid.?® C: synthesis of SiC-derived SOsH-functionalized mes-
oporous carbon by hard-templating approach.?® D: Synthesis of SOsH-functionalized mesopo-
rous carbon by soft-templating approach.?’

An alternative approach implemented for the preparation of sulfonated CMK-5 involved
the reduction of the diazonium salts, containing a sulfonic acid functional group, and
hypophosphorous acid.?® The final material was tested as catalyst in the production of
bisphenols (Fig. 3.2 B). Although, the catalyst resulted to be less active than H2SO4 the
study provided a recoverable, and more reusable solid acid catalyst which offered a
greener route for the production of bisphenoles. Li et al. anchored phenylsulfonic acid
groups onto the surface of ordered mesoporous carbons by in situ radical polymerization
of isoamyl nitrite and sulfanilic acid under ambient conditions.® By using this approach,
they reduced the number of synthetic steps to one. The hybrid was then used as support
for palladium nanoparticles, achieved by deposition of PdCl; and subsequent reduction
with NaBHa, The catalyst was successfully employed in the electro-oxidation of formic
acid. Corma et al. recently designed a new carbide functionalized with sulfonic acid
groups, which was derived from ordered silicon carbide (SiC). The resulting catalyst
showed an extraordinarily high specific surface area (up to 2800 m?/g).?® The strategy
was based upon the selective extraction of silicon from ordered mesoporous SiC, fol-
lowed by functionalization with sulfonic groups. The hybrid material showed excellent
catalytic properties in the esterification of stearic acid to ethyl stearate (Fig. 3.2 C).
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Another strategy recently developed as an alternative to nanocasting and hard templating
methods involves the self-assembly of organic molecules and soft templating routes. As
an example, Dong et al. prepared ordered mesoporous nanocarbons bearing sulfonic acid
groups in a three-step process in which F127 was used as structural directing agent
(SDA) (Fig. 3.2 D).?” The material obtained was carbonized at various temperatures.
Carbonization at 400 °C was found to be optimal, providing a highly active catalyst to-
wards the esterification of oleic acid with methanol.

3.1.2. Sulfonated mesoporous polymers

Organic mesoporous polymers can be designed to work as catalysts, bearing sulfonic
acid groups as active sites.>! These materials are particularly advantageous due to the
ease with which they can be synthesized and modified. Their porosity can be generated
either through steric orientation of the building blocks, occurring during the polymeriza-
tion process (template-free method),®? or by addition of a templating agent, during
polymerization (templating method).3 In spite of their potential, there are not many re-
ports of sulfonated organic mesoporous polymers in the scientific literature. Ryoo et al.
implemented a free-radical polymerization approach starting from cross-linkable olefinic
monomers and using mesoporous silica KIT-6 as hard templating agent.* After carrying
out the polymerization reaction at 150 °C, the sulfonation step was conducted using sul-
furic acid to 90 °C (Fig. 3.3). The removal of the silica template was achieved by using
hydrofluoric acid.

A 1 ¢ TMS-coated KIT-6
) impregnation of
DVB with AIBN
—)
| ) Radical polymerization

TMS-coated KIT-8

HF washing

Ordered mesoporous
poly-OVB material

Figure 3.3 A: Synthesis of SOzH-functionalized ordered mesoporous polymer through
poly(divinylbenzene)(poly-DVB) by using trimethoxy silane (TMS)-coated KIT-6 as templat-
ing agent. TEM images of TMS-coated KIT-6 (B) and poly-DVB materials(C). AIBN=azobi-
sisobutyronitrile.3
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Under the optimized replication conditions, the material showed a very narrow pore size
distribution and a high specific surface area, which is coherent with the textural proper-
ties of the mesoporous silica that was used as template. The material was tested as cata-
lyst in the esterification of hexanoic acid with benzyl alcohol, with performances supe-
rior to those of commercially available Amberlist-15.3

3.1.3. Sulfonic acids supported onto silica-based materials

Since 1998, sulfonic acid groups have been supported onto mesoporous silicas.®*= In
the first studies on these hybrid acid catalysts, two approaches were typically imple-
mented: (i) post synthetic grafting of 3-mercaptopropyltrimethoxysilane (MPTMS) fol-
lowed by oxidation of the thiol groups to sulfonic acid moieties and (ii) co-condensation
of MPTMS with TEOS or TMQOS, also followed by oxidation. Since their introduction,
many advances have been made, such as increasing the MPTMS loading through a coat-
ing method,” replacing calcination with extraction methods,* and co-functionalization
of MPTMS and octyl substituents to enhance the catalytic activity by increasing the hy-
drophobicity of the hybrid catalyst.*® Supported sulfonic acid catalysts are primarily em-
ployed in biomass conversion.®” However, their versatility allowed their successful im-
plementation in other catalytic processes such as synthesis of 2,2-bis(5-
methylfuryl)propane by condensation of acetone with 2-methylfuran,® esterification of
d-sorbitol with lauric acid,*® synthesis of monolaurin by direct esterification of glycerol
with lauric acid,* Fries and Beckmann rearrangements,*>*® syntheses of polyhydroquin-
oline d:‘)e7rivatives,44 synthesis of B-amino carbonyls through Mannich reactions,* and
others.

3.1.3.1 Precursors for sulfonation of silica matrixes

Several sulfonic acid precursors have been reported for the sulfonation of mesoporous-
materials. From the point of view of the inclusion of sulfonic acid groups into the final
hybrid materials, different approaches can be followed: (i) implementation of commer-
cial sulfur-containing organosiloxanes and eventual conversion of the sulfur-based func-
tional groups to sulfonic acid moieties, usually carried out after incorporation into the
solid material (e.g. MPTMYS); (ii) synthesis of new silyl-derivatives containing sulfonic
acid groups; (iii) functionalization of supported organic moieties with sulfuric acid®"464,
In Fig. 3.4, some organic moieties that have been successfully used to synthesize silica-
supported sulfonic acid catalysts are reported. Unsurprisingly, using different siloxane
precursors influences the properties of the final catalyst, across the board. A few exam-
ples are reported below.
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Entry Structural formula Properties and applications'”!
—-O\
o ST Ns0H : -
1 06 -a famous family of SAPs generated through the oxidation of MPTMS
7
E"O -prepared in one step prior to functionalization and attached to a silica
F
5 Et\o_él\/\;é(c));( surface through the siloxane moiety;
-0 S SOsH -strongly acidic and highly hydrophobic;
-expensive to produce
F 4 : ; e
o -can be directly functionalized onto a silica surface;
3 ‘ié:o -strongly acidic due to fluorine atoms;
FC O -higher leaching and more expensive
/O‘S‘/\/Y» -attaches to a silica surface through the siloxane moiety;
4 -0 /0 o=$-d -by adding a nucleophile, a wide variety of bifunctionalized SAMs
o can be produced
Q0 : 28 : :
5 oS, -can directly attach to a silica surface or undergo ring opening
n=12 ; £ i
L(J?n in the presence of an amine
-can be prepared in two steps:
RO, s _— o1
6 RO}&—@—SO G 1) functionalization of PTS onto a silica surface;
rRO” = 2) sulfonation of a phenyl group by H,S0,;
-their acidity is similar to that of commercial sulfonated Amberlyst-15 resins
Q
‘s\\c‘ -can be easily hydrolyzed to give other SAPs and can be used to tailor
7 R-Q, ﬂ ° surfaces through nucleophile attack of —SO,Cl moieties;
R‘o'slo_R -these kinds of precursors can decrease the pore size and surface area
RO, o ¢ 5 o
8 RO-Si -similar to the precursor in entry 6, except with more flexibility and a longer length;
OE\_Q‘SO&” -these two SALs are more water tolerant than that of the SAL shown in entry 1
ro. R Sc'\)_%n
9 RO‘SI\”\/CS;\/\/ ‘OR -can be embedded into a silica wall and then oxidized to —SO;H to give
n a uniform distribution of sulfonyl groups
n=24
10 28}5,/\/\NH503H -can be prepared from chlorosulfonic acid and APTS;
S . P M . 3
RO’ -converts into a zwitterion in water and slowly hydrolyzes to the amine and H,SO,
1 'N-OSOaH -generally used for MCs and functionalized through displacement of the
E diazonium® in the presence of H;PO,
[a] PTS = phenyltrialkoxysilane, APTS = 3-aminopropyitrialkoxysilane, MC =mesoporous carbon.

Figure 3.4: List of some of the precursors implemented in the synthesis of silica supported
sulfonic acids. SAP: sulfonic acid precursors; SAMs: sulfonic acid based mesostructures; PTS:
phenyltrialkoxysilane; SALs: sulfonic acid ligands; MCs: mesoporous carbons. Adapted from
ref. 37.

An increase in hydrophobicity and consequent improvement in catalyst deactivation by
water and mass transfer of hydrophobic compounds was achieved by using
phenylsulfonic acid derivatives instead of propylsulfonic acid moieties.” Phenylsulfonic
acid siloxane-based precursors have been used by several authors to synthesize sup-
ported sulfonic acid materials that have shown superior catalytic properties when com-
pared both with others non-commerial/non-aromatic catalysts and with commercial res-
ins such as Amberlyst-15 (Fig. 3.4, entries 6, 7, 8, 11).264¢-%! Lindlar et al. reported the
synthesis of MCM-41-Ph-SO3H (Fig. 3.4, entry 6)% with pore diameters of up to 6 nm
by implementing swelling agents. Firstly, the phenyl groups were grafted onto the silica
surface; subsequently, chlorosulfonic acid was used for sulfonation. However, this latter
acid could also react with free silanols. To avoid this phenomenon, capping agents, such
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as trimethoxymethylsilane, were grafted after functionalization with the phenyl precur-
sor. For the sulfonation of mesoporous silica materials, grafting is the most widely used
method, due to the advantages over co-condensation method, the main one being SDA
removal by calcination rather than by extraction, which implies the use of solvent and it
is usually not completely effective. Nevertheless, Gedeona et al. found that after extrac-
tion, further calcination with slow heating ramp up to 200 °C could completely remove
P123 from the extracted sample.5?

The functionalization of fluorinated sulfonic acid precursors inside the mesopores was
first reported by Harmer et al. in 1997.% These hybrid mesoporous materials are strongly
acidic due to the presence of electronegative fluorine atoms. However, the preparation
and stability of these hybrids are major drawbacks as they would often undergo leaching
and consequent deactivation.*® 1,2,2-Trifluoro-2-hydroxy-1-trifluoromethylethane sul-
fonic acid sultones (Fig. 3.4, entry 3) could be directly anchored onto silica surfaces
through a direct synthetic strategy.> The same authors reported another strategy for the
preparation of fluorinated supported sulfonic acids through a platinum-catalyzed hydros-
ilylation procedure. The resulting silyl-derivative could then be anchored onto the silica
surface through a co-condensation reaction or grafting.®®

Recently, supported N-propylsulfamic acid groups have drawn significant attention in
the field. Sulfamic acid based catalysts can be regarded as strong acids that are zwitteri-
onic in the absence of water (Fig. 3.4; entry 10).%6° These catalysts are easily separable
from reaction mixtures and can be recycled different times if supported on the surface of
mesopores. Under alkaline or neutral pH, sulfamic acid derivatives can be boiled without
appreciable hydrolysis. However, they slowly hydrolyze under acid conditions, giving a
supported primary amine and releasing a molecule of sulfuric acid.®

From this overview, it appears clear that supporting complex sulfonic-functionalized
moieties is not a trivial task, especially when green chemistry standards need to be met.
Phenyl-sulfonic acid catalysts often require using either corrosive agents for sulfonation
of aromatic precursors or expensive pre-sulfonated reactants, to begin with. Even less
trivial is the synthesis of fluorinated compounds, with the few silyl-derivatives reported
being synthesized through low-yielding steps, starting from expensive reactants. There
is room for improvement also in the synthetic strategies implemented to obtain the silica-
supported hybrid catalysts. The use of expensive surfactants and of acid/base reactants
in the sol-gel processes, as well as the high calcination temperatures, are also aspects that
need to be kept into account when designing a hybrid catalyst with potential scaling-up
perspectives.

3.1.3.2 Sulfonated periodic mesoporous organosilicas (PMOs)

As mentioned before, many studies have been carried out with the scope of tuning the
hydrophilic/hydrophobic nature of supported sulfonic acid materials, due to the influence
that this parameter has on their catalytic activity. This is particularly important, because
one of the main catalytic applications of supported sulfonic acid moieties involves the
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use of hydrophobic fatty acids as reactants.>*® Silanols-capping with hydrophobic
groups and implementation of hydrophobic sulfonated silyl-derivatives are viable alter-
natives, which nevertheless present disadvantages such as decreasing the pore size and
consequent mass transfer limitations in the case of bulky compounds.®* Periodic meso-
porous organosilicas (PMOs) are often regarded as the next-generation of these catalysts,
with sufficient hydrophobicity and crystal-like pore walls. The first sulfonated benzene-
bridged PMO (Ph-PMO-SO3sH) was synthesized through the condensation of 1,4-bis(tri-
ethoxysilyl)benzene (BTEB) in presence of specific SDAs. The white solid obtained was
then sulfonated with a 25% solution of SO3/H.SO4. The same authors also carried out a
co-condensation of BTEB and MPTMS under basic conditions, in the presence of a SDA,
achieving a Ph-PMO with pendant thiol groups, subsequently converted to sulfonic acid
by treatment with HNOj3 at room temperature for 24 h.®2

The use of acidic SBA-15-like PMOs, in which the location of the acid sites could be
controlled has been proposed and tested in acid-catalyzed reactions in hot water (Fig.
3.5).% The hybrids were prepared either by the condensation of BTEB, followed by sul-
fonation using chlorosulfonic acid (catalyst 1) or by MPTMS condensation and further
oxidation with H,O; (catalyst 2).
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Figure 3.5: Synthesis of double-sulfonated phenylene-bridged PMO-SO3H.%
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The acidity of the materials was studied by calorimetric measurements of the adsorption
of ammonia. The catalytic activity of the materials was tested in the gas-phase dehydra-
tion of isopropanol, used as a model reaction, and compared with the reference acid sul-
fonated resin, i.e. Amberlyst-15.

While the oxidation step of MPTMS thiol groups to sulfonic acid groups in H20; did not
affect the mesoscopic structure, the treatment with chlorosulfonic acid, to incorporate
sulfonic acid moieties in the structural aromatic units, did affect it. In spite of the partially
compromised structure, catalyst 1 (obtained by treatment with chlorosulfonic acid)
showed catalytic activity in the gas-phase dehydration of isopropanol equivalent to that
of Amberlyst-15, although with progressive partial loss of the activity due to the leaching
of sulfur species. On the other hand, SBA-15-like PMOs obtained by H,O, oxidation of
the thiol groups (catalyst 2) showed lower catalytic activity in the gas-phase dehydration
of isopropanol. However, catalyst 2 did not show any significant leaching of sulfur spe-
cies was observed.

The catalytic performances of these materials were also evaluated in biomass valoriza-
tion, such as cellobiose hydrolysis in hot water. At 150 °C the catalysts showed signifi-
cant leaching of sulfur species with the catalytic activity observed mainly due to species
performing in homogeneous phase. Extensive washing of the catalysts prior to the treat-
ment somehow improved their stability and recyclability. The washing step probably
acted by removing the labile species that leached in the catalytic tests. Consequently and
unsurprisingly, this led to lower catalytic activity in the first cycle.%

In another example, Jerome et al. also studied different types of silica supported sulfonic
acid materials and monitored the catalytic activities for the aqueous synthesis of bis(in-
dolyl)methanes.®* They extensively studied the effect of hydrophobicity on the catalytic
activities and found that an increase in hydrophobicity led to better catalytic perfor-
mances for this reaction. By comparing Ph-PMO-Pr-SOsH and SBA-15-PrSOs catalysts,
the former, in which phenyl groups are present within the pore walls, showed higher
catalytic activity (Fig. 3.6).% The versatility of silica-based synthesis, allows for the in-
corporation of multiple functionality either to improve the catalytic efficiency of a spe-
cific active site or to carry out multi-step cascade reactions. As an example of the former,
in some catalytic processes, the activity of sulfonic acid catalysts benefits from the pres-
ence of amine-type functionalities.
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Figure 3.6: Comparing the catalytic activities of four different types of sulfonated mesoporous
materials. Adapted from ref. 65.

Thiel et al. introduced amine groups via post-synthesis functionalization of a BTEB-
based PMO-SO3H obtaining a bi-functional PMO (Fig. 3.7).% Firstly, BTEB was reacted
with tert-butyloxycarbonyl(Boc)-protected APTS in the presence of SDA molecules.
The resulting PMO structure was then sulfonated with chlorosulfonic acid. Finally, the
protecting group was removed from the catalyst. The catalyst was tested in nitroaldol
condensation reactions, with excellent yields. The authors also tested the catalytic activ-
ity of N-protected PMO-SO3H/-NHBoc in nitroaldol condensation reaction, recording
no conversion. Interestingly, the protected system exhibited remarkable activity in the
conversion of dimethoxyphenyl-methane to benzaldehyde. This catalyst was also com-
pared with monofunctionalized mesoporous materials (SBA-NH; and PMO-SOzH) with
both catalysts performing worse than the bi-functional catalyst PMO-SO3zH/-NHo.

In another relevant study Alauzun et al. reported the synthesis a bi-functional mesopo-
rous material containing two antagonist functions, i.e. an acidic group in the framework
and a basic one in the channel pores. The material was synthesized by co-condensation
of a mixture of a bridged disilane featuring a disulfur group - (Me0O)3sSi-(CH3)3-S-S-
(CH2)3-Si(OMe)s (S2); tetraethyl orthosilicate (TEOS); a silyl-derivative featuring a pro-
tected amine group - (Me0O)sSi-(CH2)3-NHBoc. The synthesis was carried out in the
presence of non-ionic surfactant P123. The final bi-functional hybrid catalyst was ob-
tained by post-synthetic reduction of disulfide units followed by their oxidation to SOz;H
groups and deprotection of amino groups.®’
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Figure 3.7: Synthesis of a bi-functionalized PMO for nitroaldol catalytic reactions.%

67



Organosiliceous Hybrid Materials Functionalized with Aryl-Sulfonic Acid Groups

3.2. Scope of this work

As mentioned before, the research work reported in this Thesis was carried out as part
of the broader scope of the MULTI2HYCAT project. Being the project ultimately fo-
cused on the development of multi-functional catalysts, the general strategy imple-
mented for the design of the supported sulfonic acids kept into account the eventual fur-
ther use of the building blocks here described (carrying the acid sites) for the synthesis
of catalysts baring multiple catalytic sites.

The ease with which silica can be functionalized, tuning the hydrophilic/hydrophobic
character of the surface and/or incorporating multiple catalytic functionalities*®*® make
silica-based strategies the most appealing ones, to this scope. Among the many synthetic
procedures available for incorporating organic moieties into silica materials, fluoride-
catalyzed co-condensation of a silyl-derivative, baring the functional group of interest,
and tetramethyl ortosilicate (TMOS) is one of the less explored, yet more advantageous,
especially from a “green” perspective. This is due to the low temperature, neutral pH,
absence of templating agent and low quantity of solvent implemented. The resulting non-
ordered mesoporous silicas (NOS) are typically characterized by high specific surface
area, relatively narrow pore size distribution and reactive surface.

Focusing on the design of the organic part of the hybrid, the effect of nearby atoms on
the catalytic activity of sulfonic acids has been studied for several decades. For example,
propyl- and aryl- sulfonic acids have been supported on amorphous silicas and their ac-
tivity was compared in the reaction of anisol with acetic anhydride.® A beneficial effect
of having the sulfonic group bound to an aromatic ring was observed. This effect can be
ascribed to the electron-donating effect of the aromatic ring, compared to a completely
sp® hybridized alkyl chain. Moreover, fluorinated alkylsulfonic acids have been ex-
ploited by the chemical industry for decades, with the above mentioned Nafion and Am-
berlist resins, being the best example. In fact, the inductive effect provided by having
fluorine as a substituent on the carbon in the a position greatly enhances the acidity of
the proton. This clearly highlights the effect that the chemical makeup of the sulfonic
acid moieties can have on the catalytic activity.”®"® Nevertheless, the synergistic effect
of having the sulfonic group bounded to a fluorinated aromatic ring has not been ex-
plored.

Based on the considerations reported above, in this Chapter the main objectives will be
the following:

e The synthesis of two supported aryl-sulfonic acid organocatalysts based on NOS-
type materials. The final aim will be to study the inductive effect of fluorine on the
aryl-sulfonic groups and, ultimately, on their acidity. One of the hybrids will feature
a fluorinated aromatic ring, while the other will feature an aromatic ring unsubsti-
tuted in positions 2, 3, 5 and 6.
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The two hybrid materials will undergo in-depth physico-chemical characterization
aimed at studying textural properties, morphology, spectroscopic properties and
thermal stability. Specifically, a combination of FTIR and multi-nuclear solid state
NMR methods will be implemented.

Probe molecules of different basic strengths will be adsorbed/desorbed onto the hy-
brids. Gaseous or highly volatile bases such as carbon monoxide, ammonia, pyridine
and pyridine derivatives had been extensively used as probe molecules to study the
acidic properties of purely inorganic catalysts.’*"® However, within the field of or-
ganosiliceous hybrid catalysts, this insightful characterization approach is still un-
explored. In the work reported in this Chapter, recently published,” for the first time,
carbon monoxide, ammonia and trimethylphosphine oxide will be adsorbed on the
surface of the hybrids and their interaction will be followed both by FTIR and solid
state NMR spectroscopies in order to assess the acidity of the hybrid catalysts.

A passivated version of the catalysts, in which the surface silanols are reacted with
hexamethyl disilazane, will be prepared.

The catalytic activity of the two hydrophobic hybrids will be tested in acetal for-
mation reactions and compared with that of the non-passivated ones, in order to ac-
cess the influence of the surface silanols on the overall performances of the materi-
als.
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3.3. Experimental

3.3.1. Synthesis of the materials
Compounds are labelled according to scheme reported in Fig. 3.8.

Synthesis of silyl-derivative 2. Sulfanilic acid (99%, Aldrich) was reacted with 1 equiv-
alent of NaOH, in H-0, to give its sodium form. The salt was reacted with 3-(triethox-
ysilyl)propyl isocyanate (95%, Aldrich) in acetonitrile, overnight, at 65 °C, under Na.
The solvent was then evaporated under vacuum.

Synthesis of hybrid 3. A solution of silyl-derivative 2, tetramethyl orthosilicate (98%,
Aldrich), H,0O and MeOH was prepared and stirred until complete homogeneity of the
slurry was reached (solution A). A solution of NH4F (Aldrich, 98%) in H,O was prepared
(solution B). Solution B was added to solution A and stirred at room temperature until
gelation occurred. The gel obtained was aged for 24 h at 36 °C. After that, the solid was
dried overnight at 65 °C, ground and washed with H,O and ethanol. The final molar
composition of the synthesis gel was as follows: 0.97TMOS : 0.03RSi(OR’)3 : 4MeOH:
4H,0 : 0.00313NH4F. (Silyl-derivative 2 indicated as RSi(OR’)3 in the molar composi-
tion).

Synthesis of hybrid 4. The material was obtained using the same procedure as the syn-
thesis of 3, using (3-bromopropyl)- trimethoxysilane (97%, Fluorochem) instead of silyl-
derivative 2.

Synthesis of 6. A solution of 5 (sodium 2,3,5,6-tetrafluoro-4-hydroxybenzenesulfonate,
98%, TCI Europe) in DMSO was prepared under N.. DBU (1,5-diazabiciclo(5.4.0)un-
dec-7-ene, 97.5%, Aldrich) was added and the resulting mixture was stirred for 10
minutes. Br-Propyl functionalized silica (hybrid 4) was added and the mixture was
stirred for 16 h at 100 °C. Afterwards the suspension was cooled down at room temper-
ature and the solid was filtered and washed abundantly with H>O and ethanol.

Synthesis of HSO3-NOS-H and HSOs-NOS-F. The silica-supported sodium sulfonates 3
and 6 were washed three times with a 0.05 M HCI solution in EtOH at room temperature
to achieve the protonic form.

Synthesis of HSO3-CH3NOS-H: Hybrid 3 was placed in a Schlenck and outgassed at 150
°C for 2 h. A solution of hexamethyldisilazane (HMDS) in DMSO was prepared under
N2. After hybrid 3 cooled down, HMDS solution in DMSO was added to the Schlenck,
under N2. The final molar composition of the mixture was SiO2: 0.15HMDS : 10DMSO.
The mixture was stirred at 120 °C for 2 h. The material was then filtered, washed with
CH:Cl; and dried overnight at 100 °C. The resulting hybrid was washed three times with
a 0.05 M HCl solution in EtOH at room temperature to achieve the protonic form.

Synthesis of HSO3-CH3NOS-F: Hybrid 4 was place in a Schlenck and outgassed at 150
°C for 2 h. A solution of hexamethyldisilazane (HMDS) in DMSO was prepared under
N2. After hybrid 4 cooled down, HMDS solution in DMSO was added to the Schlenck,
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under N2. The final molar composition of the mixture was SiO»: 0.15HMDS : 10DMSO.
The mixture was stirred at 120 °C for 2 h. The material was then filtered, washed with
CH_ClI, and dried overnight at 100 °C. A solution of 5 in DMSO was prepared under No.
DBU was added and the mixture was stirred for 10 minutes. The passivated hybrid was
added and the mixture was stirred at 100 °C for 16 h. Afterwards the suspension was
cooled down at room temperature and the solid was filtered and washed abundantly with
DMSO and ethanol. Finally, the material was washed three times with a 0.05 M HCI
solution in EtOH at room temperature to achieve the protonic form.
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Figure 3.8: Schematic representation of the synthesis of the silica-supported sulfonic acids
HSO3-NOS-H (A) and HSO3-NOS-F (B).

3.3.2. Catalytic test

For each catalytic run, the hybrid catalyst was added into a glass-lined reactor, equipped
with a Dean Stark apparatus and a condenser. Aldehyde (1 eq., 0.5 mmol), dialcohol (30
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equiv.) and toluene (5 ml) were added. The mixture was stirred at 120 °C for 20 h. The
yield was quantified by *H-NMR using an internal standard.

Recycling: the crude reaction was filtered, and the catalyst was washed with dichloro-
methane, dried under vacuum and reused in the following reaction. The amount of cata-
lysts used for each catalytic run was calculated based upon the quantity of S detected by
elemental analysis, so that every reaction was catalyzed by the same amount of active
sites.

3.3.3.Characterization

1H and **C NMR spectra were recorded on a Bruker 300 spectrometer. The chemical
shifts were reported in ppm, relative to residual proton solvent signals. Nitrogen adsorp-
tion isotherms were measured at 77 K with a Micromeritics ASAP 2010 volumetric ad-
sorption analyzer. Prior to the measurement, the sample was outgassed for 12 hours at
80 °C. The BET specific surface area was calculated from the nitrogen adsorption data
in the relative pressure range from 0.04 to 0.2. The total pore volume was obtained from
the amount of N adsorbed at a relative pressure of about 0.99. The pore size distribution
and the pore diameter were obtained using the Barrett—Joyner—Halenda (BJH) method
on the adsorption branch of the isotherms. The adsorption branch of the N physisorption
isotherm was analyzed by means of the NLDFT (non-local density functional theory)
method, to achieve the pore size distribution of the materials. Thermogravimetric anal-
yses (TGA/DTA) of materials were performed under argon flow (100 mL min~!) with a
SETSYS Evolution TGA-DTA/DSC thermobalance. The heating ramp was set from 40 to
1000 °C at 5 °C min'. The FTIR spectra of self-supporting pellets were collected un-
der vacuum conditions (residual pressure <10~ mbar) using a Bruker Equinox 55 spec-
trometer equipped with a pyroelectric detector (DTGS type) with a resolution of 4 cm™.
CO was adsorbed at 77 K and NH3 was adsorbed at room temperature using custom
designed cells connected to a vacuum line to perform adsorption—desorption in situ
measurements. The FTIR spectra were normalized upon the pellet weight and, whenever
specified, are reported in difference-mode, i.e. by subtracting the spectrum of the sample
under vacuum from the spectrum of the adsorbed molecules. Solid-state NMR spectra
were acquired on a Bruker Advance Il 500 spectrometer and a wide bore 11.7 Tesla
magnet with operational frequencies for *H, 3C, *'P and 2°Si of 500.13, 125.77, 202.47
and 99.35 MHz, respectively. A 4 mm triple resonance probe with MAS was employed
for all the experiments. The samples were packed on a zirconia rotor and spun at a MAS
rate between 10 and 15 kHz. The magnitude of radio frequency (RF) fields was 100 and
42 kHz for H and 2°Si, respectively. The relaxation delay between accumulations was 2
and 2.5 s. For 13C and 2°Si cross polarization (CP) MAS experiments, RF fields of 55
and 28 kHz were used for initial proton excitation and decoupling, respectively. During
the CP period the *H RF field was ramped using 100 increments, whereas the 3C/?°Si
RF fields were maintained at a constant level. During the acquisition, the protons were
decoupled from the carbon atoms/silicon atoms by using a two-pulse phase-modulated
(TPPM) decoupling scheme. A moderate ramped RF field of 62 kHz was used for spin
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locking, while the carbon/silicon RF field was matched to obtain the optimal signal. A
rotor-synchronized spin-echo sequence (n/2—t—n—t—acquisition) was also applied to rec-
ord the 'H NMR spectra with a delay time T of 2 ms. The delay time was chosen as an
optimized compromise between the signal decay owing to relaxation and the resolution
gain owing to longer delay times. 3P MAS NMR spectra were recorded using high
power proton decoupling and the RF field for the 90-degree pulse was 83 kHz. All chem-
ical shifts are reported using the 6 scale and are externally referenced to tetramethylsilane
(TMS) at 0 ppm for *H, 3C and 2°Si. Ammonium dihydrogen phosphate (1 ppm) was
used as a standard for the P nucleus. Prior to the adsorption of TMPO probe molecules,
the catalysts were packed onto a 4 mm zirconia rotor and outgassed at 180 °C for 90
minutes. After that, TMPO dissolved in anhydrous dichloromethane was added to the
rotor and rapidly closed with a cap and left for adsorption for one hour. Later, the rotor
was opened and attached back to the high vacuum line for the complete removal of di-
chloromethane at room temperature. Subsequently, the rotor was closed with a zirconia
cap and heated to 160 °C for 30 minutes followed by submission to NMR spectral re-
cording.
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3.4. Results and discussion

3.4.1. Synthesis of the hybrid catalysts

To vary the acid strength of the sulfonic hybrid catalysts, two different organic moieties,
containing protonated or fluorinated aryl-sulfonic acid groups were designed. The syn-
theses of the two hybrid catalysts containing aryl-sulfonic groups were carried out fol-
lowing two different approaches showed in Fig. 3.9.

In the case of the hybrid materials with a protonated aromatic ring, named HSO3-NOS-
H (A), sulfanilic acid was firstly reacted with NaOH to achieve its sodium form (1) and
improve its solubility in acetonitrile. The silyl derivative carrying the sodium sulfonate
group (2) was obtained through the reaction of 3-(triethoxysilyl)propyl isocyanate with
the primary amine present on the phenyl ring of 1 (acetonitrile, 65 °C, N). The formation
of the urea group was followed by liquid (*H and **C) NMR spectra (Fig. 3.9). The peaks
observed were consistent with the desired product. Specifically, the peak from **C NMR
spectrum centered at 160 ppm is typical of the carbonyl carbon present in the urea group.
The synthesis of the solid catalyst was achieved by co-condensation of compound 2 and
tetramethyl orthosilicate (TMOS), carried out in methanol and water (1:1). Hydrolysis
and condensation of the alkoxy groups were catalyzed by F~ ions from NH4F, which
acted as mineralizing agents.”® This approach presents several advantages because the
synthesis was carried out at 36 °C, for 24 h, under mild pH conditions, using low amounts
of solvent and catalyst and without using any structure directing agent. Additionally, the
textural properties (specific surface area and mean pore size) can be tuned by varying
the concentration of F~ and the chain length of the alcohol used as a co-solvent.”

For the synthesis of the hybrid material with fluorinated aromatic ring, named HSO3-
NOS-F (B), a slightly different approach was used (Fig. 3.8). Compound 5 was found to
be insoluble in any solvent besides H,O and DMSO. The implementation of water would
have been detrimental to the alkoxy groups of the silyl-derivative precursor. On the other
hand, DMSO would have required a very high temperature for its distillation. Such a
high temperature might have promoted the spontaneous condensation of the alkoxy
groups of the organosilane compounds and their partial polymerization. Given the im-
possibility of synthesizing the silyl-derivative alone and then grafting it, a Br-propyl
functionalized NOS was first prepared. Afterwards, the solid was reacted with compound
5, previously mixed with DBU (1,5-diazabiciclo(5.4.0)undec-7-ene) to promote the
deprotonation of the hydroxyl group. This last tethering step led to a non-porous hybrid
material with pendant (fluoro)aryl-sulfonic groups (6). In both synthetic pathways, the
exchange of Na* with H* was achieved by suspending hybrid 3 and 6 in a 0.5 M HCI
solution in EtOH. The procedure was repeated three times. The total exchange of sodium
was monitored by ICP analysis.
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3.4.2.Characterization

HSO3-NOS-H and HSO3-NOS-F underwent in-depth physico-chemical characterization.
Firstly, thermogravimetric analysis was carried out on both samples to probe the thermal
stability of the materials and to measure the organic content. The weight losses (TGA)
and the respective DTA curves of the materials are reported in Fig. 3.10. For both mate-
rials, the first weight loss occurs between 70 and 150 °C and it is associated with the
removal of physisorbed water (1). Focusing on HSO3-NOS-H (curves a and a’), a second
weight loss is observed in the range between 250 and 380 °C (I1). This is ascribed to the
breakage of the urea bond and consequent desorption of the phenyl-sulfonic moieties.*®
Lastly, the loss between 500 and 600 °C is related to the decomposition of the propyl
chain anchored to the surface (l11). Considering this as the threshold temperature for the
total decomposition of the organic species supported on silica, the loss is found to be
about 15% of the overall weight (temperature range between 200 and 600 °C).
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Figure 3.10: TGA and DTA curves of HSO3-NOS-H (a and a’) and HSO3- NOS-F (b and b’).
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Shifting to HSO3-NOS-F (curves b and b’), after the first loss due to the desorption of
physisorbed water, a main weight loss due to the organic moieties is found at about 300—
450 °C. This is related to the breakage of the ether bond linking the propyl chain to the
fluorinated phenyl ring (1V). Finally, the weight loss between 500 and 600 °C is ascribed
to the thermal decomposition of the alkyl chains, still bounded to the silica surface (V).
The weight loss due to the organic species is about 8.4% of the total weight. In both
hybrid solids, a progressive weight loss at temperatures above 600 °C is observed, due
to dehydroxylation phenomena, i.e. condensation of external silanols with consequent
release of water molecules and formation of strained siloxane bridges at high tempera-
tures. The TGA results evidenced that probably the thermal stability of the urea group is
slightly lower than that of the ether groups, with the HSO3-NOS-H sample being less
stable than HSO3-NOS-F, from a thermal point of view.

After studying the amount and the stability of the organic species constituting the hybrid
materials, the focus was shifted to the textural properties. N2 physisorption analysis at
77 K was conducted on the two hybrid materials and on a pure silica sample synthesized
with the same methodology, for comparison, in order to obtain information on specific
surface area and free pore volume of the catalysts, as well as on the effect of the presence
of the R—Si(OR")s silylated precursor in the synthesis mixture (Fig. 3.11).

The isotherms show a type IV behavior (IUPAC), with a hysteresis loop typical of con-
ventional mesoporous materials. The N uptake is also consistent with mesoporous ma-
terials obtained through a fluoride-catalyzed sol-gel approach. Furthermore, hysteresis
and sharp peaks in the desorption branch could be due cavitation phenomena and an ink-
bottle pore shape.” To obtain information about the surface area of the catalysts, the
Brunauer—Emmett—Teller (BET) method was implemented. Both organo-catalysts show
a surface area comparable to that of the pure silica reference material (802 m?/g). Spe-
cifically, HSO3-NOS-H shows a surface area of 683 m?/g whereas HSO3-NOS-F exhibits
an area of 816 m?/g. The slightly lower value observed for the non-fluorinated catalyst
may be related to the usage of a bulkier organosilane precursor in the one-pot synthesis
of the solid. The adsorption branches of the isotherms were analyzed by means of the
NLDFT (non-localized density functional theory) and the Barrett—Joyner—Halenda
(BJH) methods to obtain more detailed information on the pore-size distributions.
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Figure 3.11 A: N, adsorption/desorption isotherms at 77 K of HSO3-NOS-H, HSO3-NOS-F
hybrid materials and non-ordered silica (NOS, reference material). B: Pore-size distribution
of the materials in the mesopore range.

Both functionalized non-ordered silicas and the reference pure silica material show a
pore distribution spacing between 20 and 60 A with a peak centered at about 35 A, typical
of non-ordered silica materials obtained through a fluoride-catalyzed sol-gel process.”®
In all three samples, a small amount of micropores is present. This has already been
observed in other syntheses carried out in NH4F medium.“®"® After exploring the amount
and stability of the organic moieties and the textural properties of the hybrid materials,
FTIR and solid state NMR spectroscopic characterization was carried out to address the
organic—inorganic interaction and to study the acidic properties of the hybrids.” All sam-
ples on which FTIR spectra were recorded were previously outgassed for 2 h at 453 K
to remove physisorbed water.

The HSO3-NOS-H spectrum (Fig. 3.12, curve c) appears quite different compared with
the pure silica reference material, NOS (Fig. 3.12, curve a).

78



Chapter 3

Iy
7

0.05

--- 1685
amm=e= 1600
== 1535

cemmmm= 1380

=
=
Wy

Absorbance / A.U.
=2

A

3900 3600 3300 3000 2000 1800 1600 1400

Wavenumbers / cm

Figure 3.12: FTIR spectra of non-ordered silica (NOS, curve a), HSO3-NOS-F (curve b) and
HSO3-NOS-H (curve c). Samples outgassed at 453 K before recording the spectra.

The presence of the bulky silyl-derivative in the synthesis led to a reduced amount of
isolated silanols in the final material (HSOs-NOS-H). Specifically, a signal centered at
3745 cm™!, due to the O—H stretching mode of Si—-OH groups, is visible, although with
much lower intensity than in the reference material. Instead, a broad signal related to
silanols interacting with each other through a H-bond is observed between 3500 and
3200 cm !, Multiple signals related to the stretching mode of C—H groups present in the
aromatic ring, in the propyl linker and in eventual uncondensed alkoxy groups, are ob-
served between 3000 and 2800 cm™!. The low frequency region appears quite rich in
signals, due to the presence of the urea group, which is characterized by many active
vibrations. The most typical ones are the signal centered at 1685 cm™!, attributed to the
stretching modes of the C=0 bond of the urea group, and the amide 1l band, centered at
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1600 cm!, that is related to a motion combining the N-H bending and C—N stretching
of the amide group.?’ The sharp band at 1535 cm™' is ascribed to the C—C stretching of
the aromatic ring. Additionally, a weak band at 1380 cm™! is observed and associated to
the S=0 asymmetric stretching mode of sulfonic groups.

Shifting the focus to the HSO3-NOS-F FTIR spectrum (Fig. 3.12, curve b), it can be
observed that by implementing a less bulky silyl-derivative as an organosilane precursor,
the amount of isolated silanols (3745 cm™") in the resulting material appears comparable
to that of the pure silica one. A composed signal centered between 3000 and 2800 cm™!
related to the stretching mode of C—H groups present in the propyl chains (and in uncon-
densed alkoxy groups) is observed. Due to the simpler linking group present between the
propyl chain and the aryl-sulfonic moieties, in this spectrum, the low frequency region
shows less signals, the most notable of which is a sharp band centered at 1500 cm™',
related to the C—C stretching of the fluorinated aromatic ring.

Multi-nuclear magic angle spinning nuclear magnetic resonance (MAS NMR) spectro-
scopic experiments have been carried out to study the hybrid organic—inorganic meso-
porous silica-based catalysts. Si NMR spectroscopy was implemented to study the suc-
cessful incorporation of aryl-sulfonic acid groups in the framework of non-ordered
mesoporous silicas. The integrity of the organic components within the hybrid catalysts’
structure was explored by *C NMR spectroscopy. Further information on nature of the
organic species present in the catalyst was achieved by implementing various *H MAS
NMR methods, which helped to determine the proton environments as well as the acidic
nature of the catalysts. The %Si speciation as well as the organosilane functionalization
in different hybrid catalysts was studied by *Si CP/MAS NMR.

In Fig. 3.13 C, the 2Si CP/MAS NMR spectra of the hybrid catalysts are reported. Both
Q and T Si sites are present (Fig. 3.13 A shows what this nomenclature refers to).” There
are three different Q sites, namely Q* (Si(OSi)a) sites (—110 ppm), Q3 (Si(OSi);0H) sites
(=100 ppm) and Q? (Si(OSi)2(OH)>) sites (—90 ppm) observed in the hybrid catalysts and
related to silicon units present in the non-ordered mesoporous silica support. Addition-
ally, the signals from T2 (RSi(OSi)s3) sites (—66 ppm) and T? (RSi(OSi).OH) sites (—58
ppm) confirm the presence of the organosilane groups and their successful inclusion into
the porous architecture of the final hybrid catalyst.“®

13C CPMAS NMR spectra of the as-synthesized hybrid catalysts are shown in Fig. 3.13
D. The assignments of the spectral resonances are based on either software predicted
computed spectra or on **C liquid NMR (Fig. 3.13 B). *C CP/MAS NMR spectra of the
hybrid catalysts show the typical **C signals associated with organosilane groups con-
firming the preservation of the organic moieties throughout the synthesis process. On the
other hand, the incomplete hydrolysis of alkoxy groups from the precursors is clearly
evident through the presence of signals at around 15, 50 and 59 ppm. Without any pro-
tons directly attached to the phenyl carbons, the signals related to aromatic resonance in
HSO3-NOS-F material appears with low intensity (110 to 145 ppm).
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Figure 3.13 A: Schematic representation of Q and T silicon sites detected in 2°Si NMR. B:
Assignation of *C NMR signals of the hybrids. C: 2°Si CP/MAS NMR spectra of the hybrids.
D: 3C CP/MAS NMR spectra of the hybrids. CP contact time of 4ms and 20ms were used for
samples HSO3-NOS-H (red curves) and HSO3-NOS-F (black curves), respectively. Signals re-
lated to uncondensed alkoxy groups are marked with *.

In fact, the intensity of **C resonances strongly depends on the proton—carbon dipolar
interactions in a CP/MAS experiment. Lastly, the presence of unreacted 3-bromopropyl
silane was detected in HSO3-NOS-F material. Interestingly, both spectra show signals
related to uncondensed methoxy- and ethoxy groups, even if HSO3-NOS-F was prepared
from a trymethoxy-silyl-derivative and HSO3-NOS-H was prepared from a triethoxy-
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silyl-derivative. It is likely that a fraction of the uncondensed methoxy groups in HSOs-
NOS-F were exchanged to ethoxy groups during the Na* to H* exchange in acidified
ethanol.

1H MAS and spin-echo NMR spectra of the hybrids, previously outgassed for 90 minutes
at 180 °C, were recorded using a MAS rate of 15 kHz (Fig. 3.14). Firstly, the intense
resonance at 1.7 ppm is ascribed to isolated silanols present on the surface of the silica
support. The broad shoulder in the range 2-10 ppm is attributed to hydrogen bonded
silanols.8! However, contributions from amine protons, sulfonic acid protons and water
also fall into this broad shoulder as they are in mutually exchangeable state. Exchange-
able protons undergo different binding dynamics and form structured clusters of variable
sizes. These binding interactions and the proton exchange between bound water, free
water, isolated SiOH, hydrogen bonded SiOH and acidic/basic protons determine the
chemical shift values. The heterogeneity of these interactions produces a broad range of
chemical shift values, which overlap giving a broad band. In other words, this multi-
component broad signal is the weighted chemical shift of the compounds involved in the
fast chemical exchange.®? Proton resonance peaks associated with organosilanes are
clearly detected at around 1 ppm for aliphatic protons and at around 7.5 ppm for aromatic
ones.
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Figure 3.14: *H MAS (left panel) and *H spin-echo (right panel) NMR spectra the hybrid
catalysts. Above the specta assignation of the *H signals is reported. An echo delay (tau) of
2ms was used in the spin-echo experiment. Inset shows the zoomed spectra.
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No aromatic protons were detected in the HSO3-NOS-F catalyst as they are substituted
by fluorine. The sharp peaks in the range 3.2 to 3.6 ppm are attributed to the alkoxy
groups from the non-hydrolysed precursors. Resonance signals due to residual ammo-
nium fluoride, used as catalyst in the synthesis of non-ordered mesoporous silica, were
detected at 6.6 ppm. Lastly, the narrow low intensity resonance detected at 9.4 ppm in
the HSO3-NOS-F catalyst is attributed to sulfonic acid protons (Fig. 3.14, inset) not in
exchange with other compounds.

3.4.3. Adsorption of probe molecules followed by spectroscopies (FTIR and NMR)

In order to study the acidity of the sulfonic groups pending from the inorganic silica
surface, CO was adsorbed at 80 K on the hybrid catalysts (Fig. 3.15). Both hybrid mate-
rials behaved equally upon interaction with carbon monoxide.
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Figure 3.15: FTIR difference spectra in the OH (left panel) and CO (right panel) stretching
region of CO adsorption at 80 K on HSO3-NOS-H and HSO3-NOS-F hybrid materials.
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Focusing on the high frequency region of the spectra, the signal related to the stretching
modes of isolated silanols (3745 cm™!) is red-shifted, forming a broad signal centered at
approximately 3644 cm™!. The 100 cm™! frequency shift is consistent with previous stud-
ies reported on purely siliceous materials.”® At low coverages, in the CO stretching re-
gion, a signal centered at 2155 cm™! is observed due to the CO molecules interacting
with the silanol groups on the surface of the support.” Increasing the CO dosages, the
typical band related to the stretching mode of the free CO molecule appears (vco liquid-
like at 2138 cm ™) &

Given a specific site with which CO interacts, the blue shift of the stretching mode is
expected to be proportional to the tendency of the site to accept electron density, i.e. its
acidity. However, despite the presence of highly acidic sulfonic groups, no signal is ob-
served at higher frequencies other than that of CO interacting with silanols. In other
words, CO physisorption at 80 K is able to reveal only mild acidity related to the Si—-OH
of the inorganic support.

After studying the interaction with a weakly basic probe molecule, a stronger base such
as ammonia was adsorbed onto the hybrids. The interaction was studies by FTIR spec-
troscopy. For comparison, NH3 was adsorbed at room temperature on both hybrid mate-
rials and on the pure non-ordered silica support (Fig. 3.16). NH3 interaction with NOS
material (Fig. 3.16 A) produced features consistent with the formation of H-bonds be-
tween Si—-OH groups of the silica and the probe molecules.®* At high NH3 pressure (30
mbar), signals at 3400 and 3320 cm ' appear, overlapped with a broader band centered
at 3020 cm!. The band at 3745 cm™!, due to the O—H stretching mode of free silanols
(red curve), is almost completely eroded (bold black curve). The broad band centered at
3020 cm ! is ascribed to the O—H stretching of the silanol groups H-bonded to NHz mol-
ecules. The peaks at 3400 and 3320 cm™! are due to the N-H asymmetric and symmetric
stretching modes of NH3 bonded to silanols, respectively. At lower frequency, a band at
1635 cm! is observed and is assigned to the asymmetric bending mode of the ammonia
molecules adsorbed on Si—OH groups. Such complexes are very weakly held and, con-
sequently, all their spectroscopic features progressively fade away upon decreasing the
NHs pressure, and almost completely disappear after outgassing the sample for 30
minutes at room temperature (blue curve). The resulting spectrum is similar to that of
the bare NOS sample before NHzadsorption (red curve).

In contrast, ammonia adsorption on both HSO3-NOS-H (Fig. 3.16 B) and HSO3-NOS-F
(Fig. 3.16 C) hybrid materials produced, in the low frequency region, signals at 1465 and
1485 cm! due to the asymmetric bending mode of NH4* protonated species, meaning
that sulfonic acid groups could protonate ammonia molecules.®® Ammonia protonation
is an irreversible process; in fact, upon NHsz desorption at room temperature, the signal
related to NH4* bending modes is still visible on both hybrid catalysts (blue curves).
Difference FTIR spectra are reported in the inset, to better evidence the formation of the
NH,* bands, partially overlapped with other signals due to the organic fragments of the
hybrid solids.
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Figure 3.16: FTIR spectra of NH3 adsorption at 298 K on NOS (A), HSO3-NOS-H (B), HSOs-

NOS-F (C) hybrid materials. Red curves: hybrids before to NH3 adsorption. Black curves: 30
mbar NHs. Blue curves: NH3 outgassing at rt. B and C insets: FTIR difference spectra.
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'H NMR spectroscopy was also implemented to study the acidity of the hybrid catalysts
by adsorbing a basic probe molecule. Ammonia was adsorbed on the hybrid catalysts,
previously outgassed at 180 °C for 90 minutes. *H spin-echo NMR spectra were recorded
after ammonia adsorption and are shown in Fig. 3.17. The acid-base interaction between
the ammonia and the pendant sulfonic groups results in a proton transfer and consequent
formation of ammonium ions. This is evident from the intensity increase of the signal at
6.6 ppm, previously ascribed to residual ammonium ions implemented as catalyst in the
sol-gel process. Moreover, a small decrease in the peak intensity of sulfonic acid protons
is also observed in HSO3-NOS-F sample. While keeping into account non-quantitative
nature of the spin-echo 'H NMR spectroscopy, it is worth noticing that 4 protons con-
tribute to the signal intensity of the ammonium ion, while only one proton contributes to
the signal of a given sulfonic acid group. Consequentially, compared to the decrease
experienced by the sulfonic acid signal, the signal related to the ammonium ion is ex-
pected to experience a more pronounced increase in intensity. The presence of a 9.4 ppm
peak in the spectrum after ammonia adsorption also confirms the fact that not all sulfonic
acid protons are accessible to ammonia. On the other hand, despite the fact that no signal
related to the sulfonic acid proton was identified in the *H spectrum of HSO3-NOS-H
material, a marked increase in the formation of ammonium ions after ammonia adsorp-
tion is observed.

& HSO,-NOS-H
k HSO;-NOS-F

| 1 I 1 I I 1

15 10 5 0 ppm

Figure 3.17: *H spin-echo NMR spectra of the hybrid catalysts, before (black) and after (red)
ammonia adsorption.

86



Chapter 3

At this point of the discussion, it is worth broadening the perspective on the results of
the spectroscopic characterization (FTIR and NMR), prior and after interaction of the
acid catalysts with probe molecules with different basicity. Both FTIR and *H solid state
NMR showed spectroscopic features related to species in H-bond interactions. It has
been long known that the silanol groups present on surface of mesoporous silica supports
strongly interact with each other.2® Moreover, several authors reported on the interaction
occurring between the surface of a silica support and pendant functional groups (typi-
cally amines) linked together by a propyl spacer. The flexibility of the C3 chain allows
for the functional group to undergo non-covalent interaction (H-bond) with the surface
silanols.®” These interactions can explain the absence of a clear *H NMR signal related
to the sulfonic protons in HSO3-NOS-H material. Due to the surface topology, each sul-
fonic proton can form a slightly different H-bond interaction with the silanols in its prox-
imity, which results in a broad spectroscopic feature; furthermore, the relative abundance
of sulfonic proton in the sample is quite low. These two aspects together cause the signal
to be masked by the broad signal of other H-bond interacting protons.

Weak bonds also affect the interactions of the hybrids with base probes. While after
contact with of CO (weak base) no interaction with sulfonic acid groups was detected
(FTIR, Fig 3.15), upon contact with NH3 (strong base) proton transfer occurred and an
ion pair was formed (FTIR, Fig. 3.16; NMR, Fig 3.17). This is especially counterintuitive
when considering that CO can interact with surface silanols, which are much less acidic
than sulfonic acid protons. An interpretation of these results is reported below. H-bond
interactions between O-H and the acceptor X (resulting in the complex O-H--X) can be
described as transfer of part of the electron density of the O-H bond to the new H--X
weak bond. This can be observed in the FTIR red-shift (i.e. shift toward lower energy)
that occurs when O-H groups interact through H-bond with each other or with other
species.® H-bond interactions and reversible and can occur whenever they have a stabi-
lizing effect on the system, lowering the overall free energy. Considering the hybrid cat-
alysts described in this Chapter, breaking the interactions between sulfonic acid groups
and surface silanols would require a species X able to form an H:-X complex more en-
ergetically favorable than the previous complex (Fig. 3.18). Given the very weak basicity
of carbon monoxide, it is reasonable to think that it might not be a good enough H-bond
acceptor to break the interaction between sulfonic acids and silanols. Nevertheless, upon
contact with a much stronger base (i.e. ammonia), a full acid-base interaction can occur,
which lowers the energy of the system much more than the original H-bond.
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Figure 3.18: Schematic representation of the interaction between the silica surface and NH-
pr groups® (A), sulfonic acid groups in HSO3-NOS-H material in presence of CO (B) and am-
monia (C).

The high speciation of protons in the sample poses limitations to the extent to which the
acidic properties of the hybrid catalysts can be studied. To this scope, phosphorous-based
probe molecules have been implemented by several authors.®® Through 3'P MAS NMR,
the chemical shift of the electron-rich atom in the probe molecule can be measured, with-
out the contribution of any species other than the probe molecules. In this work, trime-
thylphosphine oxide (TMPO) is used.®®*! In Fig. 3.19 A, the room temperature 3'P MAS
NMR spectra of HSO3-NOS-H and HSO3-NOS-F hybrid materials after contact with
TMPO adsorption are reported.

00

o8]
A 1B
89 g .
HSO;-NOS-H £ **] Py 2
Z 4] / &
g o] [ \ |z
nE; 88 L4 J?.
5 Super acids T -
™ 86 ____.
2 5]
90 o 82
L
* 80 r
© o S
«15"* R o éo"* };0”5(
f J & o3 o
100 < & &
ol
.
S

Figure 3.19 A: 3P MAS NMR spectra of the hybrid catalysts recorded at room temperature.
* refers to spinning sidebands. B: Acid strength versus 3P MAS NMR chemical shifts of var-
ious super acids catalysts reported in the literature (ref. 93).
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Upon interaction with the hybrids, the 3'P NMR signal of TMPO molecule was down-
field shifted, proportionally to the acid strength of the material.*> Both samples exhibit
an intense peak at 47 ppm, ascribed to physisorbed TMPO molecules. The resonance
peaks at 89 and 90 ppm in HSO3-NOS-H and HSO3-NOS-F materials, respectively, con-
firm the very strong acidity displayed by these hybrids. A recent article has charted the
acid strength of super acid catalysts using 3P MAS NMR spectroscopy. The highest
chemical shift for TMPO was reported to be 93 ppm for a sulfonated polymer embedded
in montmorillonite.8%% Based on this report, HSO3-NOS-H and HSO3-NOS-F hybrid
materials display acid strength similar to that of 100% H.SO4 (Fig. 3.19 B).

3.4.4. Catalytic activity

The catalytic activity of the HSO3-NOS-H and HSO3-NOS-F hybrid catalysts was eval-
uated in the acetal formation reaction between benzaldehyde and ethylene glycol (Fig.
3.20).

CHO o_ 0O
HO 4 mol% catalyst
+ \/\OH -
toluene, 120 °C
20h
mReaction mRecyclel mRecycle2
100
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HSO3-NOS-H HSO3-NOS-F

Figure 3.20 A: Schematic representation of the acetal formation reaction between benzalde-
hyde and ethylene glycol. B: Yields obtained using catalysts HSO3-NOS-H and HSO3-NOS-F.
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This reaction is particularly interesting to synthetic organic chemists, as it is used to
protect aldehydes and ketones, stabilizing them under basic reaction conditions, in order
to facilitate subsequent reduction and oxidation transformations.®**% Preliminary cata-
Iytic findings, reported in Fig. 3.20, show promising catalytic trends in both reactivity
and recyclability, confirming the potential of these type of heterogeneous catalysts.
HSO3-NOS-F catalyst demonstrates a slightly higher stability, with high quantitative
yields and recyclability under the reaction conditions implemented. These findings prove
the robustness of the anchoring strategy. Under the same reaction conditions, catalyst
HSO3-NOS-H shows a slightly lower activity, probably due to its lower acidity. The
differences observed are ascribed to the presence of fluorine atoms in the benzene ring
of HSO3s-NOS-F catalyst. Highly electronegative fluorine atoms withdraw electron den-
sity from the aromatic ring, therefore making it more electron-poor. Consequently, elec-
tron density is withdrawn also from the sulfonic group, attached to the aromatic ring
ultimately making the release of a proton more favorable (i.e. making it more acidic).
The scope of the acetalization reaction was also investigated with different ketones and
aldehydes using HSO3-NOS- H catalyst to evaluate the wider potential of this anchored
catalyst containing pendant acid sites (Table 3.1).

Promising results were obtained when electron-poor benzaldehydes and cyclohexanone
were employed as substrates. As expected, electron-rich aldehydes represent a bigger
challenge due to their electronic nature and require longer reaction times or harsher re-
action conditions. To evaluate wider industrial applicability, the effectiveness of this an-
chored catalyst in the transacetalization reaction was also tested. Promising results were
achieved when dimethoxy propane was used (60% yield). Beyond the scope of this work,
further catalytic testing would be needed to better rationalize the potential and applica-
bility of the hybrid catalysts, in view of a possible industrial application.
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Table 3.1: Evaluation of the scope of the anchored catalyst, HSO3;-NOS-H, for acetalization
and transacetalization reactions.

x o
CHO o. O
4 mol% cat
R
% ~oH T~
toluene, 120 °C
R
R
General reaction
Aldehyde/ketone Alcohol Yield %
CHO
R=0OMe HO- a1t 10
<:>:o HO_~on 100
Me. Me
HO\/\ 60
MeO  OMe OH
R= NOZ CHaoH 16

3.4.5. Hydrophobic HSO3-CH3NOS-F and HSOs-CH3sNOS-F hybrid materials

In order to study the effect of the surface in promoting/hindering the catalytic activity of
the supported sulfonic acids, passivated counterparts of the hybrid catalysts so far de-
scribed were prepared (Fig. 3.21). To achieve this, the silanol groups on the surface of
the silica support were reacted with hexamethyl disilazane (HMDS), leading to a mate-
rial with methylated pore walls. For the synthesis of HSO3-CH3NOS-H material, hybrid
3 was dehydrated at 150 °C, under N2 atmosphere, and then reacted with HMDS for 2 h,
in DMSO. The resulting material was exchanged with HCI in ethanol to achieve the
protonic form. Surprisingly, applying the same synthetic approach to the fluorinated hy-
brid caused leaching of a significant fraction of the pendant organic moieties. For that,
an alternative approach was designed, in which hybrid 4 was reacted with HMDS, under
the same synthetic conditions implemented for the non-fluorinated hybrid solid.
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Figure 3.21: Schematic representation of the synthesis of hydrophobic silica-supported sul-
fonic acid catalysts.

In a second step, the tethering reaction between the pendant Br-propyl groups and com-
pound 5 was carried out, under the same conditions used for the synthesis of hybrid
HSO3-NOS-F. Lastly, the sample was washed with HCI in ethanol, to achieve the proton
form.

To evaluate the effect of the passivation strategy, catalytic tests in the acetal formation
reaction between benzaldehyde and ethylene glycol were performed (Fig. 3.22). Both
hybrid materials show promising catalytic activity, exhibiting results that resemble those
observed using the non-passivated solids as catalysts. Nevertheless, focusing on the third
catalytic cycle a more pronounced drop in the catalytic performances is observed for the
passivated non-fluorinated hybrid material (HSO3-CH3sNOS-H), compared with the non-
passivated non-fluorinated sample (HSOs-NOS-H). Moreover, the same trend is ob-
served with the passivated fluorinated sample, HSO3-CH3NOS-F, showing a slight drop
in its performances, although much less pronounced than that observed for HSOs-
CH3NOS-H sample.
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Figure 3.22 A: Schematic representation of the acetal formation reaction between benzalde-
hyde and ethylene glycol. B: Yields obtained for acetalization reactions using HSO3-CH3NOS-
H and HSO3-CH3;NOS-F catalysts.

From these preliminary catalytic tests two main observations can be made. Firstly, the
beneficial influence of a fluorinated aromatic ring is confirmed and remains valid also
when the surface of the inorganic support is passivated. Secondly, capping the surface
silanol groups seems to affect the catalytic activity of the hybrid materials in a negative
fashion.

A possible explanation can be found by observing the polarity of the substrates imple-
mented, i.e. benzaldehyde and ethylene glycol. When substrates are non-polar, such as
in biodiesel production, hydrophobic pore walls favors mass transfer and adsorption of
the substrates, ultimately boosting catalytic activity.'”*"3 On the other hand, if the sub-
strates are polar, such as in the reaction herby reported, it should be expected that the
presence of polar groups on the pore wall would have the same beneficial effect. Ac-
cordingly, silanol capping would hinder mass transfer and substrate adsorption, with a
detrimental effect on the overall catalytic activity. Further investigation based on this
hypothesis might involve (i) testing the catalysts in lower quantities, in the attempt of
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achieving yield of about 10%, as this would allow to better appreciate slight differences
in the catalytic activity from the first catalytic cycle, (ii) evaluation of the quantity of
substrates that remains adsorbed onto the catalysts after the reactions and (iii) spectro-
scopic studies of the interaction occurring between the surface of the catalysts and the

reaction substrates.

Although interesting from an academic point of view, further catalytic evaluations of the
less promising passivated catalyst were beyond the scope of the MULTI2HYCAT pro-
ject and had not been carried out. Nevertheless, the two hybrid materials underwent N>
physisorption analyses and solid state MAS NMR spectra were recorded, to evaluate the
effect of the passivation step on the textural properties of the samples and on the chemi-
cal speciation of Si and C atoms. N2 physisorption isotherms are reported in Fig. 3.23 A.
All isotherms show a type IV behavior, which confirms the presence of mesopores.
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Figure 3.23 A: N adsorption/desorption isotherms at 77 K of hybrids HSO3-NOS-H, HSO3-
NOS-F, HSO3-CH3;NOS-H and HSO3-CH3;NOS-F. B: Pore-size distribution of the materials in

the mesopore range.
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By comparing the analyses recorded on non-passivated samples with those recorded on
passivated ones, it appears clear that the functionalization of the surface with HMDS
reduces the free pore volume, as the overall N2 is lower for passivated hybrids. The BJH
pore size distribution (Fig. 3.23 B) indicates a more prominent reduction of the area of
the peak related to the mesoporous channels in the fluorinated sample (HSO3-CH3NOS-
F), compared to the non-fluorinated one. The analysis of the isotherms with BET and
BJH methods confirm this trends. The silanol capping process caused a reduction in the
BET surface area of about 18% for HSO3-CH3NOS-F (from 815 to 670 m?/g) and of
14% for HSO3-CH3NOS-H (from 680 to 590 m?/g) Coherently, the BJH pore volume
also dropped upon silanol capping. Specifically, HSO3;-CH3NOS-F experienced a 27%
drop (from 0.52 to 0.38 cm®/g), while HSO3-CH3NOS-H experienced only a 17 % drop
(from 0.42 to 0.35 cm®/g). More studies, focused on the portion of free volume accessible
to the capping agent, would be needed to explain this trends.

After addressing the textural properties of the hydrophobic hybrids, solid state MAS-
NMR spectra were recorded in order to address the effect of the silanol-capping step on
the chemical speciation of H, C and Si atoms. 2°Si spectra (Fig. 3.24) show the Q and T
sites that had been observed in the spectra recorded on the non-passivated hybrid solids
(reported in Fig. 3.13). Additionally, a signal centered at about 12 ppm is observed and
assigned to M silicon sites, i.e. silicon atoms bounded to three carbon atoms.* Although
this confirms the presence of trimethyl-silyl groups in the materials, the presence of Q®
sites indicates an incomplete silanol capping. Given the non-quantitative nature of the
2Sj CP/MAS NMR spectra, in which the magnetization is transferred to the silicon at-
oms from H atoms in their proximity, no coverage yield can be extrapolated. Moreover,
considering that the hybrids were synthetized through one-pot processes, in which po-
rosity is generated in a random fashion, it is likely that a fraction of the silanol groups
are located in portions of the material inaccessible to HMDS moieties (e.g. ink-bottle
cavities). Additionally, the use of silyl-derivatives of different molecular size used as co-
condensation agents, further complicates the task of estimating the fraction of silanol
groups available for the reaction with HMDS.

A possible way to study this aspect would be the adsorption of probe molecules having
a steric hindrance similar to that of HMDS, and baring a functional group able to interact
with surface silanols (e.g. amine). The adsorption would be followed by *H NMR spec-
troscopy. If the position of the signals (prior and after interaction with the probe) would
allow deconvolution and integration, it might be possible to estimate what percentage of
silanols is accessible, allowing in turn to calculate a coverage yield that would consider
only the fraction of surface that plays a role in affecting mass transfer and adsorption of
reactants during catalytic testing.
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Figure 3.24: 2°Si CP/MAS NMR spectra of the hydrophobic hybrid materials.

!H MAS and spin-echo NMR spectra of the hybrids, previously outgassed for 90 minutes
at 180 °C, were recorded (Fig. 3.25 A). Both spectra show an intense signal centered at
0 ppm, related to the methyl proton coming from the reacted HMDS. Interestingly, a
signal centered at 1.7 related to the free silanol groups is also observed. This feature
confirms the incomplete passivation with HMDS observed by 2°Si NMR.

13C CP/MAS NMR spectra of the hydrophobic catalysts (Fig. 3.25 B) show an intense
signal centered at 0 ppm, due to the C atoms of the methyl groups with which the surface
was passivated. The signals related to aliphatic carbons are present in the region between
0 and 60 ppm. Nevertheless, signals related to the aromatic carbon are barely visible,
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especially in sample HSO3-CH3NOS-F. This may be due to a lower degree of tethering,
related to the presence of methyl groups on the surface and/or to a measurement limita-
tion related to the long relaxation time that quaternary aromatic carbons need between
each pulse to restore the magnetization. Additionally, each of the fluorine atom would J-
couple with its o carbon and with other carbon atoms of the aromatic ring, broadening
the signal and making it more overlapped with the background.

It appears clear that capping of the surface silanol groups affected the hybrid catalysts in
a negative fashion. However, this approach could still prove valid for preparing sup-
ported sulfonic acid catalysts for reactions involving hydrophobic substrates, such as the
production of biodiesel.
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Figure 3.25: 'H spin-echo NMR (A) and *C CPMAS NMR (B) spectra of the hydrophobic
hybrid materials.
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3.5. Conclusions

The research reported in this Chapter, carried out within the frame of the MULTI2HY -
CAT European Project, aimed at synthesizing two silica-based hybrid catalysts baring
sulfonic acid groups. One of them was designed to bare sulfonic acid groups attached to
an aromatic ring and linked to the silica support by a urea group and a propy! linker. The
other one was meant to bare sulfonic acid groups attached to a fluorinated aromatic ring
and bounded to the silica support by an ether group and a propyl chain. The novelty of
the study lies in the fact that multiple article reported enhanced catalytic activity when-
ever the sulfonic acid groups were either attached to a phenyl substituent or in close
proximity to fluorine atoms. Nevertheless, the eventually beneficial effect of having the
sulfonic acid attached to a fluorinated aromatic ring was not reported in the scientific
literature so far.

e The two hybrid catalysts were successfully synthesized by using two slightly differ-
ent approaches. For HSO3-NOS-H sample, a silyl-derivative from sulfanilic acid
was synthesized. The siloxane was co-condensed with tetramethyl ortosilicate
(TMOS) in methanol/H0O, catalyzed by F ions and finally the solid was exchanged
in mildly acidic solution, to achieve the protonic form. In contrast, for HSO3-NOS-
F sample, 3-bromopropyl trimethoxysilane was co-condensed with TMOS in meth-
anol/H20, catalyzed by F~ions in a first step. Subsequently, a tethering reaction was
carried out between the pendant Br-propyl moieties and sodium 2,3,5,6-tetrafluoro-
4-hydroxybenzenesulfonate. Lastly, the material was washed with HCl/ethanol to
achieve the protonic form. The successful synthesis of the two hybrid materials high-
lighted the versatility of silica-based strategies for synthesizing organic-inorganic
solids, allowing to circumvent eventual limitations by slightly adapting the proce-
dure. In this case, the synthesis of the silyl-derivative precursor for HSO3-NOS-F
synthesis was made impossible by the insolubility of sodium 2,3,5,6-tetrafluoro-4-
hydroxybenzenesulfonate in all solvents available for carrying out the reaction. By
having one of the two functional groups involved in the reaction, already bounded
to the solid support, allowed for the use of a high-boiling solvent (DMSO) that was
able to dissolve sodium 2,3,5,6-tetrafluoro-4-hydroxybenzenesulfonate and was
then removed by filtration at the end of the reaction.

e Multiple characterization techniques were implemented to study the hybrid materi-
als. The textural properties of the hybrids were addressed by recording N2 physisorp-
tion and analyzing them using BET, BJH and NLDFT methods. The results were
compared with a purely siliceous non-ordered silica. BET specific surface area val-
ues were consistent with mesoporous materials (700-800 m?/g) as well as BJH pore
volume values. Additionally, BJH analysis showed a pore size distribution ranging
between 20 and 60 A with a peak centered at about 35 A. NLDFT analysis allowed
to detect a fraction of micropore contribution to the total porosity, in line with other
studies involving this synthetic methodology. 2°Si CP/MAS NMR spectra of the hy-
brid catalysts showed the presence of Q sites (silicon atoms bounded to four oxygen
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atoms) and T sites (silicon atoms bounded to three oxygen atoms and one carbon
atom), confirming the incorporation of the silyl-derivatives within the silica struc-
ture. From the point of view of the organic moieties, thermogravimetric analyses
confirmed the stability of the hybrids at temperatures below 200-250 °C. Moreover,
the onset points of the first weight losses observed (not considering the one related
to physisorbed water) were consistent with breakage of the chemical groups present
in the linkers (urea group for HSO3-NOS-H materials and ether group for HSO3-
NOS-F material). FTIR spectroscopy allowed to observe signals related to the pres-
ence of key functional groups (e.g. sulfonic groups, urea groups, aromatic ring) and,
together with 3C solid state MAS NMR, confirmed the presence of the desired struc-
tures in both materials, beyond doubts. Moreover, it highlighted the presence of a
fraction of unreacted Br-propyl moieties in sample HSO3-NOS-F, possibly located
in regions of the material hardly accessible to substrate molecules. *H solid state
MAS NMR gave insights on the proton speciation within the catalysts, showing sig-
nals consistent with aliphatic and aromatic protons from the organic moieties as well
as the presence of silanols, both isolated and interacting with each other through H-
bond. A signal ascribed to the sulfonic acid proton was observed in HSO3-NOS-F
sample but not in HSO3-NOS-H sample. This result was interpreted as the sulfonic
acid group of hybrid HSO3-NOS-H interacting through H-bond with surface silanol
groups, causing a shift and a broadening of the *H signal related to the sulfonic acid
proton. This interpretation is in line with previously reported studies on polar func-
tional groups bounded to silica surfaces by a propyl linker.

In order to study the surface properties of the hybrids, probe molecules were ad-
sorbed and their interaction was studied by spectroscopic techniques. To the
knowledge of the candidate, this is the first time that these characterization tech-
niques were implemented in the study of silica-base hybrid catalysts. Carbon mon-
oxide adsorption was performed at 80 K and followed by FTIR. Interestingly, while
this weakly basic probe molecule was able to interact with the mildly acidic silanols,
it was not able to interact with the much more acidic sulfonic acid groups. In con-
trast, when ammonia adsorption was performed (followed by FTIR and *H solid state
NMR), a clear signal related to the formation of ammonium ion was unambiguously
detected. As the sulfonic acid groups interact through H-bond with the nearby sur-
face silanol, breaking this interaction would require the formation of a stronger one.
The weakly basic character of carbon monoxide is not able to provide the system
with such interaction (and associated energy gain) while much more basic ammonia
molecules are able to form ion pairs with the sulfonic acid groups (which would
become sulfonates), lowering the free energy of the system. Lastly, trime-
thylphosphine oxide (TMPO) was adsorbed onto the hybrids and studied by 3P
MAS NMR. The down-field shift of the signal of TMPO indicates that both hybrids
have acidic properties comparable to those of pure H2SOa.
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The

The hybrids were tested in the acetal formation reaction between benzaldehyde and
ethylene glycol. Both catalysts showed remarkable activity and reusability, with cat-
alyst HSO3-NOS-F showing a better preservation of the catalytic activity over mul-
tiple cycles, compared to hybrid HSO3s-NOS-H. The latter, was also tested in other
acetalization reactions, highlighting the capacity of these hybrid acid catalysts.

A hydrophaobic version of the organic-inorganic catalysts was prepared, by reacting
surface silanols with hexamethyl disilazane as capping agent, through grafting meth-
ods. The resulting hybrid materials, HSO3-CH3sNOS-H and HSOs;-CH3NOS-F,
showed reduced specific surface area and pore volume, compared to non-passivated
samples. 2°Si, 3C and *H NMR confirmed the presence of trimethyl-silyl function-
alities in the composition of the hybrid solids, although free silanol groups were also
observed. Whether the remaining fraction of silanol groups was accessible to HMDS
moieties remains unexplored. HSO3-CH3NOS-H and HSOs3-CH3NOS-F samples
showed good catalytic performances in the acetal formation reaction between ben-
zaldehyde and ethylene glycol, although not as good as the hydrophilic hybrids. Ten-
tative interpretations of these observations were made, but to explain these observa-
tions beyond doubt, more characterization would be required.

procedures developed to synthesize HSO3-NOS-H and HSO3-NOS-F hybrid mate-

rials provide useful tools that can be implemented in the synthesis of multi-functional
catalysts. An example, discussed within the MULTI2HY CAT consortium, is related with
the synthesis of mesoporous organosilica-based hybrid materials baring aryl-sulfonic
acid groups and functionalized with metallic species, such as Ru nanoparticles. The ob-
jective would be to prepare bi-functional hybrid catalysts featuring Bronsted acid sites

and

redox sites, for applications in the fine-chemistry or pharmaceutical industry.
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Chapter 4

Hybrid Mesoporous
Silica-Supported
Base Organocatalysts for
C-C Bond Formation

Hybrid mesoporous organocatalysts have been prepared by grafting com-
mercial and custom-made silyl-derivatives onto MCM-41 supports. The hy-
brid catalysts were characterized and tested for different reactions involving
C-C bond formation, such as Knoevenagel condensations and Michael addi-
tion. Reaction mechanisms have been proposed for each reaction and the
beneficial effect of the surface silanol groups on the catalytic activity was
demonstrated. Finally, the catalysts were tested in the condensation between
furfural and methyl isobutyl ketone and the most performing catalyst was se-
lected for the synthesis of a multi-functional catalyst.
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Chapter 4

A base catalyzed reaction is defined as one that is accelerated by the interaction between
an electron-pair donor (catalyst) and a substrate. More specifically, if the catalyst acts by
donating an electron pair to an empty orbital of a substrate (acceptor), we talk about
Lewis base catalysis. On the other hand, if the interaction occurring is a proton transfer
from the substrate to the catalyst, we talk about Bronsted base catalysis. The electron
pair can be donated on different orbitals of the acceptor. Consequentially, transfers from
non-bonding electron pairs to antibonding orbitals with & character (n—m*), to antibond-
ing orbitals with & character (n—c*) and to non-bonding n* orbitals (n—n*) can occur.*

As for acid catalyzed reactions, the use of mineral bases such as NaOH and KOH pre-
sents several drawbacks such as neutralization and disposal of the generated salt, as well
as the impossibility of recycling and reusing the catalysts. Purely inorganic metal oxides
such as BaO,? SrO,® Ca0,* MgO®® and others’ were the first class of materials imple-
mented as heterogeneous catalysts. Oxygen atoms featuring coordinative vacancies, i.e.
those located on edges and wedges of the crystals, are able to donate an electron pair,
therefore acting as a base. Consequentially, efforts have been made to increase the num-
ber of defects in these materials,® which proved to be beneficial for the catalytic activity.

In the last few decades, the development of hybrid organic-inorganic catalysts introduced
the possibility of preparing organocatalysts featuring base functional groups that could
be supported onto inorganic solid frameworks and be separated easily from the reaction
mixture and reused. The variety of organic base catalysts available makes it possible to
appropriately choose a specific active site, based on activity and selectivity toward the
desired product. This concept was described in Chapter 1, where studies involving dif-
ferent amines were reported, showing some supported amines being optimal catalysts for
some reactions and other amines being optimal for other reactions. Clearly, the activity
of supported base organocatalysts cannot be rationalized only upon their basic strength,
in terms of pKa, but other aspects such as nucleophilicity and the reaction mechanisms
can play a key role.®*!

Silica-based materials functionalized with amine groups are known to efficiently cata-
lyze C-C coupling reactions, especially when weak acid sites are present in close prox-
imity to amine function. Cooperative effect of multiple active sites is also well known.
Undoubtedly, the most notable example are enzymes, in which multiple active sites (e.qg.
acid, base, H-bond donor) co-catalyze a given reaction. The complex enzyme architec-
ture allows the catalytic sites and substrates to adopt a favorable conformation to pro-
mote the cooperative interaction, as functional groups placement and overall flexibility
of the structure are optimal for such synergy to occur. Slight modifications of these pa-
rameters can have a major impact on mechanistic pathways and catalytic rates.

Accounting for all variables contributing to this synergy and properly understanding the
cooperative action occurring between the two sites are crucial aspects in the rational
design of an optimal acid—base catalyst.** Moreover, such insights could improve the
rational design of hybrid catalysts featuring additional functional groups, such as metal
nanoparticles or clusters. Many studies have been conducted by several authors, focused
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on understanding the effect of the strength of the base groups, the strength of the acid
group and the distance between the two sites and others. The scope of this brief intro-
duction will be to discuss some relevant studies involving the optimal design of such
catalysts for aldol and nitroaldol condensations, which will pave the way to the experi-
mental work discussed in this Chapter.
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Chapter 4

4.1. Amine-silanol cooperative catalysis for C-C bond formation

Lauwaert et al. prepared a series of amines supported onto commercial mesoporous sil-
ica, in which the surface silanols acted as the weak acid sites. In addition, they prepared
the passivated counterpart of such catalysts by capping the surface silanol groups with
trimethyl-silyl groups (Fig 4.1 A).** A kinetic model of the acid-base catalyzed aldol
condensation was proposed (Fig. 4.1 B). Reactions both in presence and in absence of
surface silanols were considered.

A
N R NH = N
Type“: OH OH OH OH OH
APTES MAPTMS CAPTMS PAPTMS DEAPTMS
N ‘\,4 - . —
; si” ,S‘ = _Si _siT
TVPQB 0 ‘o “ [+ (+] 0
N ™
\ APTES \ MAPTMS \ CAPTMS PAPTMS DEAPTMS

Koass kg
o0 o
N
"%\ Ky Ky %\
]

e "o a "

. N

|

o/ o OH o
"o )JV\O\.« o o o
. . , _
c RO — O — T e

¢

Figure 4.1 A: Schematic representation of the hybrid catalysts. B: Proposed reaction mecha-
nisms for the acid-base catalyzed 4-nitrobenzaldehyde with acetone (reported in the inset).
Adapted from ref. 14.

111



Hybrid Mesoporous Silica-Supported Base Organocatalysts for C-C Bond Formation

When there are no promoting silanol groups available, the first step is the formation of
an enamine (1) through a nucleophilic addition of acetone to the amine active site. The
enamine is in equilibrium with the corresponding unreactive imine (3) which slows down
the overall reaction rate. For the aldol condensation to occur, 4-nitrobenzaldehyde reacts
with the enamine yielding an iminium ion (2). Water-assisted desorption of the iminium
ion leads to the aldol product. Finally, the ketone is formed by dehydration of the aldol
product. The presence of silanol groups facilitates the nucleophilic reaction by activation
of the carbonyl bond of the substrate through hydrogen-bridge interactions (1a, 2a, 3a
and 4a in Fig. 4.1 B). The authors reported an increase in the selectivity toward the un-
saturated product upon increase in temperature. Previous studies suggested that a de-
crease in the reaction rate can occur, due to the reaction between the silica-supported
primary amine and nitro-benzaldehyde leading to the formation of a stable imine.® Lau-
waert et al. reported that this effect was limited by using an excess of acetone in the
reaction mixture. Moreover, the authors conclusively reported a higher TOF in the pres-
ence of surface silanols, regardless of the structure of the grafted amine, which confirms
the beneficial effect of the established synergy between acid and base sites. Regarding
the amine structure, when the catalyst was a primary amine, the carbinolamine could
dehydrate and form an imine (inhibiting species). On the other hand, when a secondary
amine was used as a catalyst, the formation of an imine was prevented due to the lack of
a second hydrogen on the nitrogen, which resulted in a higher enamine concentration
compared to when the active site is a primary amine. Consequentially, a higher reaction
rate was observed. When the catalyst was a tertiary amine, no carbinolamine intermedi-
ate could be formed, due to the lack of hydrogen atoms bounded to the nitrogen, with
consequentially lower catalytic activity than that of primary and secondary amines.** It
should be highlighted that although in the context of this type of hybrids surface silanols
are often referred to as “acid sites”, they actually behave like H-bond partners.t®

The innately acidic nature of the surface of silica support make them the ideal support
for the design of catalysts that are require to act under cooperative regime. Nevertheless,
studies have been carried out to understand the effect of using supported carboxylic acids
as acid sites, together with amines. Brunelli et al. prepared a series of materials contain-
ing low loadings (0.36 mmol/g) of primary amine, to ensure the presence of enough
silanol groups to act cooperatively with the base sites. The materials were prepared by
grafting the silyl-derivatives onto the surface of the silica in a sequential fashion, firstly
reacting the 3-aminopropyl triethoxysilane and then the protected carboxylic acid orga-
nosilane derivative. A fraction of the amino-functionalized silica was not functionalized
with carboxylic acid groups and was used for comparison. By following the procedure,
the authors ensured to have the same amount of amine grafted onto the catalysts. The
catalysts were tested in the reaction between 4-nitrobenzaldehyde and acetone. The
amine-silanol cooperative catalyst (Fig. 4.2, cat. 1) showed an initial TOF of 3.0 h?,
which the authors reported as high catalytic activity for primary amines, confirming the
efficient acid—base synergy.
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Figure 4.2: Hybrid bi-functional catalysts tested in the reaction of 4-nitrobenzaldehyde with
acetone. Adapted from ref. 17.

By introducing the protected carboxylic acid, the catalytic activity dropped, compared to
the amine-silanol material, with an initial TOF of 1.5 h™* (Fig 4.2, cat. 2). Finally, unpro-
tecting the carboxylic acid provided an amine—carboxylic acid organosiliceous material
which showed the lowest catalytic activity of the three catalysts with an initial TOF of
1.2 bt (Fig. 4.2, cat. 3). Surface silanols proved to be better cooperative partners than
carboxylic acids. Such trend was ascribed to differences in pKa values for silanols and
carboxylic acids, with the former being optimal for cooperative catalysis. HMDS-cap-
ping of surface silanols induced a drop of the initial TOF to 0.8 h'* (Fig. 4.2, cat. 4)."’

Kinetics studies confirm the importance of such synergy between the amine group and
the surface silanols. Collier et al. studied the kinetics of cooperatively catalyzed aldol
and nitroaldol condensations, using butylamine-functionalized MCM-41 catalysts. Pre-
exponential factors and activation energies were calculated by Arrhenius analysis of two
catalysts with similar amine loadings. One of them featured silanol groups able to coop-
eratively interact with the amine sites (acid—base catalysis), while the other was treated
with a silanol-capping reagent to prevent such cooperativity. The catalytic activity was
observed to decrease for both aldol and nitroaldol condensations when the surface was
functionalized with trimethylsilyl moieties and higher temperatures were required to ac-
curately measure reactions rates, which emphasizes the crucial role played by the weakly
acidic silanols in the catalytic cycles. Additionally, the authors found the loss of acid
sites to be more detrimental to the catalytic activity for the aldol condensation reactions
compared to the nitroaldol condensation. This was evidenced by the more prominent
decrease in the pre-exponential factor for the aldol condensation when silanols were not
available for synergistic action. Silanol groups act by activating acetone molecules
through H-bond with the oxygen atom. Consequentially, whenever surface silanols were
passivated with trimethylsilyl groups, the reaction rate slowed down, which translated in
a decrease in the pre-exponential factor of the Arrhenius equation.®

Molecular dynamics (MD) simulations also point out the key role played by surface si-
lanols. Kim et al. carried out MD to study the cooperatively catalyzed aldol condensation
between 4-nitrobenzaldehyde and acetone by alkylamine (or alkylenamine)-grafted sil-
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ica surfaces, with specific focus on the mechanism of the catalytic activation of 4-nitro-
benzaldehyde and acetone by the acidic surface silanols and subsequent nucleophilic at-
tack of the basic amine functional group at the activated reactant. They concluded that
two main factors affect the synergy between acid and base sites, namely the competition
between amine and silanol sites to form a hydrogen bond with a reactant and the flexi-
bility of the alkylamine backbone. Increasing the flexibility of the alkylamine facilitates
the nucleophilic attack of the amine on the reactants. Specifically, these simulations sug-
gested C3 and C4 alkylamines to have the highest probability of reacting.®

These findings are in line with experimental studies indicating a correlation between the
length of the alkylamines chains and their ability to catalyze aldol condensations. Bru-
nelli et al. studied the effect of the length of such linker on the performances of the hybrid
porous organosiliceous materials. They prepared an array of silica-supported amines,
bounded to the surface through linkers of different size (Fig. 4.3 A). Silanol-capped ver-
sions of the catalysts were also prepared. Firstly, the materials were tested for CO, cap-
ture (Fig. 4.3 B), showing a much lower adsorption capacity for linkers shorter than C3.
Additionally, no further increase in the adsorption was observed for materials featuring
butyl or pentyl linkers. For HMDS-capped materials, the CO- adsorption capacity was
significantly lower for solids featuring C3 or longer linkers, as the capping molecule
blocked the cooperative interaction needed for efficient CO, adsorption. Non-passivated
and passivated hybrids were also tested for their catalytic activity in the aldol condensa-
tion of 4-nitrobenzaldehyde with acetone (Fig. 4.3 C, D and E). Upon increasing the
length of the carbon chain, up to C3, a surge in the reaction rate was observed. Further
increase in the linker length beyond propyl resulted in identical catalytic rates. Lastly, as
for CO; adsorption, silanol-capping proved to be detrimental for the performances of the
hybrids,lc;nce again confirming the beneficial cooperative effect of base sites and surface
silanols.

Based on the studies described so far, it appears that the effect of the alkyl linker length
is important because it affects the distance between surface silanols and amine groups,
ultimately influencing the simultaneous interaction of the two sites can have with the
substrate molecules. Another factor that can influence the distance between the two ac-
tive sites is the curvature of the surface, which is strictly related to the pore size.
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Figure 4.3 A: Silica-supported alkylamines used as adsorbent and as heterogeneous catalysts.
B: Amine efficiencies for CO, adsorption (400 ppm in He). C: Schematic representation of the
aldol condensation between 4-nitrobenzaldehyde and acetone. Performances of the non-pas-
sivated (D) and passivated (E) hybrids in the reaction between of 4-nitrobenzaldehyde and

acetone. Adapted from ref. 12.

The materials utilized in the previous study? were developed using SBA-15 as support
(pore diameter of 6.5 nm). Considering the average C-C bond length of 0.154 nm, the
aminosilanes can be expected to extend from the surface approximately 0.5 nm (Fig.
4.4). Such a difference in the length scales between the extension of the aminopropyl
moieties and pore size means that from the perspective of the organic residues, the sur-
face appears relatively flat. However, upon changing the pore diameter significantly, a
change in amine-silanol cooperativity should be expected. To test the effect of the pore
size on the amine-silanol cooperativity, Brunelli and co-workers prepared a series of
MCM-41-supported aminoalkylsilanes, analogous to the series of catalysts reported in
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Fig. 4.3 A, described above. The two series of hybrids were compared in the condensa-
tion between nitrobenzaldehyde and acetone. Firstly, it can be observed that the catalytic
activity of the MCM-C3 hybrid (smaller pore diameter) was identical to that of SBA-C3
(larger pore diameter), with an initial TOF of 3.0 h (Fig. 4.4 B). Notably, the MCM-C2
catalyst showed a TOF equal to the MCM-C3 sample and much higher activity than its
SBA-supported counterpart. Changing the curvature of the pores brought the ami-
nosilane closer to the silanol groups on the surface and therefore a shorter linker was
flexible enough to allow amine-silanol cooperativity. Surprisingly, longer linker size
(from C4 up) caused a drop in the catalytic activity of the MCM-supported catalysts. It
appears that the presence of long linkers in the small pores strongly perturbs the cooper-
ative system, although the reasons for this behavior are currently unclear. These results
demonstrate that the curvature of the surface is a key factor to be kept into account for
optimizing the synthesis of hybrid catalysts able to perform cooperative amine-silanols
catalysis. Moreover, the study clearly empathizes the interdependency of two variables,
namely pore size and linker length, on the distance between the amine group and the
silanol groups present on the surface.®

A

Pore Size (nm)
2.3 MCM-41 B
6.5

—k
41+ - SBA-15

TOF (hr™")

0 1 1 1 1 1 1
Cl C2 C C4 5 n

Linker Length

Figure 4.4 A: Schematic representation of the curvature effects on controlling the distance
between amine groups and surface silanols. B: Initial turnover frequency of 4-nitrobenzalde-
hyde in the aldol condensation with acetone at 50 °C. Adapted from ref. 16.
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4.2. Scope of this work

The research activity described in this Chapter is developed upon the needs of the indus-
trial partners of the MULTI2HY CAT project.?° The final goal will be to prepare a cata-
lyst featuring a base site able to catalyze an aldol condensation and a metal site, able to
perform hydrogenation reactions (Fig. 4.5).

Chapter 4

| | /N |/
( sio, ) ( Sio, ) ( Sio, )
H EETREY 2
%H © \ OH | L{H : Selection of the best catalyst

N ®N : o
¢ ; o=( i »  PdNPs functionalization
DD 5

?

OH  sioMe C‘JH SiOMe OH  SiOEt

C o) (o) (o))

Figure 4.5: Roadmap of the synthesis of the multi-functional hybrid catalyst.

e The first step in the design of the multi-site catalyst will be to select an array of
possible base sites and to support them onto mesoporous silica. The selection of
organic moieties is going to include amino, diamino and pyrrolidine molecules, py-
razolium and imidazolium hydroxides functionalities. A total of six silyl-derivatives
will be either bought from commercial sources or custom made in the lab and will
be grafted onto MCM-41 supports. Whenever possible, a C3 linker is going to be
used. As described in the introduction of this Chapter, linkers of such length are
reported to be optimal for promoting amine-silanol cooperative catalysis, especially
when the organic moieties are grafted within pore channels of about 2.3 nm, such as
those of the MCM-41. A passivated version of the catalyst carrying primary amines
as active sites will be prepared, by reacting surface silanols with HMDS. The result-
ing hybrid will be characterized and tested, along with the non-passivated catalysts.
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The resulting hybrids catalysts are going to be thoroughly characterized, to access
their properties. X-ray powder diffraction, N2 physisorption anaylsis, thermogravi-
metric anaylsis, FTIR and *C and 2°Si NMR spectroscopies will be carried out to
study structural, textural, thermal and surface properties of the hybrid materials.

The catalysts will be tested in the Knoevenagel condensation between benzaldehyde
and several substrates with different pKa values (featuring different activated meth-
ylenic groups), such as ethyl cyanoacetate (pKa ~ 9), ethyl acetoacetate (pKa ~ 11)
and diethyl malonate (pKa = 13). A reaction mechanism will be proposed.

The hybrid organosilica materials will also be studied as solid catalysts in the Mi-
chael addition of ethyl 2-oxocyclopentane 2-carboxylate and methyl vinyl ketone. A
reaction mechanism will be proposed.

Finally, the catalysts will be tested in the aldol condensation of furfural and methyl
isobutyl ketone (MIBK), which constitutes the first step of the cascade reaction of
interest for the MULTI2HY CAT consortium. The best catalyst for this reaction will
be selected for further functionalization with Pd nanoparticles and will be described
in Chapter 5.

The last Section of this Chapter the synthesis of silica-supported phosphazenium
oxide (P1) moieties will be described. These catalysts have been previously sup-
ported onto solid supports in a few instances, although through procedures involving
harmful reactants and harsh conditions. After describing the state of the art of heter-
ogeneous phosphazenes, a more versatile and easy synthetic procedure will be pro-
posed.

118



Chapter 4

4.3. Experimental

4.3.1. Synthesis of the materials
Compounds are named according to the nomenclature reported in Fig. 4.6.

Synthesis of the MCM-41 support: 13.66 g of cetyltrimethylammonium bromide (7.6
mmol) were dissolved in 91 mL of distilled water together with 23.66 g of tetrame-
thylammonium hydroxide solution (25 wt % in water) in a 250 ml flask at 40 °C. The
mixture was vigorously stirred until complete dissolution of the surfactant. 15 g of Aer-
osil 200 were added and the resulting slurry was stirred for 1 h, at room temperature. The
gel was then transferred into a stainless steel autoclave and reacted for 24 h under static
conditions at 135 °C. The solid obtained was filtered and washed abundantly with dis-
tilled water and finally dried at 100 °C overnight. The solid was then calcined heating at
3 °C/min under a flow of N until 540 °C, temperature at which the gas flow was
switched to air. The temperature was kept for 6 h before allowing to cool down.

Synthesis of silyl-derivative I111: 200 mg of 2-aminopyrrolidine (2.32 mmol) and 564 mg
of 3-isocyanatopropy Itriethoxysilane (2.32 mmol) were mixed in a N filled Schlenck
containing dry CHsCN, at -57 °C. The mixture was stirred at -57 °C for 6 h. Afterwards,
the solvent was removed under reduced pressure and the resulting gel was washed with
diethyl ether.

Synthesis of silyl-derivative 1V-VI: 387 mg of 3-iodopropyltrimethoxysilane (1.3 mmol)
and the equivalent moles of the azole compound (110 mg for 1-methylpyrazole and 1-
methylimidazole and 128 mg for 1,2-dimethylimidazole) were mixed in dry CH3CN un-
der Na. The resulting solution was refluxed overnight. The solvent was then removed
under reduced pressure and the gel was washed with diethyl ether.

Grafting of silyl-derivatives I-111 on MCM-41: 2 g of MCM-41 were placed in a Schlenck
and outgassed at 150 °C for 2 h. Dry toluene was added and the mixture was stirred at
rT for a few minutes. After that, the silyl base precursor was added to the mixture. The
amount added was 4% mol of the total amount of silica, 1.3 mmol, corresponding to 295
mg for aminopropy! triethoxysilane (I), 297 mg for N-(2-aminoethyl)-3-(trimethoxysi-
Iyl)propylamine (1) and 445 mg for silyl-derivative I1l. The resulting mixture was re-
acted at 80 °C for 24 h. After this time, the mixture was filtrated and washed with CH2Cl>
and ethanol. The materials were finally dried overnight at 100 °C.

Grafting of silyl-derivatives 1V-VI on MCM-41: 2 g of MCM-41 were placed in a
Schlenck and outgassed at 150 °C for 2 h. Dry CH3CN was added and the mixture was
stirred at rT for a few minutes. After that, the silylated base precursor was added to the
mixture and stirred for 1 h at room temperature. The amount added was 4% mol of the
total amount of silica, 1.3 mmol, corresponding to 496 mg for IV and V and 515 mg for
VI. After that, 1 eq of triethylamine (186 pL) was added and the mixture was refluxed
for 24 h. The mixture was then filtrated and washed with CH3CN and acetone and the
resulting solid was stirred three times in 0.2 M solution of TMAOH in methanol for 30
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min, at room temperature, in order to exchange the halogen for hydroxide. The final solid
was washed extensively with distilled H,O and acetone and dried overnight at 100 °C.

Syntheis of 1-HMDS: 0.5 g of MCM-41 functionalized with aminopropyl groups (cata-
lyst 1) were outgassed at 150 °C for 2 h. A solution of hexamethyldisilazane (HMDS,
1.25 mmol, 202 mg) in DMF (6.1 mL) was prepared under N2. The solid was cooled at
room temperature and mixed with the HMDS solution. The final composition of the
mixture was SiO; : 0.15 HMDS : 10 DMF. The suspension was stirred for 2 h at 120 °C.
The material was then filtered, washed with CH2Cl; and dried overnight at 100 °C.

Synthesis of silyl-derivative 3P: 0.335 mL of hexamethylphosphorous triamide was
weighted in a flask, previously dried in an oven at 100 °C. The flask containing the re-
actant underwent Ny/vacuum cycles to ensure the removal of all moisture. 3-(azidopro-
pyl)triethoxysilane (0.455 g) and dry toluene were added into the mixture, under N2. The
mixture was stirred at room temperature for 10 minutes. The mixture was then reacted
at 115 °C for 48 h. Solvent was removed by distillation under reduced pressure.

Grafting of 3P onto MCM-41: 2 g of MCM-41 were placed in a Schlenck and outgassed
at 150 °C for 2 h. A solution of 3P in dry toluene (0.51 g; 0.333 mmol) was added and
the mixture was stirred at 80 °C for 1 h. The amount added was 4% mol of the total
amount of silica. Then, triethylamine (186 pL) was added and the mixture was stirred at
80 °C for 24 h. The mixture was filtrated and washed with CH>Cl, and acetone and dried
overnight. The resulting solid was stirred twice in 0.2 M solution of TMAOH in metha-
nol for 30 min and dried overnight at 100 °C.

4.3.2. Characterization

XRD measurements were carried out using a Philips X’ PERT diffractometer equipped
with a proportional detector and a secondary graphite monochromator. Data were col-
lected stepwise in the 2° <20 < 20° angular region: 0.02° 20 steps, 20 s/step accumula-
tion time, beam in produced from Cu K, (A=1.54178 A). C, N, S, and H relative amounts
were determined using a Carlo Erba 1106 elemental analyzer. Thermogravimetric and
differential thermal analyses (TGA-DTA) were conducted in air stream with a Mettler
Toledo TGA/SDTA 851E analyzer. N2 adsorption isotherms were measured at —196 °C
using a Micromeritics ASAP 2010 volumetric adsorption analyzer. Prior to the measure-
ments, samples were outgassed for 12 h at 100 °C. The BET specific surface area was
calculated from the nitrogen physisorption data in the relative pressure range from 0.04
to 0.2. The total pore volume was obtained from the amount of N2 adsorbed at P/Po of
about 0.99. The pore diameter and the pore size distribution were calculated using the
Barret—Joyner—Halenda (BJH) method on the adsorption branch of the N isotherms.
Solid state MAS NMR spectra were recorded at room temperature in a Bruker AV-400
spectrometer. The single pulse 2°Si spectra were recorded at 79.5 MHz with a 7mm
Bruker BL-7 probe, using pulses of 3.5 us corresponding to a flip angle of 3/4 « radians
and a recycle delay of 240 s. *H to 3C crosspolarization (CP) spectra were acquired by
using a 90° pulse for *H of 5 us, a contact time of 5 ms, and a recycle of 3 ms. *C spectra

120



Chapter 4

were recorded with a 7mm Bruker BL-7 probe and at a sample spinning rate of 5 kHz.
2Sj and *C were referred to tetramethylsilane and adamantine, respectively. Liquid state
13C NMR spectra were recorded at 75 MHz using a Bruker AMX300 instrument. Chem-
ical shifts are reported in ppm and are referenced to the appropriate residual solvent peak.

4.3.3. Catalytic tests

Knoevenagel condensation: The reaction was carried out in high pressure pyrex tubes
equipped with magnetic stir bar. 1.0 mmol of benzaldehyde (106 mg) and 1.0 mmol of
ethyl cyanoacetate (113 mg) or ethyl acetoacetate (130 mg) or diethyl malonate (160
mg), were dissolved in 4 mL of acetonitrile together with 1 mmol of anisole (internal
standard). 10 mmol% or 2 mmol% of silica-supported base site were added to the mix-
ture, depending on the experiment. The mixture was refluxed at 80 °C for 24 h. The
reaction was monitored by NMR analysis using CDCls as deuterated solvent.

Michael addition: In a 2 mL glass microreactor equipped with a magnetic stir bar, 1
mmol of ethyl 2-oxocyclopentane 2-carboxylate (156 mg), 1 mmol methyl vinyl ketone
(70 mg), 1 mmol of 4-chlorotoluene (internal standard, 126 mg) and base catalyst (5 mol
% active site), were mixed and stirred at room temperature in 0.5 ml of CH3CN for 3 h.
The reaction was monitored by NMR analysis using d3-CD3sCN as deuterated solvent.

Aldol condensation furfural-MIBK: Furfural was distilled before each catalytic test. In a
2 mL glass microreactor equipped with a magnetic stir bar, 1 mmol of furfural (96 mg)
4 mmol methyl isobutyl ketone (400 mg), 1 mmol of 4-chlorotoluene (internal standard,
126 mg) and base catalyst (5 mol % active site), were mixed and stirred at 80 °C, in
absence of solvent for 24 h. The reaction was monitored by NMR analysis using ds-
CDsCN as deuterated solvent.
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Figure 4.6 A: Scheme of 3-triethoxysilylpropylamine (APTES, 1) and N-(2-aminoethyl)-3-(tri-
methoxysilyl)propylamine (I1); synthesis of silyl-derivatives 111, 1V, V and VI. B: Synthetic
steps implemented in the synthesis of silica-supported base cataysts 1-6. i): MCM-41, dry Tol-
uene, 1 h, rT; ii): Compound I, Il or 111, 24 h, reflux; iiil) MCM-41, silylated base precursor
IV, Vor VI, dry CHsCN, 1 h, rT, iv) TEA, reflux, 24 h; v) TMAOH, CH3;0OH, 30 min.
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4.4. Results and discussion

4.4.1. Synthesis and characterization of the hybrid base catalysts

Each hybrid base catalyst was prepared through grafting procedure of silyl-derivatives
onto pure silica MCM-41 support. Of the six siloxanes that have been grafted, two of
them were purchased (aminopropy! triethoxysilane and N-(2-aminoethyl)-3-(trimethox-
ysilyl)propylamine, labelled as I and I1; see Fig. 4.6 A) and four of them were synthe-
sized in the lab (111-V1). In the case of 111, the condensation between 2-amino-pyrrolidine
and 3-isocyanatopropyltriethoxysilane was performed at -57 °C. Such low temperature
allows the primary amine to react with the isocyanate while inhibiting the reaction of the
latter with the secondary amine in the N-heterocycle. 1V, V and IV were obtained by
thermal induced condensation between 3-iodopropyltrimethoxysilane and 1-methylpy-
razole, 1-methylimidazole and 1,2-dimethylimidazole, respectively. The syntheses of si-
lyl-derivatives were followed by liquid (*H, *C, #Si) NMR. H spectra of the custom
made silyl-derivatives are reported in Fig. 4.7. In the cases of silyl-derivatives IV, V and
V1, the presence of a positive charge in the azolium ring induced an un-shielding effect
on CH groups. Consequentially, the signals corresponding to such protons were observed
at higher chemical shifts, compared to the spectra of corresponding azole rings.
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Figure 4.7: *H NMR spectra of silyl derivatives 111, 1V, V, and VI.
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13C and #Si liquid NMR spectra will be discussed further in this Chapter, together with
solid state CP/MAS NMR spectra recorded on the hybrids.

Silyl-derivatives 1-V1 were grafted onto MCM-41 support, following the procedures re-
ported in Section 4.3. Firstly, the hybrids were characterized by X-ray diffraction (Fig.
4.8). The diffractograms of all samples exhibit the (100) reflection peak at 20 between
2.3 and 2.6° and the (110) and (200) reflections in the 26 range between 3.8 and 4.8°,
confirming the preservation of the 2D hexagonal structure, typical of the M41S materi-
als, throughout the grafting procedure and the exchange at alkaline pH.2! It can be no-
ticed the position of the (100) peak slightly differs between the samples.
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Figure 4.8: Powder XRD patterns of the MCM-41 support and the silica-supported base cat-
alysts 1-6.
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This is partly due to differences is the size of the pending moieties, which affect the mean
pore diameter of the hybrids to a different extent and therefore cause a displacement of
the peak that is proportional to the size of the pending moieties. However, a full under-
standing of these features should keep into account the bending of the organic moieties
and their interaction with the surface of the support.

The presence of the silylated base precursors in the composition of hybrid materials was
firstly accessed by means of elemental analysis. The C, H, N contents and the relative
weight percentage of the organic moieties present in the silica-supported base materials
are reported in Table 4.1. The organic content of the organosiliceous materials appears
to be proportional to the molecular weight of the silylated base precursor. Accordingly,
the highest organic content corresponds to catalyst 3 (10.4%), the molecular weight of
the organic moiety 11 being 333.5 g/mol, while the smallest organic content corresponds
to catalyst 1 (4.4%), where the molecular weight of the organic moiety | is 221.37 g/mol.
Coherently, the relative organic content for catalyst 4 and 5 is practically the same (8.3
and 8.6%, respectively), being the molecular weight of both organic moieties IV and V
362.38 g/mol. Quantifying the amount of N allowed for the determination of the amount
of active sites per gram of solid. Minor differences in the active base sites loading were
observed between the six catalysts.

Thermogravimetric analysis was also performed to gain insights about the thermal sta-
bility of organic species present in the hybrid materials. Weight losses (TGA) and deriv-
ative curves (DTA) for the organosilylated base catalysts 1-6 are shown in Fig. 4.9. For
all curves, a first weight loss due to the removal of physisorbed water is observed at
around 90-150 °C. In the range between 200-400 °C, the decomposition of the organic
moieties takes place for all samples. A progressive weight loss at temperatures above
500 °C is detected due to dehydroxylation phenomena, associated with the condensation
of external silanol groups. Consequentially, release of water molecules occurs and
strained siloxane bridges form.

Table 4.1: Organic content in the mesoporous hybrid materials.

Catalysts N% C% Organic content (EA)% *Active sites (mmol/g)
1 1.1 33 44 0.79
2 2.4 5.8 8.2 0.86
3 25 7.9 104 0.60
4 1.9 6.3 8.3 0.68
5 2.0 6.6 8.6 0.71
6 2.0 7.3 9.3 0.71

*active sites = N% / ny / 14/ 100. ny= number of N atoms present in the hybrid materials.
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Figure 4.9: TGA and DTA curves of the hybrid base catalysts 1-6.

The integrity of the organic species in the final hybrid catalysts and the covalent anchor-
ing of the silylated base precursors onto the MCM-41 support was studied by means of
solid state MAS NMR spectroscopy. **C CP/MAS NMR spectra were recorded on all
hybrid base materials and compared to the liquid NMR spectra recorded on the silyl-
derivatives before the grafting (Fig. 4.10). First, *3C signals present in the liquid NMR
spectra confirm the structure of the silyl-derivatives prepared (compounds I11-V1). Sec-
ondly, solid state spectra of the hybrids show signals coherent with the target silyl-de-
rivatives, confirming the integrity of the organic moieties after grafting and exchange
processes. Specifically, :*C signals due to the propyl chains are observed in the range 0
- 70 ppm for 1-6. Signals related to other aliphatic carbon atoms of catalyst 2 and 3
appear in the same range, with the exception of a signal present in the spectrum of cata-
lyst 3, at 160 ppm, which is the characteristic signal of the carbonyl carbon, present in
the urea group. Spectra of catalysts 4, 5 and 6 show a signal due to the methyl group N-
CHgs in the range between 33 and 36 ppm.
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Figure 4.10: 13C CP/MAS NMR spectra of the hybrid base catalysts 1-6 and 3C liquid NMR
spectra of silyl-derivatives I-V1. *Solvent residual peak.

Other aromatic signals related to the azol rings are detected within the expected range of
105-145 ppm. Specific assignation of each signal are reported in Fig. 4.10, for each spec-
trum. 2°Si MAS NMR spectra of hybrids 1-6 (Fig. 4.11) exhibit signals in the range be-
tween -50 to -80 ppm ascribed to T-type silicon species, i.e. silicon atoms directly
bounded to carbon atoms (Schematic representation reported in Chapter 3, Fig. 3.14 A),
confirming the successful incorporation of the silyl-derivatives through reaction of the
alkoxy-silyl groups of the organic precursors and the silanol groups present onto the
surface of the inorganic support. Comparison between 2Si solid state NMR spectra of
the hybrids and liquid NMR spectra of the pure silyl-derivatives used as precursors (Fig.
4.11, insets) further confirms the anchoring of the organic molecules onto the surface of
mesoporous silica: Silyl-derivatives I, Il, V and VI exhibit a signal at around -43 ppm
which, after the grafting, is shifted in the range between -50 and -80 ppm, as hydroly-
sis/condensation of the alkoxy-silyl groups cause a change in the chemical make-up of
the silicon atoms of the precursors, with consequent change in their chemical shift. The
presence of the support is seen from the Q-type signals related to bulk and surface silicon
atoms. Specifically, three peaks at -92, -100 and -110 ppm are observed, due to
Q?(Si(OH)2(0Si)2), Q%(Si(OH)(0Si)3) and Q*(Si(0Si)) silicon species, respectively.??
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Figure 4.11: 2°Si BD/MAS NMR spectra of hybrid base catalysts 1-6 and 2°Si liquid NMR spec-
tra of silyl-derivatives I, 11, V and VI.

Integration of T and Q peaks in the 2°Si BD/MAS NMR spectra was performed to calcu-
late the T/(Q+T) ratio, which allowed to estimate the number of functionalized silicon
atoms in the hybrids (Table 4.2). According to the estimate calculated through the Si-
fund/Sitot ratio, the percentage of grafting achieved in this catalysts composition was be-
tween 1.9 and 4.7 mol%, respect to total moles of silica.
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Table 4.2: Speciation of silicon atoms in hy-
brid materials 1-6.

Catalysts Sifund/Sitot (NMR)

0.047
0.023
0.019
0.023
0.020
0.042

o 01 A W N P

FTIR spectra were recorded on the hybrid materials, after outgassing for 2 h at 120 °C
(Fig. 4.12). Focusing first on the high frequency region of the spectra, a signal centered
at 3740 cm! is present in all six catalysts and is ascribed to the stretching modes of
isolated silanols. A broad signal centered in the range between 3700 and 3500 cm™ is
bestowed to the stretching modes of hydroxyl groups in interaction with each other
through H-bond. Moreover, in the ionic hybrids (catalysts 4-6), a signal of this multi-
component band stands out at about 3650 cm™!, attributed to the stretching modes of the
hydroxyl anions present as counter ion. Spectra of catalysts 1 and 2 show two signals
centered at about 3370 and 3310 cm™! related to the asymmetric and symmetric stretch-
ing modes of the N-H bond, respectively. In the same region of the spectrum of catalyst
3, a multi-component signal is observed between 3500 and 3260 cm !, related to the
overlapping of signals arising from the N-H stretching modes in the urea group (about
3440 cm™!) and in the pyrrolidine ring (asymmetric at 3365 cm™!; symmetric at 3300
cm1). Spectra of hybrid 4-6 feature a multi-component signal between 3200 and 3000
cm !, ascribed to the alkene C-H stretching modes, in the azo-cycles. In the region com-
prised between 3000 and 2840 cm ™!, peaks related to the aliphatic C-H stretching modes
are observed in all six spectra.® Due to the similar chemical structure, the low frequency
region of the spectra recorded on catalyst 1 and 2 show resembling features: a signal
placed at 1590 cm™! due to the primary amine N-H bending modes is present in both
spectra; additionally, a weak signal at 1460 cm™! is detected and ascribed to the scissor
vibration modes of the CH2 groups of the propyl linker chain. In the spectrum of catalyst
3, two intense and partially overlapped signals are visible at 1635 and 1605 cm™'. The
first one is due to the stretching modes of the carbonyl C=0 bonds in the urea group
(amide 1 band), while the second one is related to the amide Il band, i.e. a motion com-
bining C-N stretching and N-H bending of the amide group. Furthermore, a band at 1535
cm ! is observed and tentatively ascribed to the N-H bending modes in the pyrrolidine
ring. Signals related to the bending modes of R-C-H species (where R is either a carbon
or a nitrogen atom) are observed in the region between 1490 and 1370 cm ™.
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Figure 4.12: FTIR spectra of hybrid materials 1-6 after outgassing at 120 °C.

Due to the complex nature of the pyrazolium ion and to the lack of spectroscopic data
reported in the literature, no specific assignation of the signal observed in the low fre-
quency region of spectrum 4 was possible. The low frequency region of the spectra rec-
orded on the imidazolium-derivative catalysts (5 and 6) show similar spectroscopic fea-
tures. A signal due to a motion combining C4-C5 and C-N stretching is present at 1570
cm !inspectrum 5, and 1585 cm ! in spectrum 6. Additionally, a signal centered at about
1480 cm™! is bestowed to the CH3(N1) scissoring modes. The spectrum of hybrid 6 also
show a typical band related to a motion combining N1-C2-N3 stretching and CH3(C2)
rocking modes, centered at about 1535 cm™!.24

N2 physisorption isotherms at 77 K were recorded on hybrid catalysts 1-6 and on bare
MCM-41 support, to study their textural properties (Table. 4.3).
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Table 4.3: Textural properties of the hybrid base catalysts 1-6.

Catalysts SSAset (M2 g Pore volume
(cm3g?)

1 973 0.47

2 1159 0.55

3 1005 0.43

4 998 0.45

5 1023 0.46

6 1038 0.44
MCM-41 1064 0.81

In all cases, the isotherms show a type IV behavior, with a hysteresis loop, typical of
mesoporous materials (Fig. 4.13 A). The N2 uptake is consistent with MCM-41-type

materials.

A

Volume adsorbed / cm® g!

—8=—MCM-41

dVp/dD / em3 gt

0 0,2 0,4
P/Po

0,6

0,8

Pore diameter / A

Figure 4.13 A: N adsorption isotherms of the hybrid catalysts 1-6. B: BJH pore size distribu-

tion of catalysts 1-6.
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Specifically, all hybrid catalysts feature an isotherm with an inflexion point within the
range of p/po 0.2-0.3 whereas the inflexion point of the bare silica support is observed at
higher p/po value. This means that the pore diameter of the support is slightly larger than
that of the hybrids materials, as a consequence of a partial reduction of the pore aperture
due to the incorporation of the organic moieties within the mesopores. By analyzing the
isotherms using the Brunauer-Emmett-Teller (BET) method, specific surface areas
(SSA) between 844 and 1159 m?/g were observed. The pore volume of the hybrids and
of the purely inorganic support were obtained by Barrett-Joyner-Halenda (BJH) analysis
of the isotherms (Table 4.3). Upon grafting, the BJH pore volume drops from 0.8 to 0.4-
0.5 cm®/g, due to the presence of the pendant organic moieties, which partially block the
pore volume. The BJH pore size distribution (Fig. 4.13 B) confirms that the grafting of
the organic moieties caused a partial decrease in the mean pore diameter.

4.4.2. Catalytic activity

The activity of hybrid base catalysts 1-6 was tested in the condensation of carbonyl com-
pounds with active methylenic substrates. Knoevenagel condensation and Michael addi-
tion were used as model reactions. These reactions are a key tool in organic synthesis for
C-C bond formation and in the synthesis of substituted alkene products, that are of great
interest in the production of perfumes, drugs, dyes and polymers.?5-28

4.4.2.1 Knoevenagel condensation

This reaction can be catalyzed by weak and strong bases, depending on the reactivity of
the methylenic-activated substrate, which makes it an appropriate model reaction for
comparing catalysts with different basicity. The kinetics of the Knoevenagel condensa-
tion is generally considered to be a first order reaction with respect to each reactant and
the catalyst.?%3°

The catalytic performances of hybrid base catalysts 1-6 were evaluated in the
Knoevenagel condensation between benzaldehyde and substrates featuring different pKa
values (due to the different activated methylenic groups), such as ethyl cyanoacetate
(pKa~9), ethyl acetoacetate (pKa~=11) and diethyl malonate (pKa~13) (Fig. 4.14, Table
4.4). Moreover, one of the ionic catalysts was tested before exchanging of I~ counterions
for OH" (catalyst 6, Table 4.4, entry 6-1). Finally, the effect of the surface silanols on the
activity of the catalysts was explored by passivating the surface of 1 with hexamethyl-
disilazane (HMDS) and testing the resulting material as base catalyst (1-HMDS).

Neutral base catalysts 1-3 and ionic base catalysts 4-6 showed high catalytic activity in
the Knoevenagel condensation between benzaldehyde and the least demanding substrate,
ethyl cyanoacetate. The reactions were performed with an active site loading of 10 mol%.
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Figure 4.14: Schematic representation of the Knoevenagel reaction of benzaldehyde and ethyl

cyanoacetate, ethyl acetoacetate and diethyl malonate.

Table 4.4: Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate (A), ethyl
acetoacetate (B) and diethyl malonate (C).

Catalys Yield (%) Yield (%) Yield (%)
A B¢ o
1 93 65 45
2 90 63 22
3 95 46 18
4 o1 0 0
5 89 0 0
6 o1 0 0
1-HMDS 21 - -
MCM-41° 20 - -
6-1° 19 - -
None 1 - -

2 Reaction conditions: benzaldehyde (1 mmol), ethyl cyanoacetate (1 mmol), ethyl acetoacetate (1
mmol), diethyl malonate (1 mmol). CHsCN (4 ml), 80 °C, 0.5 h, 10 mol % of base sites. ® 200 mg of

MCM-41, 24 h. ©2 h, 9 24h.
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Quantitative yields of the final product A were reached after 30 min, with 100% selec-
tivity (Fig. 4.15). A catalytic test using hydrophobic catalyst 1-HMDS highlights the
importance of the weakly acidic surface silanol groups on the activity of the hybrid. A
pronounced decrease in the catalytic activity, down to 21% vyield, is observed after 30
minutes, in line with the premises described in the introduction of this Chapter. It was
detected that 24 h reaction time is needed to obtain quantitative yields. Additionally,
when the reaction was performed using bare MCM-41 as catalyst, only a 20% yield was
observed after 24 h, which reveals that weakly acidic silanols are mildly active in cata-
lyzing this particular Knoevenagel condensation, even without the cooperation with the
base active site.
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Figure 4.15: Catalytic activity of the hybrid base catalysts (10% mol) in the Knoevenagel con-
densation between benzaldehyde and ethyl cyanoacetate.

Catalyst 6-1 was tested in the Knoevenagel condensation of ethylcyanoacetate with ben-
zaldehyde. The pendant organic species seem to be ineffective in promoting the reaction,
with only 19 % yield observed after 2 h, the same was detected when using pure silica
MCM-41. This result highlights the importance of having the hydroxide group as coun-
ter-ion in ionic base catalysts. A blank experiment was carried out in absence of any
catalyst, with no conversion observed.

Knoevenagel condensation reactions between benzaldehyde and two substrates featuring
higher pKa, i.e. ethyl acetoacetate and diethyl malonate, were performed in presence of
the hybrid base catalysts with a loading of 10 mol %. The catalytic tests showed moderate
activity of the neutral base catalysts 1-3. (Table 4.4; Fig. 4.16). The results indicate that
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the most performing catalyst was 1, featuring propyl amine residues, and that ethyl aceto-
acetate (pKa =~ 11) was more easily activated than diethyl malonate (pKa = 13) with a
65% yield of product B and a 45% yield of product C after 24 h. On the other hand, ionic
base catalysts 4-6 did not show any activity in these more demanding Knoevenagel con-
densation reactions. This finding is consistent with an imine/enamine (or iminium)
mechanism through which the reaction proceeds when catalyzed by primary (or second-
ary) amines.*
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Figure 4.16: Catalytic activity of the hybrid base catalysts 1-3 (10 mol % catalyst loading) in
the Knoevenagel condensation of benzaldehyde with ethyl acetoacetate (A) and diethyl malo-
nate (B).
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A proposed imine mechanism promoted by surface silanol groups is reported in Fig.
4.17, taking catalyst 1 and ethyl cyanoacetate as examples. The catalytic cycle begins
with a molecule of benzaldehyde interacting and forming a H-bond with a free silanol
group through its carbonyl oxygen. Then, the free electron pair of the primary amine
attacks the activated carbonyl group of the benzaldehyde molecule, forming carbinola-
mine through a proton-transfer. Next, the carbinolamine loses a H,O molecule, yielding
an imine intermediate. The methylene carbon of an ethyl cyanoacetate molecule is depro-
tonated by a second base site yielding a stabilized enolate. The enolate then attacks the
imine group forming a new carbon-carbon bond. Finally, a rearrangement regenerates
the catalyst, yielding the final olefin product.

A few additional considerations need to be made, considering other reactions that can
occur, besides those depicted in the main catalytic cycle, reported in Fig. 4.17. Firstly,
the activation of benzaldehyde can occur through the formation of iminium ion when the
catalyst features a secondary amine (Cat. 2 and 3). Secondly, ethyl acetoacetate can be
activated through the formation of imine and iminium ions, when reacting with primary
and secondary amines, respectively (Cat. 1, 2 and 3). This might explain why Cat. 2
showed similar activity to that of Cat. 1 in the reaction between benzaldehyde and ethyl
acetoacetate, while showing much lower activity than the primary amine in the reaction
between benzaldehyde and diethyl malonate, in which this mechanism was not possible.

In light of the reaction mechanism reported and considering the results of the catalytic
tests, the reaction between benzaldehyde and diethyl malonate can provide some key
insights for contextualizing the differences in activity among the catalysts. The only pos-
sible mechanism for the activation of diethyl malonate is the acid-base interaction
(deprotonation). lonic catalysts are more basic than non-ionic ones and are then expected
to be more efficient in this process. However, the reaction of benzaldehyde with sup-
ported amines and consequent formation of imine (or iminium) creates a much more
electrophilic species than can react with the enolate much faster than when only benzal-
dehyde is present in the reaction mixture, pushing the equilibrium of the acid-base inter-
action toward the formation of the enolate.

Besides increasing the reactivity of carbonyl groups through H-bond interactions, silanol
groups play a key role also in the adsorption of the substrate on the surface, which in-
creases the local concentration and, as a consequence, the reaction rate, 2:31:32
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Figure 4.17: Proposed catalytic cycle of the Knoevenagel reaction of benzaldehyde and ethyl
cyanoacetate and additional reactions that can occur.
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The Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate was fur-
ther studied, lowering the catalyst loading from 10% to 2% in order to obtain information
about the kinetics of the reaction. Quantitative yields of the product were achieved at
about 4 h when using neutral base catalysts 1-3, while ionic base catalysts 4-6 needed
longer reaction time to reach full yield (Table 4.5. Fig. 4.18).

Table 4.5: Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate.

Time Yield A? TOF¢ ro k
Catalyst TONP

(h) (%) (h™) (mol-L~*-h™) (h™)
1 4 95 4750 96 0.49 1.97
2 4 93 4650 60 0.31 1.24
3 4 91 4550 56 0.29 1.15
4 24 97 3450 30 0.16 0.62
5 24 95 3700 36 0.19 0.74
6 24 93 4000 46 0.24 0.97

@Reaction conditions: benzaldehyde (1 mmol), ethyl cyanoacetate (1 mmol), CH3CN (4 ml), 80 °C,
2 mol % of active site. "TON calculated at 4 h. °TOF calculated at 15 min.
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Figure 4.18: Catalytic performances of the hybrid catalysts in the Knoevenagel condensation
of benzaldehyde with ethyl cyanoacetate (2 mol % catalyst loading).
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Unsurprisingly, these results follow the catalytic trends observed when using a catalyst
loading of 10% mol. Turnover frequencies were calculated after 15 min. Hybrid catalyst
1 features the highest TOF, with a value comparable to reported mesoporous hybrid ma-
terials, containing proton sponges (derived from 1,8-bis(dimethylamino) naphthalene
(DMAN) compounds).® Initial rates and kinetic constants confirm the similar catalytic
activity of DMAN-based organosiliceous materials® and catalyst 1.

Deactivation and reusability of the catalysts were evaluated for the Knoevenagel con-
densation between benzaldehyde and ethyl cyanoacetate, Catalyst 1-3 with a catalyst
loading of 2% were used in four consecutive reaction cycles. Between successive reuses,
catalysts were filtered, washed with CH3CN and acetone, and dried at 100 °C. The hybrid
catalysts appeared to be fully recyclable, with similar yields in the first three catalytic
runs and a loss in their activity in the fourth catalytic cycle (Fig. 4.19).
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Figure 4.19: Recycling tests of Knoevenagel condensation between benzaldehyde and ethyl cy-
anoacetate (2 mol % catalyst loading). Reaction time: 4 h.

XRD and elemental analysis were performed on hybrid base catalysts 1-3 after four cat-
alytic cycles, to evaluate the integrity of the organic-inorganic framework. The XRD
patterns (Fig. 4.20) feature diffraction peaks typical of MCM-41 ordered structure, indi-
cating that the framework is preserved throughout the catalytic runs. The amount of or-
ganic estimated by elemental analysis (Table. 4.6) suggests that no important leaching
occurred in the first three catalytic cycles. However, after the fourth run an evident loss
in the N content was detected, in line with the decrease observed in the obtained yield.
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Figure 4.20: XRD patterns of hybrid base materials before (solid line) and after (dash line)

four catalytic cycles. A: 1; B: 2; C: 3.

Table 4.6: Organic contents of hybrids 1-3 before and after 4 catalytic cycles.

Catalysts N% C% Organic content (EA)%
1 1.09 331 4.40
1 (4" use) 0.87 7.72 8.59
2 2.36 5.83 8.19
2 (4" use) 1.85 9.15 11.00
3 2.52 7.92 10.44
3 (4" use) 1.92 9.98 11.90

To verify that the organic moieties were actually covalently anchored onto the organic
support, as opposed to just being physisorbed onto the surface, a leaching test was per-
formed in the Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate
using 1-3 catalysts (10% mol loading). For each run, after 5 min, the reaction was
stopped, the solid catalyst was filtered from the mixture and the reaction was continued
in absence of the catalyst. After 2 h, no significant increase in the yield of the final prod-
uct was observed (Table 4.7), proving that no leaching occurred at the conditions at

which the reaction was carried out.
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Table 4.7: Leaching tests of the hybrids 1-3 (10% mol) in the
Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate.

Catalyst Time (min) Yield (%)
1 5 52
- 120 53
2 5 45
- 120 44
3 5 47
- 120 47

4.4.2.2 Michael addition

The Michael addition was also used as model reaction to test the activity of the hybrid
catalysts. Ethyl 2-oxocyclopentane 2-carboxylate (EtOCC) and methyl vinyl ketone
(MVK) were selected as the donor and the acceptor substrate, respectively (Fig. 4.21).

o o
Q CH,CN 0
é,cooa . e
0
| 25°C. 3n COOEt
EtOCC MVK D

Figure 4.21: Michael addition between ethyl 2-oxocyclopentane 2-carboxylate and methyl vi-
nyl ketone.

In all cases, no side products coming from reactions such as rearrangements, dimeriza-
tions or other condensations were observed, and high selectivity to the 1,4-adduct was
achieved. The reaction between methyl vinyl ketone (MVK) and ethyl 2-oxocyclopen-
tane 2-carboxylate (EtOCC) was carried out using hybrid catalysts 1-6 with 5 mol % of
catalyst loading, for 3 h at room temperature. In contrast with the performances observed
for the Knoevenagel condensation reactions, catalysts 1-3, featuring neutral base sites,
provided low yields of the final product D (Table 4.8). On the other hand, ionic catalysts
4-6 performed much better, with yields of product D up to values in the range of 56—
69%. The strong basicity provided by the hydroxide counter ion appears to be crucial to
achieve high performances in Michael additions. The delocalization of the positive
charge in the azolium ring of the three catalysts confers more base character to the hy-
droxide groups of the catalysts in the order 4<5<6. Pyrazolium-based catalyst 4 allows
for a less effective delocalization of the positive charge than imidazolium-based catalyst
5and 6.
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Table 4.8: Michael addition between ethyl 2-oxocyclopentane 2-carboxylate and methyl vinyl
ketone

Catalysts Yield O6)* bTON
1lh 4h

1 12 19 380
2 8 9 180
3 5 8 160
4 32 56 1120
5 37 63 1260
6 48 69 1380

1-HMDS 7 14 280

3Reaction conditions: ethyl 2-oxocyclopentane 2-carboxylate (1 mmol), methyl vinyl ketone (1 mmol), CH;CN
(0.5 ml), 25°C, 5 mol % of active site. "TON calculated at 4 h.

Additionally, catalyst 6 features an electron-donating methyl group that can stabilize the
positive charge, with consequent increased base character, compared to catalyst 5. These
findings are coherent with results reported on solid base catalysts featuring hydroxide
groups. The same reaction was performed using catalyst 1-HMDS, whose surface si-
lanol groups have been capped with trimethyl-silyl groups. The catalytic activity de-
creased giving 14% vyield after 4 h, as indication that weakly acidic silanols also play an
important role in Michael additions.

An enolate mechanism is proposed and depicted in Fig 4.22. Such mechanism explains
the higher activity of the ionic catalysts, due to the stronger basicity conferred by the
hydroxide groups.® The catalytic cycle starts with the deprotonation of the methylenic
active substrate (EtOCC) by the hydroxide group, leading to the formation of the enolate
ion. Afterwards, the nucleophilic enolate reacts with the electrophilic alkene (MVK) to
form a new carbon-carbon bond. Proton transfer from the protonated base to the enolate
gives the final Michael addition product. Silanol groups are believed to favor substrate
adsorption onto the surface of the hybrid catalysts, by means of H-bond interactions. The
adsorption of the substrates increases their local concentration, in proximity of the cata-
Iytic sites, ultimately increasing the reaction rate. Further studies would be needed to
confirm this hypothesis beyond doubts.
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Figure 4.22: Proposed enolate catalytic cycle of Michael addition between ethyl 2-oxocyclo-
pentane 2-carboxylate (EtOCC) and methyl vinyl ketone (MVK).

4.4.2.3 Aldol condensation between furfural and MIBK

After the Knovenagel condensations and Michael addition, the materials were tested for
another aldol condensation, between furfural and methyl isobutyl ketone (MIBK).

0
o. |/ 0 0 N 0
\ * )k)\ —  ( J
80°C,24 h
FAL MIBK E

Figure 4.23: Schematic representation of the aldol condensation between furfural (FAL) and
methyl isobutyl ketone (MIBK) to give product E.
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Furfural is an important platform molecule originated from biomass conversion and
therefore of great interest for the chemical industry. In the last decades, many efforts
have been put in optimizing processes for its production®®-38 and conversion to valuable
chemicals and fuel components3®4°, This specific reaction was selected upon the needs
of the industrial partners of the MULTI2HYCAT project and it is the first step of a
planned cascade reaction involving first the aldol condensation and then the hydrogena-
tion of the newly formed olefin bond, catalyzed by noble metal nanoparticles incorpo-
rated in the hybrid catalysts as additional active site. The catalytic tests reported in this
section were needed to select the best hybrid base catalyst for the aldol condensation,
which was then further functionalized with Pd nanoparticles to achieve the bi-functional
catalyst (see Chapter 5).

The six hybrid base catalysts and hydrophobic 1-HMDS were tested in absence of sol-
vent (an excess of MIBK was used instead, Table 4.9). The most performing catalyst
was 1, being able to achieve a conversion of 86% with a selectivity of 90% (77% yield
of product E). All other catalysts showed much lower catalytic activity with the second
best catalyst, 4, yielding only 18% of product E. The 10 % fraction of furfural that was
not converted into the desired product was missing from the mass balance. It is highly
likely for this to be due to a fraction of furfural polymerizing within the pore channel
and for the newly formed oligomers to be hindered in their diffusion outside the meso-
pores. This hypothesis is supported by the results of the reuse tests, in which the catalyst
was able to produce only a 25% yield of product. The catalyst was washed with DMSO
between catalytic cycles. A leaching test was also performed. The reaction was moni-
tored by liquid NMR and the catalyst was removed at 10 % conversion. After the removal
of the catalyst, the mixture was stirred for additional 20 h and no increase in furfural
conversion was observed, confirming the heterogeneous nature of the catalyst.

Table 4.9: Catalytic activity of the hybrids in the condensation of furfural and MIBK

Catalyst Conversion (%) Selectivity (%) Yield (%)

1 86 90 77

2 26 46 12

3 19 26 5

4 33 58 19

5 16 38 6

6 14 79 11
1-HMDS 6 33 2

Reaction conditions: Furfural (1 mmol), methyl isobutyl ketone (4 mmaol), 80 °C, 24 h, 5 mol % of active site.

144



Chapter 4

A similar mechanism to that proposed for the Knoevenagel consensation is proposed for
the aldol condensation between furfural and methyl isobulyl ketone (Fig. 4.24). The car-
bonyl oxygen of a furfural molecule undergoes H-bond with a silanol on the silica sur-
face. This interaction reduces the electron density on the carbonyl carbon making it more
susceptible to a nucleophilic attack by the amine group. The formation of a carbinola-
mine and subsequent loss of a water molecule lead to the formation of an imine. A second
amine group deprotonates a molecule of methyl isobutyl ketone forming an enolate spe-
cies. The enolate then attacks the imine group forming a new carbon-carbon bond.
Lastly, a rearrangement regenerates the catalyst, yielding the final olefin product. A
mechanism in which the formation of an imine is present appears as the most plausible,
considering that despite of being stronger bases, catalysts 4, 5 and 6 are much less active
than 1. However, catalysts featuring secondary amine (2 and 3) also showed poor cata-
Iytic activity in this reaction. More studies would be needed to explain these findings.
Notably, the ionic/non-ionic character of a catalyst does not seem to be a key factor to
forecast the activity of a given catalyst. The catalytic activity of catalyst 1 drops dramat-
ically when silanols are capped with trimethyl-silyl residues (catalyst 1-HMDS), as con-
firmation of the crucial role played by silanol groups in activating the carbonyl group.

OH
; P P
“;q'\/\'/\-\“: U;M/\\/\N)\//\\ -H,0 U;‘”MN T/X
o7 ok \\ o” op WS 7 : 0" OR o7
— — §
fou (,7\l,/ fon gfui]
=
/ \
El\;; \
a _B
jj O
g(}ﬁsl/\/\\x//
o 07 OE
|
..«1//‘\"/“\}
\_7 - OH
O=gi” ™", 0= N -\
o OEt 7 0" 0Lt - .
[\ I
§oH 0.2 —OH v
—\ —:);M‘/\/\N""'
\\ 0,2 =0" Okt
"-q,/\/\Nl \
o opr S — ; Ol
07 ~
® o
_on O ™~""Nn, 0
H o 0" OR ;
I
ol ~

Figure 4.24: Proposed mechanism for the aldol condensation between furfural and methyl iso-
butyl ketone.
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4.5. Synthesis of silica-supported phosphazene materials (P1)

Phosphazene are strong non-metallic non-ionic and low-nucleophilic bases, with a pKa
which varies depending on the number of P=N units (Fig. 4.25).** Throughout the years,
many groups have explored the potential of phosphazenes as catalysts (or as co-catalysts)
in different reactions such as the polyaddition of a five-membered dicyclic carbonate
with a poly(ethylene glycol)-based diamine,*? metal-free living copolymerization of car-
bonyl sulfide with epoxides* or ring-opening polymerizations.***

P4 t—IBu
P1 t-Bu P2 t-Bu NMe, N NMe,
N N  NMe, Me,N-P=N-P-N=P-NMe,
Me,N—P—NMe, Me,N-P-N=P-NMe, NMe; N NMe,
NMe; NMe, NMe, Me;N-P—NMe,
t-Bu-P1 base {-Bu-P2 base NMe;
t-Bu-P4 base

Figure 4.25: Schematic representation of some of the most commonly used phosphazene bases.
Adapted from ref. 46.

P1-type phosphazenes are the simplest, carrying only one iminophosphorane moiety.
Nevertheless, their high catalytic activity has been reported in multiple studies involving
base demanding reactions. Examples include the aza-Henry reaction of ketimines,*” ring-
opening alternating copolymerization of phthalic anhydride with different epoxides,*®
regioselective esterifications of glycerol derivatives,*® synthesis of 1-methoxycarbonyl
pyrrole® and water free biodiesel productions.*® The methodologies for preparation of
phosphazenes suffers from drawbacks such as the time-consuming preparation of the
reactive intermediates, the necessity of their isolation, the use and the formation of irri-
tating gases.>! Given the complexity of the synthesis, only few examples of supported
phosphazenes have been up to now reported in the literature for applications as hetero-
geneous catalyst.>>54

In this Section, an easy and reproducible methodology to achieve heterogeneous P1*OH"
moieties supported over MCM-41 type silica is reported (P1-MCM-41, Fig. 4.26 A).
Silyl-derivative 3P was obtained by reacting (3-azidopropyl)(triethoxy)silane with hex-
amethylphosphorous triamide.%? 3'P NMR spectrum of the 3P was recorded in toluene
(Fig. 4.26 C). An intense signal consistent with the presence of phosphazene moieties is
observed at 24 ppm. However, when the spectrum was recorded using water as solvent,
such signal ceases to be observed. Instead, a single signal centered at 40 ppm is observed
and ascribed to the phosphazenium ion. 3C NMR signals are also consistent with the
presence of compound 3P (Fig. 3.26 B).
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Figure 4.26 A: Schematic representation of the synthesis of P1-MCM-41. B: *C liquid NMR
spectrum of silyl-derivative 3P. C: 3P liquid NMR spectrum of 3P in toluene-d6 (a) and D,O

(b).

Silyl-derivative 3P was grafted onto MCM-41. Due to the strong basicity of the P1 moi-
eties, it was expected that during the grafting procedure phosphazene moieties would
hydrolyze to phosphazenium hydroxide species. To ensure the presence of hydroxyl as
counter-ion balancing the pending phosphazenium, the solid was exchanged twice with
a 0.2 M solution of tetramethyammonium hydroxide pentahydrate in methanol.

A multi-technique approach was used to evaluate the integrity of the support after the
grafting procedure. X-ray diffractogram was recorded to probe the structural properties
of P1-MCM-41 (Fig. 4.27 A). The typical diffraction band of the MCM-41-type materi-
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als is observed at 2.4 26 degrees and bestowed to the (100) planes. Signals of weak in-
tensity can also be seen between 4 and 5 26 degrees and are ascribed to the (110) and
(200) planes, typical of the hexagonal mesopore framework of MCM-41.
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Figure 4.27 A: XRD pattern of P1-MCM-41. B: N, physisorption isotherm (77 K) recorded on
P1-MCM-41. Inset: BJH pore size distribution of PL.-MCM-41. C: 3P solid state MAS NMR
spectrum of P1-MCM-41. D: #Si solid state CP/MAS NMR spectrum of P1-MCM-41. E: 13C
solid state CP/MAS NMR spectrum of P1-MCM-41.
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The textural properties of the hybrid material were studied by means of N2 physisorption
analysis at 77 K (Fig. 4.27 B). The isotherm shows a type IV behavior, with a hysteresis
loop, typical of mesoporous materials. The N uptake is consistent with MCM-41-type
solids. By analyzing the isotherm with the Brunauer-Emmett-Teller (BET) method a sur-
face area of 970 m?/g was observed, while the Barrett-Joyner-Halenda (BJH) analysis
showed a pore size distribution centered at about 20 A (Fig. 4.27 B, inset).

Focusing on the pendant organic moieties, the grafting procedure does not compromise
the integrity of the phosphazene residues. 3'P solid state MAS NMR of P1-MCM-41
show a single sharp signal centered at about 40 ppm, related to the phosphazenium spe-
cies anchored onto the surface of the support (Fig. 4.27 C). *C solid state MAS NMR
spectrum provides additional proof of the preservation of the grafted P1 moieties, with
all the chemical shifts observed in the spectrum recorded on silyl-derivative 3P preserved
after the grafting procedure (Fig. 4.27 D). Finally, 2°Si solid state CP MAS NMR spec-
trum provides information on the silicon speciation in the hybrid material (Fig. 4.27 E).
Firstly, the presence of the support gives rise to the Q* and Q?® signals, related to bulk
and surface silicon atom, respectively. Additionally, the signals T2 and T are observed,
due to silicon atoms directly bounded to carbon atoms, as confirmation of the incorpo-
ration of silyl-derivative 3 within the mesoporous network. 2°Si solid state BD MAS
NMR spectrum was also recorded on the samples. The integrated area of the T peaks
(i.e. silicon atoms bounded to carbon atoms, coming from the silyl-derivative) corre-
sponded to 4 % of the integrated area of all peaks (T + Q).

Besides the potential catalytic application of this hybrid material, not explored in this
Thesis, this work opens up to the potential use of 3P for the synthesis of more complex
and novel hybrid catalysts. Generally, silyl-derivatives featuring alkoxy groups can show
low stability, with the tendency of undergoing spontaneous hydrolysis/condensation, es-
pecially when featuring strongly acidic or basic functional groups. However, 3P ap-
peared to be relatively stable, which makes it a possible candidate for use as building
block in the synthesis of mono- and multi-functional hybrid materials.
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4.6.

The

Conclusions
work reported in this Chapter focused on the development of silica-supported or-

ganocatalysts featuring base active sites.

All hybrids were prepared by grafting silyl-derivatives onto MCM-41 support. Such
silyl-derivatives are substrates featuring the base active site and a highly reactive
trialkoxysilyl group. Two of them, namely aminopropyl triethoxysilane (I) and N-
(2-aminoethyl)-3-(trimethoxysilyl) propylamine (11), were bought from commercial
sources, while other four were synthesized starting from commercially available pre-
cursors. Compound 111 was prepared by reacting 2-aminopyrrolidine and 3-isocya-
natopropyl triethoxysilane at -57 °C, to avoid the reaction between the isocyanate
group and the secondary amine. Compounds 1V, V and VI were prepared by reacting
3-iodopropyltrimethoxysilane and 1-methylpyrazole, 1-methylimidazol and 1,2-di-
methylimidazol, respectively. Six hybrid catalysts were obtained and named 1-6. To
achieve the catalytically active form, i.e. the one featuring hydroxyl species as coun-
ter ions, ionic hybrids IV-VI were exchanged three times in a 0.2 M tetrame-
thylammonium hydroxide solution in methanol. Silica supports bare surface silanol
groups on their surface that are reportedly beneficial for the cooperative catalytic
activity of supported base catalyst in a number of reactions. In fact, they can act in
a synergistic fashion, interacting with substrates through H-bond and making them
more susceptible to nucleophilic attack by the base. Such cooperative catalysis has
been thoroughly studied and the many articles reported in the scientific literature,
allowed for the optimal selection of the alkyl linker: A propyl chain was used, as it
was reported to be the optimal length for promoting cooperative catalysis in MCM-
41-based hybrids. A passivated version of catalyst 1 was also prepared by reacting
the surface silanol with hexamethyl disilazane (HMDS), in order to directly evaluate
the effect of surface silanols on the catalytic activity of the hybrids.

The catalysts were thoroughly characterized by means of a multi-technique ap-
proach. X-ray powder diffraction confirmed the integrity of the ordered morphology
throughout grafting and ion exchange in alkaline pH. Thermogravimetric analyses
provided useful information on the thermal stability of the hybrid catalysts and spe-
cifically of the pendant organic moieties. Elemental analyses indicated that approx-
imately the same molar amount of silyl-derivative was grafted onto MCM-41, for
each of the six hybrid materials. FTIR, *C and ?°Si NMR spectroscopies confirmed
the integrity of the organic species throughout the grafting, confirming that the target
hybrid base catalysts were achieved. N2 physisoption analyses at 77 K indicated that
the six hybrid materials featured textural properties consistent with mesoporous sol-
ids derived from MCM-41 support.

The hybrid catalysts were tested in multiple reaction requiring a base catalyst.
Firstly, Knovenagel condensation reactions of benzaldehyde and substrates featur-
ing different pKa were performed. The selected substrates were ethyl cyanoacetate
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(pKa =9), ethyl acetoacetate (pKa =~ 11) and diethyl malonate (pKa = 13). Non-ionic
catalysts 1-3 showed higher catalytic activity, compared to ionic catalysts 4-6. In
particular, catalyst 1, featuring propyl amine moieties, was the most performing,
with a TOF value of 96 h™ for the reaction between benzaldehyde and ethyl cyano-
acetate. The silanol-capped version of 1 (1-HMDS) performed much worse than its
hydrophilic counterpart, highlighting the key role played by surface silanol in coop-
eratively catalyzing the reaction. An imine mechanism was proposed for this reac-
tion. Recycle tests were carried out, indicating stable catalytic activity over three
catalytic cycles.

The catalytic activity of the hybrid catalysts was evaluated in the Michael addition
of ethyl 2-oxocyclopentane 2-carboxylate (EtOCC) and methyl vinyl ketone
(MVK). Contrarily to what observed in the Knoevenagel condensation reaction,
ionic catalysts 4-6 featured much higher activity than non-ionic catalysts 1-3. An
enolate mechanism was proposed for this reaction. The activity of the catalyst is
proportional to ease with which the hydroxyl group can react and therefore propor-
tional to the ability that the cation has in stabilizing the positive charge, while its
counter ion is involved in the catalytic cycle. Accordingly, the positive charge is
delocalized over a smaller area in catalyst 4 than in 5 and 6 and therefore the former
shows lower catalytic activity. The slightly higher activity of catalyst 6 was ex-
plained by considering the electron-donating effect of the methyl substituent on the
carbon in position 2 of the azo-ring. For this reaction, also hydrophobic 1-HMDS
performed worse than its hydrophilic counterpart.

Lastly, the hybrid catalysts were tested in the reaction between furfural and methyl
isobutyl ketone. This reaction was selected upon the need of the industrial partners
of the MULTI2HYCAT project and represents the first step of a tandem reaction,
featuring as second step the hydrogenation of the newly formed C-C double bond.
Catalyst 1 showed the highest catalytic activity with 77 % yield of the desired prod-
uct after 24 h. The other five catalysts featured a yield after 24 h below 20%. An
imine mechanism was proposed for this reaction. Catalyst 1 was chosen to be further
functionalized with Pd nanoparticles. This part of the work will be described in
Chapter 5.

In the last section of the Chapter, a versatile strategy for synthesizing silica-sup-
ported P1 phosphazenium hydroxide moieties was detailed. A silyl-derivative fea-
turing P1 moieties was developed in a one-step synthesis and grafted onto MCM-41
support and exchanged twice with a 0.2 M solution of tetramethylammonium hy-
droxide in methanol. X-ray powder diffraction of the hybrid showed the character-
istic diffraction pattern of MCM-41-like materials; N2 physisoption analysis also in-
dicated the preservation of the mesoporous channels typical of this support; 3P, 3C
and 2°Si solid state MAS NMR showed chemical shifts consistent with the presence
of the supported moieties that were the target of the synthesis. This work is intended
to be a proof of concept, as the silyl-derivative featuring the phosphazene group is
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relatively stable and can be used for the future design of mono- or multi-functional
effective and active catalysts.
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Chapter 5

Synthesis of
Multi-Functional
Hybrid Catalysts for Cascade
Reactions

Different multi-functional hybrid catalysts featuring a base and a metal site
were prepared through different synthetic approaches. The catalysts under-
went preliminary characterization and catalytic tests, which acted as proof-
of-concept of the validity of the synthetic approaches and paved the way for
further studies.
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Supported metal catalysts based on metal crystallites close to the nanometer size have
been prepared and used AS heterogeneous catalysts for more than 60 years. By using the
characterization technigques available at the time (mainly transmission electron micros-
copy and chemisorption of gases), scientists have been able to classify reactions on metal
catalysts as structure-sensitive and non-structure-sensitive.! Today, we know that pro-
gressive reduction of particle size, from nanoparticles (NPs) to clusters and eventually
to single atoms alters the electronic structure which, in turn, produces changes in the
catalytic properties of the materials (Fig. 5.1). However, while a very large amount of
experimental work and knowledge has been gathered along the years, a unified theory
able to explain and predict the behavior of various metal catalysts with different particle
sizes for different reactions has not been produced, yet.?

Nanoparticle Cluster Single atom

5nm

0.1 nm

Electronic
Structures

Geometric
Structures

Metalenergyband  Molecular orbitals Atomic orbitals

Figure 5.1: Geometric and electronic structures of single atoms, clusters, and nanoparticles.?

In the context of heterogeneous catalysis, palladium is surely one of the most interesting
transition elements. Many Pd-catalyzed reactions have been developed over the past four
decades, with many studies published on the topic and industrial implementations of Pd-
based catalysts. Such interest is due to two main reasons. Firstly, the electronic structure
of Pd makes it optimal for catalyzing C-C and C-N bond formation under sustainable
conditions and with excellent yields. The mild conditions needed are tolerable by many
functional groups, which allow reacting complex molecules, the prime example being
drug precursors.® Suzuki, Heck, Sonogashira, Buchwald—Hartwig and Stille are the most
important reactions catalyzed by Pd, usually under homogeneous conditions. However,
quantitative separation of the metal catalyst from the reaction mixture is a crucial aspect
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of the process, due to their cost and, more importantly, because metal contamination is
highly regulated by the pharmaceutical industry, possibly the most important branch of
the chemical industry in which these catalysts are implemented. Immobilization of pal-
ladium onto several solid supports have been reported by many authors, through different
approaches, leading to very different materials.*® Considering the vast amount of re-
search reported on the topic, with the scope of narrowing the focus to studies that are
related to the work reported in this Chapter, relevant examples from the state of the art
of silica-supported palladium nanoparticle and of some silica-supported palladium com-
plexes are described below. Studies involving the incorporation of multiple active sites
for cascade reactions will receive particular attention, considering the context of this
Doctoral Thesis work.
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5.1. Silica-supported palladium nanoparticles

Palladium nanoparticles feature high surface energy, which contributes to making them
so active in catalyzing demanding reactions. However, such high surface energy also
translates in a strong tendency to aggregation and consequent formation of Pd black,
whenever they are used under homogeneous conditions.” To avoid this, confinement of
Pd nanoparticles within nanoreactors, such as cavities or channels of solid supports, has
been carried out by several authors by means of different synthetic strategies.® Several
porous materials have been used as nanoreactors such as zeolites,® polymers,* carbon
nanotulk;es,ll metal-organic frameworks'? and mesoporous silica-based materials, to this
scope.

Among these supports, mesoporous silicas stand out due to their high thermal and chem-
ical stability, slow-cost and facile synthesis and the ease of recovery and reuse by simple
centrifugation or filtration. Moreover, their high surface area, tunable pore size and nar-
row pore size distribution provide key advantages for their scope.'* To this point, Barau
et al. reported on the synthesis of silica-supported palladium nanoparticles, achieved
through different approaches. Firstly, they prepared a catalyst by adding the palladium
precursor in the synthetic mixture during the preparation of the mesoporous support (co-
gelation); then, they prepared two more catalysts by wet impregnation using a Pd-con-
taining solution and either a pure silica support or a mesoporous silica previously func-
tionalized with amino-propyl groups. The catalyst prepared by wet impregnation using
an amino-propyl-functionalized support showed superior catalytic activity in the Heck
reaction between iodobenzene and methylacrylate. The authors reported that by prepar-
ing the catalyst in such manner, a homogeneously distributed nanoparticle system, sta-
bilized by the pending organic moieties, should be achieved.*®

In another study, Li et al. prepared a series of catalysts by immobilizing Pd nanoparticles
onto amino-functionalized SBA-15. Firstly, the hybrid support was prepared by one-pot
co-condensation of TEOS and aminopropyl trimethoxysilane (APTMS) in presence of
block copolymer P123; then, palladium nanoparticles were supported by adsorption/re-
duction procedure. The amino groups present on the silica support were designed for
playing two roles: stabilizing the Pd NPs against aggregation and leaching, both by weak
interaction between the N lone pair and the empty orbitals of the Pd atoms and by partial
occlusion of the pore channels, and acting as Brgnsted base sites in a cascade reaction
(Fig. 5.2). The bi-functional catalyst provided full yield of the hydrogenated product. To
access the key role played by each of the two active sites, mono-functional catalysts
featuring only one of the two sites were prepared. As expected, NH2-functionalized
SBA-15 led to a 100% yield of product B1 (Fig. 5.2 B) and no conversion was observed
using Pd NPs supported onto pure silica SBA-15. Interestingly, a physical mixture of the
two mono-functional catalysts also gave a 100 % yield of the desired product C1.
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Figure 5.2 A: Synthesis procedure for the SBA-15-NH./Pd-p catalyst. B: One-pot Knoevenagel
condensation/hydrogenation multi-step cascade reaction sequence between benzaldehyde and
ethyl cyanoacetate. C: TEM image of the SBA-15-NH./Pd-p catalyst after five catalytic cycles.
Adapted from ref. 16.

However, while the bi-functional catalyst was able to retain its catalytic activity, with
88% yield of product C1 in the 5% catalytic cycle, the physical mixture of the two mono-
functional catalysts suffered from fast deactivation, with only a 26% yield of product C1
obtained in the third catalytic cycles. Presumably, the interactions between the Pd NPs
and the surface of the silica support, without any organic groups, are relatively weak and
cannot prevent aggregation and leaching of the Pd species during the catalysis. On the
other hand, the presence of pendant aminopropyl moieties stabilized Pd nanoparticles
within the mesoporous channels, allowing the hybrid to retain its performances over
more catalytic cycles. TEM images recorded on the bifunctional hybrid after five cata-
Iytic cycles enforce this hypothesis (Fig 5.2 C): the nanoparticles appear to be well dis-
persed throughout the porous channels of the support and no macro-aggregates are visi-
ble.*®

In another study, Johnston et al. immobilized Pd nanoparticles onto silica-based meso-
cellular foams (MCFs). MCF feature a three-dimensional structure with high surface area
(500-800 m?/g) and interconnected pores of size tunable between 25 and 42 nm, inter-
connected by 9-22 nm windows.'” The authors used a support featuring 29 nm pores and
15 nm windows; moreover, the silica support was functionalized with aminopropyl
groups, in order to promote the interactions between palladium nanoparticles and the
support. TEM microscopy on the resulting material showed a narrow particle size distri-
bution (1-2 nm, Fig. 5.3 A). The hybrid was found to be a highly efficient heterogeneous
catalyst for the oxidation of alcohols. Primary and secondary benzylic alcohols were
oxidized to the corresponding carbonyl compounds in high yields, using air as the source
of molecular oxygen. The catalyst was found to be highly stable and was recycled several
times without any leaching of the metal.*
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Figure 5.3 A: TEM images of MCF-supported Pd NPs.*® B: Schematic representation of the
synthesis of silica-supported Pd NPs.*® C: Schematic representation of the synthesis of
Pd/SBA-16.0

Silyl-derivatives can also be used to prepare and stabilize Pd NPs. Budroni et al. prepared
a material composed of palladium nanoparticles embedded into amorphous silica.
Firstly, they prepared Pd nanoparticles in an inverse microemulsion system, reducing
PdClI; with hydrazine and stabilizing the metal particles with a mixture of two thiols, 1-
dodecanethiol (DT) and 3-mercaptopropyltrimethoxysilane (MPMS). Subsequent co-
condensation of TEOS in presence of the stabilized nanoparticles allowed to incorporate
the Pd NPs into a silica matrix. The alkoxy silyl groups of the MPMS molecules pro-
moted the intimate mixture of palladium nanoparticles and the silica precursor. Lastly,
calcination in air and reduction in Ho/N2 mixture led to the final material (Fig. 5.3 B).1°

A rather interesting approach to the incorporation of Pd nanoparticles was reported by
Ma and co-workers. They used an amino-functionalized SBA-16 as support and reduced
Pd(OAc). precursor by chemical reduction with NaBH4 (Fig. 5.3 C). SBA-16 is an or-
dered mesoporous material with cage-like structures.?! This mesoporous silicas has tun-
able cage size (4-10 nm) and pore entrance size generally smaller than 4 nm. Each
nanocage is interconnected by eight neighboring pore entrances in three special dimen-
sions. Besides hosting metal complexes, isolated nanocages of SBA-16 can limit the
growth of metal nanoparticles by the spatial restrictions.?%??
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Based on the literature on the topic, it appears that -NH. groups play a crucial role in
stabilizing small Pd nanoparticles. Their ability to coordinate palladium through the N
lone electron pair and the steric blockage, provided by the aminopropyl pendant frag-
ments as a whole, limits particle migration on the surface of the support, ultimately hin-
dering particle aggregation and leaching. Moreover, the base character of the amine
groups opens up to the use of these hybrids as multi-functional catalysts for cascade
reactions.
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5.2. Silica-supported Pd organometallic complexes

Another way to incorporate Pd species onto solid supports is the preparation of silica-
supported organometallic complexes based on Pd. As mentioned in Chapter 1, organo-
metallic complexes have been used to catalyze an array of different reactions spacing
from C-C, C-N and C-O bond formation to oxidations/reductions, to asymmetric reac-
tions. The high activity and selectivity that can be achieved by these catalysts relies on
the effect of the ligands which, by coordinating the metal atom through their free elec-
trons, affect its atomic orbitals in a specific way. This influence can be beneficial for the
catalytic activity of the metal complex in a specific reaction. Ligands can also affect the
catalytic activity in other ways. They can interact with functional groups present on the
substrate molecules (and not interested in the reaction pathway) through weak bonds,
promoting the special vicinity between the active site and the functional group that is
meant to react with; moreover, if properly designed, they can sterically promote asym-
metric catalysis.>®2*24 Two classed of Pd organometallic complexes that are of particular
interest for this Doctoral Thesis are NHC-based and BAM-BINAP-based complexes.

5.2.1.Pd-based N-Heterocyclic Carbenes (NHCs)

Carbenes are neutral compounds featuring a divalent carbon atom characterized by six-
electron valency, four of them being involved in o-bonds, while the other two remaining
located at the central carbon.? Specifically, the two electrons are paired in the highest
occupied molecular orbital (HOMO) o, leaving a free p. orbital. For this reason, these
are called singlet carbenes. The kinetic stability of singlet carbenes can be enhanced by
the introduction of bulky substituents in a-position to the carbene center. Thermody-
namic stabilization of the singlet state can also be achieved, by interaction of the carbon
orbitals, o and p,, with specific substituents. For example, c-electron-withdrawing and
n-electron-withdrawing substituents stabilize the o orbital by mesomeric and inductive
effects, respectively, whereas n-electron donating groups enhance the energy of the va-
cant p, orbital (Fig. 5.4). Combination of these contributions produce an increase in the
o-Px gap, in turn favoring the singlet ground state multiplicity. Triplet carbenes also exist
but will not be discussed in this manuscript.2®
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Figure 5.4: Singlet (A) and triplet (B) carbenes. Stabilization of the singlet ground state by
interaction of the ps orbital with a n-electron donating X group (C). Adapted from ref. 27.
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N-heterocyclic carbene (NHC) are the most widely studied class of carbenes, due to the
stabilizing push-push mesomeric effect, in which the lone pairs of both N atoms interact
with the p, orbital of the carbon atom (Fig. 5.5). The stronger electron affinity of nitro-
gen, relative to carbon, cause an inductive effect that also contributes in maintaining the
neutrality of the carbene center, increasing its stability.?’
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Figure 5.5: NHCs structure and mesomeric stabilization of the singlet ground state. Adapted
from ref. 27.

Carbenes are reactive compounds and have been used for a number of catalytic reactions
including benzoin condensation,?® transesterification,?® ring opening reactions,*
amongst all. Moreover, NHCs can act as ligand coordinating a metal through the lone
electron pair. The success of NHCs as ligands in transition metal chemistry and catalysis
is due to their ability to form particularly strong metal-carbon ¢ bonds, which are usually
stronger than the metal-phosphorus bonds of the corresponding phosphine com-
plexes.®:32 Among the metal-NHC complexes developed, Pd-NHC complexes stand out
due to their applications in cross-coupling reactions. The vast majority of these com-
plexes are synthesized either by (i) substitution of a labile ligand with the free carbene
or (ii) transmetallation from Ag complexes or (iii) in situ generation of the free carbene
from an imidazolium salt in the presence of a palladium source.

Pd-NHC complexes have been obtained also as heterogeneous catalysts. For example
MOF MIL-101(Cr) was functionalized with Pd-NHC moieties;* in another study, a Ru-
NHC pre-catalyst was modified and used as building block to obtain a coordination pol-
ymer.** More of interest to this Doctoral Thesis, Pd-NHC complexes have also been
supported onto silica materials. Varma et al. prepared a Pd-NHC-based organosilica,
synthesizing firstly the silyl-derivative of the carbene, then promoting the coordination
of the metal and then carrying out a sol-gel process catalyzed by NH4F (Fig. 5.6). The
integrity of the organic building block was confirmed by *3C CP/MAS NMR. However,
the catalyst exhibited a BET surface area of only 5 m?/g. As mentioned in Chapter 1,
bridged silsesquioxane are prone to assemble in an ordered fashion whenever they can
act as rigid building blocks, i.e. whenever they are constituted by unsaturated bonds that
block the rotation of the atoms around the bond axes. It appears that in the case of the
silyl-derivatives reported in this study, the flexible propyl linkers allowed conforma-
tional rearrangements of such building blocks, which favored the formation of non-po-
rous solids.
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Figure 5.6: Preparation of Pd-NHC organosilica.®®

The hybrid catalyst was tested in Heck and Suzuki coupling using different substrates,
showing good catalytic activity. However, it should be pointed out that considering the
non-porous nature of the solid, the majority of the active sites was most likely inacces-
sible by the substrate molecules.*®

5.2.2.Pd-BINAP complexes

2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) is an organophosphorus com-
pound that has been widely used as ligand in organometallic complexes. If only one
enantiomer is used as ligand, the resulting complex can exhibit enantioselectivity (Fig.
5.7). The implementation of Rh-BINAP complexes in asymmetric hydrogenation reac-
tions was worth Rydji Noyori the 2001 Noble Prize in Chemistry.

Since then, organometallic catalysts based on this ligand have been greatly used for a
range of reactions. Palladium is surely one of the most used metals, in combination with
BINAP ligands, to obtain highly active organocatalysts. Recent example of catalytic pro-
cesses that benefitted from the presence of this type of catalyst include the 1,4-difunc-
tionalization of naphthalene derivatives,® the synthesis of enantiomers of CFs-substi-
tuted heterocycles by ring-expansion reaction,®® the synthesis of chiral hydantoin
derivatives,® one-pot sequential Sonogashira and Cacchi reactions,*’ double N-arylation
of primary amines to synthesize phenothiazines and phenoxazines, among others.*
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Figure 5.7: Structure of 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP).

Complexes featuring BINAP as ligand have also been bounded to solid support to
achieve heterogeneous hybrid catalysts. Zhaojun et al. reported on the synthesis of
BINAP-copper supported on hydrotalcite. The synthesis was carried out firstly by ob-
taining the dimer [Cu(binap)l]2and then by wet impregnation onto the hydrotalcite sup-
port. The hybrid showed high efficiency in catalyzing dehydrogenative cyclization and
borrowing hydrogen reactions under water or solvent-free conditions. Moreover, it
showed recyclability up to five catalytic runs and negligible leaching of the metal, in
spite of the fact that the [Cu(binap)1]. moieties were not bounded to the support through
covalent bonds.*? In a subsequent study, the catalyst proved to have a wide catalytic
scope, with good catalytic performances in the synthesis of 2-sulfanylphenols and ar-
ylthioquinones through a cascade C-H hydroxylation and further oxidation process, start-
ing from benzenethiol and phenylboronic acid derivatives.*® In another study, Reimann
et al. used the enantioselective allylic alkylation of (E)-1,3-diphenylallyl acetate to study
the heterogeneous/homogenous character of (R)-BINAP-palladium complex supported
onto Al;Os. The catalyst was prepared in situ, mixing commercial Pd/Al,O3 and (R)-
BINAP in the reaction vessel. The study suggested that the material behaved as hetero-
geneous catalyst. Oxidation and consequent leaching of the Pd was prevented by the
reaction conditions (THF and dioxane were used as solvents, and nucleophile sodium
dimethyl malonate reduced Pd species that were oxidized during the reaction); the au-
thors also suggested that BINAP itself could also consume surface oxygen.
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5.3. Furfural as “green” building block

In the last decades, the development of sustainable chemical processes and the use of
green and bio-based chemicals have become more and more urgent. In this regard, fur-
fural (FAL) obtained from biomass is one of the most promising building block that can
be used to access a variety of relevant industrial products and intermediates (Fig. 5.8).
Among these, the aldol condensation of FAL with ketones is implemented within the
food industry and has been used for the synthesis of value-added liquid fuels.
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Figure 5.8: Processing options to convert biomass into valuable fuels and fuel additives.
Adapted from ref. 45.
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Among the many catalytic processes that have been proposed starting from biomass-
derived platform molecules, routes involving the aldol condensation reaction of furfural
with a ketone followed by a second reaction carried out in tandem fashion and in a single
reactor are of particular industrial interest. For instance, jet fuels,*®-° and monomers for
polyester and epoxy resins,*® have been prepared starting from the aldol condensation
reaction of furfural with either acetone, methyl isobutyl ketone (MIBK) or cyclopenta-
none, followed by either hydrogenation or hydrodeoxygenation under solvent-free con-
ditions. Besides, one-pot reactions have been reported for the synthesis of furan- and
THF-derived amines by one-pot aldol condensation reaction of furfural with ketones,
followed by reductive amination with NHz and H; (Fig. 5.9).552

Nowadays, aldol condensation reactions in the chemical industry are mainly carried out
under homogeneous catalysis conditions, using mineral bases such as KOH and NaOH,
which imply the generation of waste and the non-recyclability of the catalysts. In the
pursuit of a greener alternative, many efforts have been put in designing heterogeneous
catalysts such as metal oxides,>*** zeolites®>*® and hybrid organic-inorganic cata-
lysts.5”%8 The employment of multi-functional hybrid catalysts containing base and re-
dox sites represents a valid option for further development of sustainable biomass trans-
formations, starting from furfural-derivative substrates.
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Figure 5.9 A: Schematic representation of the synthetic route to obtain jet-fuel-range
branched alkanes from furfural. Adapted from ref. 49. B: Schematic representation of the
synthesis of 1-(furan-2-yl)-4-methylpentan-2-amine from furfural. Adapted from ref. 51.
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5.4. Scope of this work

In this Chapter, the synthesis of multi-functional hybrid organic-inorganic catalysts will
be described. The hybrids were designed upon the needs of and/or in collaboration with
the industrial partners of the MULTI2HYCAT European project. This Chapter is meant
to highlight the complexity of the design of multi-functional catalysts, briefly describing
some of the possible approaches that can be implemented in their synthesis. Three mul-
tifunctional catalysts will be described.

The first one will be a mesoporous silica functionalized with a base active (ami-
nopropyl species) and palladium nanoparticles as second catalytic site. Pure silica
MCM-41 will be chosen as support, due to its high surface area and reactive surface,
onto which silyl-derivatives can be easily grafted.

The catalyst will be characterized and its properties will be compared with those of
the mono-functionalized catalyst baring aminoproyl residues only. Specifically, X-
ray powder diffraction, transmission electron microscopy, N2 physisorption analysis
at 77 K, 3C CP/MAS NMR spectroscopy, elemental analysis and ICP/OES will be
performed to study structural, morphological, textural and chemical properties of the
hybrids. Moreover, a distribution of the palladium nanoparticles size will be esti-
mated from TEM images.

The bi-functional hybrid will be tested as catalyst in a tandem reaction consisting of
the aldol condensation between furfural and methyl isobutyl ketone (MIBK), fol-
lowed by hydrogenation of the aldol intermediate. As highlighted above, this reac-
tion is particularly interesting for biomass conversion and it is selected in agreement
with other partners of the consortium. Several catalytic tests will be performed with
the aim of exploring the effect of different variables such as temperature, catalyst
amount, furfural/MIBK ratio and the presence of H, from the beginning of the tan-
dem catalytic process. Preliminary conclusions will be drawn in the prospect of a
more thorough catalytic evaluation, to be carried out in flow regime using a fixed-
bed reactor.

In the last Section of this Chapter, the synthesis of two bi-functional catalyst includ-
ing two active sites will be reported. The first one will be prepared from a bis-N-
heterocyclic carbene in which the precursor of the carbene (1-methylimidazole) will
be previously functionalized with alkoxysilyl groups through a propyl linker. Such
silyl-derivative will be incorporated onto commercial porous silica, together with
another silyl derivative baring primary amine, through one-pot sequential grafting
procedure. The second hybrid will be prepared starting from a custom-designed plat-
form molecule constituted by a di-aminated 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl (BINAP) derivative, prepared by a partner of the consortium. These two
hetereogeneous catalysts are part of an on-going research project. For that, in some
cases details on the synthesis will be omitted. The catalysts will be tested in a tandem
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process involving the Suzuki coupling between benzeneboronic acid and 4-bromo-
benzaldehyde followed by the aldol condensation between the product and acetone.
This Section is meant to provide insights on the different synthetic strategies that
can be implemented in the design of multi-functional hybrid catalysts featuring rel-
atively delicate active sites, such as transition metal complexes. Real examples
drawn from the work carried out by the MULTI2HYCAT consortium will be used
to this scope.
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5.5. Experimental

5.5.1. Synthesis of the materials

Synthesis of the MCM-41 support: 13.66 g of cetyltrimethylammonium bromide (7.6
mmol) were dissolved in 91 mL of distilled water, together with 23.66 g of tetrame-
thylammonium hydroxide solution (25 wt % in water) in a 250 ml flask at 40 °C. The
mixture was vigorously stirred until complete dissolution of the surfactant. 15 g of Aer-
osil 200 were added and the resulting slurry was stirred for 1 h, at room temperature. The
gel was then transferred into a stainless steel autoclave and reacted for 24 h under static
conditions, at 135 °C. The solid obtained was filtered and washed abundantly with dis-
tilled water and finally dried at 100 °C overnight. The solid was then calcined, heating
at 3 °C/min under a flow of N2 until 540 °C, temperature at which the gas flow was
switched to air. The temperature was kept for 6 h before allowing to cool down.

Synthesis of NH,-MCM-41: 2 g of calcined MCM-41 were placed in a Schlenck and
outgassed at 150 °C for 2 h. Dry toluene was added and the mixture was stirred at rT for
a few minutes. After that, 1.3 mmol of aminopropyl triethoxysilane (295 mg) were added
and the resulting mixture was reacted at 80 °C for 24 h. After this time, the mixture was
filtrated and washed with CH>Cl, and ethanol. The materials were finally dried over-
night at 100 °C. In coherence with the nomenclature used in Chapter 4, the catalyst was
named 1.

Synthesis of Pd nanoparticles supported onto NH>-MCM-41: catalyst 1 (1.5 g) and tri-
ethylammoniun acetate (0.47 mmol, 142 mg) were placed in a Schlenck under Noa.
Pd(OAc)2 (0.4 mol%, 0.15 mmol, 33.7 mg) was dissolved in dry THF (10 mL). The
solution was filtered with a Teflon syringe filter (0.45 uL) and poured into the Schlenck.
The resulting mixture was refluxed for 4 h and stirred at room temperature overnight.
After this time, the mixture was filtered and the solid was washed with ether and dried
for 1 h at room temperature. The catalyst was named 1-Pd.

Synthesis of silyl-derivative of 1-methylimidazolium iodide: 1.3 mmol of 3-iodopropyl
trimethoxysilane (387 mg) and the equivalent moles of 1-methylimidazole (110 mg)
were mixed in dry CH3CN under N2. The resulting solution was refluxed overnight. The
solvent was then removed under reduced pressure and the gel was washed with diethyl
ether.

Synthesis of Pd-BisNHC-silyl derivative: the silyl-derivative of 1-methylimidazolium
iodide and Ag.0 together with dry CH,CI, were placed in a Schlenck wrapped with tin
foil under N2. The solution was refluxed for 4 h. After this time, PdCI(CHsCN), was
added and the mixtures was stirred at room temperature overnight. Finally, the solvent
was removed under reduced pressure and the resulting solid was extracted with ether.
The compound was named Pd-BisNHC.

Synthesis of Pd-BisNHC-functionalized silica: 2 g of commercial silica gel Ultrasil were
placed in a Schlenck under Nz at 150 °C for 2 h. Dry CHCI; was added and the mixture
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was stirred at room temperature for 1 h. After that, 2% mol of Pd-BisNHC were added
and the resulting mixture was refluxed for 12 h. After this time, aminopropyl triethox-
ysilane (2 mol%) was added and the resulting mixture was refluxed for 24 h. Finally, the
mixture was filtrated and washed with CHCI3 and acetone. The resulting solid was dried
overnight at 100 °C. The hybrid material was named Pd-BisNHC-NH2-SiO,.

5.5’-dimethylamino-2.2’-bis(diphenylphosphino)-1.1°’-binaphthyl (BAM-BINAP): The
compound was synthesized by an industrial partner of the MULTI2HY CAT consortium,
CAGE Chemicals.

5.5.2.Characterization

XRD measurements were carried out using a Philips X’PERT diffractometer equipped
with a proportional detector and a secondary graphite monochromator. Data were col-
lected stepwise in the 2° < 26 < 20° angular region: 0.02° 28 steps, 20 s/step accumula-
tion time, beam-in was produced from Cu K, (A =1.54178 A). C, N, S, and H relative
amounts were determined using a Carlo Erba 1106 elemental analyzer. The BET spe-
cific surface area was calculated from the nitrogen physisorption data in the relative
pressure range from 0.04 to 0.2. The total pore volume was obtained from the amount of
N2 adsorbed at P/Po of about 0.99. The pore diameter and the pore size distribution were
calculated using the Barret—Joyner—Halenda (BJH) method on the adsorption branch of
the N isotherms. Solid state MAS NMR spectra were recorded at room temperature in
a Bruker AV-400 spectrometer. *H to 3C cross-polarization (CP) spectra were acquired
using a 90° pulse for *H of 5 us, a contact time of 5 ms, and a recycle of 3 ms. *3C spectra
were recorded with a 7mm Bruker BL-7 probe and at a sample spinning rate of 5 kHz.
13C was referred to adamantine. Chemical shifts were reported in ppm and were refer-
enced to the appropriate residual solvent peak. Transmission electron microscopy (TEM)
micrographs were acquired with a JEOL JEM2100 F electron microscope operating at
200 keV. The samples were treated through the dispersion of the powders onto carbon
copper grids. Metal contents were determined using a Varian 715-ES ICP-Optical Emis-
sion spectrometer, after dissolution of the solids in HNOs/HCI/HF aqueous solution.
Mass spectrometry was performed using a Acquity XevoQToF spectrometer.

5.5.3. Catalysis

Tandem reaction (aldol condensation + hydrogenation) between furfural (FAL) and me-
thyl isobutyl ketone (MIBK): The reactions were carried out in a stainless steel reactor
connected to a gas supply system and equipped with a heater and a mechanical stirrer.
In a typical reaction, 1 mmol of distilled furfural, 2 mmol of methyl isobutyl ketone, 0.5
g of toluene and 10 mol% of catalyst were stirred at 80 °C for 24 h (aldol condensation
step). Secondly, 5 bar of H, were added and the reaction was continued for 8 h. The
reaction was monitored by NMR analysis using d3-CDsCN as deuterated solvent.
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5.6. Results and discussion
5.6.1. Bi-functional catalysts featuring Pd nanoparticles

5.6.1.1 PdA@NH2-MCM-41

A bi-functional catalyst featuring aminopropyl species together with palladium nanopar-
ticles was developed. The catalyst was designed for a specific application, i.e. the aldol
condensation between furfural (FAL) and methyl isobutyl ketone (MIBK) followed by
hydrogenation of the aldol-intermediate, through tandem catalytic process.

The preparation of the catalyst was carried out following the scheme reported in Fig.
5.10. Firstly, aminopropyl triethoxysilane (APTS) was grafted onto pure silica MCM-
41, following the procedure also implemented for synthesizing the catalysts described in
Chapter 4 (catalyst 1). Then, palladium nanoparticles were prepared in situ and supported
onto the catalyst. Specifically, NH.-MCM-41 and triethylammonium acetate were mixed
in a Schlenck, under N atmosphere. In parallel, palladium acetate was dissolved in dry
THF. This solution was filtered with a Teflon syringe filter (0.45 pL), in order to remove
eventual agglomerates, and then added to the Schlenck. The mixture was refluxed for 4
hours, cooled down to room temperature and stirred overnight. Lastly, the suspension
was filtered and the recovered solid was washed with diethyl ether and dried for 1 h at

room temperature (catalyst 1-Pd).
qui HoN

0-si 0-si
OH OH wis  — 0 0 on P04, —/ ¢ 0 on

Toluene, 80 °C, N, THEF, reflux. N,
1 1-Pd

Figure 5.10: Schematic representation of the synthesis of PA@NH;-MCM-41.

Hybrid solids 1 and 1-Pd were characterized with a multi-techniques approach. Firstly,
the structural integrity was accessed by X-ray powder diffraction (Fig. 5.11). Signals
related to the presence of the M41S long-range hexagonal ordered structure are present,
confirming that the incorporation of palladium does not affect the integrity of the meso-
porous architecture. Focusing on the most intense signal, related to the (100) planes, no
major changes in the peak position is observed upon Pd deposition.
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1-Pd

Intensity / a.u.

20 degrees

Figure 5.11: X-ray powder diffraction patterns of catalysts 1 and 1-Pd.

This might indicate a preferential location of the Pd nanoparticles on the external surface
of the silica particles, as the partial occlusion of the mesoporous channels would cause a
reduction in the diameter, substantially modifying diffraction pattern. However, the
physical reason why non-crystalline long-range ordered porous structures can coherently
diffract X-ray photons is the difference in matter density between the framework and the
hollow pores; therefore, if only a small fraction of the pores was filled (which can be
expected, considering the low target amount of Pd), the vast majority of the photons of
the beam-in would still be diffracted in a way that is analogous to that of the hybrid
before Pd deposition.

Transmission electron micrographs were recorded on catalyst 1-Pd to observe the pres-
ence of Pd nanoparticles. Both bright-field (Fig. 5.12 A and B) and dark-field images
(Fig. 5.12 C) clearly show a homogeneous distribution of nanoparticles throughout the
portion of the sample analyzed. Importantly, no macro-aggregates are seen. Other im-
ages, not reported here, show analogous results. The size of 148 nanoparticles was meas-
ured over a total of 6 images and a particle size distribution was calculated (Fig. 5.12 D).
The bar-chart shows a narrow distribution centered at 2-2.5 nm of diameter, with a max-
imum value of 4.5 nm measured. Interestingly, the mean value observed corresponds to
the diameter of the mesoporous channels of the MCM-41 support.
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Figure 5.12: Transmission electron micrographs of catalyst 1-Pd recorded in bright-field (A-
B) and dark-field (C) modes. Particle size distribution calculated upon measuring the size of
147 particles over a total of 8 micrographs (D).
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The most likely interpretation of this finding is that nanoparticles forming within the
channels can grow until reaching the size of the pore; the presence of the surface ami-
nopropyl- pendant fragments stabilizes the particles in their position, hindering their mi-
gration throughout the channels by chemical and steric interactions.

N2 physisorption analysis at 77 K was recorded on the two hybrids, prior to and after Pd
deposition, and compared with a pure silica MCM-41 support (Fig. 5.13). The three iso-
therms show a type-1V behavior, typical of mesoporous materials. Interestingly, the in-
corporation of aminopropyl- moieties and palladium NPs causes a shift of the inflection
point (marked with a dotted line in the figure), in the region between 0,2 and 0,4 P/Py,
which indicates the presence of smaller mesopores. Indeed, the pore size distribution,
calculated using the BJH method on the desorption branch of the isotherm, shows the
mean value of the pore size slightly down-shifting for 1 and 1-Pd catalysts. The pore
volume values calculated with the BJH method also show a progressive occlusion of the
channels (Table. 5.1). Coherently, the two-steps functionalization also causes a decrease
in the specific surface area (calculated with the BET method and also reported in Table
5.1) from 1168 to 973 to 913 m?/g.
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Figure 5.13: N physisorption isotherms at 77 K (A) and BJH pore size distribution (B) of pure
silica MCM-41, catalyst 1 and 1-Pd.
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Table 5.1: compositional and textural properties of the hybrids.

Mean pore
SSABET an p Pore volumegjH

Catalyst aN % aC % bPd % S1Z€sH

ysS (m2/g) (A) (cm3/g)
1-Pd 1.3 8.8 0.8 913 20 0.13
1 1.1 33 / 973 22 0.46
MCM-41 / / / 1168 24 0.74

3glemental analysis; PICP-OES. Mean pore size and pore volume were calculated from the
desoption branch.

ICP-OES analysis indicates a 0.8 % wt. of palladium incorporated in the samples. Ele-
mental analysis was also performed on the catalysts. An increase in the organic content
is observed from 1 to 1-Pd catalysts, most likely related to triethylammonium acetate
incorporated on the Pd nanoparticles. The integrity of the aminopropyl residues after the
functionalization with Pd NPs was accessed by *3C solid state CP/MAS NMR (Fig. 5.14).

L
o 054w,
3 5 2

1-Pd

100 90 80 70 60 50 40 30 20 10 0

Figure 5.14: 3C CP/MAS NMR spectra of hybrids 1 and 1-Pd.
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Signals related to the presence of aminopropyl moieties are observed in the spectra of
catalysts 1-Pd, which confirms that the palladium nanoparticles deposition allows pre-
serving the organic species. Additional signals are observed and ascribed to the presence
of triethylammonium acetate, in line with the higher organic content observed by ele-
mental analysis.

5.6.1.2 Catalytic activity in tandem reaction

Hybrid 1-Pd catalyst was tested in a tandem reaction consisting of the aldol condensation
between furfural (FAL) and methyl isobutyl ketone (MIBK), followed by hydrogenation
of the aldol intermediate (F-MIBK), resulting in three hydrogenated products: the desired
1-(furan-2-yl)-5-methylhexan-3-one (F-MIBK-ON), and the by-products 1-(furan-2-yl)-
5-methylhex-1-en-3-ol (F-MIBK-OL) and 1-(furan-2-yl)-5-methylhexan-3-ol (F-
MIBK-AN) (Fig. 5.15).

® F-MIBK-ON
o) 0o [e] 0. ? (o] oH
I . J e O — (Y F-MIBK-OL
OH
0.
FF MIBK F-MIBK ) F-MIBK-AN

Figure 5.15: Schematic representation of the tandem reaction between furfural and methyl
isobutyl ketone.

Several catalytic runs were performed in the attempt to elucidate the influence of differ-
ent variables on conversion and selectivity. Results are reported in Table 5.2. Firstly,
the reaction was carried out under “baseline conditions” (entry 1) and with a temperature
of 80 °C for both steps. A 75% furfural conversion was observed, as well as a high se-
lectivity toward F-MIBK-AN and a moderate yield of the desired F-MIBK-ON. By halv-
ing the amount of catalyst (entry 2) both the furfural conversion and selectivity de-
creased. Upon changing the FAL/MIBK ratio from 1/2 to 1/4 (entry 3 vs entry 2), the
conversion of furfural increased; importantly, the selectivity seemed to be affected as
well, with a similar yield of F-MIBK-AN and F-MIBK-OL at the end of the reaction.
When the reaction was carried out in only one-step, adding Hz from the beginning, a high
selectivity toward the most reduced product, i.e. F-MIBK-AN, was observed (entry 4).

After this initial screening, the temperature of both steps was raised from 80 to 100 °C
(entry 5). No major changes were observed in the FAL conversion (80%, vs 75% of entry
1). However, a drastic change in the selectivity was detected, with a 63% yield of the
desired F-MIBK-ON product. Halving the H. pressure introduced in the second step of
the tandem reaction affected both conversion and selectivity in a negative fashion (entry
6). A catalytic run was performed in absence of solvent and with a FAL/MIBK ratio of
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1/6 (entry 7). An almost full conversion of furfural was observed; however, the reaction
resulted similarly selective toward F-MIBK-ON and F-MIBK-AN. Lastly, a catalytic run
at 100 °C and with the addition of 5 bar of H; since the beginning of the reaction was
performed, giving a furfural conversion of 94% and high selectivity toward the reduced
F-MIBK-AN.

These preliminary results pave the way for a more thorough optimization of the catalytic
condition that will be carried out in flow conditions using a fixed-bed reaction, in col-
laboration with the industrial partners of the MULTI2HYCAT European project.

Table 5.2: Catalytic activity of 1-Pd in the tandem reaction between FF and MIBK.2

Reaction conditions FAL Yield (%)
Entry Step 1 Step conv(;)rsnon |:-|\(/|) |NBK- |:_|\/|O IEK_ F_,\,ﬂ‘ ISK-
1 80°C;24h 80°C;8h 75 21 10 44
2° 80°C; 24 h 80°C; 24 h 48 12 12 23
3bc 80°C;24h 80°C;24h 65 6 29 30
4d 80°C; 24 h 80°C; 24 h 57 1 18 38
5 100°C;24h 100°C;8h 80 63 7 10
6° 100°C;24h 100°C;8h 61 33 10 18
7f 100°C;24h 100°C;8h 96 44 9 47
gd 100°C;24h 100°C;24h 94 3 15 82

8Reaction conditions: 1 mol FAL, FAL/MIBK (mol:mol)=1/2 mol, 0.5 g toluene, 5 bar Hz, 10
mol% of catalyst (amine); ® FAL/MIBK (mol:mol) = 1/4; ¢ 5 mol% catalyst 4; ¢ 5 bar Hz added
since the beginning of the reaction, ¢ 2.5 bar Hz, f FAL/MIBK (mol:mol)= 1:6 and no solvent.

181



Synthesis of Multi-functional Hybrid Catalysts for Cascade Reactions

5.6.2. Bi-functional catalysts featuring palladium complexes

5.6.2.1 Pd-BisNHC@NH>-SiO;

A bi-functional catalyst featuring propylamino pendant fragments and Pd-BisNHC com-
plex molecules is here described. The material was obtained following the reaction path-
way depicted in Fig. 5.16, which involved the sequential grafting of two silyl-derivatives,
each baring a catalytically active site.

Firstly, a silyl derivative of 1-methylimidazol was prepared through reaction with 3-io-
dopropyl trimethoxysilane (See Chapter 4 for details on the synthesis). Then, a palladium
complex coordinated by two silyl-functionalized N-heterocyclic carbene ligands was
prepared (Pd-BisNHC).

A (MeO)sSi
PR
N
R / @N
At
’ \—/
1) Ag>0. CH,Cly, 40 °C N
2) PACL(CH;CN),. RT cl
(MeO);Si
Pd-BisNHC
. Cl Cl
N \ /
APTS ¢ o @ \[7’
Si(OEt); i NH,

OH OH MeO .. )) i AOMe 2,03

f
U O OH () ()
- 1) Pd-BisNHC, CHCL;, L | | l |

12 h, 70 °C ( Si0,
2) APTS, 24 b, 70 °C

Pd BisNHC@NH, SiO,

Figure 5.16: Reaction pathways for the synthesis of silyl-derivative Pd-BisNHC (A) and of
hybrid catalyst Pd-BisNHC@NH,-SiO; (B).
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This was achieved by transmetallation from the Ag-NHC complex. The transmetalation
of Ag-NHC complexes is a widely used approach in the synthesis of metal-NHC com-
plexes. Ag-NHC complexes can easily be prepared in good yields by the reaction of
imidazolium salts and basic silver compounds (e.g., Ag20, AgOAc) under mild condi-
tions. Additionally, the convenient handling of Ag-NHC complexes provides an easy
way to overcome difficulties associated with other methods, such as the handling of
strong bases, harsh reaction conditions and complicated work-ups.>® Ultimately, hybrid
catalyst Pd-BisNHC@NH,-SiO, was prepared through one-pot sequential grafting of
Pd-BisNHC (12 h) and aminopropyl triethoxysilane (APTS, 24 h).

Pd-BisNHC complex was characterized by electrospray ionization time-of-fly mass
spectrometry (ESI-TOF MS). The m/z signals, compared with those of the theoretical
spectrum, confirm the presence of the compound (Fig. 5.17).
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Figure 5.17: ESI-TOF MS spectrum of Pd-BisNHC compound.
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Hybrid catalyst Pd-BisNHC@NH.-SiO, showed a palladium content, measured by ICP-
OES, of 1,5% wt. *C CP/MAS NMR spectrum was recorded on the material (Fig. 5.18).
The spectrum shows signal that are coherent with the desired structure. In the range be-
tween 0 and 60 ppm signals related to the aliphatic carbon atoms of the propyl linkers
are visible, as well as the signal of the N-CHj3 present on the imidazolium-derived ring.
At higher chemical shifts, a composite signal centered at about 120 ppm is visible and
ascribed to the olephinic carbon atoms of the imidazolium-derived ring and to the car-
bene carbon atom, bounded to the palladium.
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Figure 5.18: 3C CP MAS NMR spectrum of hybrid Pd-BisNHC@NH.-SiO».
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5.6.2.2 Pd-BAM-BINAP-MCM-41

The synthesis of a bi-functional catalyst featuring primary amines and a palladium com-
plex is here reported. This catalyst represents a different concept for the synthesis of
multi-functional hybrid catalysts, compared to those described above. In the formers, the
two functionalities came from two separate chemical building blocks, which were incor-
porated into a solid framework in one or two separate synthetic steps. In contrast, the
hybrid described below was prepared starting for one platform molecule, featuring two
different catalytic sites, i.e. base and metal. The catalyst was prepared from the precursor
5,5’-dimethylamino-2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BAM-BINAP, Fig.
5.19), provided by CAGE chemicals, an industrial partner of the MULTI2HYCAT con-
sortium.

-

‘PPh, NCO
. Pth
o) .
o | |

MCM-41

H,N

Platform Linker Support

Figure 5.19: 5,5’-dimethylamino-2,2’-bis(diphenylphosphino)-1,1’-binaphthyl  (BAM-
BINAP), provided by CAGE chemicals (platform). 3-isocyanatopropyltriethoxysilane (linker).
MCM-41 (support).

The platform molecule featured two phosphine groups, meant to coordinate a metal
atom, and two primary amine groups. Of those, one was meant to react and get bounded
to the surface of a solid support through a linker (3-isocyanatopropyltriethoxysilane, Fig.
5.19), while the other was meant to be preserved and act as a base catalyst in a given
catalytic process. However, the identical chemical nature of the two amine groups made
impossible to carry out the selective reaction of only one of them with the isocyanate
group of the linker, in homogeneous phase. To avoid this problem, an alternative strategy
was implemented (Fig. 5.20). Firstly, the linker was firstly grafted onto MCM-41. In
parallel, Pd-BAM-BINAP complex was synthesized. Lastly, a tethering reaction be-
tween the anchored isocyanatopropyl- groups and one of the amine groups of the com-
plex was performed to achieve Pd-BAM-BINAP-MCM-41 material.
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Figure 5.20: Schematic representation of the synthesis pathway to synthesize Pd-BAM-
BINAP-MCM-41.

Pd-BAM-BINAP-MCM-41

The underlying assumption was that, given the low amount of linker incorporated onto
the silica support, the isocyanate surface density would be low enough so that once one
of the amine reacted with an isocyanate species, there wouldn’t be another one in the
close proximity to react with the other amine group. The rotational rigidity of the unsatu-
rated platform molecule is also beneficial to this aim, as a platform backbone constituted
by freely rotating saturated bonds, would increase the chances of bringing the second
amine group close to a second isocyanate located on the surface of the support. A °C
CP/MAS NMR spectrum was recorded on Pd-BAM-BINAP-MCM-41 material (Fig.
5.21). In the region between 0 and 60 ppm, signals related to the aliphatic carbon atoms
— from the propy! linker and from the methylene atoms linking the amines to the BINAP
structure — are visible. In the 115-140 ppm range, an intense composite signal due to the
aromatic carbon atoms of the BINAP complex is observed. Lastly, a signal ascribed to
the carbonyl carbon of the urea group is observed (marked with a dot in the figure) which
confirms the good outcome of the tethering reaction. Further characterization is being
carried out on the hybrid. This hybrid appears particularly interesting as BINAP-based
catalysts prepared using enantiomerically pure ligands showed promising results for
asymmetric catalysis in multiple studies.
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Figure 5.21: 3C CP/MAS NMR spectrum of Pd-BAM-BINAP-MCM-41 material.

5.6.2.3 Catalytic activity of the bifunctional Pd-Base catalysts

To highlight the catalytic potential of the two bi-functional Pd-BisNHC@NH2-SiO; and
Pd-BAM-BINAP-MCM-41 materials, the results of a catalytic test in a tandem reaction
are reported below. Specifically, the process involves the Suzuki coupling between ben-
zeneboronic acid and 4-bromobenzaldehyde followed by the aldol condensation between
the product and acetone (Fig. 5.22). Due to confidentiality concerns, the conditions of
the reaction are omitted.
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Figure 5.22: Schematic representation of the tandem reaction involving the Suzuki coupling

between benzeneboronic acid and 4-bromobenzaldehyde followed by the aldol condensation
of the product with acetone.
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Both hybrids show similar catalytic performances (Table. 5.3) with full conversion for
the Suzuki step and a conversion of about 45% for the aldol step of the reaction. Inter-
estingly, catalyst Pd-BisNHC@NH2-SiO, was more selective toward product A, while
catalyst Pd-BAM-BINAP-MCM-41 showed higher selectivity toward product B. This
appears particularly notable as the functional group carrying out the reaction is the same,
i.e. primary amine. Further catalytic testing and a deep characterization of the two hy-
brids might provide a rationale for this findings and are currently being carried out.

Table 5.3: Catalytic results in the tandem reaction.

Catalyst Conversion Suzuki step Conversion aldol step
Pd-BisNHC@NH>-SiO, 100% 43% (12% A, 31% B)
Pd-BAM-BINAP-MCM-41 100% 47% (27% A, 20% B)
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5.7. Conclusions

This Chapter focused on the synthesis of multi-functional hybrid catalysts in which base
and metal sites were present. Different kind of catalysts, obtained with different synthetic
approaches were described, in the attempt of giving on overview of some of the different
possibilities available in the multi-step synthesis of multi-functional hybrids. This was
done by outlining on-going studies that are being conducted by the partners of the
MULTI2HYCAT consortium.

Firstly, a catalyst featuring aminopropy! residues and palladium nanoparticles was
prepared (named 1-Pd). Pure silica MCM-41 was chosen as support. Aminopropyl
triethoxysilane was grafted onto the support and then, in a second step, palladium
nanoparticles were formed in situ and deposited onto the amino-functionalized mes-
oporous silica. The pendant aminopropyl moieties were set to play two roles: (i)
acting as base site in a catalytic process and (ii) stabilizing the newly formed palla-
dium nanoparticles within the mesoporous channels by steric hindering and chemi-
cal interaction through the nitrogen lone electron pair.

The catalyst was characterized using multiple techniques. X-ray diffractograms were
recorded prior to and after palladium nanoparticles deposition, to ensure the struc-
tural integrity of the materials. Transmission electron micrographs were recorded on
the bi-functional catalyst. Bright-field and dark-field images clearly showed the
presence of nanoparticles with a fairly narrow dimensional distribution and without
detecting the existence of metallic aggregates. This was quantified by measuring the
size of 148 nanoparticles (in 6 images), resulting in a distribution centered at 2-2.5
nm of diameter, with a measured maximum measured value of 4.5 nm. The average
size of the particles appears to be the same as the internal pore channels of the MCM-
41 support. The most plausible interpretation of this finding is that nanoparticles
forming within the channels, grow until reaching the pores dimension and are then
stabilized by the presence of the aminopropyl moieties, that hinders their migration
throughout the pores. N2 physisorption isotherms were recorded onto the two hy-
brids and compared with one recorded on the bare support, MCM-41. Isotherms and
their analyses (carried out using BET and BJH methods) indicated a progressive
reduction of surface area, pore volume and mean pore diameter. This last feature
could be appreciated also by observing the isotherms, in which the inflexion point
was shifted at lower relative pressures upon adding the aminopropyl fragments
firstly, and then the palladium nanoparticles. *3C CP/MAS NMR spectra were rec-
orded on the two hybrids to confirm the preservation of the organic moieties during
the synthetic steps.

Hybrid 1-Pd catalyst was tested in a tandem reaction consisting of the aldol conden-
sation between furfural and methyl isobutyl ketone, followed by hydrogenation of
the aldol intermediate, resulting in three hydrogenated products: the desired 1-(fu-
ran-2-yl)-5-methylhexan-3-one, and the by-products 1-(furan-2-yl)-5-methylhex-1-
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The

en-3-ol and 1-(furan-2-yl)-5-methylhexan-3-ol. The influence of multiple variables
was explored, such as the ratio between the two reactants, the amount of catalyst, Hx
pressure, the presence of Hy during the first step of the reaction (aldol condensation)
and temperature of the reactor. These insightful results pave the way for a more
thorough optimization of the catalytic conditions that will be carried out in flow re-
gime using a fixed-bed reactor.

In the last Section of the Chapter, the synthesis of two hybrids featuring amine
groups and a palladium complex are reported. The two catalyst represent two differ-
ent approaches that are possible when two organic catalytic sites are to be introduced
in a single solid material. In the first one, named Pd-BisNHC@NH>-SiO», the palla-
dium complex was firstly prepared, by using a silylated ligand (derived from 1-me-
thylimidazole). Specifically, each palladium atom was coordinated by two mole-
cules of the silyl-derivative. The complex was labelled PdBiSNHC. The active sites
were incorporated onto commercial silica Ultrasil, by sequential grafting of ami-
nopropy! triethoxysilane and of silyl-derivative PdBisNHC. The second one, on the
other hand, was prepared from a molecular platform derived from BINAP, supplied
by a partner of the MULTI2HY CAT consortium. The platform featured two amines
groups, one of which was meant to serve as anchoring point to the support, while the
other was meant to be left untouched and act as base site in a catalytic process. To
achieve this, the catalyst was tethered to the surface of a MCM-41 support that was
previously functionalized with low amount of surface isocyanatepropyl moieties.
The potential of the two catalysts was showed in a tandem reaction involving a Su-
zuki coupling between benzeneboronic acid and 4-bromobenzaldehyde, followed by
aldol condensation of the product with acetone.

preliminary studies reported in this Chapter constitute important proof-of-concept

of the potential that these multi-functional catalysts exhibit. The high catalytic activity
of hybrid 1-Pd will be exploited in flow regime, with the scope of reaching a stady-state,
possibly limiting or avoiding furfural polymerization within the mesopore channels. Re-
sults reported on the hybrids featuring base sites and palladium complex, on the other
hand, open up to the possibility of using chiral ligands, which might allow to carry out
asymmetric catalysis. The same approach could also be used to support complexes fea-
turing other transition metals. These materials could find application in processes within
the pharmaceutical industry and, more in general, could introduce new versatile strate-

gies

to approach the synthesis of multi-functional catalysts. All these aspects are cur-

rently being explored by the MULTI2HYCAT consortium.
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Chapter 6

Below, general conclusions of this Doctoral Thesis are reported.

Several hybrid mono- and multi-functional catalysts have been prepared through
various synthetic approaches, characterized and tested, in collaboration with aca-
demic and industrial partners of the MULTI2HY CAT project.

Mono-functional hybrid catalysts featuring aryl-sulfonic acid moieties were pre-
pared. In one of the hybrids (HSO3;-NOS-F), the aromatic ring featured a fluorine
substituent in position 2, 3, 5, 6, while in the other hybrid (HSO3s-NOS-H), those
position featured a hydrogen atom. This was done to study the effect of the substit-
uents of the aromatic ring on the catalytic activity of silica-supported sulfonic acids.

The two acid hybrids were characterized, using an array of techniques. The hybrids
showed textural properties typical of mesoporous materials with a pore size distri-
bution centered at 35 A and a specific surface area between 700-800 m?/g. Both
hybrids were shown to be stable up to 200-250 °C. FTIR and **C solid state CP/MAS
NMR spectroscopies allowed to observe signals related to the presence of key func-
tional groups (e.g. sulfonic groups, urea groups, aromatic ring), confirming the pres-
ence of the desired structures in both materials, beyond doubts. *H solid state MAS
NMR allowed to study the proton speciation within the catalysts, showing signals
consistent with aliphatic and aromatic protons from the organic moieties, as well as
the presence of silanols, both isolated and interacting with each other through H-
bond.

For the first time, probe molecules were adsorbed onto the silica-based hybrids and
their interactions were studied by spectroscopic techniques. The probe molecules
implemented were carbon monoxide (FTIR), ammonia (FTIR, NMR) and trime-
thylphosphine oxide (NMR). These studies allowed obtaining insightful information
on the interaction occurring between pendant organic moieties and support’s sur-
faces, as well as information on the acidic properties of the hybrids.

The acid hybrid catalysts were tested in the acetal formation reaction between eth-
ylene glycol and benzaldehyde. Both catalysts showed remarkable activity and re-
usability. The fluorinated catalyst showed a better preservation of the catalytic ac-
tivity over multiple cycles, compared to the non-fluorinated one. The latter was also
tested in other acetalization reactions, highlighting the potential of these hybrid acid
catalysts.

A hydrophobic version of the organic-inorganic catalysts was prepared. Surface si-
lanols groups were reacted with hexamethyl disilazane, through grafting methods.
The catalysts were characterized showing reduced textural properties and spectro-
scopic features that confirmed the incorporation of trimethyl-silyl species onto the
surface of the hybrids. Both hybrid catalysts showed good catalytic performances in
the acetal formation reaction between benzaldehyde and ethylene glycol, although
not as good as the hydrophilic hybrids.
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Six hybrid catalysts featuring base functional groups were prepared by grafting silyl-
derivatives onto MCM-41 support. These silyl-derivatives, featuring base active
sites and a highly reactive terminal trialkoxysilyl group, were either bought from
commercial sources or synthesized starting from commercially available precursors.
Three of the hybrids featured primary or secondary amines as base sites (non-ionic
catalysts), while three others featured ammonium hydroxide species derived from
N-heterocycles (ionic catalysts). Mildly acidic silanol groups present on the surface
of silica supports are known to co-catalyze reactions in synergy with pendant or-
ganocatalysts featuring base active sites. A passivated version of this type of hybrid
catalys was also prepared by capping the surface silanol with hexamethyl disilazane
(HMDS), in order to directly evaluate the effect of surface silanols on the catalytic
activity of the materials.

The base catalysts were thoroughly characterized by means of a multi-technique ap-
proach. Structural and textural properties typical of mesoporous solids derived from
MCM-41 support were observed. Elemental analysis indicated that roughly the same
amounts of active site were incorporated in each catalyst. Thermogravimetric anal-
yses provided useful information on the thermal stability of the hybrid catalysts and
specifically of the pendant organic moieties. FTIR, 3C and 2°Si NMR spectroscopies
confirmed the integrity of the organic species after the grafting, confirming that the
target hybrid base catalysts were achieved.

The hybrid base catalysts were tested in Knovenagel condensation reactions of ben-
zaldehyde and substrates featuring different pKa, i.e. ethyl cyanoacetate (pKa = 9),
ethyl acetoacetate (pKa =~ 11) and diethyl malonate (pKa ~ 13). Non-ionic catalysts
showed superior catalytic activity, compared to ionic catalysts. Specifically, the
most performing hybrid featured aminopropyl moieties as active sites. The hydro-
phobic version of this catalyst performed much worse than its hydrophilic counter-
part, highlighting the key role played by surface silanol in cooperatively catalyze the
reaction. Recycle tests were carried out, indicating stable catalytic activity over three
catalytic cycles. An imine mechanism was proposed for this reaction and alternative
reaction pathways were also discussed.

The hybrid base catalysts were also tested in the Michael addition of ethyl 2-oxocy-
clopentane 2-carboxylate (EtOCC) and methyl vinyl ketone (MVK). In contrast with
what was observed for the Knoevenagel condensation reaction, ionic catalysts fea-
tured much higher activity than non-ionic catalysts. An enolate mechanism was pro-
posed for this reaction. Differences in activity among ionic catalysts was explained
considering the differences between N-heterocycles and how they affected their abil-
ity in stabilizing a positive charge. Hydrophobic 1-HMDS performed worse than its
hydrophilic counterpart, for this reaction as well.

The base catalysts were finally tested in the reaction between furfural and methyl
isobutyl ketone. The reaction was selected upon the need of the industrial partners
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of the MULTI2HYCAT project and represents the first step of a tandem reaction,
featuring as second step the hydrogenation of the newly formed C-C double bond.
The hybrid catalyst featuring aminopropyl moieties showed the highest catalytic ac-
tivity with 77% yield of the desired product after 24 h. The other five catalysts fea-
tured a yield after 24 h below 20%. An imine mechanism was proposed for this
reaction.

A versatile strategy for synthesizing silica-supported P1 phosphazenium hydroxide
moieties was described. The synthesis process involved the synthesis of a silyl-de-
rivative featuring P1 functional groups, a grafting step and an ion exchange with a
tetramethylammonium hydroxide solution. Structural and textural properties con-
firmed the preservation of the M41S structure throughout the process; P, 3C and
25 solid state MAS NMR showed signals consistent with the presence of the target
organic moieties. This work was intended to be a proof of concept, as the silyl-de-
rivative featuring the phosphazene group is relatively stable and can be used for the
future design of mono- or multi-functional effective and active catalysts.

Building upon the results obtained for MCM-41-supported base catalysts, a multi-
functional catalyst featuring aminopropy! residues and palladium nanoparticles was
prepared. Firstly, aminopropyl-functionalized MCM-41 was synthesized and, in a
subsequent step, palladium nanoparticles were formed in situ and deposited onto it.
The pendant aminopropyl moieties of this hybrid catalyst were set to play two roles:
(i) acting as base site in a catalytic process and (ii) stabilizing the newly formed
palladium nanoparticles within the mesoporous channels by steric hindering and
chemical interaction through the nitrogen lone electron pair.

The multi-functional hybrid catalyst was characterized using multiple techniques.
Transmission electron micrographs were recorded on the multi-functional catalyst,
indicating the presence of nanoparticles with a narrow dimensional distribution, cen-
tered at 2-2.5 nm, without detecting the existence of metallic aggregates. The aver-
age size of the particles appears to be the same as the internal pore channels of the
MCM-41 support, which suggests their preferential location within the pore chan-
nels. This was also confirmed by N2 physisorption analysis of the hybrid which in-
dicated a progressive reduction of surface area, pore volume and mean pore diame-
ter, upon functionalization with aminopropyl fragments and palladium
nanoparticles. 3C CP/MAS NMR spectra were recorded to confirm the preservation
of the organic moieties during the synthetic steps.

The multi-functional catalyst featuring aminopropyl moieties and palladium nano-
particles was tested in a tandem reaction consisting of the aldol condensation be-
tween furfural and methyl isobutyl ketone, followed by hydrogenation of the aldol
intermediate, resulting in three hydrogenated products. The influence of several var-
iables was explored, such as the temperature of the reactor, the ratio between the two
reactants, the amount of catalyst, H, pressure and the presence of Hz during the first
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step of the reaction (aldol condensation). These results pave the way for a more thor-
ough optimization of the catalytic conditions that will be carried out in flow condi-
tions using a fixed-bed reaction.

The synthesis of two hybrids featuring amine groups and a palladium complex was
also described. Pd-BisNHC@NH2-SiO, was obtained from a palladium complex,
previously prepared using a silylated ligand (derived from 1-methylimidazole). The
silylated complex was named PdBisNHC. The active sites were supported onto com-
mercial silica Ultrasil, by sequential grafting of aminopropyl triethoxysilane and of
silyl-derivative PdBisNHC.

Another catalyst was prepared starting from a molecular platform derived from
BINAP that was supplied by a partner of the MULTI2HY CAT consortium. The plat-
form featured two amines groups one of which was meant to serve as anchoring
point to the support, while the other was meant to be left untouched and act as base
site in a catalytic process. To achieve this, a strategy was developed involving,
firstly, the synthesis of a MCM-41-based hybrid functionalized with isocyanatepro-
pyl moieties and then a tethering reaction between the pendant isocyanate groups
and one of the amine groups of the platform molecule. The catalyst was named Pd-
BAM-BINAP-MCM-41.

The potential of multi-functional hybrid catalysts Pd-BisNHC@NH>-SiO, and Pd-
BAM-BINAP-MCM-41 was showed in a tandem reaction involving a Suzuki cou-
pling between benzeneboronic acid and 4-bromobenzaldehyde, followed by aldol
condensation of the product with acetone.
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Below, the characterization techniques implemented in this Doctoral Thesis are de-
scribed.

X-Ray powder diffraction (XRD)

It is a characterization technique that allows obtaining information on the crystalline
structure of a material. Crystalline frameworks can coherently diffract X-ray photons.
Each specific family of parallel crystalline planes scatters photons at a specific angle,
according to Bragg’s law:

niA = Zd(hkl) sin @

Where n is a whole number, A is the wavelength of the beam-out, d is the distance be-
tween planes and 6 is the angle between the beam-in and the crystalline planes. The
photons are diffracted at an angle 6, respect to the family of crystalline planes. Therefore,
the sample is irradiated with X-ray photons of a specific wavelength 4, and the intensity
of diffracted photons is collected as a function of the 26 angle. The pattern generated is
typical of a given crystalline structure.

XRD measurements were carried out using a Philips X’PERT diffractometer equipped
with a proportional detector and a secondary graphite monochromator. Data were col-
lected stepwise in the 2° < 20 < 20° angular region: 0.02° 20 steps, 20 s/step accumula-
tion time, beam-in was produced from Cu Ka (1 =1.54178 A).1

Thermogravimetric analysis

The technique allows to measure weight losses occurring at a sample during a heating
ramp in a certain temperature interval (TGA). The differential analysis of the thermo-
grams (DTA) can provide information on the nature of the process, i.e. if it is endo- or
exothermic. This technique is crucial in the study of hybrid catalysts, as it allows to
gather knowledge on the thermal stability of the organic fragments. Moreover, it can
indirectly confirm the presence of the desired linking bond, by comparison with other
studies reported in the scientific literature.

Thermogravimetric analyses (TGA/DTA) of materials reported in Chapter 2 were per-
formed under argon flow (100 mL min~!) with a SETSYS Evolution TGA-DTA/DSC ther-
mobalance. Thermogravimetric analyses (TGA/DTA) reported in Chapter 3 were con-
ducted in air stream with a Mettler Toledo TGA/SDTA 851E analyzer. The heating ramp
was set from 40 to 800/1000 °C at 5 °C min™".

Elemental analysis

The organic content in the hybrid catalysts was measured by elemental analysis using a
Carlo Erba 1106 analyzer. Typically, sample are treated at high temperature in presence
of oxygen, which favors the combustion of the organic fragments and consequentially
induces the release of combustion products (gases). The amounts of gases are quantified
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using a thermal conductivity detector giving signals that are proportional to the quantities
of each element in the composition of the sample analyzed.

N, physisorption analysis at 77 K

Nitrogen adsorption is a widely used techniques to evaluate the textural properties of
solid materials. Initially the sample is pre-treated in a glass vessel to removed phy-
sisorbed moieties (e.g. water). Then, dosages of N are adsorbed onto the sample in the
p/po range between 0 and 1. Specifically, for each point of the isotherm plot, the instru-
ment attempts to slightly increase the pressure within the glass vessel, by dosing N2 until
reaching a stable pressure value. The amount of gas needed to reach such stable value
will be different for each point of the isotherm and for each sample, as a function of its
textural properties.

Preliminary insights can be drawn from the isotherms alone. However, it is common to
analyze the isotherms with various methods to gain more precise information about sur-
face area, pore size and pore volume of the materials. Below those implemented in this
Doctoral Thesis are briefly described.

Brauner Emmet Teller (BET): The theory is an extension of the Langmuir theory, which
deal with monolayer molecular adsorption. The multilayer adsorption contemplated by
the BET method lies upon the following hypotheses: (i) gas molecules physically adsorb
on a solid in layers infinitely; (ii) gas molecules only interact with adjacent layers and
the Langmuir theory can be applied to each layer; (iii) the enthalpy of adsorption for the
first layer is constant and greater than the second; (iv) the enthalpy of adsorption for the
second (and higher) layers is the same as the enthalpy of liquefaction. The equation that
derives is the following:

1 c—1/p 1
o)1 Ume <p—) T oe
U[(?) - 1] m 0 m
where p and po are the equilibrium and the saturation pressure of adsorbate at the tem-
perature of adsorption, v is the adsorbed gas quantity, v is the monolayer adsorbed gas
quantity and c is the BET constant

_ <E1 - EL)
c =exp RT
where E; is the heat of adsorption for the first layer, and E_ is that for the second and
higher layers (equal to the heat of liquefaction). The graphic representation of the ad-
sorption data allows to identify the volume of gas that is needed to complete the mono-
layer and, accordingly, to estimate the specific surface area in m?/g through the following
equation:
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Where An is the area occupied by a N> molecule, Na is Avogadro’s constant and M is the
volume occupied by a molecule of N2 under ideal conditions.

Barrett, Joyner, Helenda (BJH): It is a modified version of the Kelvin equation. Usually
implemented on the desorption branch of the isotherm, it correlates the volume of gas
adsorbed onto the material at a certain pressure with the pore volume due to pores of a
specific size, ultimately allowing to estimate a pore size distribution and a porous vol-
ume.

Non-local density functional theory (NLDFT): this method uses a classical fluid density
functional theory to construct the adsorption isotherms in ideal pore geometries (e.g., N2
adsorption in the cylindrical-pore model at 77 K). The pore size distribution can be ob-
tained by solving an adsorption integral equation. This task is carried out by using a
software and several variables need to be set before proceeding, such as nature of the
adsorbant/adsorbate and the shape of the pores.

It should be highlighted that BET, BJH and NLDFT methods are useful tools that provide
useful information but are, nevertheless, mathematical analyses of the experimental data
(i.e. isotherm plot). They lie on assumptions and can underestimate/overestimate the tex-
tural properties of the samples.?®

Isotherms were measured at 77 K with a Micromeritics ASAP 2010 volumetric adsorp-
tion analyzer. Prior to the measurement, the sample was outgassed for 12 hours at 80 °C.
The BET specific surface area was calculated from the nitrogen adsorption data in the
relative pressure range from 0.04 to 0.2.

Compositional analysis

The chemical composition of the materials was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-OES). This technique relies on the excitation
of the atoms that are present in a solution. The decay of the atom to its fundamental state
cause an emission that is characteristic for each atom and the concentration of each signal
will be proportional to the concentration of that element in the solution. This feature
allows for quantitative analysis of the samples, carried out by linear regression from a
calibration curve. Prior to the analysis, each sample was dissolved in a solution contain-
ing HF and HNOs. The analyses were performed using a VARIAN 715-ES instrument.

Electrospray ionization time-of-fly mass spectrometry (ESI-TOF MS)

Time-of-flight mass spectrometry (TOF MS) is a mass spectrometry method in which
the mass/charge ratio of an ion (m/z) is determined via a time-of-flight measurement.
For that, ions are accelerated by an electric field of known magnitude. This acceleration
results in all ions featuring the same charge having the same kinetic energy. Consequen-
tially, the velocity v of each ion depends on the mass-to-charge ratio (as Ex = %2 mv?).
Heavier ions feature lower speed, while lighter ions reach higher speed (provided that
they have the same charge). The time that it takes for each ion to reach a detector at a
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known distance is measured and is dependent on the velocity of the ion, and therefore
on its m/z. From this ratio and known experimental parameters, one can identify the ion.
ESI-TOF MS measurements were performed using a Acquity XevoQToF spectrometer.

Fourier-transform infrared spectroscopy (FTIR)

The technigque based upon the adsorption of infrared photons of different wavelength by
a sample. The adsorption of infrared photons of specific wavelength activates vibrational
modes of specific bonds, if such modes are IR-active, i.e. if the vibration causes a change
in the dipolar momentum. The IR spectrum of a sample, plotting the intensity of adsorp-
tion as a function of the wavelength (or wave number) can indicate the presence of cer-
tain functional groups. Signals related to stretching modes will usually be found at higher
wave numbers, as such modes require more energy to be activated. Conversely, signals
related to bending modes will be found at lower wave numbers. The technique is espe-
cially useful for the analysis of surfaces and to study the acid-base properties of materi-
als.

The FTIR spectra reported in Chapter 2 were collected from self-supporting pellets under
vacuum conditions (residual pressure <103 mbar) using a Bruker Equinox 55 spectrom-
eter equipped with a pyroelectric detector (DTGS type) with a resolution of 4 cm™!. Probe
molecules were adsorbed on the hybrid materials (previously outgassed at 150 °C) by
using a vacuum line, connected to a flask containing the probe molecule in gas phase.

Spectra reported in Chapter 3 were collected using a Nicolet 710 FTIR spectrometer.
Samples were outgassed at 150 °C before the analysis.

Nuclear magnetic resonance spectroscopy (NMR)

This powerful spectroscopic technique can provide information on the chemical sur-
rounding of the atoms that compose the material. It is based on the interactions between
a magnetic field and the spin angular momentum of a given nuclei. Typically, the sample
is placed in a magnetic field and the NMR signal is produced by excitation of the nuclei
sample with radio waves into nuclear magnetic resonance, which is detected with sensi-
tive radio receivers. The intramolecular magnetic field around an atom in a molecule
changes the resonance frequency, giving access to details of the electronic structure of a
molecule and its individual functional groups. The different electron density surrounding
each nucleus will cause different shielding of the magnetic field which will induce dif-
ferences in the resonance frequencies. Such differences are quantified in terms of chem-
ical shift (8). NMR spectroscopy is the ultimate method to identify monomolecular or-
ganic compounds.

Several interactions can occur, influencing the spectral profile. J-coupling, for example,
arises from the interaction of different spin states through the chemical bonds of a mol-
ecule and results in the splitting of NMR signals. These features can provide important
information on the sample and, together with the chemical shift, can allow to understand

208



Appendix 1

the fine-structure of the sample. Another important interaction is the dipolar coupling.
In the liquid phase, given the random orientation of the molecules in a solution, this
interaction is averaged to zero. However, it is present when spectra are recorded on solid
samples, with detrimental effect on the output of the analysis. To avoid this problem, in
a solid state spectrometer, the sample is rotated at 54°44° (magic angle spinning, MAS),
respect the magnetic field. In doing so, dipolar couplings are averaged to zero.

Spectra reported in Chapter 2 were measured on a Bruker Advance 111 500 spectrometer
and a wide bore 11.7 Tesla magnet with operational frequencies for *H, 3C, 3P and %°Si
0f 500.13, 125.77, 202.47 and 99.35 MHz, respectively. A 4 mm triple resonance probe
with MAS was employed for all the experiments. The samples were packed on a zirconia
rotor and spun at a MAS rate between 10 and 15 kHz. The magnitude of radio frequency
(RF) fields was 100 and 42 kHz for *H and 2°Si, respectively. The relaxation delay be-
tween accumulations was 2 and 2.5 s. For **C and ?°Si cross polarization (CP) MAS
experiments, RF fields of 55 and 28 kHz were used for initial proton excitation and de-
coupling, respectively. During the CP period the *H RF field was ramped using 100 in-
crements, whereas the *C/?°Si RF fields were maintained at a constant level. During the
acquisition, the protons are decoupled from the carbon atoms/silicon atoms by using a
two-pulse phase-modulated (TPPM) decoupling scheme. A moderate ramped RF field
of 62 kHz was used for spin locking, while the carbon/silicon RF field was matched to
obtain the optimal signal. A rotor-synchronized spin-echo sequence (7/2—t—m—t—acqui-
sition) was also applied to record the *H NMR spectra with a delay time T of 2 ms. The
delay time was chosen as an optimized compromise between the signal decay owing to
relaxation and the resolution gain owing to longer delay times. 3'P MAS NMR spectra
were recorded using high power proton decoupling and the RF field for the 90-degree
pulse was 83 kHz. All chemical shifts are reported using the & scale and are externally
referenced to tetramethylsilane (TMS) at 0 ppm for H, *C and 2°Si. Ammonium dihy-
drogen phosphate (1 ppm) was used as a standard for the 3!P nucleus. Prior to the ad-
sorption of TMPO probe molecules, the catalysts were packed onto a 4 mm zirconia rotor
and outgassed at 180 °C for 90 minutes. After that, TMPO dissolved in anhydrous di-
chloromethane was added to the rotor and rapidly closed with a cap and left for adsorp-
tion for one hour. Later, the rotor was opened and attached back to the high vacuum line
for the complete removal of dichloromethane at room temperature. Subsequently, the
rotor was closed with a zirconia cap and heated to 160 °C for 30 minutes followed by
submission to NMR spectral recording.

Solid state MAS NMR spectra reported in Chapter 3 were recorded at room temperature
in a Bruker AV-400 spectrometer. The single pulse 2°Si spectra were recorded at 79.5
MHz with a 7mm Bruker BL-7 probe, using pulses of 3.5 us corresponding to a flip angle
of 3/4 m radians and a recycle delay of 240 s. *H to **C cross polarization (CP) spectra
were acquired by using a 90° pulse for *H of 5 ps, a contact time of 5 ms, and a recycle
of 3 ms. *C spectra were recorded with a 7mm Bruker BL-7 probe and at a sample
spinning rate of 5 kHz. 2°Si and *C were referred to tetramethylsilane and adamantine,
respectively.

209



Characterization Techniques

Liquid state *C NMR spectra reported throughout the Doctoral Thesis were recorded at
75 MHz using a Bruker AMX300 instrument. Chemical shifts were reported in ppm and
are referenced to the appropriate residual solvent peak.

Transmission electron microscopy (TEM)

It is a microscopy technique in which a beam of electrons is transmitted through a spec-
imen to form an image. The electrons composing the beam-in can pass through the sam-
ples or be diffracted as a function of (i) the width of the portion of the sample that is
traversing and (ii) the type of atom that they encounter along the way. Among the many
use of this technique, it allows to obtain information on the size of the crystallites, on the
presence of mesopores (if ordered) and on the presence of phases of different chemical
composition (guest) within the material (host). The latter is possible if the atom number
of the element composing the guest phase greatly differs from that of the host phase. The
prime example of this implementation of the technique is the detection of metal nano-
particles supported onto silica or alumina.

Transmission electron micrographs were acquired with a JEOL JEM2100 F electron mi-
croscope operating at 200 keV. The samples were treated through the dispersion of the
powders onto carbon copper grids.
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