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Chapter 1
General Introduction



1 Introduction

When we talk about matter in its Nanoform we are led to think that it is a prerogative
of modern science, whereas nanoparticles have a surprisingly long history. The term
“nano” comes from the ancient greek word vavoc (nanos) through the Latin nanus
meaning literally dwarf and, by extension, very small. Within the convention of
International System of Units (SI) it is used to indicate the reduction factor of 10
times, and “nanoscale” generally refers to objects with a dimension between 1-100
nm. But what defines nanomaterials are not only their dimensions. Obviously, what
attracts are their peculiar properties. In fact, isolated molecules exhibit properties
that follow quantum mechanical rules, while the chemical and physical properties
of bulk materials obey the laws of classical physics. In the middle, nanosystems
display electronic, photochemical, electrochemical, optical, magnetic, mechanical
or catalytic properties that differ significantly not only from those of molecular
units, but also from those of macroscopic systems.!

Their preparation is neither an exclusive result of modern research nor restricted to
man-made materials. Naturally occurring nanoparticles include organic (proteins,
polysaccharides, viruses) as well as inorganic compounds (iron oxyhydroxides,
aluminosilicates, metals) and are produced by weathering, volcano eruptions,
wildfires or microbial processes.?

Most current nanoparticles and nanomaterials can be organized into four categories:
Carbon-based nanomaterials that include carbon allotrope forms, Organic-based
nanomaterials that include nanomaterials from organic matter (excluding the
carbon-based ones), Inorganic-based nanomaterials and Composite hanomaterials.
All of these are further classified depending their crystalline forms and chemical
composition,® their dimension, their spatial arrangement (0D, 1D, 2D, 3D),* and
their production. In the latter case, nanomaterials can formed in nature either by
biological species or through anthropogenic activities,® or are synthesized by
physical, chemical, biological or hybrid methods.®

Among all the existing elements studied and by ever used, Carbon and Silicon-
based solids are two of the most important materials involved in the history of
science and technology development.” In fact, carbon-based chemical industry has

produced the various synthetic materials for daily life and silicon-based



semiconductor industry has moved people to digital age. In recent decades, the
discovery and synthesis of carbon (e.g., fullerenes, carbon nanotubes, graphene)
and silicon nanostructures (e.g. Si quantum dots, Si nanowires) have pushed the
rapid advancement of nanoscience and nanotechnology. Nowadays, carbon and
silicon nanostructures are finding application in various fields, such as electronics,®
photonics,® sensors,? biotechnology,'! and recently, in energy related applications
such as catalysis,*? batteries,*® solar cells.'*

1.1 Carbon Allotropes and its Nanoforms

By the very first human activities, carbon-based materials played immediately an
important role. In China there is evidence of the existence of a coal mine dating
back more or less to 1000 BC.™ It is known that also the Greeks used coal in their
in everyday life for example after reducing it to powder they mixed it with wine to
treat toothache. In Roman times, in England, coal was used not only to heat up, but
also to create jewellery and ornaments of various kinds given its shiny black
colour.'® In the late Middle Ages, it was used by blacksmiths to produce lime, salt
and to provide the minimum energy necessary for domestic life. It was then around
1750, with the Industrial Revolution, that coal acquired its true importance
becoming the main source of energy for man.’

Carbon is a chemical element with the symbol C and atomic number 6. The fourth
most abundant element in the universe, it is the sixth element of the periodic table.
It is non-metallic and tetravalent, and it naturally occurs in three isotopes, *2C and
13C being stable, while **C is a radionuclide, decaying with a half-life of about 5,730
years.8

Carbon is an ancient fossil mineral originating from the carbonification of material
and plant residues that have accumulated in an anaerobic environment.*® Carbon,
due to its valency, can form many allotropes. Well-known allotropes of carbon

include diamond and graphite (Figure 1.1).



Figure 1.1 The two most know carbon allotropes graphite and diamond. In figure,

representative atoms arrangement in the space.

Both are known by ever; graphite owes its name to Abraham Gottlob Werner that
named it in this way, from the greek ypapsw (graphein), "to draw/write",° for its
use in pencils. Graphite is a crystalline form of carbon with its atoms arranged in a
hexagonal structure. In graphite the bonds are hybridized sp? and the atoms form in
planes with each bound to three nearest neighbours 120 degrees apart. It occurs
naturally in this form, and it is the most stable form of carbon under standard
conditions. Graphite is structurally composed of planes of polycyclic carbon atoms
in an hexagonal structure.?

Graphite possess delocalized electrons that are free to move throughout the plane
(above and below the planes of the carbon atoms), and for this reason it conducts
electricity along the planes, but does not through the planes. These conductivity
properties allow to use the graphite in electronic products such as electrodes,??
batteries,?® and solar panels. 2*

In diamond the bonds are hybridized sp® and the carbon atoms are arranged in space
in a tetrahedral arrangement. These tetrahedrons together form a 3D network of six-
membered carbon rings (similar to cyclohexane), in the chair conformation,
allowing for zero bond angle strain.?® This stable network of covalent bonds and

hexagonal rings is the reason that diamond is so strong.

Figure 1.2. Some graphite and diamond aplications: lead pencil (left), diamc;nd blade
(middle), graphite solar panel (right)



Diamond is the hardest known natural mineral in which carbon atoms are arranged
in a crystal structure called diamond cubic. Diamond has the highest hardness and
thermal conductivity of any natural material, properties that are utilized in major
industrial applications such as cutting and polishing tools.?® Furthermore its
hardness, the high dispersion of light of diamond make it useful in jewellery.

But the carbon allotropes family has not only two members. In fact, although these
two were the only ones known for years, in the middle of 1980°s the discovery of a
new allotrope starts to open the doors towards the exploration of this big family that
is the family of the Carbon Nanoforms (CNFs).

In particular the date that changed the way the scientists look at the Carbon was the
1985 with the discovery of the Buckminsterfullerene by Kroto, Smalley and Curl
that won for this the Nobel prize.?’

Although already theoretically hypothesized in 1966 by D.E.H. Jones that
considered the possibility of making large hollow carbon cages, structures now
called giant fullerenes,?® (without finding positive reactions from the scientific
community). Later, in 1970 Osawa proposed a spherical In-symmetric football
structure for the Ceo molecule, simulated by the synthesis of the bowl shaped

corannulene (Figure 1.3),% by.*°

Figure 1.3. Corannulene structure and fullerene hollow cage.

In 1984 it was observed that, by laser vaporization of graphite, large carbon clusters
Cn with n = 30-190 can be produced. Unfortunately, despite being present in the
produced soot, fullerene was not detected.®! The year of the breakthrough was 1985,
when Kroto met Smalley at Rice university in Huston. There they started together
to simulate the conditions under which carbon nucleates in the atmospheres of red
giant stars with a mass spectroscopy method developed by Smalley. To this
purpose, they began bombarding a graphite rod with a pulsed laser. These studies

found that, under specific clustering conditions, the 720 mass peak attributed to Ceo,



and to a lesser extent the peak attributed to C+o, exhibits a pronounced intensity in
the spectra.®

As already said, this discovery was a turning point in the development of the CNFs.
In fact, just few years later, in the 1991, lijima wrote in an abstract of a Nature
article: “Here 1 report the preparation of a new type of finite carbon structure
consisting of needle-like tubes”. Announcing the discovery of a new nanocarbon
allotrope, the Carbon Nanotube (CNT).3

Fascinatingly, Carbon Nanotubes and Fullerene are only the tip of the iceberg. In
the years that followed their discovery, a wide variety of new carbon Nanoforms
such as nanohorns, nano-onions, cup-stacked nanotubes, nanotori, nanobuds, and

graphene, have emerged (Figure 1.4).

Graphene Carbon NanoOnions

Carbon Nanotori Carbon NanoHorns Carbon NonoTubes Fullerene

Figure 1.4. Representative Carbon Nanoforms (CNFs)

1.2 Applications of main Carbon Nanoforms

Since the discovery of Kroto, carbon-based nanostructures have become one of the
most investigated class of nanomaterials in the world. During the past years
research efforts have mainly been devoted to the investigation on fullerene, carbon
nanotubes and graphene although the ability of carbon to exist in many allotropic
forms has provided a variety of nanoscale sized structures with fascinating

properties.



1.2.1 Graphene

Graphene is defined as the “oldest and the newest of the carbon nanoform”.®* It is
a two-dimensional near planar structure that consist of hexagonal rings constructed
from sp?-hybridized carbon atoms.® The discovery of this carbon allotrope was
awarded with the Nobel Prize for Physics in 2010.% About its production, the
techniques to produce it are developing rapidly, just for mentioning a few:
exfoliation, hydrothermal self-assembly, chemical vapor deposition, spin coating,
supersonic spray, laser, microwave-assisted oxidation etc.3* In general, different
production methods can be divided into three classes: the first consists in removing
layers from graphite, via mechanical exfoliation (scotch tape method),®” using
surfactants to disperse graphite layers.®® The second lie on exfoliation of graphene
from SiC films via heating bulk SiC (graphene is then formed by Si removing).*
The third one uses epitaxial growth (the most promising for large-scale
production).*

Regarding its application, it is still under investigation or at proposal stage. Due to
its electrical and structural properties, graphene is considered transparent and
flexible conductor that shows great promise for numerous material/device
applications, such as solar cells,*! light-emitting diodes (LED),*? touch panels and
smart windows or phones.*® It was successfully employed to improve mechanical
properties of solid material like in coating epoxy plastic increasing significantly
Young’s Modulus of the final material.** Graphene based transistors have been
successfully produced and tested establishing the state of the art for graphene

transistors.*®

1.2.2 Carbon nanotubes

A carbon nanotube can be imaged as a rolled graphene single layer® (Figure 1.5).
Carbon nanotubes display intriguing electronic*® and mechanical*’ properties that
have attracted the attention of many scientists all around the world. About CNTs a
first splitting can be done focusing on their morphology. There exist in single-
walled nanotubes (SWNT) and multiwalled nanotubes (MWNT) of different

lengths and diameters.



Figure 1.5. Fictional way to represent CNT formation (left). Multiwalled Carbon Nanotube
(right).

In the case of the single walled nanotubes, beside dimensions, the way the graphite
layer is rolled influences the final properties of the tube.

According to ITUPAC, a whole new system has been established to classify carbon
nanotubes in order to distinguish between different tubes, but also to understand

certain properties: zig-zag, armchair, and chiral carbon nanotubes (Figure 1.6).
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Figure 1.6. CNTs classification accordingly with the way they are rolled.

All the different CNTs possess various interesting properties and they found
applications in several fields. A great variety of CNT derivatives can be realized by
different synthetic approaches. CNTs can be chemically modified by the following
strategies: (a) functionalization of defects on the sidewall and on the rims; (b)
noncovalent interactions; (c) sidewall covalent functionalization and (d) endohedral
inclusion (Figure 1.7).

covalent

m carbon nanotube

O functional group

= polymer/biomolecule

o atom / molecule

noncovalent

i

Figure 1.7. Different ways of CNTSs functionalization




Among the others, CNTs can be employed in electronic as tips in atomic force
microscopy,“® in field emission (with an electric field applied, carbon nanotubes are
able to emit electrons from their tips),* field effect transistors,*® as sensor (physical
or chemical),®* as support for catalyst,>? hydrogen storage,>® carrier for systems in
targeted drug delivery to living cells.>*

1.2.3 Fullerene

1.2.3.1 Synthesis

The discovery of fullerene has represented the real turn off in the development of
nanocarbon materials. An innovative method that allowed to obtain fullerene in a
larger scale, making it available to the scientific community, was firstly reported by
Kréatschmer and Huffman.> They found that during the vaporization of graphite in
helium atmosphere it was possible produce fullerene in a 10% yield.

Macroscopic amounts of fullerenes can be nowadays produced in different ways
grouped in three categories: a) fullerene production by vaporization of graphite, b)
fullerene synthesis in combustion, c¢) fullerenes production by pyrolysis of
hydrocarbons.

The first group consists of three methods. One, resistive heating of graphite,
consists of applying a voltage to two graphite rods (one with a conical shape end,
and the other one with a flat shape end) kept in contact by a spring under a Helium
pressure of 140 mbar. This method produces a carbon soot with a 10% yield in
fullerene.®

Alternatively, there is the arc heating of graphite.®® The difference to the first one
is that graphite rods are not strictly in contact and when a voltage is applied power
is dissipated in an arc and not in Ohmic heating. The method reaches the highest
performance when the electrodes are barely in contact and it allows to produce
fullerene in 15% of yield.>®® About the other two members of this group must be
underlined that they are only proof of concept in fact they produce fullerene in very
low yield. One consists in focusing sunlight, with a parabolic mirror, onto a tip of
a graphite rod. Producing so a carbon soot leveraging solar light.>” Fullerene can

also be produced by direct inductive heating of a carbon sample. Evaporation at



high temperature (2700 °C) in a He atmosphere affords a soot containing less than
1% of yield.%®

But if we want to talk in term of industrial production, the methods above are not
suitable. The ideal method is the fullerene synthesis in combustion. In this way a
pilot plant of the Mitsubishi’s Frontier Carbon Corporation is operating. The
method consists in producing a soot burning a mix of benzene, oxygen and argon,
under a range of conditions that include different pressures, temperatures and
carbon-to-oxygen ratios. The yield of fullerenes, as well as the C70:Ceo ratio,
strongly depends on the operation mode. Just to have an idea, the yields varies from
2 - 10~*to0 0.3% for a non-sooting flame, at a pressure of 20 Torr, a carbon: oxygen
ratio of 0.995 with 10% argon and a flame temperature of about 1800 K. The
C70:Ceo ratio varies from 0.26 to 5.7, which is much larger than that observed for
graphite vaporization methods (0.02-0.18).°

1.2.3.2 Properties

Fullerene family consists of several members that differ each other by the number
of carbon atoms. In principle the building method follows the Euler’s principle:
Fullerene contain 2(10+M) carbon atoms divided in 12 pentagons and M hexagons.
Following this principle, the smallest member of the family should be the Cxo, but
it is unstable. On the contrary, the Ceo [60-In] fullerene is the smallest stable
fullerene built up of fused pentagons and hexagons in which the pentagons provide
curvature, and its structure was theoretically and experimentally demonstrated.®
Two features of the Ceo Structure are of special significance: a) all twelve pentagons
are isolated by hexagons; b) the bonds at the junctions of two hexagons ([6,6]
bonds) are shorter than the bonds at the junctions of a hexagon and a pentagon ([5,6]
bonds). The bond length alternation in [60-In]fullerene shows that, in the lowest
energy Kekulé structure, the double bonds are located at the junctions of the
hexagons ([6,6] double bonds) and there are no double bonds in the pentagonal
rings. Each hexagon in [60-In]fullerene exhibits cyclohexatriene character and each
pentagon a radialene character. Regarding its reactivity, theoretical calculations of
the molecular orbital levels of Ceo show that the lowest unoccupied molecular

orbitals (LUMO) is triply degenerated Therefore, Cso Was predicted to be a fairly
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electronegative molecule, being reducible up to the hexa-anion.%* This was
supported by cyclic voltammetry studies carried out with Ceo in solution which
showed that it can accept up to six electrons. This electronic and geometric
properties imply that Ceo behaves like an electron-poor conjugated polyolefin,
rather than a “super-arene”. Consequently, Ceo undergoes various nucleophilic
additions with carbon, nitrogen, phosphorous and oxygen nucleophiles.
Functionalization has been done through various methods such as, cycloaddition,
electrophilic reaction like, halogenation, alkylation, arylation, oxidation, reduction,
free radical addition, metalation, hydrogenation, and polymerization by using
various reagents (Figure 1.8).5

[4+2] Cycloaddition Prato Reaction

L2

-

Hydroalkylation [3+2] Cycloaddition

Figure 1.8. Ceo possible functionalization strategies.

1.2.3.3 Common applications
Fullerene, with its symmetrical hollow carbon structure, since its discovery has
been the object of intensive research. The wide number of books, and articles

(Figure 1.9) published on fullerene reactivity, properties and applications in
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different areas evidences the progress made in the knowledge of these unique three-

dimensional structures.5?

Fullerene Pubblication Trend

2500
2000
1500
1000

500

0
1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 1.9. Trend of the topic fullerene searching in scopus database since its discovery by

now.

[60]Fullerene has been investigated in several fields of chemistry, biomedicine, in
the development of solar based cells, photovoltaic instruments, cosmetics, etc
(Figure 1.10). Ceo has a broad range of charming properties, such as high electronic
conductivity, large specific surface area, good biocompatibility, inert behaviour,
stable structure and good adsorption capacity towards organic molecules.

Investigation Areas

® Chemistry

= Materials Science

® Physics and Astronomy
Engineering

® Chemical Engineering

¥ Biochemistry

u Pharmacology. Toxicology and
Pharmaceutics

= Mathematics

= Environmental Science
® Computer Science

® Medicine

® Other

Figure 1.10. Graph of different field of investigations.
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Since it was discovered that films based on the fullerides compounds (alkali
elements doped Cgo obtained by Diels-Alder cycloaddition reaction)®* showed
excellent conductivity at room temperature, a road in the direction of understanding
these properties of fullerene was opened.%

Photoinduced charge transfer from the polymer to the fullerene cage, was first
identified by Sariciftci et al., who showed the potential of Ceo in the solar cell
field.% Recently, Chengbo et al. reported two novel fullerene derivatives with
different specific functional groups, namely benzylthiophene-Ceso bisadducts
(BTCBA) and 2-(4-methoxybenzyl)thiophene-Csgo bis-adducts (MBTCBA), which
have been utilized as acceptors for polymer solar cells (PSCs).%” The MBTCBA
PSCs showed a power conversion efficiency superior to that of [6,6]-phenyl-Ce:-
butyric acid methyl ester (PCBM) based control devices (utilized as a role model
and reference acceptor for all kinds of fullerene acceptors, because of easy
preparation, good solubility, electron mobility, low lying LUMO energy levels, and
stability than comparing with their pristine fullerenes).

In 2019, Kielar et al. reported the preparation of organic optoelectronic rubrene-
fullerene diodes as tactile sensors for soft-touch applications.%® This organic
optoelectronic diode can act as light emitters or detectors as well as solar cells
solving the need of having separate light sources and detectors. In fact, the use of
fullerene in the preparation of electrochemical sensor and biosensor led to the
development of a variety of new nanomaterials. Due to its excellent electron
accepting capacity and its ability to accelerate charge separation in any
electrochemical process, fullerene can be used in various types of sensors, e.g.,
potentiometric, ampero-metric, piezoelectric, etc.

Planning biosensors for versatile biomedical applications is a challenge and the use
of modified Ceo fullerene can open the doors for today and tomorrow's nanoscience
and nanotechnology. Fullerene-based material revealed to be suitable nanosensors
for the detection of glucose and as urea biosensor.%® Remaining in biological
application of fullerene, gadolinofullerenol was successfully tested to modulate
tumour microenvironment (TME) rather than kill cancerous cells directly.”
Although Ceo fullerene and its derivatives are daily investigated as possible drug

carrier as well as in the treatment against of some diseases, their potential side
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effects still need to be deeply investigated. A recent study was conducted to verify
the effect of buckminsterfullerene on Drosophila melanogaster at DNA, tissue and
organism levels.” A first result indicates that pristine Ceo at the concentration of 20
ug/mL and 40 pg/mL induced high level damage in DNA, but astonishingly there
are not effects at the organismal level, and this could be explained by the activation
of repair systems or by active elimination of damaged cells. The study demonstrated
also that at the concentration of 40 pug/ml does not exert any genotoxic effect on
adult organism, pristine Ceo also does not affect the reproductive system and
embryogenesis.

Very recently, Elessawy et al., proposed an innovative synthesis of functionalized
magnetic fullerene nanocomposite (FMFN) via catalytic thermal decomposition of
PET bottle wastes as feedstock and ferrocene as a catalyst and precursor of
magnetite.” This kind of material was then used for removing pollutants from the
environment, thanks to its porous and high surface area in addition to
superparamagnetic property, to adsorption of Ciprofloxacin antibiotic from
aqueous solution.”

Fullerene is finding application also in catalysis, although in this filed in the past
decades it has been less exploited, it is now experiencing a novel renaissance.’* Cgo
has been, for instance, directly functionalized with metals such as Palladium and
used as catalyst for the catalytic hydrogenation of acetylenic alcohols,” or it has
employed as support for catalysts such as proline for asymmetric reactions.”® The
use of fullerene as catalyst is one of the topics of this Thesis because was widely
demonstrated its ability as molecular scaffold allowing easy handling of the
resulting catalysts. Thus, several aspects of fullerene in catalysis will be discussed

later in the present Thesis.
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1.3 Silicon and its evolution

If today we can put a calculator in our pocket or wear a clock that also measures
our heartbeats and air temperature, if we talk about telematic networks, computers
and information highways, we owe much to the extraordinary capabilities of the
silicon. Silicon is the 7" most abundant element in the universe and the second most
abundant element in the earth's crust (27.7%) second only to the oxygen. The name
Silicon (assigned by Berzelius) comes from the Latin “silex”, meaning flint. Silicon
was first identified by Antoine Lavoisier in 178777 and was later mistaken for a
compound by Humphry Davy in 1800. In 1811 Gay Lussac and Thenard probably
prepared impure amorphous silicon by heating potassium with SiFs. In 1824
Berzelius prepared amorphous silicon using the same method as Lussac, isolating
it and describing it as an element.”®

It is found in clay, feldspar, granite and quartz, mainly in the form of silicon dioxide
(SiOy), silicates and metallosilicates (compounds containing silicon, oxygen and
metals). Silicon is the main component of glass, cement, ceramic, etc. Crystalline
silicon was obtained only after 1854, when it was obtained as a product of
electrolysis.”® The manufacture of glass containing SiO, was carried out both by the
Egyptians at least as early as 1500 BC and by the Phoenicians. Certainly, many of
the naturally occurring compounds called silicates were used in various kinds of
mortar for construction of habitat by the earliest people.®

Two allotropes of silicon exist at room temperature: amorphous and crystalline.
Amorphous appears as a brown powder while crystalline silicon has a shine metallic
and greyish colour. Single crystals of crystalline silicon can be grown with a process
known as the Czochralski process. These crystals, doped with boron or gallium or
germanium or phosphorus or arsenic, are used in the manufacture of solid-state
electronic devices, such as transistors, solar cells, rectifiers and microchips.

But talking about silicon it is mandatory to spend some word on the most common
Si compound that is the Silicon dioxide (SiO>). It usually takes the form of ordinary
sand, but also exists as flint, quartz, etc. SiO: is largely used in the manufacture of
glass and bricks. Silica gel, a colloidal form of SiO-, is able to absorb moisture and
is then used as a desiccant. Silicon forms compounds that is possible to found in

daily use as: Silicon carbide (SiC), hard as diamond and used as abrasive,®? Sodium

15



silicate (NazSiOs), used in the production of soaps® and adhesives® and Silicon
tetrachloride (SiCls), used to create smoke screens. Silicon is also an important
ingredient in silicones, a class of material used for such things as electrical
insulators, lubricants, medical implants and polishing agents.

1.3.1 Silicon dioxide

As already mentioned, silicon dioxide (SiO.), generally named Silica (Figure 11),
is the most common form of Silicon. Pure silica looks like a white crystalline
powder, but can be found in different forms: hydrate (diatomaceous earth or
kieselguhr); anhydrous (pumice stone, molten silica, quartz glass); crystalline
(quartz, tridimite and cristobalite)

In these solids, the internal arrangement of the silicon and oxygen atoms can take
on a regular or disorderly course. In the first case we talk about free crystalline
silica. In its crystalline state each silicon atom is tetrahedron bound to 4 oxygen
atoms, and each oxygen atom is tetrahedron bound to two silicon atoms (Figure
1.11). While in the second case we talk about free amorphous silica (hydrated and

anhydrous).®®
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Figure 1.11. Schematic silica representation (left) Solid crystalline silica.

Silica is present in many minerals that, together with oxygen, make up about 75%
of the earth's crust: It is present in granite and sedimentary rocks (e.g. sand,
radiolites and quartzites), in marble and in various minerals in their raw state (such
as plaster and quartz). The latter is the primary constituent of many volcanic,
sedimentary and metamorphic rocks and represents the most common form of free
crystalline silica present in nature. Cristobalite and tridimite are rarer but are present

in products used by industries.
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The high bonding energy leads the silica having a rather high melting temperature
(1710°C) and is chemically inert (it only reacts with F2, HF and strong alkali at high
temperature).

Pure silica is obtained by reaction between silicon tetrachloride and oxygen
(Scheme 1.1) and depending on the final content of OH-groups, silica is commonly
divided into dry and wet silica (respectively, low or high content of OH-groups).
Pure silica gives to the water a slight acidity (a suspension of 40 g in a litre of water
has a pH between 3,7 and 4,7).

SiCly + 0O, EE— Si0, + 2Cl,
Scheme 1.1. Preparation scheme of SiO, by burning SiCls in an oxygen-rich hydrogen

flame to produce a "smoke" of SiO,

Silica found applications in our daily life: It is used in ceramic materials®® as an
insulator and one example is the heat shield of space probes or space shuttles or as
refractory material in ovens.®” To realize the isolation oxide inside the integrated
circuits, and the gate oxide of the MOSFET transistors.3 Together with its
derivatives it is one of the materials of choice in analytical chemistry for separating
compounds by chromatography: most stationary phases for chromatography
contain silica derivatives or pure silica.®® SiO; is used as modern tyre component to
reduce rolling resistance and improve wet grip.?® Having hardness 7 in the Mohs
scale is a relatively hard material, therefore it is used as an abrasive.%?

Unfortunately, all that glitters are not gold. The crystalline forms of silica, in
addition to be the most common in nature, are also most analysed because they are
more dangerous to health and responsible for diseases of a disabling nature.®! The
minerals and rocks mentioned above, in fact, do not represent any kind of problem
if they remain intact, but you cannot say the same when they are subject to
processing. In this case, cutting, grinding, crushing and similar operations produce
dust which, if inhaled, damages the lung tissue, causing serious damage to health.%2
Among the diseases caused by inhalation of these powders, the most common is
silicosis:®® lung disease responsible for lung granulomatosis (presence of

granulomas in the lungs) and pulmonary fibrosis (cicatrisation of lung tissue that

17



interposes between the alveoli). The people most at risk of contracting this disease
are people working in mines and quarries who come into contact with minerals,
rocks, granite and sand; workers in steel mills, foundries and cement works; potters
and glassmakers.** Depending on the duration of exposure to silica dust and the
quantities inhaled, silicosis can occur in more or less severe forms ranging from
chronic (the most common form that occurs after exposure of 15-20 years to low
levels of silica) to acute (occurs after inhalation of high levels of silica dust, even if

only for a few years).%

1.3.2 Mesostructured Silica

Mesoporous materials are, according to IUPAC definition, materials having pore
size in the range of 2-50 nm. Mesoporous silica is synthesized by reacting tetraethyl
orthosilicate with a template agent, a surfactant. By removing this one, by
calcination or extraction, porosity is generated

The first article in which the words silica and mesoporous appear together is a report
on the measurement of the porosity of mesoporous materials, and dates back to
1971.%€ The first mesoporous silica material as meant it today was reported in 1992
by Mobil Research and Development Corporation, who synthesize mesoporous
solids using liquid crystal template mechanism (Figure 1.12). They designated it
as (Mobil Crystalline Materials or Mobil Composition of Matter) MCM-41.%7 Six
years later, silica nanoparticles with much larger pores (4.6 to 30 nm) were
produced at the University of California, Santa Barbara.®® The material was named

Santa Barbara Amorphous type material, or SBA-15.

Figure 1.12. Schematic representation of mesoporous silica (left) and a TEM image of an SBA-15.
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The pore size of the final material can be tuned by varying the surfactant used, the
starting precursors and the synthesis conditions such as: source of silica, ionic
strength, pH, composition of the reaction mixture, temperature and duration of
synthesis. For example, MCM-41 is hexagonal with a pore diameter of 2.5 to 6 nm
wherein cationic surfactants were used as templates.®® Changes in the ratio between
silica and surfactant are reflected to strong changes in the geometry of the pores. In
fact, when the surfactant/silica ratio is less than 1, the hexagonal structure of the
MCM-41 is obtained, while when this ratio is higher than 1, the result is the MCM-
48, that shows a cubic arrangement.%° Same concept can be applied to the synthesis
of the SBA type mesoporous silica; it is possible to change geometry of the pores
passing from SBA-11 (cubic) to SBA-12 (3-d hexagonal) to SBA-15 (hexagonal)
and SBA-16 (cubic cage-structured) by only changing the copolymer used as
templating agent and the ratio between the copolymer and the silica.%®

Due to its porous and morphological characteristics, mesoporous silica found
application as supports for immobilizing biomolecules, catalysts, agents for
polymers reinforcement and templates for the synthesis of other materials.
Mesoporous silica (MS) are suitable materials, due to their high surface area and
their organized porous structure, as stationary phases for high performance liquid
or gas chromatography.'°* The chemical nature of the surface and the morphologic
and porous properties determine the efficiency of the separation. Recently was
reported a separation of a mixture of alkane (Cs-Cio), using a new type of pillar with
mesoporous silica. A good separation performance was realized (the peak area of
nonane is increased by 349.8%) by using a MS with large specific surface area as
stationary phase, which would have a greatly application prospect in the micro gas
chromatography system.

Ordered mesoporous silica was fabricated as a nickel catalyst support for CO
methanation. This exhibited very high activity for CO methanation from 240 to 600
°C, due to the highest dispersion of Ni. In addition, the catalyst shows superior anti-
coking and anti-sintering properties than the SiC catalysts used as reference. The
good performance of the catalyst can be attributed to a good thermal conductivity
and stability, to the confinement effect of the mesoporous structure and the strong

metal-support interaction.®? Also in catalysis, to prove the importance of a pre-
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ordered structure, a recent work demonstrate that SBA-15 is able to improve
catalytic effect of the BusNI salt in the conversion of epoxides into cyclic
carbonates with CO,.1® The pre-organization of reactants and catalyst on the
surface leads to a decrease of the activation energy of the reaction, leading to high
yields and selectivity for a wide variety of substrates under mild conditions (80°C).

1.3.3 Polyhedral Oligomeric Silsesquioxanes

Commonly named with their acronym, POSS, Polyhedral Oligomeric
Silsesquioxanes are hollow Nanoform of silica. They are almost cubic shaped
organosilicon compounds with empirical formula RSiO1 s (Figure 1.13) where R,
can be hydrogen or any alkyl, alkylene, aryl, arylene, or organofunctional derivative
of alkyl, alkylene, aryl, or arylene groups.

(OPN / R
v o4
R'SI.o’SIVR

Figure 1.13. Schematic representation of POSS almost cubic structure.

Silsesquioxanes are known in molecular form with 6, 8, 10, or 12 Si vertices, as
well as polymers and the cages are sometimes labelled Ts, Ts, Ti, and Tio,
respectively (T = tetrahedral vertex). The term sil-sesqui-ox-ane indicates that each
two silicon atoms are connected to three oxygen atoms. %4

This nomenclature can be understood as follows:

* sil = silicon;

* sesqui = each Si atom is bound to an average of one and a half oxygens;

* ane = Si atom bound to one hydrocarbon group.

Polyhedral silsesquioxanes are compounds with structures based on several Si-O
linkages forming a cage having a silicon atom at each vertex. Substituents on the
cage are located on the eight silicon vertices. The R groups are important due to
their strongly influence on the physical and chemical properties of the nanocage,

while the silica core confers rigidity and thermal stability. The architecture of these
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compounds varies. Although ideally the POSS have completed condensed
structures (Figure 1.14a), however there exist also not completely condensed POSS
in which in one corner a Si atom is missing (Figure 1.14b). In this case the oxygen
atom of the hydroxy group can complex metals resulting in a so called metalla-
silsesquioxane. Metallasilsesquioxanes can also result in completely condensed

cage structure as reported in Figure 1.14c.
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Figure 1.14. Different POSS structures: a) completely condensed cage, b) partially

condensed and c) metallasilsesquioxane (M = metal).

Regarding their synthesis, a first preparation of a silsesquioxanes structure,
obtained by hydrolysis of alkyltriethoxysilanes in water, was reported by Andrianov
in 1937,%% put unfortunately a misunderstanding in the publication language and a
diffused distrust in eastern publications, has seen this early pioneering work not
generally acknowledged. After this work, a series of silsesquioxanes were
synthetized with hydrothermal treatment of organochlorosilane.'% A first complete
report on the preparation and characterization of a POSS dates back to 1946, when
Scott described the synthesis of a (CH3SiO15)n obtained in a two-step synthetic
process started with the hydrolysis of methyltrichlorosilane to form the trisilanol
derivative, followed by condensation to form a silsesquioxane oligomer.%’

The common method that is still used in the synthesis of polyhedral oligomeric
silsesquioxanes, is the hydrolytic condensation of trifunctional monomers RSiXs,
where R is an organic substituent, and X is a highly reactive substituent such as Cl

or alkoxy (Scheme 1.2).

Hydrolysis Condensation
n RSiX; +1,5nH,0 —» RSi(OH); +3nHX — RSiO;5 + 1,5H,0

Scheme 1.2. Schematic sequence of reaction for the silsesquioxane condensation.

The first step of the hydrolytic condensation reaction is always the hydrolysis of the

monosilane to give the corresponding trisilanol. It was then suggested, for the
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second step, an intramolecular hydrogen bonding transition state'® and finally an
intramolecular condensation leading to the cage-like structure.®®

In addition, it was found that factors that may influence the condensation reaction
include the nature of the organic group R and the nature of the exit group X, but
also the reaction time and temperature, the solvent used and the amount of water
and, finally, the amount of silane used.*

The interesting aspect of this kind of material is that is possible to tune properly the
synthetic pathway, by changing the organic moiety, in order to obtain unique
organic-inorganic hybrid materials. It means inorganic oxygen-silicon scaffold with
peculiar thermal and mechanical properties of the nanosilica compounds, in
addition to enormous potential of the really big class of organic molecules suitable
for different fields, e.g. catalysis, polymer chemistry, photochemistry, chemistry of

material, biomedicine, etc.!!
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Scheme 1.3. Schematic representation of the synthetic way for the synthesis of
functionalized POSS.

So basically, to obtain a given functionalised-POSS, it is possible to proceed in two
different ways (Scheme 1.3):

1) to choose an organochlorosilane with the organic moiety of interest,
proceeding with the hydrolytic condensation and obtaining hence a POSS
that already has the organic group for the desired purposes;

2) to leverage the chemistry of an organic functional group in the POSS for a
post-functionalization of the structure with molecule suitable for the

particular needs.
1.3.3.1 POSS Common applications

Looking toward its applications, one that has attracted particular attention was the

use of the POSS as possible molecular heterogeneous catalyst. As soluble molecular

22



analogues of silica, POSS was used to mimic the structure and chemistry of bulk
silica. The silsesquioxane family represents the best molecular equivalent of the
silica surface. Silsesquioxane-based homogeneous models for heterogeneous
catalysts offer a unique opportunity to understand heterogeneous catalysis on a
molecular level. In some case these models exhibit catalytic activities comparable
to, or even better than, those of commercially used heterogeneous silica-supported
catalysts.!?

There are two ways to use POSS as catalysts: a) metallasilsesquioxanes and b) as
molecular scaffold for the catalyst.

About metallasilsesquioxanes, Duchateau reported the use of an incompletely
condensed POSS, a silsesquioxane disilanol complexed with a Zn species.!*® The
complex was tested as catalyst for the copolymerization of cyclohexene oxide and

CO: (Figure 1.15).
0
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Figure 1.15. Example of uncondensed POSS-Zn based catalyst.

At 120°C, in the absence of CO,, the complex promotes the homo-polymerization
of cyclohexene oxide to poly(cyclohexene oxide). Otherwise, in presence of carbon
dioxide the promoted reaction is the formation of the poly(cyclohexene carbonate).
Remaining within the area of CO> valorisation, our group of investigation recently
reported a POSS functionalized with imidazolium chloride moieties used as catalyst
for the conversion of CO> and epoxides into cyclic carbonates (Figure 1.16) with

excellent results in terms of yields and selectivity.!*
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Figure 1.16. Example of POSS used as molecular scaffold for catalyst.

The catalyst displayed excellent catalytic performances in the synthesis of styrene
carbonate and, under the best reaction conditions, an almost total conversion and
complete selectivity was obtained. Moreover, the catalyst was recovered by simple
extraction from the reaction mixture, demonstrating that the use of molecular
nanoform of silica can act successfully as a bulk, easy recoverable, catalyst.

The use of POSS as a substituent in polymers and copolymers is an area of research
that has gained great popularity in recent years.!’® The idea to have a high
thermically and mechanically stable building block to insert in polymer matrixes to
improve properties of the resulting polymeric materials, stimulated scientist all over
the world. POSS copolymers have been synthesized by free radical
polymerization,’*®  anionic  polymerization,!*”  ring-opening  metathesis
polymerization,*!® step-growth polymerization,*® grafting,*?° etc

POSS -based polymers found application in different fields. Monovinyl-functional
silsesquioxane cage was copolymerized with ethene and propene (Figure 1.17) to

give high molar mass copolymers containing pendant octasiloxane cubes.*?

o
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Figure 1.17. Schematic representation of POSS-based polymers.

24



Incorporation up to 25 wt % (1.2 mol %) of the POSS-based monomer accounted
for:

e adecrease of the melting temperature with respect to polyethene;

e improvement of the thermostability under air in the polyethene copolymer

in comparison to polyethene.

The novel copolymers poly(ethene-co-decenyl heptaethyl octasiloxane) and poly-
(propene-co-decenyl heptaethyl octasiloxane) are interesting materials with respect
to the effect of Tg cage as a structural irregularity on the crystallization and
morphology of polypropene and polyethene.
As already mentioned, owing to their biocompatibility and ability to be easily
incorporated into different polymers, POSS can be used in various biomedical
applications. Thanks to their inert nature and low inflammatory response, POSS
frameworks, consisting of Si-O and Si-C, are very similar to that of silicone which
was used since the 1960s in breast implants.'?> An interesting application reported
the use of nanocomposite material for cardiovascular implants obtained introducing
POSS moieties into poly(carbonate-urea)urethane (POSS-PCU) as a pendent chain
group.'?® The material was successfully employed for the construction of a
prototype of a trileaflet heart valve.
POSS found application also in electronics!?* and energy applications. They are
used as materials to enhance performance in various electronic, optical and energy-
related applications such as their use in liquid crystal phase in LC devices, in light-
emitting, in fabrication of electronic and optical devices in sensor systems, and in
fuel cell membranes and battery electrolytes.'?®
Starting from the 90’s, a series of vinyl-functionalized mesogens POSS, were
synthesized with the idea of create a range of side-chain liquid crystalline
polysiloxanes?® exploiting the flexibility of the POSS backbone as an advantage in
allowing mesogens to align (Figure 1.18). In 1999 Mehl et al. reported the use of

an octa(hydridosilsesquioxane), SisO12Hs (TsHs) to prepare liquid crystal.**’
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Figure 1.18. POSS-based LC. The POSS imparts right shape to the structure.

They used the Tg symmetry of the POSS with its almost cubic shape to provide the
right shape to liquid crystals allowing the tailoring of glass transition temperatures,
the type of liquid-crystalline phases and phase transition temperatures over a wide
temperature range.

The use of POSS in electronics is not limited in LC applications. POSS structures
Properly functionalized, with chromophores and fluorophores were extensively
investigated as electroluminescent (EL) materials, or as sensors in order to improve
performance, lifetime, stability and colour balance of the unsupported common
materials (analogues?). The idea lies in the fact that all photoluminescent materials,
which can be light emitting diode (LED), organic light emitting diode (OLED),
electroluminescent displays, solar cells, photovoltaics, sensors, thin film organic
transistors, lasers and light-emitting electrochemical cells, can undergor
degradation due to the formation of aggregates, excimers and simply physical
degradation of the material itself. The strategy is to introduce in the structure the
POSS as support, improving the stability of the final product.

As often happens, the need to make improvements to a device derives from some
problems inherent in the device itself. For example it just to think of the much-
needed blue emission in OLED technology.® One of the most studied organic
fluorophores for this kind of emission is the PFO (polydioctylfluorene).? PFO and
its derivatives are widely used as blue light emitters because they have high solid-
state quantum yields, good solubility, and good chemical and thermal stability.

Unfortunately, lateral chains of the PFO aggregate each other causing formation of

26



lower wavelength emitting excimers responsible of undesirable blue-green light
emission, and in quenching. The functionalization of the PFO on a SigO12 leaded to
the formation of a material in which the thermal stability was enhanced by 50°C
and the solubility in organic solvent and the coating quality were improved. It is
worth noting that the POSS reduced the excimer emission.'?°

In the field of sensors, Hartmann-Thompson reported a series of POSS nanosensors
functionalized with fluorophores (Figure 1.19).2%°
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Figure 1.19. POSS used as support for fluorophores.

Each nanosensor is functionalized with a different wavelength shifting fluorophore
and it was used to generate fingerprints for a diverse range of analytes, including
common organic solvents, toxic industrial chemicals (TICs) and chemical warfare
agent simulants. POSS was used first for its ability to form aerosols, making it
suitable for threat cloud applications and as suitable nanoscaffold to generate a
system with more sensor groups per unit of mass and greater sensitivity than a
microscaffold system.

Remaining in the field of the photophysics, recently Liu et al. reported the synthesis

of an octa functionalized POSS with eight azobenzene moieties (Figure 1.20).13!
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Figure 1.20. Octa-azabenzene-POSS

They demonstrated the good thermal stability of the inert support together with
good emission of the fluorophores that exhibited fluorescence emission at 400 nm,
making this material suitable for blue emitting devices.

Furthermore, Li et al. proved that octa functionalized POSS can be a good candidate
for emitting not only alone but in a 3D polymer. They obtained a dendrimer with
B—diketone—substituted POSS able to complex Eu and Tb ions to achieve novel
photoluminescent materials (Figure 1.21).1%?

They finally incorporated the dendrimer in a poly(methyl methacrylate) matrix to
obtain hybrid emitting nanocomposites with high thermal stability.

In the present Thesis, POSS will be presented as scaffold for novel organic-
inorganic photoluminescent materials. In particular an eight branched
silsesquioxane opportunely functionalized with a ligand displaying high ability to
complex metals fluorophore, will be present as promising solid-state emitting

material and as sensor for metals.
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1.4 Aim of the Thesis

What was discussed in the introduction led to the idea that both carbon and silica
Nanoforms, or rather silica in the case of POSS, can be extensively used for a wide
variety of purposes. Here specifically, the Ceo fullerene and the Polyhedral
Oligomeric Silsesquioxanes (POSS) were chosen as representatives of the two
respective groups of Nanoforms.

The idea is to use both cages to obtain nano building blocks with well-established
geometry that will be used in catalysis or in the creation of photoluminescent (PL)
materials. In fact, both nano-cages are suitable to be functionalized in order to
achieve materials with a cubic or an octahedral o pseudo-octaedral geometry
(Figure 1.22).
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Figure 1.22. Schematic representation of the Cso octahedral (left) and POSS cubic (right)
building blocks.

Regarding the fullerene, the idea was to functionalize Ceo with molecules of
catalytic interest and in particular, chiral molecules for enantioselective catalysis.
Bisoxazoline (BOX) ligands that are (once complexed with a metal) widely used in
asymmetric catalysis, were selected as suitable ligand to functionalise the fullerene
cage®®® (Figure 1.23).

Figure 1.23. Ce fullerene support (left) and BOX-type ligand chosen to build novel

catalytic systems.

The idea behind is trying to use the Cgo fullerene as molecular scaffold instead of

the common bulk supports for catalysts. In fact, usual bulk supports used to anchor
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catalysts make these lasts heterogeneous with all the advantages and disadvantages.
Although heterogeneous catalysts are useful because allow an easy separation of
the catalysts from the reaction media making them reusable, they have a reduced
activity in terms of interaction with the substrates.3* On the other hand, a molecular
scaffold can confer to the catalyst a double advantage. Firstly, it can thought as a
homogeneous catalyst, since it gain the solubility profile that one want to confer to
the catalytic system allowing him to work in solution closely to the substrates
resulting in an more efficient catalysis and, once ended the reaction, it can be
recovered by precipitation by changing the polarity of the reaction media. In
addition, there is the possibility to functionalize the support in order to change the
catalytic loading, allowing to drastically reduce the amount of support used. Here,
for all these purposes, Ceo fullerene was selected as support because it can be easily
functionalized with organic molecules forming multiple adduct and because of its
easier separation from the reaction mixture which can allow a facile reuse in
multiple cycles.™

Therefore, different BOX ligands, which differ in the type of substituent on the
oxazoline moiety were synthesized in order to obtain different systems to test as
catalytic systems.

In particular fullerene was functionalized to obtain three different series of catalytic
systems (Figure 1.24) with three different solubility profiles and all the systems

were tested in asymmetric Henry and Diels-Alder reactions.

Figure 1.24. Ce-BOX based catalyst synthetized: Ce-Monoadduct (Cg-BOX), C60-
Hexakisadduct (Cso-BOXs) and lonic liquid hybrid (Ceo-1L10-BOX).
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Moreover, due to excellent ability of the BOX in complexing metals, a second goal

was to use the Hexa-adduct of the Ceo, leveraging its octahedral geometry, to

prepare a self-assembled 3D material with peculiar properties (Figure 1.25).

Figure 1.25. Schematic representation of the 3D self-assembled Cg-BOXe-M
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In particular the idea is to complex the Ceo hexakis-adduct with a light emitting

behaviour metal to have a novel three-dimensional material with photoluminescent

properties. Due to the excellent light-emitting performance of the lanthanides,*®

the attention was focused to this series and in particular to, Eu trivalent ions which

usually exhibit intense emission bands from f-f electronic transitions.*3®

Since also the POSS has a rigid scaffold, with well-established geometry, the idea

to use it as possible building block to prepare self-assembled 3D structure in

presence of a metal was take into account (Figure 1.26).

Q..

Figure 1.26. Hypothetical 3D POSS-M self-assembled structure.
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Part of the work was then dedicated to the synthesis of materials based on
polyhedral oligomeric silsesquioxanes functionalized with a derivative of
terpyridine. Mono- and octa-vinyl-POSS (MV and OV, respectively, in Figure
1.27) were selected as building units. The presence of the double bond on both
structures may allow obtaining complexes in which the final properties can be tuned
via the trans to cis isomerization of this group. Both POSS nanocages were
functionalized with 4'-phenyl-2,2".6',2"-terpyridine moieties chosen for their
extraordinary binding affinity toward several metal ions.
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Figure 1.27 Monovinyl-isobutyl substituted POSS (MV), Octavinyl POSS (QV).

The materials obtained by the complexation of the POSS-Terpyridine based
systems were studied as possible sensor for metals and as photoluminescent
materials. Herein, not only the Europium was used as light-emitting metal centre,
but a complete screening of all the members of the lanthanides family was made
with exciting result.

Just to summarize, the goal of the present work was to play with two different
hallow nano caged scaffolds, opportunely functionalized, to synthesized innovative
molecular materials useful in the field of catalysis and in the field of sensors and

photoluminescent materials by complexing the resulting material with right metals

(Figure 1.28).
/ T POSS \

Functionalisation Functionalisation
« Catalyst + Sensor
» 3D-PL material « 3D-PL material

Figure 1.28. Working plan.
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Chapter 2
Bisoxazoline-Ceo Hybrid Systems

for Asymmetric Catalysis
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2 Introduction

2.1 Ceo-Fullerene in Catalysis

Since their discovery, carbon nanoforms (CNFs) have attracted the attention of
researchers all over the world. This has meant that their use ranges from chemistry,
to sensors, to electronics and optoelectronics, and even to medicine.! In the
chemical field, one of the most recent applications is certainly catalysis.?
Fullerenes, nanotubes, graphene and other nanostructures are finding application as
support for catalysts.® In this regard, fullerene can be considered as a molecular
model for catalysts as CNFs-based heterogeneous catalysts. It is known that, despite
its graphic representation, the fullerene does not behave like an aromatic molecule,
but rather like a polyolefin allowing different synthetic strategies for its
functionalization.

Since Ceso became available in ponderable amounts, the synthesis, study and
application of hybrid materials composed by metal complexes or metal
nanoparticles and fullerenes started to grow.*

A first example of catalytic applications of a fullerene-based metal complex was
reported by Nagashima and co-workers. They used a Pdz(dba)s-Cso derivative
heterogeneous catalyst in the hydrogenation of alkenes.®

Exploiting the interaction & - ion with atoms of transition metals, it was possible to
obtain compounds catalytically active with platinum,® palladium’ or rhodium.®
Subsequently, the development of proper protocols for the chemical
functionalization of fullerenes (e.g. Prato reaction® and Bingel reaction®?) allowed
the anchoring of organic molecules of catalytic interest on Ceo. The proposed
strategy allows combining the already known catalytic activity of the organic
moieties with the peculiar solubility profile of Cso Which opens up to the possibility
of recovery and recycling. Fullerene has served thus as support or as an active part
of organo- and organometallic catalysts for promoting both asymmetric and non-
asymmetric processes. In some cases, the results obtained pointed out that further
optimization is still needed, while in others the Ceo-based heterogeneous catalysts
displayed outstanding performances. As support in organocatalysis, Ceo Was

employed for the immobilization of 2,2,6,6-tetramethylpiperidine-1-oxyl
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(TEMPQO) moieties and the final solid showed excellent performance in the

oxidation of primary and secondary alcohols (Figure 2.1).

Coo T2

JO\H (1mol%) 0
—

R R?®  NaClO, KBr R'"R?
NaHCO3
DCM, 0-15°¢

Figure 2.1. Cgo- TEMPO hybrid organocatalyst used in the oxidation of alcohols.

Different Ceo-TEMPO systems endowed with two (Ceo-T2), four (Ceo-T4) and
twelve (Ceo-T12) TEMPO moieties, respectively, were tested in the oxidation of
alcohols allowing, in the latter case, a really reduced use of material, due to the high
loading of catalyst on the surface of the Cgo.!* These systems have shown good
applicability with a wide range of alcohols and were easily recovered and reused in
multiple catalytic cycles.

An interesting evolution of the catalyst just described has been made
functionalizing the Ceo-TEMPO (Ceo-T2) with ten “ionic liquid-like” arms of 1-
propyl-3-methylimidazolium bromide (Figure 2.2).

OH Cat. 0.1 mol% o

A
>_
Py
\J
Pyl
-
Py

BAIB (1.1 equiv.), DCM, rt

Figure 2.2. IL-TEMPO-Cg hybrid for the oxidation of alcohols

Many approaches have been developed for the immobilization of catalysts in

supported ionic liquid phases. Heterogenization of ILs offers many advantages in a
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great number of reactions, one of these being easy separation from the reaction
products for further reusability. Until now, several types of immobilized ILs
materials have been proposed and the corresponding acronyms are widely used in
the literature, being SILP (Supported lonic Liquid Phase based on functionalized
silica) one of them.!? The research group where this PhD work has been carried out
has already reported the synthesis of several types of this kind of materials.

The introduction of imidazolium functionalities, in addition to reducing the
necessary catalytic load (only 0,1% in moles), greatly improved its recyclability: in
fact, the catalyst can be recovered at the end of the reaction thanks to the interaction
between the IL-TEMPO-Cego hybrid and a IL-cross-linked polymeric network and
released in further cycles through a mechanism named “release and catch”.3
More recently, a Ceo/IL dodecakis-adduct has been used to stabilize palladium
nanoparticles and employed to catalyse coupling reactions (Suzuki, Heck) at 0.2%
in moles. At the end of the reaction, the catalyst was recovered by simple
centrifugation and reused up to 7 times without loss of activity. 14

In 2017 Pedrosa and co-workers reported an interesting example of
fullerothioureas, prepared according to Prato's methodology, able to act as
organocatalysts in the enantioselective nitro-Michael addition reaction between

1,3-dicarbonyl compounds and B-nitrostyrene (Figure 2.3).%°

Figure 2.3. Structure of fullerothioureas-based organocatalysts employed for the

asymmetric nitro-Michael reaction.

After exploring different conditions, they found that it is possible to obtain high
yields and excellent diastereo- and enantioselectivities by carrying out the reactions
in 1-10 h at room temperature. Noteworthy, the catalysts were able to promote the
reaction even when very low loadings (0.5-2.0 mol%) were employed and were

successfully recovered by filtration and re-used 5 times.
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2.1.1 Co-Symmetry catalysts

In the field of asymmetric catalysis,'® some of the most common chiral binders are
those with C, symmetry that are generally bidentate binders but have been also
employed as organocatalysts (Figure 2.4).Y’

% O Ph,F  PPh, ez O O
PPh HO OH
PPh, 2 oH !

Binap Chiraphos Hydrobenzoin Binol

Figure 2.4. Common chiral C-symmetry catalysts.

This class includes phosphorus-based catalysts as Chiraphos, DIPAMP, Binap as
well as O-ligands such as chiral diols or binaphthyl-derivatives (Figure 2.4).
Palladium complexed with Chiraphos were used to catalyse asymmetric conjugate
addition of arylboronic acids to 2-nitroacrylates.'®* DIPAMP was used to complex
rhodium in order to promote C—-C bond formation.!* On the other hand,
Binap/copper-based catalysts were used in the photo-reductive pinacol-type
couplings.?’ Chiral diols were employed with L-proline to catalyse aldol reaction?
and binaphthyl-derivatives were used in electrophilic alkynylation of cyclic keto
esters and amides with benziodoxolone.?? In catalysis, nitrogen-based chiral Cs-
symmetry ligands are commonly used and represent and important class.
Bisoxazolines (BOX) are part of this family of ligands. They are systems made up
of two variously substituted oxazoline rings connected through a bridge that, in the

simplest case, is a methylene (Figure 2.5).23

54



Figure 2.5. Different types of substituted bisoxazoline ligands with different bridge
junction.

2.1.1.1. Bisoxazoline (BOX)

Even though BOXs are commercially available, the literature is plenty of examples
in which they are freshly synthesized, because of the simplicity and economicity of
their direct preparation and purification. Talking about BOX’s synthesis, three
different processes are involved:

e the formation of the oxazoline ring;

e the functionalization of the methylene bridge;

e the modification of chiral functional groups.
The main structure of a bisoxazoline is commonly prepared from a malonic
derivative (ester, amide, chloride) and two equivalents of an a-aminoalcohol
(Figure 2.6).24

R

0 0
NH NH W/\(
HoN EtO)J\/lk ) N N R

OEt
OH

Figure 2.6. Example of BOX’s synthesis. In the reaction an optically pure amino alcohol

reacts with diethyl malonimidate (dihydrochloride) to give the chiral bisoxazoline.

Starting from an optically pure alcohol, it is possible to obtain a chiral BOX
enantiomerically pure, in which the substituents of the amino alcohol will become
the substituents of the oxazoline ring. The protons of the methylene bridge are
acidic and, using a proper base, it is possible to generate an anionic and nucleophilic
species that can take part in different reactions, and this allows inserting other
functions on the bridge. Thanks to the easy synthesis and modification of these
systems, more than 140 different types of BOX have been developed so far.?®

The first example of catalytic applications of BOXs dates back to 1989, when
PyBOX (pyridine bridged bisoxazoline) complexes were used by Nishiyama?® in
the asymmetric hydro-silation of ketones.

The first work of catalysis with BOX with methylene bridge, was reported few years
later by Masamune and co-workers, who used chiral copper complexes in the
asymmetric cyclopropanation of alkenes, obtaining enantiomeric excesses (ee)
higher than 99% with only 1 mol% of catalyst.?” Although the literature contains

examples of BOX complexes with various transition metals, the most widely used
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are copper and iron salts. In the 1990s the works of Evans?* and Corey?® pioneered
the way for the use of these catalysts and were the basis for all subsequent
researches in this field. Evans employed a 1 mol% Cu(l) complex in the reaction of
an alkene with diazoacetate, while Corey used a Fe(l11) complex as catalyst for the
Diels-Alder reaction. Both obtained high enantioselectivities (greater than 90%),
although high catalytic loads (up to 10 mol%) were needed in the Diels-Alder
reaction.

Heterogeneous BOX-copper complexes were also synthesized. One example,
regards the anchoring of a bisoxazoline onto a polystyrenic support applied in the
enantioselective Henry reaction;?® a second example regards the covalent grafting
of bisoxazoline ligands on amorphous silica and mesoporous MCM-41 to be
applied in enantioselective Friedel-Crafts hydroxyalkylations.*

In addition to the above mentioned catalytic application, bisoxazoline-based
catalysts were used in the asymmetric aziridination reactions,?® aldol reactions,:
Michael reactions,®? Mannich reactions®® and 1,3-dipolar cycloadditions.3

Among the various catalytic applications in which BOX-ligands are used, Henry
and Diels-Alder reactions are still attracting interest in the scientific community
The Henry reaction, consists of an aldol reaction in which the nucleophilic species
is a nitronate, generated by the action of a base to a nitroalkane.®* The product
obtained, a B-nitroalcohol, contains a new chiral centre and represents an important
precursor for other molecules of interest. In fact, through simple reductions and
oxidations it is possible to obtain a) amino-alcohol, b) amino acids, c) nitroalkenes,
etc. (Figure 2.7).

OH
HZNJ\/R
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Figure 2.7. Possible fates of the products of Henry’s reaction.

Henry's reaction was found to be a key step in the total synthesis of Bestatin, a

protease inhibitor, currently under investigation as anticancer drug® and, among
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other, in the synthesis of the carbohydrate subunit of the anthracycline class of
antibiotics, L-Acosamine.®’

The Diels-Alder reaction,®® on the other hand, is of more general application; in this
[4+2] cycloaddition a conjugated diene and an alkene (acting as a dienophile) react
to give a six membered ring (Figure 2.8).

)

Diene Dienophile

Figure 2.8. Schematic representation of a general Diels-Alder reaction.

There are many examples in which this reaction is used in the preparation of
molecules of interest: the first historical application dates back to the famous
Woodward synthesis of cortisone,* and to Corey’s prostaglandin preparation.*°

The Diels-Alder reaction occurs with a concerted mechanism, and, in the case in
which diene and dienophile are not symmetrical (e.g. due to the presence of
substituents) two transition states called endo and exo are possible. We talk about
the endo transition state (or adduct) when the substituent on the dienophile is
oriented towards the © system, and the exo transition state when the substituent is

on the opposite side (Figure 2.9).

10 \
K~ _
endo exo

Figure 2.9. Diels-Alder reaction’s transitional states.

Without a proper stereochemical control, a mixture of four products will form
during the reaction and even in this case, asymmetric catalysis can provide an
effective solution to the problem.

Furthermore, in the asymmetric Diels-Alder reactions conducted with BOX,
published in literature, it is reported that big amount of catalyst is required (1-10
mol%). It is therefore clear that it becomes desirable to take into account the
recovery and recycling of the catalysts. Among various strategies that it is possible

to adopt, one is certainly the heterogenization of the catalyst.
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2.2 Aim of the Chapter

Herein, a series of BOX (Figure 2.10a) was anchored on Ceo fullerene in order to
form different adducts: mono-adducts (Ceo-BOX) and hexakis-adducts (Ceo-BOXe)
(Figure 2.10b).

g < &Y

PhBOX iPrBOX IndaBOX (R,S)
0 o,
OW/\WO W/\W .
\—N N N N
A
tBuBOX IndaBOX (S,R)
a)
R
Ri.
Cgo-BOX
b)

Figure 2.10. Series of synthesized chiral BOX (a). Different types of Cgo-adducts obtained

Mono-adducts were also post-functionalized with ten 1,2-dimethylimidazolium
moieties in order to get hybrid fullerene-ionic liquid-BOX with different solubility
profile (Ceo-1L10-BOX) (Figure 2.11). All the systems were employed, along with

copper(Il) salts, as catalysts in asymmetric Henry and Diels-Alder reactions.
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Ceo-IL-BOX

Figure 2.11. Fullerene-lonic liquid-BOX hybrid

2.3 Results and discussion

2.3.1 Synthesis and characterization of catalysts

2.3.1.1 BOX Synthesis

BOXs derivatives (Table 2.1) were obtained by reacting the diethyl malonimidate

dihydrochloride with 2 equivalents of the respective aminoalcohol (Scheme 2.1).

R NH NH®2HCI EtN 0 0

AL e S1Y
2 HZN\“H , EtO OEt W N N + 2 HCI

, Ar N
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1a,b,d
R=iPr, Ph, tBu
O (6]
NH, ST
2 wN N
OH
(1R,2S)-(+)-cis-1-Amino-2-indanol 1c (R,S)
e 2HCI
NH NH DCM

+ 2 HCI

+

 —— 0 o
NH, EtO OEt 40°C, W/\W .
2 R overnight N N

(1S,2R)-(-)-cis-1-Amino-2-indanol
1c (S,R)

Scheme 2.1. BOX syntheses
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In the case of PhBOX, iPrBOX and tBuBOX derivatives, the reaction took place in
dichloroethane in presence of triethylamine as a base and the products obtained
were purified using silica gel columns. Particular attention must be paid to the
purification step: since bisoxazolines are sensitive to acids, the silica must be
deactivated by adding to the eluent mixture 0.2 v/iv% of a base, in this case

triethylamine.

Table 2.1. Series of aminoalcohols used for the synthesis of the corresponding BOXs with the

respective yields.

Aminoalcohol BOX Yield (%)
o] [¢)
&W/\f
OH 3 N N
NH,
(S)-(+)-2-Phenylglycinol @ 67%
PhBOX
la
0] o]
NH, N
(S)-Valinol N\ 63%
iPrBOX

NH, o

1b
L R
oH &N N
(1R,2S)-(+)-cis-1-amino-2-indanol 65%

IndaBOX (R,S)

1c(R,S)

NH

O
(18,2R)-(-)-cis-1-Amino-2-indanol 62%

IndaBOX (S,R)

1c(S,R)
O (0]
NH, R
L-tert-Leucinol N 57%
tBuBOX
1d
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The synthesis of IndaBOX (1c¢(R,S) and (S,R)) was much simpler: this was obtained
by reacting the malonic derivative with 1-amino-2-indanol in dichloromethane,
without base addition and the purification consists of recrystallization by
isopropanol. Two different IndaBOX have been obtained using two different amino
indanols:  (1R,2S)-(+)-cis-1-amino-2-indanol and (1S,2R)-(+)-cis-1-amino-2-
indanol (Figure 2.12).

NH, NH,
(1R,2S)-(+)-cis-1-amino-2-indanol (1S,2R)-(-)-cis-1-amino-2-indanol

Figure 2.12. Different aminoindanols used for the synthesis of the IndaBOX.

The products obtained were characterized by *H-NMR spectroscopy. In Figure
2.13 the spectrum of PhBOX 1a is reported as an example.

: i T “ 7
a

............................

Figure 2.13. *H-NMR spectrum of the PhBOX (300 MHz, CDCls).

The *H-NMR spectrum in Figure 2.13 displays the signals for all the protons of the
PhBOX with the right pattern. It is interesting to note that the protons labelled as
“d”, corresponding to the methylene bridge, will disappear in the Ceo CONjugates,
since, as we will see later, the functionalization will take place precisely by

exploiting the reactivity of these acidic protons which.
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2.3.1.2 Synthesis of Cso-BOX (monoadducts).

The mono addition of the BOX on the Ceo, Was achieved by the Bingel-Hirsch
reaction 1041

Bisoxazoline was reacted for 24 hours with 1.3 equivalents of fullerene in 1,2-
dichlorobenzene (0-DCB) in the presence of tetrabromomethane (CBrs4) and 1,5-
diazabiciclo(5.4.0)undec-7-ene (DBU) as base (Scheme 2.2).

S0

1a, 1b, 1d

Ceo 2a, R = Ph (48%) 2¢(R,S) (46%)

or
CBr,, DBU 2b, R = iPr (39%)
o-DCB 2d, R = tBu (42%)
N N
OM 24 h, RT

(¢}

1¢(R,S)

or
B

1¢(S,R)

2¢(S,R) (43%)

Scheme 2.2. Mono-adduct synthesis.

The first part of the reaction is the in situ generation of the bromine derivative of
the BOX using CBrs. Then the base removes the proton from the methylene bridge
with consequential generation of a carbanion that reacts hence with a double bond
on the fullerene. The nucleophilic addition on the double bound of the fullerene
generate again a carbanion that reacts in an intramolecular nucleophilic aliphatic
substitution with the bromine resulting in a ring closure obtaining finally the

cyclopropanation (Scheme 2.3).
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= R R

H H ‘\ [*H Br B
base (DBU) base (DBU) ’.

Scheme 2.3. Bingel’s reaction mechanism for the Ceo functionalization.

The mixture of products obtained was purified by flash chromatography in SiO,
eluting with 5:1 toluene/ethyl acetate (+0.2 v/v% of triethylamine). An excess of
fullerene was used to minimize the formation of multi-products and to maximize
the formation of monoadducts.

The obtained monoadducts were successfully characterised by means of *H- and
13C-NMR, and by FT-IR spectroscopy. In the *H-NMR (Figure 2.14) it is possible
to observe the disappearance of the signal for the methylene bridge, together with
the integrity of the bisoxazoline, confirmed by the unchanged pattern of signals.

In the FT-IR spectra covalent functionalization is confirmed by the presence of the
1661 cm™* band related to the C=N bond of the oxazoline ring along with the bands

at 523 and 697 cm™, characteristic of the fullerene cage.
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Figure 2.14. a) *H-NMR spectra of the PhBOX (red line) and the Ceo-PhBOX 2a (blue

line) in which is possible to note the disappearance of the protons of the methylene bridge.

b) FT-IR spectrum of the Cg-PhBOX.
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2.3.1.3 Synthesis of Ceo-BOXs (hexakisadducts)
The Ceo-BOXs syntheses were performed by following the procedure reported by

Seifermann et al.,*? reacting Cso With 10 equivalents of the proper BOX with a large
excess of CBr4 (100 eq.), DBU as base in 0-DCB as solvent (Scheme 2.4).

SH0

1a, 1b, 1d

1¢(R,S)

Ceo
CBr,, DBU
o-DCB

72h, RT

3a,R=Ph
3b, R=iPr
3d,R=1tBu

CGO
CBr,, DBU
0-DCB

72h, RT

3¢(R,S)

Scheme 2.4. Synthesis of the hexakis-adducts.

The synthesized hexakisadducts are listed in Table 2.2 with their yields. The

mixture of products has been purified by silica gel column (toluene/ethyl acetate
9:1+ 0.1% v/v MeOH + 0,2% v/v triethylamine) and characterized.
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Table 2.2. Series of hexakisadduct synthesized with respective yields.

BOX Hexakisadduct Yield (%)

L

@ Cso-PhBOX;s (34) 68%
PhBOX

la

’/i

iPrBOX

1b
\\\OW/\Wf%
&m N
Ceo-IndaBOXs (3¢(R,S)) 65%

IndaBOX (R,S)

1c (R,S)

2

tBuBOX

1d

Cao-iPI’BOXe (3b) 67%

Cso-tBUBOXs (3d) 67%

The structure of the hexakis-adducts was confirmed by C-NMR analysis. In
Figure 2.15, all the signals related to the PhBOX carbons are presents (black
square). The octahedral substitution pattern, typical for hexakis functionalised
fullerenes, can be clearly discerned.® In particular, the signal at & 70.20 ppm (violet
diamond), is related to sp3 functionalised carbon of the nanocage, whereas at &
141.45 ppm and & 145.58 ppm (green pentagons), it is possible to observe the
signals for the sp2 carbons of the Ceo. All these signals, along with that at 5 34.92
ppm belonging to the methanofullerene bridgehead, confirm the achievement of the

Th symmetry of the obtained product (Figure 2.15).
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2.3.1.4 Synthesis of IL Hybrids (Ceo-1L10-BOX)
The synthesis of fullerene-ionic liquid-bisoxazoline hybrid (Ceo-1L10-BOX)
systems followed a previously reported modular approach described by our group

of research®® to get similar adducts (Scheme 2.5).

CBr, DBU 0
0-DCB, RT, 72 h o~

5:1Adduct 4aR=Ph
4b R =iPr
4¢(R,S)

/
Lo

CHCl; 72h

5a R=Ph

5b R = iPr
Ceo-IL19-BOX 5¢(R,S)

Scheme 2.5. Synthetic pathway for the synthesis of fullerene-ionic liquid-bisoxazoline
hybrids.

The first step was the reaction between a Ce0-BOX monoadduct with 10 equivalents

of bis(3-bromopropyl) malonate, in the presence of CBrs and DBU in 0-DCB as
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solvent. The so obtained [5:1] adducts were isolated after purification with flash

chromatography, characterized (Figure 2.16 and 2.17) and subsequently reacted for

72 hours with 1,2-dimethylimidazole in chloroform to give the corresponding ionic

liquid hybrids with quantitative yields (Table 2.3)

Table 2.3. [5:1] adducts and IL Hybrid obtained with the corresponding yields.

[5:1] Adduct Yield IL Hybrid Yield
[5:1] PhBOX (4a) 31% Coo-1L10-PhBOX (5a) 87%
[5:1] iPrBOX (4b) 36% Ceo- IL10-iPrBOX (5b) 97%
[5:1] IndaBOX (4¢(R,S)) 38% Ceo- IL1o-INdaBOX (5¢(R,S))  93%
T it h
I
- /_f

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

ppm

3.5 3.0 2.5 2.0 1.5 1.0

0.

Figure 2.16. *HNMR of [5:1] adduct of the PhBOX (4a). Black stars point out PhnBOX
while black squares -CH related to bis(3-bromopropyl).

In Figure 2.16 'H-NMR of the [5:1] adduct of the PhBOX. It is possible to see,
labelled by black squares, the pattern of the protons of the aliphatic chain of the

bis(3-bromopropyl) malonate and at the same time the signals related to the PhBOX

(black stars). In the spectrum is also possible to see that the integrated area confirms

the right functionalization of five bis(3-bromopropyl) malonate and one PhBOX.
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FTIR spectrum also confirm the functionalization of the Cs0-BOX monoadduct with

five malonate moieties (Figure 2.17).

T%

1749

-50

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm” L

Figure 2.17. FT-IR spectrum of the [5:1] adduct of the PhBOX (4a).

In particular is possible to observe: 1) the bands at 1749 cm™ (C=0 stretching) and
1239 cm! (C-O starching) that confirm the presence of the malonate bands and 2)
the bands at 700 cm™ and 527 cm™ that confirm the presence of the fullerene.

About the IL-Hybrid in Figure 2.18 is reported *H-NMR of the 5a. Signals labelled
with black squares are related to 1,2-dimethylimidazole. In particular at 2.65ppm
and 3.83ppm are related to the protons of the methyl group. Otherwise, stars point

out the signals of the proton of the bis(3-bromopropyl) malonate.
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Figure 2.18. THNMR of IL-Hybrid of the PhBOX (5a). Black stars point out -CH, related

to bis(3-bromopropyl) while black squares Signals of 1,2-dimethylimidazole.

The three types of fullerene-BOX systems (monoadducts, hexakisadducts and Ceo-
IL10-BOX hybrids) show different solubility profiles:

e the monoadducts displays a solubility similar to the non-functionalised
fullerene: they are very soluble in toluene and slightly soluble in chlorinated
solvents.

e The hexakisadducts, on the other hand, having less Ceg surface area exposed
than the parent fullerene, are very soluble in dichloromethane and
chloroform and, basically, they acquire the solubility of the BOXs.

e Ceo-1L10-BOX hybrids are soluble in polar solvents such as methanol,
ethanol and water, thanks to the presence of numerous imidazolium bromide

moieties.

The above systems with different solubility profiles could be useful for catalysis
purposes, since explore a number of solvent media in order to obtain the best
reaction conditions. The three classes of compounds, finally, are insoluble in non-
polar solvents (hexane, petroleum ether, diethyl ether) and this feature could be

exploited to separate and recover catalysts at the end of each catalytic cycle.
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2.3.2 Catalytic applications

2.3.2.1 Asymmetric Henry

As already said, Henry reaction takes place between a nitroalkane and an aldehyde
using a copper salt as catalyst (Figure 2.7). In order to make the reaction
asymmetric, it is possible to complex the copper salt with a proper chiral ligand that
can provide the desired configuration to the final product.

Based on previous studies in literature, 4-bromobenzaldehyde was chosen as
benchmark substrate, given that it provides the best compromise between
conversion and enantiomeric excess.?® 4

Preliminary tests were performed to find the best reaction conditions by varying
solvent, amount of catalyst and metal salt (Table 2.5). In these tests the
hexakisadduct 3a was chosen as it represents the system with the highest catalytic
loading per fullerene molecule.

Table 2.5. Screening of the reaction conditions for the asymmetric Henry reaction.?
O H HO

NO,
3a, Cu(ll)
+ CH3NO,
RT
Br Br
Entry Conditions Time (h) Conv. (%)°  ee (%)°
1 CHzNO,,3a 2mol % + Cu(OAc), 48 14 34
2 EtOH 4:1,3a 2 mol % + Cu(OAc); 48 44 26
3 EtOH 4:1, 3a 2 mol % + Cu(OTf), 48 26 21
4 EtOH 2:1, 3a 2 mol % + Cu(OAc). 48 48 33
5 EtOH 1:1,3a 5 mol % + Cu(OAc); 24 82 31

a) Reaction conditions: 0.4 mmol aldehyde, 4 mmol nitromethane, CH3;CH,OH according to the
reported ratio with nitromethane. b) Determined by *H NMR spectroscopic analysis of the crude
product. c) Determined by HPLC using a chiral column (OD-H hexane-iPrOH 90:10).

The chosen catalyst, the copper salt and the solvent were mixed for 30 minutes in a

vial resulting in a homogeneous system for the hexakisadducts and for the Ceo-IL10-
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BOX hybrids, while resulting in a heterogeneous system for the monoadducts. Then
aldehyde and nitromethane were added, and the mixture was left under stirring for
the appropriate time at room temperature.

The best reaction conditions resulted those reported in entry 5: 5 mol % of ligand,
using copper acetate as salt and 200 uL of EtOH as solvent. Using these conditions,
other substrates were tested for analysing the effect of substituents on the aldehyde
(Table 2.6).

Table 2.6. Asymmetric Henry reaction promoted by CgoPhBOXs on a set of aromatic aldehydes.?

N/ CgoPhBOXg HO NO,
| + CHNo, _CuOAck B
I I
R EtOH, 24 h, RT R

Entry R Conv. (%)° ee (%)°
1 4-Br 82 31
2 2-NO; 91 11
3 4-NO; 92 6
4 4-CN 65 2
5 2,4-OMe 42 5
6 4-OMe 10 16
7 4-Cl 96 6

Reaction conditions: 0.4mmol aldehyde, 4mmol nitromethane, 200pL. CH3CH,OH. b) Determined
by 'H NMR spectroscopic analysis of the crude product. ¢) Determined by HPLC using a chiral
column OD-H (hexane-iPrOH 90:10).

As expected, since Henry's reaction is a nucleophilic addition to carbonyl
compounds, the electron-withdrawing substituents had a positive effect on the yield
(entries 1,2,3 and 7). However, although in several cases almost quantitative
conversion was achieved (entries 3-7), the enantiomeric excesses resulted low.

Nevertheless, in all subsequent tests, 4-bromobenzaldehyde remained the

benchmark substrate in the asymmetric Henry reaction for the assessment of the
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catalytic activity of all the prepared Cgo-BOX systems. The results are collected in
Table 2.7.

Table 2.7. Results of catalytic tests for all the catalytic systems.
(0] H Catalyst HO_ .

NO,
Cu(OAc),
+ CHNO, —
L EtOH, 24 h, RT L
Entry Cat. Conv. (%)° ee (%)°
1 PhBOX (1a) 5% mol + Cu(OAc), 27 -10
2 iPrBOX (1b)5% mol + Cu(OAc), 43 -50
§ 3 IndaBOX (1¢(R,S)) 5% mol + Cu(OAC), 27 33
4 IndaBOX (1¢(S,R))5% mol + Cu(OAC), 57 -39
5 tBuBOX (1d)5% mol + Cu(OAc); 60 -53.4
6 Cso-PhBOX (2a) 5% mol + Cu(OAc): 24 -4
= 7 Ceo-iPrBOX (2b) 5% mol + Cu(OAc). 20 racemic
uog 8 Ceo-IndaBOX (2¢(R,S)) 5% mol + Cu(OAc): 22 13
C)Oo 9 C60-IndaBOX (2¢c(S,R)) 5% mol + Cu(OAc), 27 -17
10 Ceo-tBUBOX (2d) 5% mol + Cu(OAc), 39 Racemic
11 Ce0-PhBOXs (3a) 5% mol + Cu(OAc). 46 -10
X 1 Coo-iPrBOX6 (3b) 5% mol + Cu(OAC) 19 4
T 13 Coo-IndaBOXs (3¢(R.S)) 5% mol + Cu(OAC), 67 46
© 14 Ceo-tBuBOXs (3d) 5% mol + Cu(OAc), 13 -4
s 15 Cso-1L10-PhBOX (5a) 2% mol + Cu(OAc). 54 -10
é 16 Cso-1L10-iPrBOX (5b) 2% mol + Cu(OAc), 65 -14
3 17 Ceo-1L10-IndaBOX (5¢(R,S)) 2% mol + Cu(OAc), 68 18

Reaction conditions: 0.4 mmol 4-bromobenzaldehyde, 4 mmol of nitromethane, 200 uL of ethanol.
b) Determined by *H NMR spectroscopic analysis of the crude product. ¢) Determined by HPLC
using a chiral column (OD-H hexane-iPrOH 90:10).

Firstly, the unsupported BOXs 1a-1d were tested under the same conditions in order
to have an insight on the performances of the catalytic systems without fullerene
(entries 1-5).

Fullerene-BOX monoadducts showed, generally speaking, low conversions in

comparison with the unsupported systems (entries 6-10), being derivative 2¢(S,R)
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the most active of the series (entry 9). This finding could be probably due to the
fact that Ceo-BOX hybrids were not soluble in ethanol and took part in the reaction
as heterogeneous catalysts. Monoadducts remain suspended in the reaction mixture
as solids and suffer from mass transport limitations.

On the other hand, hexakisadducts endowed with aromatic substituents (PhBOX,
IndaBOX) showed better result than the corresponding mono-adducts but also than
the unsupported BOXs (entries 11, 13). This fact can be ascribed to their improved
solubility in the nitromethane, which allows them to take part to the reaction as
homogeneous catalysts. Conversely, CeoBOXs systems 3b and 3d with alkyl chains
displayed similar performances than the parent monoadducts (entries 12, 14).
Regarding Ceo-1L10-BOX hybrids, these were used at 2 mol% to reduce the amount
of substance employed in each reaction, given their high molecular weights. Even
in this case, they took part in the reaction as homogeneous catalysts since they were
soluble in ethanol, giving the highest levels of conversion among all the hybrids
tested, included the unsupported (entries 15-17).

Unfortunately, enantiomeric excesses were low and worse than those obtained with
the other systems.

For all the catalytic tests, the chirality of the major enantiomer was S and depended
on the stereochemistry of the catalysts used (PhBOX, iPrBOX and tBuBOX
derivatives).

Separate considerations should be made for the IndaBOXs derivatives. In fact, they
were synthesized in two different stereoisomers: 1c(R,S) from (1R,2S)-(+)-cis-1-
amino-2-indanol and 1c¢(S,R) from (1S,2R)-(+)-cis-1-amino-2-indanol (Figure 10).
As expected, they gave back opposite results: in fact, the 1c(R,S) catalysed the
formation of the enantiomer (R) for the nitroaldol adducts, while the 1¢(S,R) the

formation of the (S) enantiomer (Figure 2.19).
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1c(R,S) 1¢(S,R) 2¢(R,S) 2¢(S,R)
ee% 33 -39 13 -17

Figure 2.19. Comparison of different IndaBOX enantiomers.

The different asymmetric induction is rationalized by means of the specular
transition states formed during the catalytic cycle with the two different
enantiomers, as described in Scheme 2.6. These have a distorted square pyramidal
configuration with the nucleophiles in an axial position in correspondence to the

less bulky face of the electrophile, which is instead on the plane of the ligand.*®

i
|
RO g S AL :% \ o
RCHO jndaBox < | o~ DR OH
+ =l H, T - -
C— o= FO’C”‘N; e
CH3NO, N R ' R (R)

Scheme 2.6. Transition state in asymmetric Henry reaction with BOX ligands

Among all the prepared systems, IndaBOX derivatives showed the best results in
terms of conversion and enantiomeric excess. In Figure 2.20 IndaBOX-derivatives
1c(R,S), 2¢(R,S), 3c(R,S) and 5¢(R,S) are collected for comparison.

In this series, the mono-adduct 2¢(R,S) is the less active whereas the hexakis-adduct
3c(R,S) and the IL-hybrid 4c(R,S) gave good result in terms of conversion, even
better than the unsupported 1c(R,S). In addition, the hexakisadduct gave also a

higher enantioselectivity than the unsupported IndaBOX.
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IndaBOX (R,S)

80
60
40
. g
0

1c(R,S) 2¢(R,S) 3c(R,S) 5¢(R,S)
B Conversion% 27 22 67 68
Hee% 33 13 46 18

Figure 2.20. Comparison of all the IndaBOX-based catalysts.

Finally, the recyclability of the synthesized adducts that gave the best performance
(IndaBOX derivative 3c(R,S)) was tested. At the end of each reaction, the catalyst
was precipitated by adding diethyl ether, recovered by centrifugation and used in a
new cycle. In fact, the low solubility of the catalyst in diethyl ether represents an
outstanding advantage over unsupported boxes, which cannot be separated from the
reaction mixture and, moreover, quickly decompose at the end of the fist cycle. The
recovered catalyst was reacted with fresh copper salt to reform the catalytic
complex and then aldehyde and nitromethane are added for a new cycle. The
catalyst showed good recyclability, maintaining the same conversion level for up to

five consecutive reactions (Figure 2.21).

Recycling tests

70
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50
40
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20
10

0

1]
m Conversion% 67 64 50 70

Hee% 46 9 274 22,4

Figure 2.21. Recycling tests for the hexakisadduct 3c(R,S) (Cso-INDABOXGs).
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2.3.2.2 Asymmetric Diels-Alder

As stated, Diels-Alder [4+2] cycloaddition occurs between a conjugated diene and
an alkene (Figure 2.8). Here, asymmetric Diel-Alder tests were conducted on a
scale of 0.33 mmol of alkene, 3-acryloyl-2-oxazolidinone (as dienophile), copper
triflate and the fullerene-based adduct to drive the stereochemistry of the
cycloaddition, using known reaction conditions.3'*:“¢ The chosen ligand and copper
triflate were mixed for 30 minutes in a vial in DCM. After 30 minutes, freshly
distilled dienophile and cyclopentadiene were added and allowed to react for 24
hours at room temperature.

Then, the reaction mixture was purified by means of a silica gel pad (hexane/ethyl
acetate 3:1) and the crude was analysed by *H-NMR in order to determine the
conversion and the endo/exo ratio (Figure 2.22). The enantiomeric excess was
determined by chiral HPLC (Chiralcel OD-H, hexane/isopropanol 90:10).
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Figure 2.22. 'H-NMR spectrum of Diels-Alder reaction crude. In the inset, the

magnification highlighting the signals for the endo and exo products is reported.

As for the study of the Henry reaction, initially, the unsupported BOXs 1a-1d were
tested under the Diels-Alder conditions in order to have an insight on the
performances of the catalytic systems without fullerene (entries 1-3). All the

systems gave almost quantitative conversions but the selectivity was rather low,
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except in the case of IndaBOX that is known to be the among best catalysts in
asymmetric Diels-Alder reaction (entry 3).2>4/

Both mono- and hexakis- Ceo-adducts showed very low ee values compared to the
unsupported BOXs (entries 4-9), comparable to the values obtained in the presence
of Lewis acid (Cu(OTf),) alone (entry 13). Regarding the Ceo-1L10-BOX hybrids
(entries 10, 11, 12), the different activity of the catalysts in terms of endo/exo ratio
can be attributed to the fact that the hybrids were insoluble in the reaction media
(DCM) compared to the other two classes of adducts. This led to a lower
complexation with the metal, and to a generic and not asymmetric catalysis.

Table 2.8. summary table of the data of the asymmetric reaction of Diels-Alder.

\)OLN)CLO . BOX, Cu(0Tf), £ ji
e DCM, 24 h, RT N\_/O
Entry Catalyst Con\é.(%) Endc;/Exo ee (%0)°

o 1 PhBOX (1a) 5% mol + Cu(OTf), 92 82:18 12
Q 2 iPrBOX (1b) 5% mol + Cu(OTf), 99 85:15 4
3 IndaBOX (1c(R,S)) 5% mol + Cu(OTf), 95 90:10 76
é 4 Cs0-PhBOX (2a) 5% mol + Cu(OTf), 93 78:22 0
T 5 Ceo-iPrBOX (2b) 5% mol + Cu(OTf), 97 80 : 20 4
= 6 Ceso-IndaBOX (2¢(R,S)) 5% mol + Cu(OTf), 94 80:20 20
4 7 Cs0-PhBOXs (3a) 5% mol + Cu(OTf), 95 87:13 0
8 8 Ce0-iPrBOX6 (3b) 5% mol + Cu(OTf); 94 86: 14 4
3 9 Ceso-IndaBOXs (3¢(R,S)) 5% mol + Cu(OTf), 90 83:17 20
) 10 Ceo-1L10-PhBOX (5a) 2% mol + Cu(OTf), 88 90:10 0
S n Coo-1L10-IPrBOX (5b) 2% mol + Cu(OT), 93 90 : 10 2
3 12 C60-|L10-|ndang)((O(_|5_(f3)(2R,S)) 2% mol + 91 90 - 10 8
13 5% Cu(OTf), 92 82 :18 -

The high conversion values and the low ee obtained, in all cases, indicate that the
cyclopentadiene, under the conditions examined, is too reactive and follows a
general Lewis acid-mediated cycloaddition, ignoring the chiral induction due to the
presence of chiral BOX-copper complex. However, the possibility to recycle the

catalytic system was investigated for the Diels-Alder reaction. At the end of each
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reaction, the Cso-INDABOXs adduct (3c(R,S)) was precipitated from ethyl ether

and reused in a new cycle adding fresh reagents. The hexakis-adduct has proved to

be the most stable system, maintaining almost unchanged both activity and

selectivity (Figure 2.23).

Recycling tests
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Hee% 15 20

Figure 2.23. Recycling tests for the Diels-Alder reaction with hexakisadduct 3c(R,S)

To verify the catalytic properties of these adducts with respect to the asymmetric

Diels-Alder reaction, an attempt was done using the less reactive 1,3-cyclo-

hexadiene, under the same conditions.

Unfortunately, the results were not satisfying (Table 2.9). Conversions resulted, as

expected, lower than those achieved with pentadiene and, furthermore, for this

substrate it was not possible to determine the enantiomeric excess.

Table 2.9. Diels-Alder reaction with 1,3-cyclohexadiene.

0 O
\)}\ )k . BOX, Cu(OTf),
N~ O
-/

DCM, 24 h, RT

l%o
N)ko
o/

Entry Catalyst Conv.(%) Endo/Exo ee(%)
o« 1 PhBOX (1a) 5% mol + Cu(OTf), 37 48 : 52 -
Q 2 iPrBOX (1b) 5% mol + Cu(OTf), 36 47 : 53 -
3 IndaBOX (1c(R,S)) 5% mol + Cu(OTf), 39 47 : 53 -
° 4 Ces0-PhBOXs (3a) 5% mol + Cu(OTf), 40 47 .53 -
8 5 Cso-iPrBOX6 (3b) 5% mol + Cu(OTf), 39 49 :51 -
& 6 Cso-IndaBOXs (3¢(R,S)) 5% mol + Cu(OTf), 56 45 :55 -
7 5% Cu(OTf), No reaz. -
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2.4 Conclusions

A set of chiral bisoxazolines were prepared through simple one-pot reactions, and
subsequently they were anchored to Ceo fullerene to form three types of hybrid
molecular systems with possible catalytic applications: monoadducts,
hexakisadducts and hybrid [5:1] adducts with ionic liquids. The simple steps of
separation and purification allowed obtaining comparable or superior (in the case
of hexakisadducts) yields to those reported in the literature. The structure and the
addition patterns of the products have been confirmed by carbon and proton NMR
and IR spectroscopy. These systems were tested, along with copper salts, as
asymmetric catalytic systems in the Henry and the Diels-Alder reactions. In both
cases the catalysts did not give very high selectivityies but, especially for nitroaldol
reactions, an increase in conversion and enantiomeric excess was observed
compared to the unsupported boxes. This finding, together with the possibility to
easily recovery and to recycle the catalysts without significant loss of activity, pave
the way to further studies on the subject. This work, in fact, represents the first real
application of Ceo-bisoxazoline adducts as catalytic systems for asymmetric
reactions.

In consideration of the results obtained, it is clear that further optimisations are
necessary in order to allow these materials to fulfil their potential and to provide
the best performances: both at the level of the catalysts, through better chiral
substituents or different bridges between the oxazoline rings, and at the level of the
reaction conditions, operating a greater control over the temperature and using

different solvents and metal cations.

2.5 Experimental section

All the reagents and solvents in this work were used as purchased from the
respective companies (Merck, TCI, Fluorochem). The FT-IR spectra of the products
obtained have been recorded on an Agilent Tech CARY630 FT-IR spectrometer.
H-NMR were performed at the University of Palermo with a bruker 300 MHz

spectrometer, 3C-NMR were performed at the University of Namur on a Varian

81



VNMRS spectrometer. Enantiomeric excesses were determined with a LC10 AD
Shimadzu Liquid Chromatograph HPLC (Chiralcel OD-H).

General procedure for the synthesis of PhBOX and iPrBOX

In a round bottom flask containing 30 ml of 1,2-dichloroethane, 4.33 mmol of
diethyl malonimidate dihydrochloride, 2 equivalents of the corresponding amino-
alcohol and 2 equivalents of EtsN were added. The reaction mixture was stirred 18
hours at 84°C in inert atmosphere. The mixture was poured into 50 ml of distilled
water and extracted three times with dichloromethane; organic fractions were
collected, dried over MgSQg4, and the solvent removed under reduced pressure. The
product was purified by column chromatography (dichloromethane/methanol 99:1
+0.2% v/v of EtaN).

PhBOX: Diethyl malonimidate dihydrochloride (1,00 gr) and L-(+)-a-
phenylglycinol (1,25 gr) reacted in accordance with the general procedure. The
product was obtained as a viscous yellow liquid, with a yield of 67%.

'H NMR (300 MHz, CDCl3) 6 = 7.32 (q, J = 4.9, 10H), 5.28 (t, J = 9.0, 2H), 4.72
(dd, J=9.6, 9.0, 2H), 4.33 — 4.03 (m, 2H), 3.69 — 3.50 (m, 2H).

1BC NMR (101 MHz, CDCI3) § = 168.27, 166.15, 164.63, 163.03, 141.96, 141.38,
138.76, 128.84, 128.01, 126.79, 77.35, 77.03, 76.71, 75.35, 69.71, 35.01, 28.39.
UV (CH2Clz, nm) A =270 nm.

'PrBOX: Diethyl malonimidate dihydrochloride (1.00 gr) and L-valinol (1.012 mL,
d=0.926gr/mL) reacted in accordance with the general procedure. The product was
obtained as a viscous yellow liquid, with a yield of 63%.

'H NMR (300 MHz, CDCl3) & = 7.56 — 7.02 (m, 1H), 4.46 — 4.14 (m, 2H), 4.09 —
3.77 (m, 4H), 3.35 (s, 2H), 1.91 — 1.61 (m, 2H), 1.16 — 0.70 (m, 12H).

13C NMR (101 MHz, CDCl3) § = 167.12, 163.33, 161.54, 77.34, 77.02, 76.70,
72.11, 70.52, 64.38, 57.83, 34.55, 32.42, 28.32, 18.61, 17.96. UV (CH2Cl,, nm) A
=273 nm.
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Synthesis of tert-Leucinol

Tert-Leucine (16 mmol) was dissolved in 45 mL anhydrous THF with 2.5
equivalent of NaBHj4 in inert atmosphere at 0 °C. A solution of I> (19 mmol) in
anhydrous THF was added to the tert-Leucine solution via cannula under stirring
maintaining the solution at 0°C in inert atmosphere for 15 minutes and the reaction
was refluxed overnight.

Then the reaction is brought at room temperature and methanol is added until the
powder at the bottom of the flask was completely dissolved (30 mL) and then the
solution was stirred for 30 minutes. Hence, time 100 mL KOH solution (20%) is
added and the resulting solution is stirred at room temperature for 4 h. Then the
organic fractions were, dried over MgSO4 and, the solvent removed under reduced
pressure until obtaining the desired product in 75% of yield.*

Synthesis of tBuBOX

Diethyl malonimidate dihydrochloride (1.00 gr) and tert-Leucinol (1.06 gr) reacted
in accordance with the general procedure. The product was obtained as a viscous
yellow liquid, with a yield of 65%.

'H NMR (300 MHz, CDCl3) & = 4.28 — 4.05 (m, 4H), 3.91 (t, 2H), 3.37 (s, 2H),
0.91 (s,18H)

Synthesis of IndaBOX

In a round bottom flask containing 52 ml of DCM, 2.5 mmol of diethyl
malonimidate dihydrochloride and 4,7 mmol (1R,2S)-cis-1-amino-2-indanol were
added. The reaction mixture was stirred for 18 hours in argon. The mixture was
poured into distilled water and extracted with dichloromethane. The organic
fractions were, dried over MgSQO4 and, the solvent removed under reduced pressure.
The resulting solid is recrystallized from isopropanol, giving white needle-shaped
solid with a yield of 57%.

'H NMR (300 MHz, CDCl3) & = 7.46 (dt, J = 12.9, 6.3, 2H), 7.37 — 7.19 (m, 6H),
5.58 (t, J = 6.7, 2H), 5.36 (tt, J = 5.5, 2.7, 2H), 3.51 — 3.07 (m, 6H).

13C NMR (101 MHz, CDCl3) § = 161.96, 141.61, 139.64, 128.50, 127.44, 125.22,
83.57, 77.37, 77.05, 76.73, 76.66, 39.66, 28.71. UV-Vis (CH2Clz, nm) A = 266 nm.
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General procedure for the synthesis of Ce-BOX

3,5 mmol of the corresponding BOX, 2 equivalents of CBr4 and 4 equivalents of
DBU were added to a Ceo fullerene solution (1,3 equivalents) in 30 mL of o-DCB.
The mixture was stirred for 18 hours at room temperature. After removing the
reaction solvent under vacuum, the crude was purified by column chromatography
(SiO2), eluting first with toluene, to eliminate the not reacted Ceo, then with
toluene/ethyl acetate 5:1 (+0.2% v/v of triethylamine). The solvent was removed
under reduced pressure and the solid was re-dissolved in the minimum amount of

chloroform and re-precipitated in hexane.

Ce0-PhBOX: brown solid, yield 48%.

'H NMR (300 MHz, CDCl3) & = 7.59 — 7.04 (m, 10H), 5.78 — 5.42 (m, 2H), 5.13—
4.81 (m, 2H), 4.51 (dt, J = 21.0, 8.4, 2H).

13C NMR (101 MHz, CDCl3) & = 160.64, 146.41, 146.29, 145.47, 145.30, 145.21,
144.89, 144.68, 143.89, 143.03, 142.96, 142.17, 141.25, 140.89, 138.88, 138.84,
77.32,77.00, 76.68.

FT-IR (KBr, cm™) v =523, 697, 1661. UV-Vis (CH2Clz, nm) A= 253, 320.

Ceo-'PrBOX: black crystalline solid, yield 39%.

'H NMR (300 MHz, CDCl3) & = 7.40 — 7.04 (m, 2H), 4.71 — 3.97 (m, 5H), 1.43 —
0.69 (m, 12H).

13C NMR (101 MHz, CDCls) & = 158.78, 146.78, 146.33, 145.53, 145.28, 145.18,
145.14, 144.79, 144.70, 144.61, 144.52, 143.89, 143.83, 142.96, 142.89, 142.18,
142.13,142.07, 141.93, 140.84, 140.74, 138.74, 138.66, 77.33, 77.01, 76.69, 73.39,
72.74,71.46, 33.34, 19.36, 18.49.

FT-IR (KBr, cm™) v =527, 1668. UV-Vis (CH2Cl,, nm) A = 254, 316.

Ceo-IndaBOX: light brown solid, yield 46%.

1H NMR (300 MHz, CDCls) & = 7.67 — 6.84 (m, 8H), 5.96 — 5.77 (m, 1H), 5.73 —
5.46 (m, 1H), 3.69 — 3.13 (m, 2H).
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13C NMR (101 MHz, CDCls) & = 159.44, 145.99, 145.16, 145.04, 144.55, 144.46,
144.22, 144.15, 143.79, 143.64, 142.83, 142.81, 142.70, 142.64, 142.09, 142.02,
141.88, 141.82, 140.50, 139.20, 139.01, 138.23, 77.34, 77.02, 76.70, 39.86, 21.46.
FT-IR (KBr, cm™) v = 523, 738, 1660. UV-Vis (CH2Clz, nm) A = 256.

General procedure for the synthesis of Ce-BOXs

10 quivalents of the corresponding BOX, 100 equivalents of CBrs and 20
equivalents of DBU were added to a solution of Ceo (0,1 mmol) in 0-DCB (7 mL).
The mixture was stirred for 72 hours at room temperature. The reaction mixture
was precipitated in 100 mL of hexane and the crude collected by centrifugation.
The crude was dissolved in dichloromethane and washed with water. The organic
layers were dried over MgSO4 and the solvent eliminated under vacuum. The
product was purified by column chromatography (SiO, toluene/ethyl acetate 9:1 +
0,2% vl/v of triethylamine). The solvent was removed under reduced pressure and
the solid was re-dissolved in the minimum amount of chloroform and re-
precipitated in hexane.

Ce0-PhBOXGe: crystalline light brown solid, yield 68%.

'H NMR (300 MHz, CDCls) § = 7.71 — 6.89 (m, 60H), 5.82 — 5.15 (m, 11H), 5.10
—4.59 (m, 10H), 4.56 — 4.17 (m, 10H).

13C NMR (101 MHz, CDCls) & = 160.97, 145.86,145.58, 142.09, 142.03, 141.65,
128.73, 127.01, 35.66 — 34.13.

FT-IR (KBr, cm™) v =528, 702, 1660.

Ceo-'PrBOXg: crystalline light orange solid, yield 67%.

'H NMR (300 MHz, CDCl3) & = 7.56 — 7.02 (m, 1H), 4.46 — 4.14 (m, 2H), 4.09 —
3.77 (m, 4H), 3.35 (s, 2H), 1.91 — 1.61 (m, 2H), 1.16 — 0.70 (m, 12H).

13C NMR (400 MHz, CDCls) & = 165.05, 159.85, 68.55, 62.76, 58.22, 57.74, 36.92,
29.15, 19.56, 18.67, 18.02, 17.56.

FT-IR (KBr, cm™) v =668, 1390, 1538, 1670,

Ceo-INdaBOXe: crystalline light brown solid, yield 65%.
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IH NMR (300 MHz, CDCls) § = 7.51 (d, J = 6.6, 1H), 7.44 — 7.21 (m, 6H), 5.81 —
5.51 (m, 3H), 3.41 (dd, J = 18.0, 6.9, 2H), 3.22 (dd, J = 17.7, 9.3, 2H), 1.62 (s, 1H),
1.27 (s, 1H), 0.09 (s, 1H), 0.02 (s, 1H).

13C NMR (400 MHz, CDCls) & =159.39, 144.72, 144.33, 143.43, 141.30, 139.24,
128.43, 127.45, 125.58, 84.17, 45.99, 36.65, 8.62.

FT-IR (KBr, cm) v = 526, 698, 1666.

Synthesis of Dibromopropyl malonate

To a solution of 3-bromo-1-propanol (1,7 mmol) and pyridine (1 equivalent) in 35
ml of 1,2-dichloroethane at 0°C in inert atmosphere, 1 equivalent of malonyl
dichloride is added dropwise. The mixture was stirred 1 hour at 0 °C, then 48 hours
at room temperature. The reaction mixture is then washed twice with a 5% HCI
solution, then twice with a saturated NaHCO3 solution. The organic layers were
collected, dried over MgSO,4 and the solvent removed by reducing pressure. The
resulting blue oily liquid is purified on a silica gel column (petroleum ether/ethyl
acetate 15:1 and 9:1). The final product is obtained as a colourless liquid with a
yield of 52%.

General procedure for the synthesis of Ceo-dibromopropylmalonates-BOX
([5:1] adducts)

To a solution of the corresponding Ce-BOX (0.8 mmol) in 9 ml of 0-DCB, 10
equivalents of dibromopropyl malonate were added, 50 equivalents of CBr4 and 20
equivalents of DBU. The mixture was stirred for 72 hours at room temperature.
After removing the solvent under vacuum, the crude was purified by column

chromatography (toluene/ethyl acetate 10:1 +0,2% triethylamine).

Ceo-dibromopropylmalonates-PhBOX: red solid, yield 31%.

IH NMR (300 MHz, CDCl3) § = 7.43 — 6.85 (m, 10H), 5.44 (s, 1H), 4.58 (t, J =
57.5, 9H), 3.48 (d, J = 4.6, 11H), 2.62 — 2.00 (m, 12H), 1.59 (s, 4H), 1.27 (s, 1H),
0.09 (s, 1H), 0.01 (d, J = 5.0, 1H).

13C NMR (400 MHz, CDCls3) § = 163.56, 163.17, 160.69, 145.75, 141.34, 140.92,
128.68, 127.72, 126.99, 75.76, 70.20, 69.00, 64.69, 53.42, 31.31, 29.03.
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FT-IR (KBr, cm™) v =541, 703, 1238, 1744.

Ceo-dibromopropylmalonates-'PrBOX: red solid, yield 36%.

'H NMR (300 MHz, CDCls) & = 7.28 (s, 1H), 5.32 (s, 1H), 4.28 (d, J = 107.0, 6H),
3.47 (s, 5H), 2.28 (s, 4H), 1.60 (s, 1H), 1.28 — 0.53 (m, 3H).

13C NMR (400 MHz, CDCls) & =163.54, 163.17, 145.64, 141.15, 140.84, 134.42,
129.67,128.97, 72.98, 70.91, 68.96, 64.66, 53.42, 31.30, 29.67, 29.05, 19.16, 18.14.
FT-IR (KBr, cm™) v =529, 712, 1239, 1748.

Ceo-dibromopropylmalonates-IndaBOX: red solid, yield 38%.

'H NMR (300 MHz, CDCl3) 6 = 7.57 — 6.88 (m, 8H), 4.47 (dd, J = 18.1, 6.2, 11H),
3.83 — 3.25 (m, 12H), 2.27 (dd, J = 43.7, 38.1, 12H), 2.07 — 1.25 (m, 6H), 1.38 —
1.02 (m, 3H).

13C NMR (400 MHz, CDCls) & =163.64, 163.13, 159.29, 145.54, 142.67, 140.74,
128.48, 125.88, 125.74, 64.64, 54.42, 31.33, 29.67, 29.05.

FT-IR (KBr, cm™) v =525, 712, 1232, 1744.

General procedure for the synthesis of Cgo-1L10-BOX

0,2 mmol of the corresponding Ceo-dibromopropylmalonates-BOX were
dissolved in 2 mL of chloroform and 100 equivalents of 1,2-dimethylimidazole
were added. The reaction mixture was stirred for 72 hours at room temperature. The
solvent was removed under vacuum and the residue obtained is dissolved in the

minimum amount of methanol, precipitated from ethyl ether and centrifuged.

Ceo-1L10-PhBOX: black viscous liquid, yield 87%.

!H NMR (300 MHz, MeOD) § = 7.84 — 7.30 (m, 24H), 4.32 (dd, J = 16.0, 7.8, 48H),
3.85 (s, 44H), 3.06 — 2.34 (m, 45H), 2.34 — 2.28 (m, 6H).

13C NMR (400 MHz, CDCls) & = 162.84, 144.94, 14.69, 124.96, 124.08, 121.59,
120.83, 119.57, 119.05, 118.82, 118.67, 78.04, 77.79, 76.94, 57.61, 44.87, 34.46,
34.21, 34.06, 31.68, 28.37, 8.96, 8.62, 8.16.

FT-IR (KBr, cm™) v =538, 668, 1628.
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Ceo-1L10-'PrBOX: black viscous liquid, yield 97%.

'H NMR (300 MHz, MeOD) § = 7.94 — 7.21 (m, 24H), 4.25 (dd, J = 63.1, 55.4,
34H), 3.85 (s, 40H), 3.04 — 2.34 (m, 50H), 2.34 — 2.30 (M, 4H).

13C NMR (400 MHz, CDCls) § = 144.80, 123.46, 123.41, 122.52, 122.47, 121.71,
121.56, 121.35, 120.79, 120.61, 119.89, 64.20, 45.27, 34.41, 34.14, 28.20, 27.31,
8.86, 8.58, 8.49.

FT-IR (KBr, cm™) v =668, 1635.

Ceo-1L10-IndaBOX: black viscous liquid, yield 93%.

'H NMR (300 MHz, MeOD) & = 7.51 (dd, J = 67.8, 49.2, 24H), 4.62 (t, J = 76.9,
48H), 3.85 (s, 17H), 2.70 (s, 19H), 1.94 (d, J = 242.4, 16H).

13C NMR (400 MHz, CDCl3) § = 163.44, 159.68, 144.79, 141.62, 140.89, 124.79,
123.33, 122.60, 121.74, 120.14, 63.71, 45.27, 34.38, 28.36, 8.73.

FT-IR (KBr, cm™) v =668, 1628.

General procedure for asymmetric Henry's reactions

The fullerene-BOX ligand, the copper(ll) salt and the solvent were mixed in a screw
cap vial and stirred for 30 minutes at room temperature. Then 0,4 mmol of aldehyde
and 10 equivalents of nitromethane were added and the system were allowed to
react for the proper time. The progress of the reaction was monitored by TLC
(hexane/ethyl acetate 5:1). The mixture was purified by silica gel plug,
(hexane/ethyl acetate 5:1 + 0.2% v/v of triethylamine). The conversion was
estimated by *H-NMR of the crude, while the enantiomeric excess was determined
by HPLC with chiral column Chiralcel OD-H (hexane/isopropanol 90:10, 1,2

ml/min, 215 nm).

Synthesis of 2-Oxazolidinone

Equimolar amounts of urea and 2-aminoethanol (0.12 mol) were reacted in DMF
for 6 hours at 160 °C. The mixture was brought to dryness and the remaining solid
was recrystallised from butanone. The final product was obtained as a white solid
with a yield of 85%.
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IH NMR (300 MHz, CDCls) & = 6.54 (s, 1H), 4.44 (dd, J = 8.7, 7.3, 1H), 3.64 (t, J
= 8.0, 1H).

Synthesis of 3-acryloyl-2-oxazolidinone*

To a suspension of NaH (0,025 mol) in anhydrous THF (20 ml), a solution of 2-
oxazolidinone (1 equivalent) in 25 ml anhydrous THF was added via cannula. The
mixture was stirred for 1 hour at room temperature in inert atmosphere. 1 equivalent
of acryloyl chloride was then slowly added and the mixture stirred for 3 hours. The
reaction mixture was then cooled to 0 °C and quenched with 30 ml of cold distilled
water. The mixture was extracted with ethyl ether (3 times) and dichloromethane
(3 times), and the organic fractions dried over MgSOs and. The solvent was
removed under vacuum and the residual solid was purified by column
chromatography (SiO2, hexane/ethyl acetate 1:1). The final product (yield 53%)

was collected as a white solid.

IH NMR (300 MHz, CDCls) § = 7.51 (dd, J = 17.0, 10.5, 1H), 6.57 (dd, J = 17.0,
1.8, 1H), 5.92 (dd, J = 10.5, 1.8, 1H), 4.46 (t, J = 9.7, 6.3, 2H), 4.10 (t, J = 8.0, 2H).

General procedure for asymmetric Diels-Alder reactions

In a vial with a screw cap containing 1 ml of dichloromethane, the fullerene-BOX
and Cu(OTf). were added and stirred for 30 minutes at room temperature. Then
0,33 mmol of 3-acryloyl-2-oxazolidinone and 4 equivalents of freshly distilled
cyclopentadiene were added. After 24 hours the mixture is purified by silica gel
plug (ethyl hexane/acetate 3/1 +0.2% ET3N). The conversion and diasteromeric
ratio were determined by *H-NMR of the crude, while the enantiomeric excess was
determined by HPLC (chiral column Chiralcel OD-H, hexane/isopropanol 90/10,
0,7 ml/min, 215 nm).

General procedure for catalyst recycling
At the end of a reaction conducted according to the general procedure, 3 ml of
diethyl ether were added in the vial and the precipitated fullerene-BOX system was

recovered by centrifugation.
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The ether solutions were dried under vacuum and purified by silica gel plug as
indicated in the general procedure, and the obtained products were analysed by *H-

NMR and HPLC. New reagents and solvents were added to the residual solid for a
new catalytic cycle.
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Chapter 3
Novel nanobuilding blocks for 3D

emitting materials
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3 Introduction

As mentioned previously, the aim of this thesis is the synthesis of novel building

blocks based on nanocaged molecular bricks such as Ceso and POSS (Figure 3.1).

<N

R
[60-I,]Fullerene  Polyhedral Silsesquioxane (POSS)

Figure 3.1. Cg Fullerene and Polyhedral Oligomeric Silsesquioxane (POSS).

The main goal stands in exploiting the well-defined geometry of these two
complementary nanocages (Figure 3.2), in order to access to 3D metallo-polymeric
network which could find applications in various fields': from catalysis to

optoelectronics, from gas storage to water remediation.

Type B Cubic Ligands Type B Octahedral Ligands

Figure 3.2. Cgo and POSS 3D geometries.
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In the past decade, investigations on 3D materials experienced an exponentially
growth. One of the most explored family of this kind of solid materials is
represented by those hybrid structures named metal-organic frameworks (MOFs).
The establishment of porosity in these polymeric metal-organic structures has been
a challenging goal during the development of this field. Such a wide class of
materials possess high porosity due to free inner volumes greater than 90% and high
surface area that extends over 6000 m?/g. These properties, together with the
extraordinary degree of variability for both the organic and inorganic components
of their structures, make MOFs of interest for potential applications in diverse areas:
chemical separations, ion exchange, sensing and catalysis.?

Classical MOFs are synthesized by metallic cation (MC) units connected by organic
linkers (OL). Choosing suitable metal centres and organic linkers it is possible to
tune the materials morphology as well as to modify their macroscopic properties.
The MCs can display different geometries in function of the nature of the selected
metal (Figure 3.3).

Paddle Wheel Octahedral Trigonal prism

Figure 3.3. Metallic cations common geometries.

The final 3D organization of the MOFs is highly influenced by the geometry of the
MC as well as by the structure and the coordination properties of the organic linkers.
Various OLs, usually constituted by structures with an aromatic core and carboxylic
functionalities, have been already described in the literature.®

In order to achieve our goal, a set of suitable ligands, able to further coordinate
metal centres, were initially thought to functionalize the Ceo and POSS in an
octahedral or cubic fashion, respectively. At this purpose, ligands such as 2,2":6",2"'-
terpyridine and bisoxazolines (BOX)-like moieties were covalently anchored
respectively on the POSS and on the Ceo nanostructures. The resulting derivatives

were used for complexing different cationic species (e.g. Eu(l1l), Tb(ll)).
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The choice of the metal cations was motivated by the specific goals of the research
field which are related to the tuning of the emission properties of the final 3D
structures. From a more fundamental point of view, the understanding of the
coordination properties of the nanocaged building blocks will contribute to extend
the general knowledge on the 3D organization obtained via self-assembly of organic
nano-entities mediated by metal centres. These new 3D polymeric structures may
find application in sensing and nanotechnology (e.g. light emitting diodes).

3.1 Photochemistry of Lanthanides

The extraordinary properties of the Lanthanides attracted the attention of the
researchers by very far.*

The intense line-like emission is one of the most attractive features of luminescent
lanthanide compounds, that results in a high colour purity of the emitted light. The
coloured emission depends on the nature of the lanthanide ion as well as on the
environment (coordination shell and nature of the ligands) of that given ion. The
electronic [Xe]4f" configurations (n = 0-14) indeed generate a rich variety of
electronic levels. The trivalent ions of the lanthanide series are characterized by a
gradual filling of the 4f orbitals, from 4f° (for La®") to 4f'* (for Lu®*).°> One of the
most interesting features of these ions is their photoluminescence. Several
lanthanide ions show luminescence in the visible or near-infrared spectral regions
upon irradiation with ultraviolet radiation. The colour of the emitted light depends
on the ion: for example it goes from the Gd** that emits in the ultraviolet, passing
through the Eu®*, Th®", Sm®" and Tm?* that emit in the visible to Yb3*, Nd** and
Er3* that are well-known for their near-infrared luminescence covering , in this
way,the entire light emission spectrum.®

It deserves to be mentioned that in the discussion of lanthanides emission we refer
often to “luminescence” rather than “fluorescence” or ‘“phosphorescence”.
Considering the mechanism leading to emission: fluorescence is singlet-to-singlet
emission (i.e., a spin-allowed transition)’ and phosphorescence is triplet-to-singlet
emission (i.e., a spin forbidden transition).® In the case of lanthanides the energy
levels are well defined since their emission comes from transitions in the 4f shell,

that are shielded by the 5s2 and 5p® sub level.
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Although photoluminescence of lanthanide ions can be an efficient process, all
lanthanide ions suffer from weak light absorption. They have in general small molar
absorption coefficients (&) and as a consequence, a very limited amount of radiation
absorbed by direct excitation within the 4f levels. The luminescence intensity is not
only proportional to the luminescence quantum yield (defined as the number of
photons emitted as the number of photons absorbed)®, but also to the amount of
light absorbed; weak light absorption results in weak luminescence.®> However, the
problem of weak light absorption can be overcome by the so-called antenna effect
(or sensitization).

The ligands can sensitize the central lanthanide ions by ligand-to-metal energy
transfer, the so-called “antenna effect”.}? Usually, ternary lanthanide complexes
utilizing organic ligands have shown really efficient luminescence properties.
Aromatic ligands, can efficiently absorb light and transfer energy to the lanthanide
ions.!! Furthermore, the introduction of ligands with high affinity properties
through the metal cations can replace the solvent molecules coordinated with
lanthanide ions to reduce the quenching effect thus enhancing the overall

emission. 1112

3.2 Ce0-BOXe: complexation study of novel Carbon building-blocks
In the previous chapter Ceo functionalized with bisoxazolines were synthesized and
employed as efficient catalysts (Chapter 2). What already discussed in the previous
chapter has revealed that metal complexes of hexakis-adducts of fullerene are
promising catalytic systems that can be used in the field of asymmetric catalysis.
Herein, these hexakis-adducts properly complexed with a lanthanide (I11) ion
(Figure 3.4), will be used with the aim of obtaining 3D polymeric materials with
photoluminescent properties.

Eu(l11) and Tb(l11) were selected as target metals to achieve this goal were because
of their well-known photoluminescent properties.’®* Before investigating the
absorption and emission properties of the fullerene-BOX hybrid once complexed
with those cations, a preliminary investigation was conducted on the corresponding
Ceo-BOX mono-adduct (easier to prepare and to study) which will be used in the

further studies as reference compound.
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Figure 3.4. Ln®* complex of Ceo- hexakis-adduct.

The ability of the unsupported BOXs to complex both cations was initially
evaluated via UV-Vis absorption titrations experiments.

First of all, titration experiments were performed adding increasing amount of Eu
triflate (dissolved in CH3CN) to a solution of BOX-based ligand dissolved in DCM.
The titration was followed via UV-Vis spectroscopy. From Figure 3.5 it is possible
to note that by adding a metal solution to the ligand solution, the absorption band
of the ligand start to increase suggesting that the complexation takes place.
Looking at the plots of the maximum of absorption vs the equivalent of metal added
(Abs vs [M]/[L]) it is possible to note that in the case of the iPrBOX (Figure 3.5b)
and INDABOX (Figure 3.5d) the complex formed has a 2:1 stoichiometry. These
experiments indicate that the Eu3+ is complexed by two ligands. On the other hand,
in the case of the PhBOX the plot suggests an initial formation of a complex with
2:1 stoichiometry that, after further addition of metal, gives rise probably to the
formation of a complex with 1:1 stoichiometry. Exactly the same behaviour has
been obtained using Tb triflate as the metal salt.

Once ensured that both metal ions are able to form complexes with BOX ligands,

analogous experiments were performed using the Cso-BOX mono-adducts.
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Figure 3.5 UV-vis absorption spectra of BOXs in CH:Cl, (1.3 x 10°° M) upon titration with
Eu(OTf)3 in CH3CN (1.4 x 10 M). Maximum of absorption vs equivalent of metal added

(second row).

Unfortunately, due to the elevate extinction coefficient of the fullerene,'* , the

spectra are dominated by the absorption of the Ceo (Figure 3.6), and it is not

possible to understand if the complexation take place or not. In order to have some

insight on the possible formation of a complex, an attempt to plot the variation of

the maximum of abs vs the M/L ratio was performed. However, as it can be clearly

observed in the figure, no clear trend emerged.
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Figure 3.6. UV-vis absorption spectra of Ceo-BOX in CH,Cl, (1.3 x 10° M) upon titration
with Eu(OTf)3 in CH3CN (1.3 x 10" M).Europium (first row). Maximum of absorption vs

equivalent of metal added (second row).

Although in Ceo-PhBOX (Figure 3.6 e, f) spectra seems that a decreasing of the
absorption band of the adduct is occurring, a more accurate analysis indicates that
such decreasing is not indicative for a complexation; in fact, the decrease is only of
0.05 absorbance units and can be ascribed to a dilution factor. Basically, these
titrations do not give any useful information about the complexation of the
Europium with the Cgo-BOXG.

Prompted by the fact that titration experiment on the unsupported BOXs showed
that is possible to form this kind of complexes, emission experiments were

performed to definitely check if these systems are suitable for the formation of
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novel 3D carbon-based emitting materials. Emission titration experiments were
performed firstly on the unsupported BOXs and then on the fullerene-adducts
(Figure 3.7).
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Figure 3.7. Emission spectra of both BOXs (a, ¢, €) and Cg-BOX monoadducts (b, d f) in
CH,Cl; (1.3 x 105 M) upon titration with Eu(OTf)3 (1.3 x 10 M): 0 eq. - 1 eq.

By analysing the emission spectra of the BOXs, it is possible to see that under the
selected conditions, only minor changes in the emission spectra occurred. No
emission band related to the formation of of Eu@BOX complex can be observed.
In addition, the characteristic line-like Eu(lll) emission bands, in the region

between 550-700 nm were not detected.
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This can be due to the fact that probably the so-called antenna effect, it is not so
efficient to result in a strong emission of the metal centre.

In the case of the Ceo monoadducts (Figure 3.7 b, d, f), in addition, there is a reason
strictly related to the kind of support used.

In particular, Sariciftci and co-workers, reported that the emission of a polymer,
polyl[2-methoxy,5-(2'-ethyl-hexyloxy)-p-phenylene vinylene] (reported as MEH-
PPV), is completely quenched after its grafting onto a Ceo fullerene.®

Later on, Nierengarten and co-workers, report the complete quenching of
oligo(phenylenevinylene) (OPV) fluorescence when this moiety is covalently
anchored onto Ceo.'® They argued that once the OPV catch the light an energy
transfer process from the OPV singlet to the Ceo singlet state occurs. Under such
conditions, the intense fluorescence band characteristic of the OPV moiety is not
observed, whereas the typical fluorescence band of the fulleropyrrolidine fragment
is detected.

In both cases the intense photoluminescence of MEH-PPV in the first example, and
of the OPV in the second, is however, almost completely quenched, implying a
strong interaction of the two components in the excited state.

Considering the above, the Ce-BOX systems, although showed good applicability
in catalysis, are not suitable for photoluminescent materials and as a consequence
hexakis-adducts were not further tested.

Hence, at this point, the nano-scaffold was replaced in order to have an inert support
with well-established geometry able to form, when properly functionalized, auto
assembled 3D material in presence of metal, with particular emission properties.
The use of a proper ligand with high molar absorption coefficient and high affinity
toward the complexation of metal and possessing also the ability to behaves as

antenna system was envisaged.

3.3 Conclusions

Innovative building blocks, based on Ceso with well established geometry were
synthesized with the aim of obtaining, in the presence of suitable metals, auto-
assembled photoemissive 3D materials. In particular, octahedral Ceo bisoxazoline

hexakis-adduct (Ceo-BOXs) complexed with Europium and Terbium ions were
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obtained and characterized also focusing on their photophysical behaviour. In order
to better understand the mechanisms involved in the complexation with the Eu*
and Th%* ions, a complete study on the unsupported ligands was performed as well.
Subsequently, once anchored on the fullerene, all the resulting materials were
exhaustively investigated.

Although the fullerene-based systems proved to be active catalysts (Chapter 2) once
complexed with Copper, they did no display a similar promising behaviour when
employed for photophysical investigations. The selected ligands exhibit an
inefficient ligand to metal energy transfer (LMCT). Furthermore, a more in-depth
bibliographic research has revealed that Ceo fullerene is not a good scaffold for the
selected purpose since harvests the light absorbed by the ligand preventing the right
transferring to the metal. As a consequence, the bisoxazoline-Cgo Systems were not
further considered as possible emitting materials.

In order to preserve the initial objective related to the synthesis of building units for
the construction of 3D organization while considering the possibility of
photophysical application, the use of silsesquioxanes-based structures was
considered. Polyhedral oligomeric silsesquioxanes (POSS) constitutes an inert
(from the photophysical point of view) scaffold. Moreover, it presents a series of
additional advantages as a thermal and chemical stability as well as the possibility
of an easy functionalization. In the next chapter the synthesis of novel POSS-based

ligands will be presented.
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Chapter 4
Tuneable Emission of Polyhedral
Oligomeric Silsesquioxane- Based
Nanostructures Self-Assembled in the
Presence of Europium(l1l) lons:
Reversible trans-to-cis Isomerization

Eu(II‘I)W

This chapter is based on:
ChemPlusChem, 2019, Accepted Author Manuscript. doi:10.1002/cplu.201900575
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4 Introduction

Polyhedral Oligomeric Silsesquioxanes (POSS, Tg) with their cubic symmetry
represent an ideal building block for the construction of 3D networks. POSS
exhibits an inner inorganic nanocage surrounded by eight organic moieties, which
can be easily functionalized thus offering a wide range of possibilities for the
synthesis of novel hybrid solids.> POSS nanostructures have attracted an increasing
interest in recent decades. Due to their exceptional features, they found application
in several fields from catalysis? to polymer sciences.® Imidazolium functionalized
POSS nanostructures were efficiently employed as catalysts in the conversion of
CO>* or as support for Pd nanoparticles.® The exceptional chemical-physical
characteristics of the nanocage (rigidity and thermal stability) were also exploited
to improve the thermal stability of a number of polymers.® POSS functionalized
with proper fluorophores successfully acted as nanosensors for the detection of
toxic industrial chemicals and chemical warfare agent simulants,” whereas when
the POSS rigid core is endowed with mesogenic moieties, the resulting hybrids
show liquid crystal properties.® Recently Carbonell et al. proposed the use of POSS-
based nanocages functionalized with terpyridine moieties as efficient nanostructure
for the formation of luminescent metallopolymers in presence of Zn?" and Fe?*
cations.® Moreover, it was also described by Cheng et al. that when POSS units are
functionalized with fluorescent dyes, the resulting materials display an efficient
emission intensity due to a combination of the improved dispersion of the
fluorophore along with the increased thermal stability as a consequence of the
inorganic core.!°

Due to their peculiar luminescent properties, lanthanides trivalent ions (Ln(111)) and
in particular Eu, Tbh and Yb, have attracted the raising attention of the scientific
community for the design of advanced functional materials'! with possible
applications in fields as different as electronics or bio-medicine.'> The unique
properties of Ln(lll) include long-lived excited states, sharp line-like emission
bands and large Stokes shifts. However, direct excitation of these cations is hardly
obtained without laser sources due to the strongly forbidden character of the f—f
transitions. For this reason, a species able to absorb photons at short wavelengths

and to transfer the energy to the lanthanides, which emit lights at much longer
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wavelength, is normally used in the process usually called “antenna effect”.
Terpyridine-based ligands are largely employed for this purpose because of their
light-harvesting antenna effect combined with high-affinity metal-bindings.®
Moreover, it is known, that independently from the ligand used, the local chemical
environment has a strong influence on the emission of Ln(l11).*

On the other side, it would be interesting to have systems in which a controlled and
tuneable emission can be obtained only via slightly chemical modification of the
structure of the ligand not requiring an ex-novo synthesis pathway. For this purpose,
the photochemical cis-trans isomerization of double bonds (vinyl, stilbene and azo
compounds), have been the subject of a large variety of investigations. In some
cases configurational changes can be associated with different fluorescence
emissions regulated by the photoisomerization process, as well as even on/off
fluorescent switching'® and photostabilization’® via reversible cis-trans
isomerization.’

To the best of my knowledge, photoisomerization studies in presence of POSS-
based hybrid materials have never been carried out. Herein, two novel Eu®*
complexes are proposed. employing as ligands POSS nanostructures functionalized
with one (M-POSS) or eight (O-POSS) terpyridine moieties. The reversible trans
to cis isomerization of the carbon-carbon vinyl moiety connecting the POSS
nanocage to the terpyridine ligand is presented (Scheme 4.1). The O-POSS
architectures display a switchable blue-green emission as consequence of the
configurational changes. This switchable behaviour is even more evident in
presence of Eu species. In this case a reversible “blue-red-green” emission can be
easily achieved making the O-POSS-based Eu(ll1) complex an extremely promising

and innovative material for organic-inorganic hybrid emitting devices.®
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Scheme 4.1. Trans-cis isomerization of M-POSS

4.1 Results and Discussion

The synthesis of functionalized polyhedral oligomeric silsesquioxane with 4'-
phenyl-2,2":6',2"-terpyridine units was achieved via Heck coupling reaction
following a procedure previously described in our research group.® The M-POSS
was achieved reacting for three days at 100°C in dimethylformamide (DMF) the
monovynil-heptaisobutyl POSS (MV) with Br-terpyridine derivative using a specie
of Pd as catalyst, obtained in situ mixing Pd(OAc). and tris(o-tolyl)phosphine. After
the reaction, Pd° is filtered off and the M-POSS is obtained by precipitation from
the cooled reaction solvent as with powder in 80% of yield.

The O-POSS was obtained by reacting octavynil-POSS with Br-terpyridine
derivative with the above mentioned catalyst in DMF for 1 week. After, the Pd°
was removed by filtration and the crude was precipitated in water. The final product
was obtained in 68% of yield after several washing of the crude with methanol,
acetonitrile and acetone.

The structures of the corresponding mono- (M-POSS) and octa-functionalized
POSS (O-POSS) are presented in Figure 4.1.
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Figure 4.1. Functionalized M-POSS and O-POSS.
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Both M- and O-POSS were characterized via *H-, *C- and 2°Si-NMR. In the case
of the M-POSS, proton NMR helped to understand if the functionalisation has taken
place. This can be possible by comparison of the spectra of 4'-phenyl-2,2":6',2"-
terpyridine and of the monovinyl-heptaisobutyl-POSS with the spectrum of the

final material (Figure 4.2).
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Figure 4.2. Selected region of the *H-NMR spectra of the MV (a) and M-POSS (b).

In Figure 4.2a it is possible to see the loss of the multiplicity of the proton in the
vinyl region of the starting material and in Figure 4.2b the typical pattern of the
aromatic protons of the terpyridine in the aromatic part of the spectrum, together to
the signal of the vinyl proton at 6.3 ppm that suggests the right functionalisation of
nanocage.

To confirm this finding, the solid state 3C-NMR of the starting material and the

final product are reported in Figure 4.3 for comparison.

ppm
Figure 4.3. Solid-state 3C CP-MAS spectra of MV (a) and M-POSS (b). Stars indicate

spinning side bands
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The spectrum in Figure 4.3b shows the pattern related to the terpyridine carbons,
confirming the good outcoming of the reaction.

In addition, solid state 2°Si-NMR were registered in order to check the integrity of
the hollow nanocage (Figure 4.4).
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Figure 4.4. Solid-state 2°Si MAS NMR spectra of MV (a) and M-POSS (b).

The spectra show that the structure of the skeleton of the POSS, before (Figure
4.4a) and after the functionalisation (Figure 4.4b), did not change, thus confirming
the structural integrity. 2°Si MAS solid state NMR spectra of monovinyl-
heptaisobutyl POSS and M-POSS display two signals in the region of the T2 units
with a relative abundance of 7:1, corresponding to the Si atoms linked to the
isobutyl groups and to the vinyl functionality.

Analogous characterizations were performed on the O-POSS. However, in this case
the direct comparison with the starting materials via *H-NMR was not possible. O-
POSS structures present a combination of two broad bands in *H-NMR. This
behaviour was previously observed in literature and it is attributed to the to the
presence of aggregates as consequence of the n—mn stacking interactions between

terpyridine moieties (Figure 4.5).
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Figure 4.5. Selected region of the *H-NMR spectrum of the O-POSS. The broad signal is

due to the = — m stacking interaction between the terpyridine.
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Due to the difficulties encountered with the solution-state NMR characterization of
0-POSS, C- and #Si- NMR spectra were recorded in solid state conditions. Solid-
state 13C CP-MAS confirmed the pattern for the carbon of the terpyridine moieties
(Figure 4.6) whereas the solid-state 2°Si MAS NMR validate the integrity of the
structure (Figure 14).

ppm
Figure 4.6. Solid-state 13C CP-MAS of the OV (a) and O-POSS (b) Stars indicate spinning

side bands

In particular, 2°Si-NMR displays one signal typical of a closed TsRs structure
corresponding to completely condensed T2 silicon units. It is interesting to note that
this resonance line is dramatically broadened. It is known that the solid-state 2°Si-
NMR spectra are strongly dependent on the T-O—T angle;° the broadening of the
signals can hence be ascribed to the distribution of conformations with the

consequential distortion of the T-O—T angles (Figure 4.7).
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Figure 4.7. Solid-state 2°Si MAS NMR spectra of the OV (a) and O-POSS (b)

Due to the notable light-emitting performance of the lanthanides, our attention was
focused to this series of cations in order to form binary metal complexes (in
presence of M-POSS) or 3D supramolecular assemblies (with O-POSS) generated

through coordination of the POSS-based nanostructures with the selected metal. In
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particular, Eu trivalent ions were selected as target cations since they exhibit intense
emission from f-f electronic transitions. Moreover, both POSS structures depicted
in Scheme 4.2 have trans carbon-carbon double bonds that can be isomerized to
the cis form with important implication for both emission and coordinating
properties.

Prior to the investigation of the luminescent behaviour as function of the trans-cis
isomerization, the stoichiometry of the Eu@POSS complexes (both mono- and
octa-functionalized) was addressed selecting the M-POSS as initial benchmark.
Quantitative information on the stoichiometry of the complex in function of
increasing amount of Eu(lIl) were obtained via *H-NMR titration experiments
(Figure 4.8).
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Figure 4.8. 'H-NMR titration of M-POSS with 0, 0.25, 0.5 and 1 eq of Eu(OTf)s. Black

square indicates aromatic proton signals of the terpyridine, red circle indicates one of the

signals related to the 2:1 (Eu@2-M-POSS) complex and blue triangle indicates one of the
signals related to the 1:1 complex (Eu@M-PQOSS).

The variations of the normalized integrated areas of selected signals upon addition
of increasing amounts of Eu(OTf)z are reported in Figure 4.9a. A progressive
disappearance of the M-POSS free ligand contribution was observed after addition
of increasing amount of Eu(l11). The characteristic terpyridine signals (at 8.5 ppm),
labelled with a black square, were followed for this investigation.

The complete disappearance of these signals was achieved in correspondence of 0.5

eq of Eu®*. This result suggests the formation of a complex characterized by a metal
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to ligand stoichiometry of 1:2 (Eu@2-M-PQOSS). It should be mentioned that a
novel pattern of signals corresponding to the formation of the terpyridine-Eu(l11)
complex (red circles) was evident immediately after the first additions of Eu(lll)
(see Figures 4.8 and 4.9a).
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Figure 4.9. Changes in normalized integrated areas of selected signals of *H-NMR titration
experiments in CDs;Cl:CDsCN (7:3) of (a) M-POSS (b) O-POSS upon addition of 0-1.2
equivalents of Eu(OTf); (m = free ligand; e = 1:2 complex; <« = 1:1 complex) Line

connecting the point in the plot are guides for the eyes.

Finally, in the presence of an excess of Eu(OTf)s, an additional set of signals
appears (blue triangles) which can be reasonably attributed to the formation of the
1:1 complex (Eu@M-POSS) (Figure 4.10).
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Figure 4.10. Schematic representation of the two different type of complexes: to the left
the Eu@2M-POSS and to the right the EU@M-POSS.

Furthermore, in order to assign each proton to the respective *H-NMR signal, a two-

dimensional nuclear magnetic resonance spectroscopy (2D-NMR) correlation
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spectroscopy experiment (COSY) was performed to a solution of the 2:1 complex
(Figure 4.11).
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Figure 4.11. 2D-NMR COSY of Eu@2M-POSS complex.

COSY spectra are a routine procedure for the structural determination of organic
compounds. The homonuclear H shift correlation obtained with this experiment
allows assigning precisely the chemical shift to the different protons (as evidence
in the figure). Moreover, in our case the presence of the paramagnetic Eu(lll) ion
causes a shift to higher or lower frequencies (compared to the non-complexed
ligand) of almost all signals.

This shift is mainly due to pseudo-contact (dipolar) contribution, which depends
from the structure of the complex. It is related to the distance between the
paramagnetic centre and the position of the nucleus under study. The shift is larger
for nuclei close to the metal centre and it may have positive or negative sign as a
function of the angle between the principal magnetic axis of the system and the
vector connecting the paramagnetic centre with the proton.?

In addition, the relaxation rate may be significantly increased by the interaction
with the metal centre. This phenomenon, called paramagnetic relaxation
enhancement (PRE), may be responsible of significant broadening of the signals.

This effect strongly depends from the distance between the paramagnetic metal and
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the nuclei under investigation (1/r), and it may broaden the signals under study
beyond detection.

9
1

Indeed, the signal of the proton labelled “i” is not observed in the spectrum because
the large PRE, while all the other expected signals are observed, despite some
broadening is observed for the signal closer to the metal centre.

The complexation properties of the O-POSS in presence of Eu(lll) species was
assessed as well. *H-NMR spectrum of O-POSS shows a very broad band in the
aromatic region due to the m-m stacking interactions (Figure 4.5) between the
terpyridine units, as reported previously.® Hence, the formation of the Eu(lIl)
complex was indirectly followed by monitoring the disappearance of the *H bands
upon addition of Eu(OTf); (Figure 4.12). The complete disappearance of the *H
contributions was achieved in correspondence of 0.5 equivalents Eu(OTf)z (Figure
4.9b) thus indicating the formation of 1:2 complex (Eu@20-POSS), as previously
observed when M-POSS was selected as ligand. Considering that lanthanides
cations can accommodate up to nine coordinating atoms, the formation of
complexes characterized by a metal to ligand stoichiometry of 1:2 could be
considered as a consequence of the steric hindrance of the POSS nanostructure and
indicates that the coordination shell of Eu(lll) is only partially completed by the
terpyridine moieties. Interestingly, a more detailed analysis of the aliphatic region
in the *H-NMR spectrum of O-POSS evidenced the shift of another signal at 1.9

ppm during the titration experiments (Figure 4.12).
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Figure 4.12. 'H-NMR titration of O-POSS with Eu(OTf); (left). Part of the aliphatic region
of de spectrum (1-2 ppm) highlighting the shift of the signal of water (right).
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This signal was attributed to the presence of water molecules completing the first
coordination shell of the Eu cations. It deserves to be mentioned that no signals
corresponding to free terpyridine moieties were observed after titration. This
evidence allows confirming that water plays only the role of co-ligand completing
the coordination sphere and it is not able to promote the removal of the terpyridine
moieties. The formation of both M-POSS and O-POSS based Eu(l1l) complexes
was also followed by monitoring the changes in the absorption and emission
spectra.

Upon addition of Eu(OTf)s to a solution of M-POSS, the absorption band at 290
nm corresponding to the m-n* transition of the terpyridine decreases remarkably.
Concomitantly, the appearance of a novel absorption band above 330 nm was
progressively observed (Figure 4.13a). These absorption bands can be attributed to
the metal/ligand complex. A plateau was reached in correspondence of a M/L ratio
equal to 0.5 (Figure 4.13a) further confirming the formation of the Eu@2M-POSS.
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Figure 4.13. (a) UV-vis absorption spectra of M-POSS in CH,Cl, (1.3 x 10° M) upon
titration with Eu(OTf)3 in CH3CN (1.4 x 103 M). Inset shows the normalized absorption
changes at 290 nm (red crosses) and 330 nm (black squares). (b) Emission spectra of M-
POSS in CH,ClI; upon titration with Eu(OTf)s: 0 eq. - 1 eq. Aex = 310 nm ODg15nm = 0.27
slits 2.5-5 and band pass filter (360 — 100 nm). Inset shows the fluorescence intensity at
366nm.

The fluorescence spectra followed a similar trend. As expected, the emission band
of the terpyridine in the M-POSS (Amax. = 365 nm) was completely quenched upon
addition of 0.5 equivalents of metal cations (see Figure 4.13b). As a direct
consequence of complex formation, a new emission band at Amax Ca. 455 nm was
observed. This broad emission band can be attributed to the ligand-centred

transitions. However, under the selected conditions, the characteristic Eu(lll)
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emission (in the region between 550 — 700 nm) was not detected. This behaviour
could be attributed to the incomplete energy transfer from the terpyridine to the
europium and/or the influence of the solvent polarity as well as the presence of
water molecules. M-POSS possess seven hydrophobic isobutyl groups surrounding
the nanocage with consequent generation of a “hydrophobic shell” influencing the
self-association process.?* In order to better understand the reason behind the
absence of this emission, a novel set of experiments employing a mixture of
solvents of different polarity ((CH3CN (97%):CH2Cl> (3%)) was performed as well.
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Figure 4.14. Typical Europium line like emission centred at 616 nm clearly visible in the
presence of Eu@2M-POSS dissolved in the following mixture of solvents: CHs;CN
(97%):CH Cl; (3%).

Figure 4.14 shows a non-resolved emission centered at 617 nm clearly visible in
the novel mixture of solvent thus confirming the role played by the solvent on the
emission of M-POSS structures.

However, a different behaviour with an improved emission should be expected in
presence of O-POSS based ligands in which the isobutyl groups are replaced by
terpyridine moieties.

As expected, the addition of Eu(OTf)3 to a solution of O-POSS, the absorption band
at 290 nm corresponding to the w-n* transition of the terpyridine start to decrease.
At the same time, the appearance of a new absorption band above 330 nm was

progressively observed (Figure 4.15).
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The plot of the absorption bands in function of the equivalent of metal added
confirmed the stoichiometry of the complex. Looking in Figure 4.15 it is possible
to see that, after adding 0.5 equivalent of Eu(lll), the plateau was reached
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Figure 4.15. UV-Vis absorption spectra of O-POSS in CH:Cl, (1 x 10-° M) upon titration
with Eu(OTf)s in CH3CN (1.4 x 10 M) (a). Normalized absorption changes at 290 nm (red
circles) and 330 nm (black squares) (b).

Continuing with the emission titration, as expected, the addition of Eu(OTf)3 causes
a progressive decrease of the terpyridine emission band (Amax = 390 nm) with a

complete disappearance in correspondence of 0.5 equivalents of metal (formation
of 1:2 complex, Figure 4.16a).
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Figure 4.16. (a) Emission spectra of O-POSS [1x10° M] in CH,Cl, upon addition of

Eu(OTf)3 [1.4x10° M] in CH3CN (Aex = 313 nm OD= 0.15 slits 5 nm). Inset shows the

characteristic Eu(lll) line-like emission. (b) Picture of visible emission of O-POSS

solutions under UV irradiation at 356 nm. In blue free O-POSS emission and in red

Eu@20-POSS complex emission.
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Also in this case, a broad emission ligand centred band was still present. It is
noteworthy that once the complex was formed, the characteristic Eu(l11) line-like
emission was clearly observed. The five sharp emission peaks at 580, 591, 617, 650
and 698 nm (inset Figure 4.16a), were assigned to the °Do — 'F; (J=0, 1, 2, 3, 4
and 5) transitions, with the most intense at 617 nm corresponding to the °Do — 'F
emission. It is important to underline that, under the highly diluted conditions (10
M) employed to monitor the absorption and emission features of the Eu@O-POSS
complex, a perfectly homogeneous and transparent solution was always obtained
during the titration experiments and this solution was characterized by a red
emission evident also to the naked eyes (Figure 4.16b).

However, precipitation of the Eu@20-POSS assembled structure in the solid state
was achieved. By mixing a solution of O-POSS in DCM and a solution of Eu
triflate, a form of a pale-yellow powder can be easily obtained in more concentrated

solution.
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Figure 4.17. (a) Solid state emission of EuU@20PQOSS complex.

Hence, solid state emission properties of the Eu@O-POSS complex were evaluated
as well. As can be clearly seen in Figure 4.17, the emission spectrum of the solid
displays excellent features characterized by a strong emission intensity as well as
by a narrow half emission width of c.a. 10 nm. Moreover, the decrease of the
intensity of the emission band of the complexed ligand suggests that the energy
transfer from the terpyridine ligands to the Eu(l11) is more efficient in the solid state.
The more intense emission of Eu@O-POSS complex, compared to the M-POSS-
based structures, can be considered as a consequence of the increased local

concentration of the terpyridine surrounding the nanocage. This constitute an
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indication of the important role played by the 3D metallopolymeric network
protecting Eu(lll) against non-radiative deactivation. These differences in the
emission arising from the different environments in the assembled coordination
complexes could be due to the molecular packing inducing higher emission.?

Once proved the emission properties of the Eu@O-POSS, an investigation of the
trans-cis reversible isomerization was performed. It is well known that UV light
irradiation may promote trans to cis isomerization of the vinyl group. The formation
of the cis-isomer was monitored via *H-NMR spectroscopy selecting the M-POSS
as target molecule. The formation of an almost equimolecular mixture of cis and
trans isomers was achieved through irradiation of the trans-M-POSS at 356 nm. As
can be clearly seen in Figure 4.18, the initial *H-NMR spectrum displays, in the
vinyl region, only one signal at 6.22 ppm (coupling constant J = 19.1 Hz)
corresponding to the vinyl group in trans configuration. After 1hirradiation, a novel
signal at 5.70 ppm (coupling constant J = 15.2 Hz) corresponding to the cis form

appears together with a series of signals in the aromatic part of the spectrum.
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Figure 4.18. *H-NMR spectrum of M-POSS (a) before and (b) after irradiation at 356 nm.

* in the figure, indicate the *C satellites

Once proved the possibility to form the cis-M-POSS structure, the trans-to-cis
photoisomerization process was followed at different irradiation times via UV-
visible and fluorescence spectroscopies. Upon irradiation, a decrease of the
absorbance of the UV-Visible band centred at 290 nm and the concomitant

appearance of a shoulder were observed (Figure 4.19). A more evident transition
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was clearly distinguished in the fluorescent spectra. An almost complete
disappearance of the emission band of trans-M-POSS at 366 nm together with the
appearance of a novel emission band at 460 nm (attributed to the cis form) was
observed after 60 minutes of irradiation at 356 nm (Figure 4.19, green line).
Interestingly, under the conditions employed in the fluorescence experiments, a
total trans-to-cis conversion was achieved after 1h irradiation.
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Figure 4.19. UV-Vis absorption (left) and emission (right) spectra of M-POSS in CHCl;
(1.3 x 10° M) upon different irradiation times at 356nm. (Airag = 356 NM); Aex = 314 Nm,
slits 2.5, 5 nm (bandpass filter 360 — 1100 nm).

The reversibility of the isomerization process was achieved via thermal treatment,
heating the M-POSS solution at 50 °C during 1h (Figure 4.20a). Indeed, after
thermal treatment at 50 °C the band at 460 nm disappeared while the contribution
at 366 nm was completely restored. The process can be repeated multiple times with
highly consistent results. Excitation spectra of the M-POSS at the maximum of the
respectively emissions (370 nm for the trans- form and 460 nm for the cis- form)
were recorded being practically coincident with the corresponding absorption
spectra of trans- and cis- configurations, respectively (Figure 4.20), indicating that
the detected emission corresponds to the trans- and to the cis- forms without
observing of the excimers formation in these conditions.

Analogous irradiation experiments were carried out in presence of O-POSS. The
photoisomerization process of O-POSS at different irradiation times was followed

by UV-Visible and fluorescence spectroscopies.
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Figure 4.20. (a) Reversible Emission spectra of trans-M-POSS solution (black line) and
Ccis-M-POSS (red line) (1.0 x 10 M) in DCM registered at Aex = 314 nm slits 2.5, 5 nm
(bandpass filter 360 — 1100 nm). (b) Excitation and emission spectra of M-POSS in the
trans- (grey and black spectrum respectively) and cis- (blue and red spectrum)

configurations.

Trans-to-cis photoisomerization occurred under UV light irradiation also in
presence of the O-POSS nanostructures. In agreement with the previously described
behaviour of M-POSS, a decrease of the absorption band of the ligand (ca. 285 nm)
and the appearance of a shoulder was observed (Figure 4.21). Moreover, the
emission band of the ligand was quenched almost completely and a novel broad

emission band, corresponding to the cis form, appeared at 510 nm (Figure 4.21b).
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Figure 4.21. (a) Emission spectra of O-POSS before and after irradiation at 356 nm at
different times. Inset shows the digital photograph of the cuvette at initial and final time
taken under UV light at 356 nm. (b) Emission spectra of trans- O-POSS solution (black
line) and cis- O-POSS (red line) in DCM. C = 1.2 x 105 M; Aex= 314 nm; slits 5, 10.

The broader emission band of the cis-O-POSS compared to the trans- isomer could

be ascribed to the presence of excimers favoured by the cis-configuration of the
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double bond. Interestingly, in the case of O-POSS nanostructures the trans to cis
isomerization was accompanied by an evident change in colour that passed from
blue (trans-O-POSS) to green (cis-O-POSS). As previously observed for the M-
POSS, also the octa-functionalized analogues display a reversible isomerization.
Due to the relevant interest that could present a tuneable photochromism of the self-
assembled 3D network, the isomerization process of the Eu@O-POSS complex was
followed as well via UV-Visible and fluorescence spectroscopies It is worth
highlighting that under UV irradiation the Eu@O-POSS complexes release almost
completely the coordinated Eu(l1l) ions.
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Figure 4.22. (a) UV-visible and (b) emission spectra of Eu@O-POSS (1:2) before (black
line) and after irradiation (red line) at 356 nm for 60 minutes. [0-POSS] = 1.3 x 10° M;
hex= 314 nm; slits 5, 10; (bandpass filter 360 — 1100 nm).

As we can observe in the Figure 4.22, the characteristic Eu(ll1) emission bands
disappeared after 1h irradiation. This behaviour can be ascribed to elevate steric
hindrance of the O-POSS in the cis forms hindering the coordination of the metal
centre. Changes in fluorescence emission of the Eu@O-POSS under UV light
exposure can be detected also at naked eyes (Scheme 4.3).

Trans-O-POSS (a) displays an evident blue emission, after formation of the
Eu@trans-O-POSS complex a shift through the red is clearly observed (b), UV-
irradiation of the Eu@trans-O-POSS causes the release of the Eu(lll) ions due to
the formation of the cis-O-POSS isomer whose free (non-complexed) form emits

in the green (c).
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Scheme 4.3. Schematic representation of the tuneable emission of (a) trans-O-POSS in
dichloromethane solution; (b) Eu@trans-O-POSS; (c) cis-O-POSS after irradiation at 356
nm (60 minutes) under UV lamp. (R = phenyl-2,2":6',2"-terpyridine.

After thermal treatment the cis-O-POSS can be completely converted in the trans
isomer and the cycle can be repeated without detrimental effect on O-POSS
nanostructure.

Moreover, in presence of small amount of solvent the solid Eu@O-POSS can be
easily shaped as a film as illustrated in Figure 4.23. This behaviour can pave the

way toward the application in materials science.

Figure 4.23. Film of the acronym of the University of Namur designed employing the
trans-O-POSS (first two letters on the right), Eu@trans-O-POSS (letters in the middle) and
cis-O-POSS (last two letters on the right) under UV lamp (356 nm).

4.2 Conclusions

The absorption and emission properties of two novel silsesquioxane-based Eu
complexes were investigated. The stoichiometry of the complexes (Eu@2M-POSS
and Eu@20-POSS) was evaluated via H-NMR as well as UV-Vis and

fluorescence titration experiments. The solutions of Eu@20-POSS display a
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bright-red luminescence under UV light at room temperature and an even more
intense emission can be achieved in solid state. Interestingly both M- and O-POSS
nanostructures display a reversible trans to cis isomerization of the carbon-carbon
double bond linking the silsesquioxane core to the terpyridine moieties. In the case
of O-POSS nanocages this isomerization was monitored also in presence of Eu(l1l)
cations and was accompanied by an evident modification of the colour which
passed from blue (trans-O-POSS) to red (Eu@trans-O-POSS) and finally to green
(cis-O-POSS) as consequence of the release of the metal cations. After thermal
treatment, the cis-O-POSS can be completely converted in the trans isomer and the
cycle can be repeated without detrimental effect on O-POSS nanostructure. This
switchable and reversible “blue-red-green” emission together with the easy
dispersion, solubility in organic solvents and the possibility of forming films makes
the emitting solid promising for applications in materials science and in particular

in the preparation of advanced light emitting devices.
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5 Photoluminescence Lanthanide@POSS-based materials

As already reported in literature (and mentioned in the previous chapter), Eu®* ions
should be able to accommodate up to nine coordinating atoms/molecules.t
However, in the case of the systems described in paragraph 4.1, the steric hindrance
of the POSS-based structures hinders the formation of complexes in which the
metal cation can accommodate 3 silsesquioxanes-based ligands. As commented
previously (see part 4.1) the coordination shell of the metal is hence completed by
solvent molecules, most probably water (Figure 4.11).

Since it is well known that water can negatively affect fluorescence emission,? an
attempt was done to remove these water molecules from the Eu@POSS complexes
adding less hindered and highly coordinating ligands to the reaction mixture. In
order to achieve this goal, two strong co-ligands able to absorb photon and promote
an energy transfer to europium were selected: 2,2'-oxydiacetic acid (ODA), and
2,2".6',2"-terpyridine (Tpy). In the next paragraph we will report the results of these
studies.

Due to the poor solubility of the ODA in the mixture of solvent employed in the
previous experiments (CDCI3:CD3CN or CH»CI2:CH3CN), a series of titration
experiments (followed via 'H-NMR as well as via UV-Vis and emission
spectroscopies) were conducted to study the behaviour of the POSS-Eu systems in
a different media. The novel mixture of solvents employed in this study was
constituted by CH.Cl>:MeOH.

Since the nature of the solvent could strongly influences the coordination properties
of the selected ligand, titration experiments similar the ones reported in the previous
chapter where performed in presence of CH2Cl,: MeOH.

The UV-Vis spectra of both M-POSS (Figure 5.1a) and O-POSS (Figure 5.1b)
show that the free terpyridine absorption band centred at 290 nm decreases during
the titration and a new band, assigned to the formation of the Eu@POSS complex,
appears at 330 nm. A plateau was reached after addition of 0.5 eq of Eu(OTf)3
solution (inset) suggesting an Eu(lll) to ligand stoichiometry equal to 2:1. These

results are in agreement with the ones obtained in presence of CH>Cl2:CH3CN.
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Figure 5.1. UV-Vis absorption spectra of M-POSS and O-POSS in CH.Cl, (1.3 x 10° M)
upon titration with Eu(OTf)s in MeOH (1.3 x 10 M)

Emission spectra (Figure 5.2) confirmed further this behaviour. Both experiments
allow excluding a major role of methanol as co-ligand under the conditions
employed for the absorption and emission studies.

Concerning the M-POSS (Figure 5.2a), the emission band of the terpyridine at 365
nm was completely quenched upon addition of 0.5 equivalents Eu®*and a new
emission band at 455 nm was observed. This second emission band can be attributed

to the ligand-centred transitions.
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Figure 5.2. Emission spectra of (a) M-POSS and (b) O-POSS in CH;Cl, upon addition of
Eu(OTf)3 in MeOH. Solution of M-POSS and O-POSS in DCM at C = 1.3x10° M were
titred with Eu(OTf)3 in MeOH C = 1.3x10°° M.(M-POSS: Aex = 335nm slits = 2.5-5nm
bandpass filter 360 — 1100 nm; O-POSS: e = 335nm slits = 5-5nm bandpass filter 360 —
1100 nm).

A similar behaviour was observed in the case of O-POSS (Figure 5.2b). In this
case, the quenching of the free terpyridine emission band (400 nm) and the
simultaneous increases of the ligand centred transition emission band (490 nm) was

detected. This last band disappears slowly during the titration and, as consequence
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of the energy transfer from the terpyridine to the Eu, the typical Eu line like bands
in the region between 580 and 698 nm (assigned to the *Do — ’F; transitions)
appear.

Titration experiments were also performed following the evolution of the typical
signals of the terpyridine via 'H-NMR. However, a slightly different behaviour was
observed in presence of the novel mixture of solvents [CDCls:MeOD] when the
titration experiment was followed via *H-NMR. This different behaviour could be
attributed to the higher concentrations employed in the NMR experiments.

In the previous *H-NMR experiments performed in chloroform:acetonitrile we
observed: (1) the formation of the Eu@2M-POSS (2:1 complex) (2) the complete
disappearance of the free terpyridine after adding 0.5 eq of Eu®" and (3) the
formation of EU@M-POSS (1:1 complex) after adding an excess of metal (Figure
4.8 and 4.9a). On the other hand, when methanol (instead of acetonitrile) is added

to the reaction mixture, different species form in solution (figure 5.3).
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Figure 5.3. *H-NMR titration of M-POSS solution in CDCl3:MeOD 3:1 with Eu(OTf)s.

It is important to underline that the formation of a M-POSS/Eu complex was always
observed. This is evident by looking to the shift of different signals in the aromatic
region of the spectra (protons related to the aromatic rings of the terpyridine) and

by observing the region between 5.6 ppm and 6.2 ppm which corresponds to the C-
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C double bond. In this last region it is possible to note the disappearance of the
signals attributed to the vinyl group of the free terpyridine (when titration is
performed with CDCI3:CD3CN solvent mixture). However, by changing solvent
mixture (using CDCl3:MeOD as solvent) two major differences can be immediately
detected. First of all, the completely disappearance of the signals corresponding to
the free terpyridine (black squares) was never observed even when a large excess
of metal was added to the mixture. Moreover, an equilibrium between three
different species: the free ligand, the 2:1 complex (Eu@2M-POSS black circles)
and the 1:1 complex (Eu@M-POSS black stars) was observed.
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5.1 ¥°LLa-NMR characterisation

So far, the formation of complexes was studied only by H-NMR titration
experiments. Besides, it was interesting to confirm previous results directly by
recording NMR spectra of the metal centre of interest. However, since Eu*? is
paramagnetic and cannot be easily studied by NMR, it was preferred to choose a
diamagnetic metal of the lanthanide series, as the lanthanum. Replacing Eu*® with
La*® is supposed to not significantly affect the formation of coordination
complexes, as the elements of lanthanide series are chemically similar. La has two
quadrupolar NMR active nuclei: *3La and **La. The latter was chosen because is
characterised by sharper resonance lines and higher natural abundance (99.9%).
139 a (1=7/2) yields broad signals because of the efficient quadrupolar relaxation
mechanism. Its signal become even broader when La is found in complexes
(because reduced molecular tumbling) or in asymmetric environments.

Two different experiments were performed to verify the formation of MPOSS-La
complexes in equilibrium with the free ligand (Figure 5.4). The **La-NMR spectra
reported in Figure 5.4a show the NMR spectrum of the La triflate. Its signal
(labelled with black square) is observed at -30 ppm (with respect to LaCls in water
at 0 ppm) and is characterised by a linewidth at half height (LW) of 2.3 kHz. Upon
addition of M-POSS was observed a significant decrease of its integrated area and,
at the end of the titration experiment, the presence of a new, broad signal (LW =
6.7 kHz), at around 90 ppm (labelled with black star) which is assigned to the bound

La*® in slow exchange on the chemical shift time scale.
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Figure 5.4. a) La-NMR titration of La(OTf)3 in CDCl3:MeOD 3:1 with M-POSS and b)
139_a-NMR titration of M-POSS in CDCl3:MeOD 3:1 with La(OTf)s. In Figure stars point

out complexed metal while squares free metal.
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This result is in agreement with data reported in the literature. * Indeed, both the
LW and the chemical shift are generally increased when the water molecules in the
first coordination shell are replaced by nitrogen or oxygen donor sites.

A counter-experiment was performed starting from M-POSS and adding La(OTf)s.
upon addition of a small amount of La*3, the appearance of a signal at 90 ppm
(labelled with black star) was observed, confirming the formation of MPOSS-La
complexes and the assignment of the resonance line. Immediately after a second
addition of metal, a second signal (labelled with black square) at -30 ppm appears,
confirming the equilibrium between the free metal and the complexed one.

The formation of M-POSS-La** complexes was studied by *H-NMR, by adding
La(OTf)s to a solution of M-POSS (Figure 5.5). Upon addition of only 0.12 eq. of
La®* a new series of signals was observed (black stars in Figure 5.5). After the
addition of 0.5 eq of La®", a series of signal was observed (stars in figure 5.5). The
intensity of all these resonance lines increase at increasing amounts of La%*. All
these new signals remain in their positions till the end of the titration confirming
the results obtained following the *°La. Hence, the formation of M-POSS-La
complexes in equilibrium with the free ligand.

These findings have been confirmed by means of a counter titration carried out by
adding M-POSS to a La(OTf)s solution.

* * Yok *
1.0 eq
* * Yok *

' ppm

Figure 5.5. 'H-NMR titration of M-POSS solution in CDCl;:MeOD 3:1 with La(OTf)3 In

Figure stars point out signals related to the complex.
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The NMR data confirm that methanol can act as co-ligand competing with water
molecules to complete the coordination shell of the metal centre. Otherwise, when
CH3CN was present in the mixture the coordination shell was completed by the
residual water molecules.

This represent a good indication that water molecules can be replaced if another co-
ligand is present in the mixture. The next step was hence the use of active ligands
able to replace water (and methanol) in the metal coordination shell and at the same

time enhancing the emission of the final complex.
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5.2 Replacing water molecules

The first attempt to replace water molecules from the coordination sphere of Eu(l11)
in the Eu@POSS complexes has been carried out on the Eu@2M-POSS by adding
ODA molecules (Figure 5.6).
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Figure 5.6. (a)Emission spectra of Eu@2M-POSS in CH;Cl, (1.3 x 10-> M) upon titration
with ODA in MeOH (1.3 x 10° M) (b)Emission intensity at 422 nm versus ligand
concentration (intensity vs [ODA]/[M-POSS]). (Aex= 335nm slits = 2.5-5nm bandpass filter
360 — 1100 nm).

The emission band of M-POSS (black line) centred at 368 nm was almost
completely quenched after the addition of 0.5 eq. of metal (Figure 5.6a).
Consequently, a new emission band centred at 422 nm (red line) appeared. This
weak emission is attributed to the formation of the Eu@2M-POSS complex.
Interestingly, upon addition of increasing amount of ODA a significant (above 5-
fold) increase of the emission intensity was observed. This change in intensity is
also clear to the naked eye. EuU@2M-POSS-ODA displays higher emission intensity
as shown in the inset (Figure 5.6a). Analogous experiments were performed adding
terpyridine as co-ligand (Figure 5.7). The first step was the formation of the
Eu@2M-POSS complex. Then a Tpy solution in DCM was added until 0.5
equivalents of co-ligand were reached.

In this second experiment the trend was similar of the first one. It is possible observe
the initial quenching of the emission band of the M-POSS, centred at 366 nm, due
to the complexation with Eu®* ions followed by the formation of a new band at 439

nm attributed to the ligand-centred transitions.
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After addition of Tpy the band centred at 429 start to increases, reaching a
maximum after 0.4 eq (see the inset in Figure 5.7a), and then start to decrease.
Hence, a new band start to grow at 369 nm due to the formation of the complex
Eu@Tpy.
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Figure 5.7 (a) Emission spectra of EuU@2M-POSS solution titred with Tpy solution. (Aex=
335nm; slits = 2.5-5nm; bandpass filter 360 — 1100 nm). (b) Magnification of the region
between 550nm and 800 nm showing the typical line like bands of the Europium. (Aex =
335nm; slits = 5-10nm; bandpass filter 360 — 1100 nm).

It is noteworthy that, with the help of the Tpy as co-ligand (which most probably
replace the water molecules from the metal coordination shell), the energy transfer
to the metal centre was more effective and the typical line-like band of the europium
appears in the region between 580 and 698 nm (assigned to the °Do — F;
transitions).

To be sure that both M-POSS and co-ligand (ODA or Tpy) complex together the
metal and that no competitive coordination take place (e.g. ODA or Tpy molecules
replacing the main POSS-based ligands), *H-NMR experiments were performed as
well.

Since ODA is often used in the deprotonated form, while in our case it was
employed at protonated ligand, preliminary experiments were performed to verify
that ODA (in its protonated form) can complexes Eu®* ions.

The titration experiments were performed adding increasing amounts of Eu(OTf)s
to a solution of ODA in deuterated methanol. Immediately after the first addition of
metal to the ODA solution (Figure 5.8), the signal of the ODA (labelled with black
square) disappears, and the growth of three signals (black circles) due to the

formation of EuU@ODA complexes was visible.
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Upon addition of increasing amount of Eu(OTf)s a progressive shift of these signals

was also observed indicating that ODA is complexing the metal.
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Figure 5.8. 'H-NMR titration of ODA solution in MeOD with Eu(OTf)s,

Then, a series of titration experiments was performed by mixing together M-POSS
and ODA in order to verify that the simultaneous complexation of the metal occurs.
In particular, for this investigation three different ratios between the M-POSS and
the ODA (2:1, 1:1, 1:2 M-POSS:ODA) were selected. The titration performed using
a solution of M-POSS:ODA in 1:1 ration is reported in Figure 5.9. As can be clearly
seen in the figure a shift of the typycal signals corresponding to the M-POSS based
ligand (mainly in the aromatic region) together with a relevant modification of the
pattern corresponding to the ODA is present.

It is possible to see that the signal of the ODA (black square) decreases until
disappearance and at the same time, signals related to the M-POSS (black circles)
shift in a new position. This experiment proves that both silsesquioxane-based
ligand and ODA co-ligand are playing an active role in the complexation of
europium and, more importantly, ODA is not competing with the M-POSS
replacing it from the metal coordination shell. In Figure 5.10 the shift of the vinyl
proton in function of the equivalent of metal added is reported, confirming that the
stoichiometry of the final complex is Eu@2M-POSS-ODA.
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Figure 5.9. 'H-NMR titration of M-POSS:ODA 1:1 solution in CDCl3:MeOD 3:1 with
EU(OTf)3.

From Figure 5.10a emerged that if the modification of the chemical shifts (of some
selected signals) is plotted in function of the Europium/total ligand ratio (M/L
where L indicates the concentration of M-POSS ligand + ODA co-ligand) a plateau
is reached in correspondence of a M/L value of c.a. 0.3 indicating that the complex
is formed by 3 ligands per each metal centre.

On Figure 5.10b is represented a similar plot in function of a Europium/POSS-
based ligand (M/L-POSS) ratio. In the last case a plateau is reached in
correspondence of M/L-POSS ratio of c.a. 0.5 indicating that 2 M-POSS based
ligand are present per each metal centre. This investigation suggests the presence
of a complex in which 2 silsesquioxane-based ligands are coordinating the metal
centre while the coordination shell of europium is completed by one molecule of
ODA, hence supporting the hypothesis of the formation of a Eu@2-M-POSS-1-
ODA.
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Figure 5.10. Plot of the shift of the signal at 6.16 ppm in function of the equivalents of
Europium added in relation of the total amount of ligand (a) and in function of the

equivalents of Europium added in relation of the M-POSS (b).

Analogous experiments were conducted on Tpy, firstly monitoring the evolution of
the Tpy signals in complexing the metal in *H-NMR titration. After adding 0.3
equivalents of europium, two new signals appeares in the region between 5.5 ppm
and 7.0 ppm (black circles in Figure 5.11). Suggesting the formation of the
Eu@2Tpy complex. Once 0.5 equivalents of Eu* were added, a new set of signals
at 9.5 ppm , 6.8 ppm and 5.1 ppm start to grow (black stars) suggesting now the
formation of Eu@Tpy complex. Also in this case, the different species that are
formed in solution are in equilibrium. This bahaviour is particularly evident in the
last spectrum in wich in presence of 1 equivalent of metal an equilibrium between
three different species is present in solution.

Hence, in agreement with the previous observation in the case of the M-POSS, at
the end of the titration three different species are in equilibrium: free Tpy,
Eu@2Tpy and Eu@Tpy.

As for the M-POSS:ODA system, in order to verify the simultaneous complexation
of the metal by the two ligands, a series of titrations were performed by mixing
together M-POSS and Tpy.
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Figure 5.11. *H-NMR titration of Tpy solution in CDCl3:MeOD 3:1 with Eu(OTf)s,

In particular, three different ratios between the M-POSS and Tpy were chosen: 2:1,
1:1, 1:2. In Figure 5.12 the titration performed with a 1:1 M-POSS:Tpy ratio is
reported. In this case, however, the signals of the phenyl-terpyridine in M-POSS as
well as the protons of the free-terpyridine, are overlapped in the aromatic region of
the spectrum making difficult both the discrimination of each single contribution
and the evolution of the complexes in solution. Focusing the attention to the region
between 5.2 ppm and 7.0 ppm, can be argued that both ligands take part to the
complexation since it is possible to recognize the typical of pattern (black stars)
corresponding to the formation of europium complexes with M-POSS or with the
Tpy (see Figure 5.12).

Similar *H-NMR experiments in presence of O-POSS were not performed, due to
the fact that signals in O-POSS are very broad and it is not possible to diversify and
assign the different contributions to each species. Hence, emission investigations
aimed to verify the possibility to improve the emission properties in the Eu@O-

POSS complexes were performed.
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Figure 5.12. 'H-NMR titration of M-POSS:Tpy 1:1 solution in CDCl5:MeOD 3:1 with
Eu(OTf)s.

5.3 “Rainbow” full emission spectrum

As seen in section 4.1 emission titration experiments revealed that the emission
band of O-POSS (black line) centred at 410 nm is completely quenched after adding
0.5 eq. of metal as consequence of the complexation with the Europium (Figure
4.15a). Furthermore, the energy transfer from the terpyridine to the metal, allow
transition in the f-f shell of the metal and the typical line like band of the Europium
resulted clearly visible (Figure 4.15a inset).

Interestingly, after addition of ODA as co-ligand, an increase of the europium
emission (at 590 nm and 620 nm) as well as an increase of the emission band at 490
nm corresponding to the ligand centred emission band were observed (Figure 5.13).
As we can see in the inset (Figure 5.13b), different emission properties were
observed for Eu@2-POSS complexes in the absence (right) or in presence of ODA

as a co-ligand (left).
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Figure 5.13. (a) Emission spectra of Eu@20-POSS solution titred with ODA solution (Aex
= 335nm; slits = 5-5nm; bandpass filter 360 — 1100 nm); in the inset plot of the intensity at
481 nm vs equivalent of ODA added. (b) Magnification of the region between 550 nm and
800 nm showing the typical line like bands emission of the europium (Aex = 335 nm; slits =
10-10 nm; bandpass filter 360 — 1100 nm).

Emission titration experiments were performed for the Eu@O-POSS in the
presence of Tpy as a co-ligand. (Figure 5.14).

The intensity of the line like band of the europium, in the region between 580 and
698 nm (assigned to the Do — ’F; transitions) increases and a shift of the metal
ligand band is observed (Figure 5.14b).

It is observed a red-shift in the presence of ODA and a blue-shift in the presence of
Tpy. The shift on the band indicates that the co-ligand added (in our case ODA or
Tpy) is also coordinating the metal centre. However, this coordination may result

in a different symmetry.
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Figure 5.14. (a) Emission spectra of Eu@20-POSS solution titred with Tpy solution (Aex
= 335nm; slits = 5-5nm; bandpass filter 360 — 1100 nm). (b) Magnification of the region
between 550 nm and 800 nm showing the typical line like bands of the europium (lex =

335nm; slits = 10-10nm bandpass filter 360 — 1100 nm).
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In the previous chapter the tuning of the emission properties of the Eu@O-POSS
complexes was achieved via cis- trans- isomerization of the double bond (blue-
green emission).

In the present investigation the role played by the use of co-ligands as ODA (purple
emission) or Tpy was also proved. In order to challenge even more our system an
additional investigation was performed. The objective was to achieve a fine
modulation of the emission properties of the Eu/O-POSS systems combining the
different possibilities (cis-trans isomerization and use of co-ligands) with the use
of other metal centres. On this topic, it was recently published an article in which
the Europium is combined with terbium to obtain compounds with different
emitting properties.* For this reason the Terbium was selected as target metal for
our investigation. Moreover, it possesses characteristic bands at 490 nm, 544 nm,
585 nm and 622 nm that fall in the region of interest.

So we prepared different complexes with different ratio of metals (Eu:Tb 2:1 and
Eu:Tb 1:1. the

In the case of Eu0.66Tho33@0O-POSS solution (ratio Eu/Tb = 2) was observed a
combination of the typical emission bands of the Terbium (544nm, 585nm) and the
Europium, see Figure 5.15a. With this complex an orange emission was observed.
Other O-POSS complexes were prepared with another metal ratio.

Particular relevant was the EuosThos@O-POSS-Tpy (ratio Eu/Tb = 1 in the

presence of Tpy as co-ligand). The last complex allows obtaining a yellow

emission.
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Figure 5.15. (a) Emission spectra of EugesTDo33@0O-POSS.(b) Emission spectra of
Euos5Thos@O-POSS-Tpy. (Aex= 335 nm; slits = 10-10 nm; bandpass filter 360 — 1100 nm).
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Finally, combining the last experiments with the possibility of the trans/cis
isomerisation of the C-C double bond, a series of “emitting” complexes displaying
different colours was obtained. Figure 5.16 shows the picture of the metal
complexes based on O-POSS in solution, 1 = trans-O-POSS, 2 = cis-O-POSS, 3=
EUosThos@0O-POSS-Tpy, 4 = Eu@20-POSS-ODA, 5 = Euo.66 Tho.33@0-POSS, 6
= Eu@O-POSS under UV light. The emission colours cover the region from red to
blue simulating a rainbow effect.

It is worth highlighting the versatility of the O-POSS complexes. With the proposed
systems a controlled and tuneable emission can be obtained only via slightly
chemical modification of the metal environment not requiring an ex-novo synthesis

pathway of the ligands.

Figure 5.16. Complete pattern of colour obtained with O-POSS with Eu, Th and ODA or
Tpy as co-ligands.

5.4 Conclusions

Innovative building blocks based on POSS, complexed with Eu(l1l) cations proved
to be excellent photoemissive 3D materials.

The terpyridine-silsesquioxane based Eu complexes showed switchable and
reversible “blue-red-green”.

In the first series of complexes the coordination shell of the metal was completed
by some molecules of water. The presence of water had no strong detrimental effect
on the emmission of the material, however still results in a decrease in fluorescence

emission hence, in the second part of the work the light-emitting properties of the

152



selected systems were further enhanced replacing the molecules of water with
selected ligands. The use of ODA and terpyridine helped to replace water molecule
from the coordination sphere of the metal during the complexation improving the
emission of both Eu@M-POSS and Eu@O-POSS complexes. Moreover, fine
tuning of these two co-ligands, together with the use of terbium ions, led to the
development of a series of luminescent materials with interesting emission
properties and able to cover the complete visible spectrum of colours, from the blue
to the red passing by the green, the yellow, the purple and the orange. What makes
the last part of the work extremely promising is the fact that the entire range of
colours was obtained only employing a single material, two metals and two co-

ligands and that no ex-novo synthesis was needed.
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5.5 Experimental Section

Materials and method: Monovinyl-isobutyl substituted POSS (MV), octavinyl
POSS (OV), DMF anhydrous, EtsN (99.5%), Eu(l11) and Tb(l11) triflate (99.999%)
were purchased from Sigma Aldrich. 4'-(4-Bromophenyl)-2,2":6’,2"-terpyridine,
Palladium acetate, tris(2-methylphenyl)phosphine were purchased from TCI
chemicals. Acetonitrile (CH3CN) and dichloromethane (DCM) used for the
spectrofluorometric measurements were of spectroscopic grade and these were
purchased from Carl Roth. Quantitative *H-NMR experiments were performed at
25 °C on a Varian VNMRS spectrometer. UV-visible measurements were
performed on Cary 5000 Spectrophotometer (Varian) and fluorescence
measurements were performed on Cary Eclipse (Agilent technologies). The
measurements were carried out using 10 mm suprasil quartz cuvettes from Hellma
Analytics. Irradiation test were performed with an ASASHI SPECTRA Xenon
Light Source 300W MAX-303.

Synthesis of M-POSS: To an oven-dried, double neck 50 mL flask under flowing
N2, 400 mg of MV (0.42 mmol), 10.8 mg of palladium acetate, 29.2 mg of tris(2-
methylphenyl)phosphine (0.096 mmol), 280 mg of 4'-(4-bromophenyl)-2, 2":6’, 2"-
terpyridine (0.72 mmol), 14 mL of anhydrous DMF and 4 mL of EtsN were added.
The reaction mixture was heated at 100 °C for 3 days under N> atmosphere. After
that, the mixture was cooled at room temperature and filtered to remove the
palladium metal. The filtrate was cooled down precipitating the M-POSS.
M-POSS, white powder. Yield: 80 %. *H-NMR (400 MHz, CDCl3) § (ppm) = 0.69-
0.62 (m, 14H), 0.95-1.00 (m, 42H), 1.81-1.95 (m, 7H), 6.27-6.22 (d, 1H), 7.27-7.22
(d, 1H), 7.37-7.34 (t, 2H), 7.59-7.57 (d, 1H), 7.92-7.86 (m, 4H), 8.69-8.67 (d, 2H),
8.74-8.73 (d, 2H), 8.75 (s, 2H). C-NMR (100 MHz, CDCl3) § (ppm) = 22.60,
23.96, 25.82, 118.77, 119.81, 121.47, 123.96, 127.43, 127.61, 136.99, 138.39,
138.65, 147.38, 149.24, 149.77, 156.06, 156.30. MAS #Si-NMR (99.3 MHz) §
(ppm) = -68.27, -80.17. Elemental analysis (%) for Cs1H79N3012Sis; calculated: C
=53.23, H =6.92, N = 3.65; found: C =52.45, H=6.79, N = 3.22.

154



Synthesis of O-POSS: To an oven-dried, double neck 50 mL flask under flowing
N2, 135 mg of OV (0.21 mmol), 20.8 mg of palladium acetate (0.09 mmol), 58 mg
of tris(2-methylphenyl)phosphine (0.018 mmol), 1 g of 4'-(4-bromophenyl)-2, 2":6',
2"-terpyridine (2.57 mmol), 14 mL of anhydrous DMF and 4 mL of EtsN were
added. The reaction mixture was heated at 100 °C for 7 days under N> atmosphere.
After that, the mixture was cooled and filtered to remove the Pd® and then
precipitated in 50 mL of deionized water. The precipitate was, for first, washed with
water (2 x 25 ml) sonicating in a bath and centrifuging 10 minutes at 4500 rpm. The
same procedure was repeated washing the solid with acetonitrile (5 x 25 ml), then
with methanol (5 x 25 ml) and finally with acetone (2 x 25mL). O-POSS was
obtained as a pale brown powder. Yield: 68 %. MAS 2°Si-NMR (99.3 MHz) & (ppm)
=-80.29. Elemental analysis (%) for Cs1H79N3012Sis; calculated: C =71.48, H =
4.17, N = 10.87; found: C =67.04, H=3.99, N =9.78.

Synthesis of Eu@20-POSS: In a single-neck 50 mL flask 50 mg of O-POSS
(0.016 mmol), 39 mg of Eu (1) triflate (0.065 mmol) and 20 mL of a mixture of
DCM and CH3CN (65%:35%) were added. The mixture was cooled at 50°C for
24h. After this time, the volume of the mixture was reduced by evaporation under
reduced pressure and a pale yellow precipitate was collected under vacuum. The

solid was washed on the filter with DCM and CH3CN and dried under vacuum.

Irradiation procedure: Irradiation tests for *H-NMR were performed in “5 mm
Thin Wall Natural Quartz NMR Sample Tubes” from NORELL. Absorption and
emission experiments were performed in 10 mm suprasil quartz cuvettes from
Hellma Analytics. All the irradiation tests were carried out by placing the samples

at a distance of 21 cm from the UV source.
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6 General conclusions

The aim of the present Thesis was exploring the properties of carbon and silica
nanoform derivatives.

In particular Ceo fullerene and polyhedral oligomeric silsesquioxane (POSS) were
chosen, as representative of each class, for their peculiar geometry. They were
thought as suitable starting materials for the synthesis of innovative molecular
building blocks to be employed, once complexed with metals, in the creation of
auto assembled three dimensional structures to be applied in the fields of catalysis
and as photoluminescence materials.

About the Ceo, even if already combined with BOX ligands, it has never been
employed as possible asymmetric catalyst. Herein, fullerene was successfully
functionalised with different chiral BOXs obtaining 12 catalytic systems to test as
possible chiral inducer in the asymmetric Henry and Diels-Alder reactions. The idea
was to prepare different materials with different solubility profiles in order to
evaluate different aspects in the reaction conditions as well as the possibility of
recycling and reusing a homogeneous catalyst, which normally is not reusable. In
fact, even if BOXs were widely used in asymmetric catalysis, never were recycled
and reused due to their low stability and ease of degradation. Tests performed with
all the materials showed that, once anchored on the fullerene, BOXs gain robustness
and stability, allowing recovery and reuse without loss in terms of activity.

Ceo adducts, and in particular the hexakis adducts with their tetrahedral symmetry,
seemed to be suitable for the construction of 3D photoluminescence material. To
this purpose Ceo-BOXs were then tested, once complexed with Europium and
Terbium ions, as possible emissive materials. Unfortunately, due to the fullerene
peculiar photophysical properties along with the weak ability of the BOXs to
transfer the harvested light energy, these systems have been dismissed as possible
emitting materials.

On the other hand, maintaining the goal of building 3D photoluminescence auto
assembled materials, the POSS showed really interesting results. The POSS with
its really high thermal and mechanical stability and with its peculiar inert nature,

together with the terpyridine, that showed good ability in the so called antenna
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effect, proved to be ideal nanobuilding block for the construction of unprecedented
3D emissive organic-inorganic hybrid materials.

In particular, POSS-terpyridine alkenyl bridged showed exceptional tuneable blue-
red-green emission in presence of Europium ions. In fact, under irradiation, trans-
OPOSS shows blue light emission, once complexed with the Europium,
Eu@OPOSS, shows bright red luminescence and cis-OPOSS emits green light.
Furthermore, once the materials are dissolved in the right medium, they can be
shaped as film resulting in thin luminescent materials.

Moreover, from an in depth study of the these metal @POSS materials merged out
that, since the luminescence is affected by the presence of water molecules in the
coordination shell of the metal, under the right conditions it is possible to play with
proper co-ligands to remove and replace these water molecules obtaining different
materials able to emit in different way under UV irradiation.

In fact, OPOSS, complexed with Eu or Th or a mix of both and in presence of ODA
0 Tpy as co-ligand, is able to provide fascinating luminescent solutions that cover
the complete visible spectrum of colours, from the blue to the red.

What emerged from the study of these nanoforms is fascinating and inspiring. On
one hand, certainly, with regard to the chemistry of fullerene, this study allows for
a possible transfer of knowledge, acquired on the Ceo, to other carbon nanoforms.
Regarding the POSS, on the other hand, new steps were already done towards the
preparation of novel 3D materials. In fact, even if the POSS-terpyridine materials
showed really fascinating results, an attempt to improve the results can be done
trying to synthesise more ordered MOF-like materials in order to obtain crystalline
emitting devices.

This can be achieved by changing the bridge between the POSS hallow cage and
the organic terpyridine moieties. The idea is to change the non-directional alkenyl
group with a more rigid spacer able to direct in the right way the organic part toward

the formation of more rigid and stable structure.
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7 Outlooks

Unprecedent novel 3D nanobuilding blocks have been synthesized with carbon and silica
nanoforms. In particular, Ceo and POSS derivatives properly functionalized to form
innovative materials with well established geometries (octahedral and cubic respectively),
have been successfully achieved. Each type of structures found application in different
fields. The fullerene-adducts in the field of catalysis and the terpyridine-POSS in the field
of emitting materials. Even if the results are promising and exciting, there is always room

for improving the performances.

7.1 Ceo-PyBOX asymmetric catalysts
The catalytic systems based on the Cso-BOX showed good applicability in the asymmetric

Henry and Diels-Alder reactions and, as additional value, showed easy recoverability and
reusability. Although in terms of conversions and enantiomeric excess they showed good
results, if compared with the parent unsupported catalysts, these are too far from the
acceptable values for big scale processes. Since Ceo adducts showed good robustness, a
natural consequence could be to change the type of bisoxazoline using those displaying
better performances in asymmetric catalysis. As already mentioned, bisoxazoline can
differ each other, apart from the substituent on the oxazoline moiety, in the bridge that
connect the two rings. In this work were used boxes with methylene bridge, but an
interesting improvement can be done by using pyridine bridged bisoxazoline (PyBOX).
PyBOX were the first type bisoxazoline used in catalysis in 1989 and since then they
were extensively used as catalysts in different asymmetric processes? such as additions to
C=0 and C=N double bonds,? three-membered ring formation from C=C and C=X double
bonds,* allylic oxidations,®> Diels—Alder® and hetero-Diels—Alder,” 1,3-dipolar
cycloadditions,® and polymerisation and oligomerisation of alkenes and alkynes.®

With the aim to improve efficiency and selectivity of asymmetric reactions the idea is to
change the catalyst and the first step towards the realization of a new catalytic system
based on Ceo is the synthesis of the new bisoxazolines. Although the ideas in this chapter
are presented as “possible outlooks”, several synthetic pathways were already examined

and a first PyBOX has been already obtained. The challenge here is to design PyBOX
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properly functionalized in order to react with fullerene. The solution to these problems
comes from an in-depth literature research: in fact, for comparison of different reported
synthetic procedures was possible to tune a route towards the achievement of the desired
PyBOX properly functionalized with right substituent that allow anchoring on fullerene
cage. Below it is reported the synthesis of a Phenyl-PyBOX already obtained and ready

for the functionalization on the Cgo (Scheme 7.1).
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Scheme 7.1. Synthetic pathway for the Ph-PyBOX achievement.

Even if the synthesis is reported in literature was not trivial obtain the product 5. In fact,
it was not possible follow only one procedure, but was necessary acting like in the
construction of a puzzle picking up by different reported procedures.®

Once obtained the phenyl derivative 5, it is necessary a suitable group to the

functionalization on the Ceo. One appropriate can be the azide.
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Scheme 7.2. Azide derivative of Ph-PyBOX synthesis.

The desired product was obtained by substitution of the chlorinated moiety, and finally,
the right PyBOX is ready for the functionalization on the fullerene to obtain novel
supported asymmetric catalysts Ceo-based.

7.2 POSS terpyridine evolution
Also talking about the chemistry of the Ln@POSS systems seen in the previous chapter,

it could be possible to improve the already exciting results. In fact, since the materials
obtained showed good results and promising applicability in the field of emitting
materials, the final goal to obtain ordered 3D structure was not achieved. Indeed,
materials obtained don’t showed any crystallinity behaviour, but they appear amorphous.
A possibility could be to change type of connection between the cage and the organic
moiety using a more rigid, longer and directional spacer in respect to the vinyl group that

is not linear (Figure 7.1).

Figure 7.1. Octa-vinyl POSS and Octa-phenyl POSS

The use of this new type of spacer can help in the packaging of more ordered 3D structure
and, furthermore, contribute to improve, with a supplementary = system able two catch

and transfer light harvested acting so as a better “antenna”.
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In this case too, first two steps were already done (Scheme 7.3).
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Scheme 7.3. Scheme for the synthesis of the new POSS-based structure.

For first electrophilic aromatic substitution on the octa-phenyl POSS was performed to
have a suitable organic moiety able to react with an alkyne.!* Then, ethynylphenyl-
terpyridine was allowed to react in the Sonogashira coupling reaction conditions, to
obtain eight rigid arms POSS. The so obtained structure is already under investigation for

the realization of self-assembled, in presence of metal, 3D crystalline structure.
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