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EXTENDED ABSTRACT

Metal nanoparticles (NPs) and nano-catalysts are largely investigated given their
unique properties. With the recent advances in nanochemistry and particularly in the
synthesis of new highly active catalyst, nanocatalysis is now recognized as a full and
rich part of catalysis. In the present research, an environmentally friendly synthetic
method was developed for preparation of a new polymer supported Ni NPs (Ni-pol),
generated by calcination under nitrogen of Ni(ll) containing polyacrylamide. Ni-pol cat-
alysed the hydrogenation of nitroarenes to anilines in aqueous medium, the one pot
stepwise reductive amination of arylaldehydes with nitroarenes and the upgrade of bio-
oils. The catalyst was fully characterized by STEM, IR and elemental analysis before,
during and after several catalytic runs. In the second part of this thesis, strategies of
synthesis of metal nanoparticles (M-NPs) confined on triphenylphosphine (TPP) func-
tionalized and organized (amphiphilic core-shell) polymers, termed core cross-linked
micelle (CCM) were developed. TTP@CCMs were first loaded with complexes of Rh,
Ru, Ir, Pt, Pd, Au, and then reduced under H, at different temperatures (depending on
the metal) to give polymer stabilized metal NPs. Turning several parameters a metal
nanoparticles embedded in polymeric nanoreactors were obtained with uniform dis-
tribution. NPs were employed as catalysts in acetophenone, as model reaction, and in
styrene hydrogenation. The NPs morphology was studied by TEM analyses before and
after the catalytic applications.

Keywords: Nanoparticles, Polymer supported nanoparticles, Recyclability, Water
confined nanoreactors






EXTENDED ABSTRACT

Negli ultimi anni I'interesse della comunita scientifica si e focalizzato sullo studio di
nuovi nanomateriali e nanocatalizzatori, materiali molto promettenti per diverse appli-
cazioni. Con lo sviluppo delle nanoscienze, la nano chimica ha fatto passi da gigante in
particolare per la sintesi di nuovi catalizzatori attivi e selettivi, in condizioni eco sosteni-
bili. In questo lavoro di tesi & stato messo a punto un nuovo metodo di sintesi pulito per
la preparazione di un nuovo polimero supportante nanoparticelle (NPs) di nickel (Ni-
pol). Queste ultime sono state ottenute per mezzo di una riduzione termica del polimero
supportante il complesso di Ni(ll), contenente poliacrilammide, sotto flusso di azoto.
Ni-pol & risultato attivo nell'idrogenazione dei nitroareni per ottenere le corrispondenti
aniline; nella riduzione amminica delle aldeidi con i nitroareni e nell’'upgrade dei bio-oil.
|l catalizzatore & stato caratterizzato mediante analisi elementari, STEM e IR, durante e
dopo diversi cicli catalitici. Nella seconda parte di questo lavoro di tesi é stata messa
appunto una nuova strategia per la sintesi di nanoparticelle metalliche confinate nel
cuore idrofobico di nanoreattori polimerici. Il nanoreattore é stato caricato con diversi
precursori metallici i quali sono stati ridotti sotto flusso d idrogeno a diverse temper-
ature, a seconda del metallo impiegato. Modificando diversi fattori le NPs sono state
confinate all’interno del nanoreattore polimerico con una distribuzione uniforme delle
stesse. Le nanoparticelle metalliche ottenute sono state impiegate nell’idrogenazione
dell’acetofenone, reazione di riferimento, e dello stirene. La morfologia delle nanoparti-
celle & stata studiata mediante analisi TEM prima e dopo I’applicazione in catalisi.

Parole Chiave: Nanoparticelle, Polimeri supportanti nanoparticelle, Reciclabilita, Nan-
oreattori confinati in acqua
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INTRODUCTION

Nanoscience has recently evolved as a major research way of our modern Society
resulting from an ongoing attempt to develop at the nano-scale processes that present-
ly use microsystems. Towards this end, it is well admitted that new cheap and clean
approaches replaced the old ones, a strategic choice that is common to several are-
as of nanoscience including medicine, optoelectronics, and catalysis. The latter one,
without doubt, is the key one for the development of starting chemicals, fine chemi-
cals and drugs from raw materials. During the twentieth century, chemists have made
considerable attainments in heterogeneous catalysis, while homogeneous catalysis
processed after the Second World War (with hydrophormilation) and especially since
the early 1970s (with hydrogenation). Heterogeneous catalysis, which benefits from
easy removal of catalyst materials and possible use of high temperatures, endured for
a long time from lack of selectivity and understanding of the intrinsic aspects that are
necessary for improvement the parameters. Homogeneous catalysis is very efficient
and selective, and is used in a few industrial processes, but it suffers from the difficul-
ty of removal of the catalyst from the reaction media and its limited thermal stability.
Green catalysis aspects now clearly require that environmentally friendly catalysts be
designed for easy removal from the reaction media and recycling many times with very
high efficiency. These demanding conditions lead a new research impetus for catalyst
development in the middle of homogeneous and heterogeneous catalysis. However,
the considerable knowledge gained from the past researches in homogeneous, heter-
ogeneous, supported, and biphasic catalysis, should now help establish the desired
optimized catalytic systems. In this content the use of transition metal nanoparticles in
catalysis is crucial as they mimic metal surface activation and catalysis at the nanos-
cale and thereby bring selectivity and efficiency to heterogeneous catalysis.

In this context, the current thesis is based on the development of new strategy for
the synthesis of metal nanoparticles used as active and recyclable catalysts in several
chemical reactions. The search project needs a broad range of know-how from organo-
metallic complexes, polymer and nanoparticles synthesis, heterogeneous and biphasic
catalysis. Considering the multidisciplinary approaches and their implementation, the
research program was developed in a collaboration between our team, specialized in
the synthesis characterization and catalytic application of polymer supported metal
nanoparticles as highly active, selective and recyclable catalysts, and another team at
“Laboratoire de Chimie de Coordination” (LCC) CNRS, headed by Prof. Rinaldo Poli,
specialized in ligand design, architectures complexes and catalysis.
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The first chapter will provide an overview of role of nanoparticles in catalysis, the
available catalyst recovery strategies, followed by a description of the developed search
on new nano-catalysts, which will be considered as the starting point for the new re-
search, including the role of support for nano-catalysts. This bibliographic chapter
also includes a section detailing various methods for biphasic catalysis and the known
examples of the well-defined polymeric nanoreactors with their use in catalysis.

The second chapter will describe all the synthetic efforts realized during this the-
sis, starting with the synthesis and characterization of polymer supported Ni(ll)com-
plex, [known as Ni(ll)-pof], obtained by co-polymerization of Ni(AAEMA), (AAEMA- =
deprotonated form of 2-acetoacetoxyethyl methacrylate) with suitable co-monomer
(M,N-dimethylacrylamide) and crosslinker (V,N-methylenebisacrylamide), including
the description of the method used for the calcinations of Ni(ll)-pol to give polymer
supported Ni(0)-nanoparticles (Ni-pol), and their characterization. This part is followed
by catalytic applications of Ni-pol in the synthesis of primary and secondary anilines,
followed by the comparison between the catalytic activity of Pd-pol and Ni-pol in the
upgrade of bio-oils.

The third chapter will describe the synthesis of metal nanoparticles embedded in
polymeric nanoreactors. Starting with a recently developed synthesis of triphenylphos-
phine (TPP) functionalized and hierarchically organized (amphiphilic core-shell) pol-
ymers, termed core cross-linked micelle (CCM), containing a neutral shell, the metal
coordination was carried out inside the nanoreactors, extending this method to six
metal precursors (Rh, Pd, Pt, Ir, Ru, Au). The metal centres located in the CCM core
were reduced under hydrogen gas to give metal nanoparticles. This part is followed by
the strategies developed for the nanoparticles confinement in the polymeric nanoreac-
tors, including their catalytic application as recyclable aqueous biphasic catalyst for the
hydrogenation of acetophenone, taken as model reaction.

All the synthetic protocols, the full characterization data for the products, and a
description of the equipment and instrumentation used for the preparation, characteri-
zation and evaluation of the polymeric nanoreactors is detailed in chapter IV,

14
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CHAPTER |
State of the Art

1.1 Chemistry and the Environment

1.1.1 Green chemistry

Chemistry affects our lives every day. While we enjoy the attractive price to perfor-
mance ratio of chemical products such as new materials for everyday life, cheap stuff
for the apartment, plastic bottles and so on, the accumulation of plastic garbage makes
more and more people realise the importance of product life cycle. This factor leads
to slow changes. Two words are the symbol of these changes: sustainability and sus-
tainable development. Sustainability can be considered as a society which tries to find
a common solution for both the needs of the current humanity and the needs of future
generations. Sustainable development is a strategic goal that can be reached using
green chemistry rules. Figure .1 shows the relationship between sustainable develop-
ment and practical approaches. Each practical approach exploits precise tools in order
to contribute to the sustainable development. Green chemistry is just one step, but the
most important on the road to sustainability. An operational tool of green chemistry is
catalysis, on which we will focus shortly.
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Practical approaches Operational tools

——  fGreen chemistry ———— Catalysis
Strategic goal . :
—— Greenengineering ——1—— Waste management
Sustainable
development
Process

B e BN intensification

—— Renewable energy —
Monitoring tools

Life-cycle
assessment

E-factar,
atom economy

Figure 1.1 - The strategic goal of sustainable development relies on practical approaches, such as green
chemistry, industrial ecology, renewable energy and green engineering. These approaches use various
operational and monitoring tools.’

In the 1990s, the concept of green chemistry was introduced in both USA
and Europe and it has been widely adopted by chemical industry. Green chem-
istry deals with designing chemical products and processes that generate and
use less hazardous substances. Indeed, the green chemistry message is simple
“Seek prevention, not cure”. Green chemistry offers an alternative to the tradi-
tional environmental protection agenda, mainly because it deals with avoiding
hazardous, rather than with treating and solving exposure problems.

Three forces drive the green chemistry initiative: government legislation,
societal pressure, and economic benefit. The economic benefit is the most im-
portant aspect because if you use less solvent, your reactor space-time yields
go up. If you replace costly reagents with cheaper and more abundant ones by
using smaller and safer equipment, the production cost decreases. Eliminating
waste also eliminates the need for waste treatment and disposal, replacing tox-
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ic reagents with benign ones saves on safety costs during transportation and
storage. Thus, more and more companies are adopting green chemistry practic-
es simply because it improves their bottom-line performance. By applying the
principles of green chemistry, companies start to use cleaner and more efficient
technologies, aiming at keeping the environment cleaner and healthier.

So Green Chemistry or Sustainable Chemistry changes the traditional concept of
process efficiency, passing from the scope of a high chemical yield to an objective that
assigns economic value to eliminating waste at source and avoiding the use of toxic
and hazardous substances. The most important focus of this approach is the environ-
mental impact of both chemical products and the processes used for their production.
Anastas? demonstrated that the guiding principle is the start point for the environmen-
tally friendly products and processes. Ideally the processes should respect the funda-
mental principles of green chemistry, reported in Table I.1. Maximizing all 12 principles
of Green Chemistry simultaneously is the most important objective. Anyway, it might
be impossible. The optimization of the various criteria can lead to high benefits.

Trying to respect these principles in every process is the main goal of chem-
ical industries. In this framework, a crucial point is, for example, the implemen-
tation of green chemistry in the production of omnipresent materials such as
polymers and plastics, and the use of catalysts.

Table 1.1 - The 12 principles of Green Chemistry

1. It is better to prevent waste than to treat or clean up waste after it is formed
2. Synthetic methods should be designed to maximize the incorporation of all materials used
into the final product

3. Wherever practicable, synthetic methodologies should be designed to use and generate
substances that possess little or no toxicity to human health and the environment

4. Chemical products should be designed to preserve efficacy of function while reducing
toxicity

5. The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used

6. Energy requirements should be recognized for their environmental and economic impacts
and should be minimized. Synthetic methods should be conducted at ambient temperature
and pressure

7. A raw material of feedstock should be renewable rather than depleting wherever technically
and economically practicable

21



8. Unnecessary derivatization (blocking group, protection/de-protection, temporary modifi-
cation of physical/chemical processes) should be avoided whenever possible

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

10. Chemical products should be designed to preserve efficacy of function while reducing
toxicity

11. Analytical methodologies need to be developed to allow for real-time, in-process moni-
toring and control prior to the formation of hazardous substances

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

so as to minimize the potential for chemical accidents, including releases, explosions and
fires

1.1.2 Catalysis Role

More than 75% of all chemical industry transformation employs catalysts in dif-
ferent areas, such as production of polymers, pharmaceuticals, agrochemicals, and
petrochemicals.®

Use of catalysts represents a primary tool for achieving the principles of Green
Chemistry. Scientific results demonstrated that very often catalytic processes can
follow at the same time several principles of Green Chemistry. The field of catalysis
science can be considered as a full scientific area.* In addition, catalysis is also a
powerful instrument to solve environmental problems related to chemical waste stor-
age, processing and disposal (Table 1.2).5 The most common chemical waste is the
so called mixed waste, containing organic and inorganic compounds. The generally
used method for destroying combustible hazardous waste is flame incineration, which
has different disadvantages linked to the formation of pollutants such as NO, and CO,
hydrocarbons and aerosol toxic particles.® Selective catalytic reduction of NO_is an
example of use of catalysts for environmental remediation.

More, storage of high level liquid entail the formation of hydrogen which forms
explosive mixtures with air;” catalytic oxidation of hydrogen ensures the safety of the
liquid waste storage.
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Table 1.2 - Applications of catalysis for treatment of different type of wastes.

Application of catalysis in adioactive waste processing

Tryp= of waste Method of processing

or stoTags

Problem

Application of catalysis

Mixed organic waste Incineration in Same

Mixed organic waste
Mixed waste

High lewel wasts Vitrification
confaining nirates
High level wasts Vitrification

conmining niratss

Liquid high lewel waste Storage in fanks

Cootammated soil Remediation of ma-

and Froumdwater clear sites by siripping
of s0il and groundwa-
ter with air or steam

Air pellutants, radioactive asrosols
Molten salt oxidation High temperatore, comosionand N0, formation
Plazma arc destroction High MO, concentration up to 10000 ppm
High N0, concenmation over 10000 ppm

High MO, concentration over 10000 ppm

H;formation at explosive concentrations
Formation of VOCs

Alternative process—camlytic

fluidized bed oxidation

Application of catalytically active melts
Selective catalytic reduction of WO,
Selective catalytic raduction of WO,

Feduction of nitrates to M,
md WH; followed by
catalytic WH; oxidation to M,
Cartalytic oxidation of Hz
WVOC catalytic oxidation

On the other hand, industries have developed a great interest in the use of catalysts
for the synthesis of fine chemicals used as intermediates for the preparation of a wide
range of materials. Unfortunately, chemical industries still employ toxic solvents, ex-
pensive materials and strong reaction conditions (such as high temperature, pressure
and so on). Recently, the efforts of academic and industrial communities are focused
in minimizing cost and toxicity catalytically promoted processes.?
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1.2 Catalysis

The notion of catalysis was introduced for the first time by Elizabeth Fulhame in
1794, based on her work in oxidation-reduction.® In 1836 Berzelius used for the first
time the term “catalyst” in order to describe a new entity able to promote the chemical
reaction using a “catalytic contact”.'

Based on the collision theory, a chemical reaction occurs when the collision be-
tween particles is successful. This happens when, beside other requirements, the rea-
gent particles have enough energy to break bonds in order to start chemical reaction.
The minimum energy needed for a reaction to take place is called activation energy
(Figure 1.4). Particles energy varies even at fixed temperature; this suggests that only
some particles will have enough energy in order to promote the chemical reaction (Fig-
ure 1.2). Increasing the reaction temperature provide the effect of increasing the number
of particles that have enough energy to react.

:4— activation energy
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Kinetic energy of particle (KE)

Figure 1.2 - The distribution of particle kinetic energies at a fixed temperature.

A catalyst increases reaction rates by lowering the activation energy, thus
increasing the number of particles able to react (Figure 1.3), because it forms
with the reactant a transition state (the activated complex) more stable than
the transition state formed in the absence of the catalyst (Figure 1.4). The cata-
lyst mass remains unchanged at the end of the reaction, this suggests that the
catalyst does not appear in the reaction stoichiometry. A catalyst does not need
to be added in stoichiometric quantity in the reaction. A small amount of it, in
moles, compared to the substrates, is enough to promote the reaction.

24



Probability of particle with

Figure 1.3 — The number of particles that have enough energy to react increases with a catalyst.

that KE

activation energy
with a catalyst

E-emm activation energy

Kinetic energy of particle {KE)

Energy diagrams (Figure 1.4) are useful to illustrate the effect of a catalyst on reac-
tion rates. Catalysts decrease the activation energy required for a reaction to proceed,
and therefore increase the reaction rate. In the presence of a catalyst, the average
kinetic energy of the molecules remains the same but the required energy decreases.
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Figure 1.4 - The effect of a catalyst on the activation energy of reaction.

Many years after the Berzelius observation, in 1895 Ostwald came up with the defini-
tion that we use until today: a catalyst is a substance which increases the rate at which a
chemical reaction approaches equilibrium without becoming itself permanently involved.
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Catalysis can be homogeneous or heterogeneous: in the first case the cata-
lyst and all reactants and the solvent are in the same phase, while in the second
one they are in different phases.

1.2.1 Homogeneous and heterogeneous catalysis

Homogeneous catalysis, by definition, refers to a catalytic system in which the sub-
strates for a reaction and the catalyst components are brought together in one phase,
most often the liquid phase.

To recycle the homogeneous catalyst is necessary to separate it from the homoge-
neous phase containing the reaction products. The recovery and recycling of homo-
geneous catalysts are important issues from the economic and environmental points
of view. The problem related to the recovery of the catalyst arises because the most
commonly used separation method is distillation which requires elevated temperature
unless the product is volatile. Several homogeneous catalysts are thermally sensitive,
so the thermal stress caused by product distillation usually decomposes the catalyst.
Using the traditional distillation method to do separation, low pressure is often neces-
sary in order to lower boiling temperature and avoiding catalyst deactivation. However,
this method is often energy intensive and can deactivate the catalyst. Other different
methods such as chromatography or extraction also lead to catalyst loss.

To overcome the separation problems, chemists and engineers investigate a wide
range of strategies for catalyst recovering that can broadly be grouped into three types.
The first one consists in anchoring the catalyst onto a soluble support (polymer or a
dendrimer) that can be more easily separated from the products phase at the end of
the reaction by precipitation, after addition of a second solvent in which the supported
catalyst is insoluble. The second and third strategies consist of immobilizing the homo-
geneous catalyst onto a second phase, solid and liquid respectively, thus the catalytic
process becomes heterogeneous. When the catalyst is confined in a second liquid
phase, immiscible with the product phase, it can be recovered at the end of the reaction
by simple decantation.

Catalytic processes, in which the catalyst and the reactants are not in the
same phase, are known as heterogeneous catalytic reactions. They include re-
actions between gases or liquids or both at the surface of a solid catalyst. The
surface is the place at which the reaction occurs, in fact it is generally prepared
in ways that produce large surface areas per unit of catalyst; finely divided met-
als, metal gauzes, metals incorporated into supporting matrices, and metallic
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films have all been used in modern heterogeneous catalysis.

Unlike what has emerged for homogeneous catalysis, in the case of hetero-
geneous catalysis the catalyst recovering can take place in easy way by remov-
ing the insoluble catalyst from the reaction mixture at the end of the use.

Table 1.3 reports the main differences between homogeneous and heteroge-
neous catalysis. Most of the homogeneous catalytic reaction occurs in a liquid
phase and the catalyst is a well-defined molecular compound whereas the het-
erogeneous ones involve the use of a solid catalyst and the reaction occurs on
the solid surface. The fact that the catalyst is in a different phase with respect
to the reaction medium is the main advantage of the catalytic heterogeneous
processes. In this case separation and recycling are easier and less costly. On the
other side, in the homogeneous catalysis the use of a well-defined molecular
compound that is in the same phase as the catalyst, makes homogeneous cata-
lysts more active and selective. On the other hand, heterogeneous catalysts are
characterized by an irregular shape surface that has a multiple sites. If on one
side homogenous catalysis gives a very good results in terms of yield and prod-
ucts, on the other the heterogeneous catalysis permits to recover and reuse
catalyst, sometimes without loss activity.

Table 1.3 - Comparison between homogeneous and heterogeneous catalysis.

Homogeneous Heterogeneous
Active Centers All atoms Only surface atoms
Selectivity High Low
Mass Transfer Limitations Very rare Can be severe
Structure/Mechanism Defined Undefined
Catalyst Separation Tedious/Expensive (extraction Easy

or distillation)
Applicability Limited Wide
Cost of Catalyst Losses High Low

During the last years, the increasing attention for the environment causes wide de-
velopment in the methodologies used for catalysts recycling. This aspect is one of the
key scopes in green chemistry, where chemical efficiency should be combined with
economic and environmental needs. Thus, the development of recyclable heterogene-
ous catalysts is highly desirable not only for a facile separation but also for devising
novel chemical processes, even if there are some disadvantages such as strong reac-
tion conditions that they require to be efficient.
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1.3 Nanoparticles

In the framework of catalysis, nanoparticles recently have gained great importance.
Nanoparticles are defined as particulate dispersions or solid particles with a size in the
range of 1-100 nm." They are used in a wide range of applications, such as cosmet-
ics, optoelectronic and semiconductor devices, catalysis and so on. Nanocomposites
made up of inorganic nanoparticles and organic polymers; represent a new class of
materials that exhibit improved performance when compared with their microparticle
counterpart.'? Surface modification of inorganic nanoparticles has attracted a great deal
of attention because it produces excellent integration and improved interface between
nanoparticles and polymer matrices. The nanocomposites obtained by incorporation of
these types of materials can lead to improvements in several areas. However, the nan-
oparticles have a strong tendency to undergo agglomerations followed by insufficient
dispersal in the polymer matrix. To improve the dispersion stability of nanoparticles
(NPs) in aqueous media or polymer matrices, it is necessary that the particle surface
modification, involving polymer surfactant molecules or other modifiers, generates a
strong repulsion between nanoparticles.

Nanoparticles may be synthesized from many materials by various physical and
chemical methods. They can be classified depending on morphologies, shape, size'™
and chemical or physical properties.™ The physical methods generally involve vapour
deposition and depend on the principle of sub-dividing bulk precursor materials into
smaller nanoparticles. The chemical approach generally involves reduction of metal
ions into metal atoms in the presence of stabilizing agents, followed by the controlled
aggregation of atoms.™ The synthesis of nanoparticles by chemical methods has
proved to be more effective than the use of physical methods.

Nanoparticles are generally classified into the organic, inorganic and carbon based.
Organic nanoparticles, also known as polymers, are micelles, dendrimers, liposomes
and so on (Figure 1.5). These NPs are biodegradable, non-toxic and in the case of
micelles they have an empty core; they are sensitive to thermal and electromagnetic
radiation such as light. For these particular properties, they are ideal nanomaterials for
drug delivery.'®
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Figure 1.5 - Organic nanoparticles: a — Dendrimers, b — Liposomes and ¢ — micelles.

Inorganic nanoparticles are particles that are not made up of carbon. Nanoparticles
based on metal and metal oxide are considered as inorganic NPs. Two most important
differences must have to consider for the metal and metal oxide nanoparticles. In the
first one, NPs are synthesized from metals to nanometric sizes through destructive or
constructive methods. Almost all the metals can be synthesised into their nanoparti-
cles.” These NPs have particular interesting surface characteristics like high surface
area to volume ratio, pore size, surface charge, crystalline and amorphous structures,
shapes like spherical and cylindrical and colour, reactivity and sensitivity to environ-
mental factors such as air, heat etc. The second ones, instead, are synthesised to
modify the properties of their respective metal based nanoparticles. For example nan-
oparticles of iron (Fe) instantly oxidise to iron oxide (Fe,0,) in the presence of oxygen
at room temperature, this increases their reactivity compared to iron nanoparticles.
Metal oxide nanoparticles are synthesised mainly due to their increased reactivity and
efficiency.'® These nanoparticles have posses’ exceptional properties when compared
to their metal counterparts. There is also the possibility to obtain nanoparticles made
completely of carbon, called as carbon-based NPs.™ They are classified into fullerenes,
graphene, carbon nanotubes (CNT), carbon nanofibers and carbon black, sometimes
activated carbon in nanosize. They are presented in Figure 1.6.
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Figure 1.6 - Carbon based nanoparticles: a — fullerenes, b — graphene, ¢ — carbon nanotubes, d — carbon
nanofibers and e — carbon black.

The properties of nanoparticles are divided into physical and chemical properties.
The physical properties include optical such as the colour of the nanoparticles, ab-
sorption and reflection capabilities, reflection abilities in a solution or when coated onto
a surface. It also includes the mechanical properties such as elastic, strengths and
flexibility that play a significant factor in their application. Other properties like hydro-
philicity, hydrophobicity, suspension, diffusion and settling characteristics have found
their way in many modern everyday things. The chemical properties such as the reac-
tivity of the nanoparticles with the target, their stability and sensitivity to factors such
as moisture, atmosphere, heat and light, determine their application. The high surface
are make nanoparticles catalytically active. In fact, NPs result as efficient catalyst in the
production of chemicals, due to their extremely large surface.?

In the last years, indeed, the goal for most of the research and development efforts
in nanoscience is to create new materials and technologies for practical use. The na-
nostructured materials have long been regarded as promising heterogeneous catalysts,
thanks to their high surface, to volume ratio and the possibility of maximizing active
facets by manipulating the morphology of the nanocrystals. Zaera examines the major
synthetic approaches for producing nanostructures with well-defined sizes, shapes,
and compositions for heterogeneous catalysis, and provides a few examples to illus-
trate their usefulness for such application.?'

Therefore, the control of size, shape, architecture, composition and so on, plays
an important role on revealing their new or enhanced functions and application poten-
tials. The kind properties of metal nanomaterials make them ideal building blocks for
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engineering and tailoring nanoscale structure for specific technological applications.
At nanoscale dimensions, the properties of the material may change significantly to
differ completely from their bulk counterparts. As the size of the material decreases,
the proportion of surface atoms increases, which increases the reactivity and makes
them highly reactive catalysts. The surface atoms of the catalyst are the active centres
for elementary catalytic processes. Thus, the nanoparticles possess unique electronic,
magnetic and mechanical properties that depending on their nanometer scale size.
Several studies are not only focused on the synthesis of these nanoparticles, but also
on their surface modification by chemical treatment in order to improve the dispersion
stability of NPs in various liquid media. The modified nanoparticles show different be-
haviour within organic solvents or polymer matrices compared to unmodified nanopar-
ticles, e.g., the modified nanoparticles show comparatively better dispersion in both
media.?

For their unique properties, NPs are considered as new promising material. In addi-
tion, in the catalytic context, the effort for the synthesis and use of these new materials
opened a new avenue of research.

1.3.1 Nanoparticles (NPs) in catalysis

Since at the end of 1990s, the development of nanosciences left nanocatalysis
emerge as a domain at the interface between homogeneous and heterogeneous ca-
talysis, which offers unique solutions to answer the demanding conditions for catalyst
improvement. The main focus is to develop well defined catalysts, which may include
both nanomaterials and metal nanoparticles.

Nanoparticles were considered the new material at the interface between homoge-
neous and heterogeneous catalysis. The use of transition metal nanoparticles (NPs)
in catalysis is crucial as they mimic metal surface activation and catalysis at the na-
noscale and thereby bring selectivity and efficiency to heterogeneous catalysis. Metal
NPs are clusters containing from few tens to several thousand metal atoms stabilized
by ligands, surfactants polymers and so on, protecting their surfaces. The most active
NPs in catalysis are nanoparticles of one or few nanometres in diameter. The nano-
particles approach is also relevant to homogeneous catalysis, because there is a full
continuum between small metal clusters and large metal clusters, the latter being also
called colloids, sols or NPs. Moreover, NPs are well soluble in classic solvents. Thus
the field of NPs catalysis involves both the homogenous and heterogeneous catalysis
communities, and these catalysts are sometimes therefore called semi-heterogeneous.
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This field has attracted a considerable amount of attention, as demonstrated by the
large number of publications in all kinds of catalytic reactions, because NPs catalysts
are selective efficient, recyclable and thus meet the modern requirement for green ca-
talysis. Applications are already numerous, and the use of these catalysts in industry
will obviously considerably expand in the last years.

Transition metals have a well-established history of being efficient catalysts for
selective molecular transformations. Two examples are enough to explain how much
important they become during the last years. In 2005 Nobel Prize in Chemistry was
won by Yves Chauvin, Robert H. Grubbs and Richard R. Schrock for the synthesis of
Mo-and Ru based catalyst that were used for metathesis reactions.? In 2010 a Nobel
Prize has been conferred to F. Heck, E. Negishi and A. Suzuki with palladium catalysts.?*
It was exploited for C—C bond forming reactions well known as Heck, Negishi, or Suzuki
reactions. Accordingly, noble metals like silver, gold, platinum and iridium are widely
studied.

Recent studies were focused on the developing a chemical approach for the con-
trollable synthesis of noble metal nanomaterials with a rich variety of shape, e.g. sin-
gle-component Pt, Pd, Ag and Au nanomaterials, multi-component core/shell, inter-
metallic or alloyed nanomaterials, etc.?® Several studies have been done on different
applications of noble metal nanoparticles.

Metal NPs nanostructure, size, morphology and composition determine the physical
and chemical properties of them.?® Some metal NPs, such as Ir and Rh NPs can be
synthesized in an ionic liquid that results to be an outstanding medium for their prepa-
ration.?® They have been used as catalyst for various reactions. For instance, the devel-
opment of Shell 405 represented a milestone catalyst to catalyze the decomposition of
hydrazine for hydrogen production, providing enough energy and power for launching
satellite.?” Ir NPs were applied in the hydrogenation reaction of cyclohexene and phe-
nylacetylene under mild reaction conditions. They result to be highly active and reus-
able catalyst. 2 Ir NPs generated in 1-n-buyl-3-methylimidazolium based ionic liquids
constitute an outstanding recyclable catalytic system for the hydrogenation of simple
alkenes and arenes under very mild reaction conditions (temperature and hydrogen
pressure). These catalytic systems can be recovered and re-used several times.?
Rhodium NPs were recycled 20 times in the hydrogenation reactions of benzene and
cyclohexene.®' Geria (CeQ,) supported Rh NPs, Rh%/CeQ, was found as reusable cata-
lyst preserving 67% of their initial catalytic activity even after the fifth use in hydrogen
generation from the hydrolysis of ammonia borane at room temperature.3 Nanopar-
ticles of rhodium inserted into polyvinylpyrrolidone (PVP) were used as catalyst in
the hydrogenation of different substrates such as phenylacetylene, quinoline, benzene,
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norbornene and adiponitrile. These Rh NPs can work as heterogeneous catalyst or as a
soluble heterogeneous catalyst in biphasic conditions (liquid/liquid) when the catalyst
was dissolved in water. The [Rh-PVP] catalyst has shown an efficient activity for the
catalytic hydrogenation of different molecules.

In the field of catalysis, palladium appears to be particularly important among the
noble metals.3* As an efficient catalyst in organic reactions, it can offer the most favour-
able combination of activity and selectivity.* One of the well-known reactions catalyz-
ed by palladium is the Suzuki coupling reaction, which is a powerful and convenient
synthetic method in organic chemistry to generate biaryls, conducting polymers, and
liquid crystals.®6:37%8 The first example of heterogeneous Palladium catalyzed C-H aryl-
ation was reported by Nakamura et al. in 1982.3° Afterwards different examples of C-H
arylation by palladium were reported“®#' that demonstrated the vast application field of
Pd as heterogeneous catalysis.*

The research group led by prof. Sastry has developed a simple and general pro-
cedure for the synthesis of palladium and platinum nanoparticles. The noble metal
nanoparticles were immobilized on the surface of amine-functionalized zeolite and
they were evaluated as heterogeneous catalysts for hydrogenation and Heck reactions.
These new catalysts exhibit excellent selectivity, and reusability for both hydrogena-
tion and carbon-carbon bond formation reactions (as Heck reactions).** Another effi-
cient catalyst based on Pd NPs was also synthesized, immobilized on amine-modified
NiFe,0, and Fe,0, nanoparticles. The Pd-catalyst was applied for the hydrogenation of
aromatic nitro and azide compounds to their respective amines as well as saturation of
different unsaturated compounds. The catalyst results to be magnetically recoverable;
his activity remains unaltered even after 10 cycles.*

Polymer molecules, known as dendrimers that act as hosts for guest molecules, are
a new type of potential template for the formation of inorganic nanoclusters.®® In 2005
Wiston et al. used dendrimers to encapsulate noble nanoparticles. The most important
aspect of this study is that they evaluate how the diameter of nanoparticles can influence
the rate of reaction. This study demonstrated that this effect is electronic in nature for
nanoparticles having diameter smaller than 1.5 nm; for larger particles it depends on their
geometric properties.*

Moreover, the use of Pd-catalysts found broad space also in streamlining processes
such as biomass refining. Depositing Palladium onto carbon nanotube-inorganic oxide
hybrid nanoparticles, biphasic hydrodeoxygenation and condensation catalysis can be
done.*

For many researchers the goal is to replace homogeneous catalysts with het-
erogeneous and recyclable catalysts, and to synthesize nanoparticles keeping
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their stability during the reaction. In addition, many efforts were done to devel-
oped new supports for NPs that can be able to provide new nanoparticles prop-
erties and therefore different applications of them. Countless studies have been
carried out to develop new synthetic methods to stabilize nanoparticles. If on
one side homogeneous catalyst can be immobilize onto inert inorganic ma-
terials or organic polymers, in order to overcome the problem related to their
recovery and reuse; on the other side the role of the support for nanoparticles
is to avoid the problem of aggregation.

1.3.2 Support for nanocatalysts

The synthesis of nanoparticles with controllable nanoscale sizes and shapes and
the prevention of aggregation are the most important challenges for catalyst prepara-
tion. In addition, the preparation method of supported catalysts significantly affects
their activity, selectivity, and lifetime.*8 With the aim to maximize the metal surface area
for a given weight of metal, it is usually desired to synthesize nanoparticles catalysts
anchored to a thermally stable, high-surface-area support, such as alumina (ALQ,),
silica (Si0,), titania (Ti0,), or carbon (C).

Schwarz described two main routes to synthesize supported metal nanoparticles:
in solution with “three-dimensional chemistry,” after which they can be deposited onto
catalyst supports, or by “two-dimensional chemistry” involving deposition of metal
precursors at the liquid—support interface, after which the precursors can be ther-
mo-chemically converted to metal particles.*

The common criteria for a high-performance catalyst are narrow size distribution
and high dispersion on support. According to these criteria, several innovative and
cost-effective preparation methods have been developed beyond the oldest, the most
common method of impregnation. They show promise for reaching performance opti-
mization by controlling synthetic procedures and conditions.

Detailed studies of co-precipitation have provided new insights into the pre-
cipitation mechanism and effect of subsequent thermal activation treatments,
while alternative precursors, precipitating agents, and thermal treatments
provide promising alternatives for “greener” co-precipitation methods. Depo-
sition and precipitation is used to produce highly loaded metal catalysts, but
shows an increased usage for the preparation of low-loaded, highly dispersed
(noble)-metal catalysts. Impregnation and drying remains the most studied
preparation technique. Detailed study of impregnated ordered materials has

34



shown complete pour filling with aqueous solutions and oxide supports, and
an enhanced understanding of adsorption on support surfaces has improved
the ability to rationally synthesize well-dispersed supported metal catalysts. In
addition, the development of the nanoscale metal distribution, which has been
a long-standing challenge in the synthesis of catalysts, was recently studied.
Thermal decomposition of the metal salt precursor, in particular the role of the
gas composition or use of chelating agents, has also been systematically stud-
ied to elucidate the effects on particle size and particle distribution.

Besides these, several new approaches were noticed. First, melt infiltration is a
promising and facile technique for the preparation of catalysts with high metal loadings
that bears many similarities to impregnation and drying, and as such could benefit from
the extensive knowledge obtained recently on this method.*® Second, the synthesis of
colloids in solution leads to unique control over particle size, shape, and composition
and yields extensive literature.' However, deposition of the formed colloids onto a
support is critical but has been less studied. Third, the kinetics of particle growth in
the presence of a support has been studied in real time for the first time using in situ
catalytic measurements of the emerging catalyst. Fourth, atomic layer deposition is
showing promise especially for deposition of nanoparticles, but also for deposition of
a stabilizing layer onto supported catalysts, for which further insight into the stabilizing
effect and ability to obtain porous layers is desired.

On the basis of literature, it is clear that single (monometallic) particle properties
can be largely controlled. To further advance the field of catalyst preparation, more
detailed studies on the kinetics of particle formation,? as well as systematic studies to
control the collective properties of the nanoparticles,> and the controlled formation of
bimetallic and core—shell particles,** are greatly desired.

The idea of using polymeric supports in synthesis and catalysis has generated
great interest and has encouraged the use of functionalized cross-linked polystyrene
to support transition metal catalytic species, for instance complexes of Rh, Co and
Ir’S in heterogeneous reactions such as hydrogenation of arenes, and the preparation
of polymer-supported reagents for organic synthesis.® More recently the concept of
polymer- supported triphasic catalysis, which involves the use of polymeric reagents
in triphasic mixtures such as solid/solid/ liquid or solid/liquid/liquid phases, has been
used in order to catalyze reactions between immiscible reagents, or between reagents
soluble in immiscible solvents (water and organic solvents).

Polymeric supports can play a wide variety of roles, depending on the system. In
some cases polymer supports act only as carriers for the appropriate catalyst dis-
persed on the surface. In other cases the macromolecular network contains tethered

35



active sites, in the form of functional groups or ligands of metal complexes. Sometimes
the catalyst is encapsulated within polymeric membranes, in a way that is reminiscent
of enzymatic activity in natural systems. In all cases the primary advantage that has
encouraged the use of polymeric supports is the facile separation, carried out normally
by filtration of the products from the reagents. Moreover, the rich variety of polymeric
supports and the ability to functionalize them at will, can provide a range of properties
that are limited only by the creativity of the researchers. Most polymeric supports are
insoluble, non volatile, non toxic, and often recyclable, properties that are especially
attractive in an area of enhanced environmental awareness. In spite of these advan-
tages, polymeric supports have so far been of limited use in industrial processes. The
reasons for this situation are due to the remaining problems of polymeric supports:
limited chemical stability, especially at temperatures above 100 °C; poor mechanical
properties; the reactions are often typical of heterogeneous catalysis, where the active
site is buried inside the cross-linked support and the reactions are diffusion limited;
and finally, the supported catalysts can lose their activity, as is the case for rhodium
complexes attached to phosphine groups in cross-linked polystyrene, where the loss
of the metal by ligand exchange prevented its industrial application.>” Some approaches
to overcome these problems include preparation of macroporous support systems,
where the active sites are attached to the surface and are therefore accessible to re-
actants; or synthesis of soluble supports, where the selectivity and reaction rates are
high, and where nature and structure of the active sites can be probed.5® The prepara-
tion of polymer supported metal complex can also be carried out by the synthesis of a
metal-containing monomer (MCM). It is polymerized with suitable co-monomers and
possible cross-linkers. This method consents to obtain materials that have a uniform
distribution of catalytically active sites and the same features for both homogeneous
and heterogeneous catalysts. In 2004 Mastrorilli and Nobile report the methodology and
the synthetic procedure for organic polymers obtained by copolymerization of MCMs.

1.3.3 Pd nanoparticles in catalysis: the new research

With the aim to develop innovative catalytic processes that enable chemical trans-
formations to be performed under mild and sustainable conditions with high efficiency,
in the laboratory of Chemistry of Politecnico di Bari, where | carried out my thesis work,
several polymers supported metal complexes have been synthesised and used as ef-
ficient catalysts. Among them, the polymer supported palladium catalyst (Pd-pol) as-
sumed great importance. In order to obtain a material with a uniform distribution of the
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catalytically active sites, the catalyst was not synthesised by classical immobilization
of palladium centres onto a pre-fabricated support, but it was prepared by co-polymer-
ization of the metal-containing monomer Pd(AAEMA), [AAEMA- = deprotonated form
of 2-(acetoacetoxy)ethyl methacrylate] with suitable co-monomer (ethyl methacrylate)
and cross-linker (ethylene glycol dimethacrylate) to give a polymer supporting Pd(ll)
centres, i.e. Pd-pol pre-catalyst (Scheme 1.1).8° Pd-pol pre-catalyst was then reduced
under reaction conditions to obtain polymer supported Pd NPs (Pd-pol, Figure I.7).
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Figure 1.7- In situ reduction of Pd-pol pre-catalyst.

Pd-pol was already found active and recyclable in several palladium promoted re-
actions. 6162636465 The reticular and macro porous polymeric support of Pd-pol is able
to immobilize and stabilize palladium nanoparticles (formed under reaction conditions
by reduction of the pristine Pd(ll) anchored complex), suitable for the Suzuki cross
coupling of arylhalides with arylboronic acids in water (Scheme 1.2),5' for the aerobic
selective oxidation of benzyl alcohols in water (Scheme 1.3),%? for the selective hydro-
genation of quinolines in aqueous medium under mild conditions (Scheme 1.4),% for
the reductive amination reaction under 1 atm of H,% and nitrobenzenes hydrogenation
into anilines in water in the presence of sodium borohydride (Scheme 1.5).%
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Scheme 1.3 - Aerobic oxidation of benzyl alcohol under aerobic conditions in the presence of Pd-pol.
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Scheme 1.4 - Reductive hydrogenation of quinoline catalyzed by Pd-pol.
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Scheme 1.5 - Reduction of nitroarenes to aniline catalyzed by Pd-pol in water.

Furthermore, its good swellability in water renders Pd-pol an ideal potential
catalyst for reactions carried out in aqueous solvent, since the migration of the
reagents to the active sites would be not hampered by the solid support. In ad-
dition, a deep morphological study on Pd NPs supported onto Pd-pol was car-
ried out by TEM, EDS and micro-IR techniques. These analyses were performed
on such material before, during and after its exposition to prolonged catalytic
runs, under green conditions in water solvent, in the following organic reac-
tions: the Suzuki-Miyaura coupling between aryl bromides and phenyl boronic
acid and the hydrogenation of nitroarenes and quinolines, using dihydrogen
or NaBH,, as reducing agent. This study explained the morphological features
of both metal NPs and polymeric insoluble support. Micro-IR analyses showed
that the support was chemically stable during all the re-cycles of the catalyst
in all the reactions tested. TEM techniques showed that the macro-porosity of
the resin remains constant after each run, well swelling in water. This is an im-
portant requirement for insoluble catalytic materials capable of facilitating the
migration of reactants towards active sites. Moreover, TEM analyses revealed
that in all cases the pristine Pd(ll) polymer supported complex, which is the
pre-catalyst, was in situ reduced to Pd(0) forming nanoparticles, the real ac-
tive species, under reaction conditions. The organic polymer was always able
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to stabilize Pd NPs with the re-cycles; this is confirmed by metal NPs detected
by TEM analysis which show ever negligible agglomeration. NPs were recycled
from 5 to 12 times depending on the reaction. In all cases, after several re-uses
the percent amount of the smallest Pd NPs, ranging from 2-8 nm, still remained
high, while the presence of larger NPs (10-15 nm diameter) might indicate the
growth but no agglomeration, of the smallest Pd NPs with the re-cycles. Howev-
er, the level of NPs growth that was observed with the re-uses was not enough
to cause a significant decrease of the catalytic activity. The Pd NPs average size
and morphology resulted affected by several parameters, such as: temperature,
presence of a tetralkyl ammonium salt, reducing agent. High temperature (80-
100°C) favoured the thermal reduction of Pd(ll) with formation of NPs of 9 nm
average size, while at room temperature a greater amount of smaller NPs (2-6
nm diameter) was observed.

On the basis of these previous studies, | decided to synthesize polymer sup-
ported Ni NPs, in order to obtain a catalyst (Ni-pol) similar to Pd-pol, thus replac-
ing a noble metal (Pd) with a cheaper one (Ni) of the same periodic table group.

1.3.4 Nickel catalysts

The idea of using cheap transition metals, like nickel, copper, cobalt and so on,
providing a cost-effective alternative to palladium and other precious metals, that have
somewhat monopolised this field of chemistry, is of great interest.

Nickel has emerged as a very promising alternative to palladium. At the first time it
was considered as a low-cost replacement for cross-coupling reactions. An increasing
number of reports on exclusive catalytic properties exhibited by nickel catalysts in
processes such as C-C coupling, carbon dioxide sequestration, or C-H activation have
appeared in the literature in the last decade.5%

Nevertheless, in the above cases, as in most of the metal-catalysed organic reac-
tions, there is still work pending: to reduce the catalyst amount ever more, to develop
different modes of activation for metal pre catalyst, to avoid the use of stoichiometric
amounts of toxic transmetallating agents, or to discover more environmentally friendly
procedures.®

C-H activation of aromatic compounds by nickel was made as early as the 1960s.
In 1963 Dubeck and co-workers prepared an oxidative adduct of a C-H bond on an
aromatic ring onto a nickel complex,®® obtaining the complex product, shows in the
upper part of the Scheme |.6. Thereafter, for more than 50 years there were no reports
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describing the C-H nickelation of aromatic C—H bonds. Liang and co-workers in 2006
reported pincer nickel complex 4 that is able to react with benzene (5) to give complex

6.70
©:N"N’© + é?‘ — NN’©
H < 135 °C @f

‘ }‘Fﬁz AlMe, ( :>—F|:12
N—Ni—H + —@ _— N—Nl

G i

4 5 6: quant

Scheme 1.6 - Pioneering work for C—H activation using nickel complexes.

The first example of nickel-catalyzed C-H arylation of 1,3-azoles with aryl halides
was reported in 2009 by Itami and Miura. In these reaction conditions the use of LiOt-Bu
as base is necessary in order to obtain the desired product.”" "2 Afterwards cheaper and
light alternative to LiOt-Bu was proposed in 2011 by Itami et al (Scheme 1.7).7
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Scheme 1.7 - Nickel-catalyzed C-H arylation of 1,3-azoles with aryl halides using LiOt-Bu as base.

Hereafter different works were reported about the use of Ni catalyst in C-H re-
actions. It was used for: C-H alkynylation of heteroarenes in 2009 for the first time
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(Scheme 1.8);7* for aromatic C-H alkylation in 2010 (Scheme 1.9);7576 for oxidative C-H
arylation in 2010 (Scheme 1.10)’” and also for alkenylation (Scheme 1.11)"® and so on.

At the same time, numerous efforts were also made to optimize the reaction condi-
tions for the use of mild and less expensive reagents.’37°80
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Scheme 1.8 - C-H alkynylation of azoles with alkynyl bromides.
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Scheme 1.9 - C-H alkylation of 1, 3-azoles and alkyl halides.
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Scheme 1.10 - Ni-catalyzed direct C-H arylation and alenylation of azoles with organosilicon, boron and
Grignard reagents.
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Miura (2010)
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Scheme .11 - Oxidative C-H arylation of azoles with organosilicon and boron reagents.

After the discoveries of reductive elimination reaction of organo-nickel complexes
by Yamamoto®' in 1971 and the cross-coupling reaction catalyzed by Kumada and
Tamao® (1972) and Corriu®® (1972), nickel was used as one of the catalysts most
promising for carbon-carbon bond formation reactions.

The C-C reaction of unsaturated electrophiles was widely studied and during the last
two decades much effort has been devoted to the development of new transition metal
catalyst for the cross-coupling reaction of alkyl electrophiles, as well as alkyl nucleo-
philes. For such transformations, Pd catalysts were often employed with a combined
use of bulky trialkylphosphines®* or N-heterocyclic carbenes® as the ligands.® Nickel
has also received considerable attention as promising catalyst for the cross-coupling
reaction of alkyl halides and pseudo-halides.t”880 The first discovery was made in
1995 by Knochel. He observed that the cross-coupling reaction of alkyl iodides and
bromides with dialkylzinc reagents can be facilitated by intermolecular coordination of
an olefin®' or keto group® to, as reported in Scheme 1.12.

Milacac)s (7.5 mola)

R : &, R
Lil (20 mol%:)
_ =t Et.2n P =
Br ~ THE, —35 °C Bt~ A~
1a: R = Ph 2a: R = Ph: 81%
1b: R = Bu 2b: R = Bu: 82%

Scheme 1.12 - Cross-coupling of alkyl bromides bearing an alkene moiety with Et,Zn.

It was also discovered that the C-C reaction of Negishi can be catalyzed by Ni and it preceded
efficiently by using acetophenone or styrene derivates as the additive. In the Scheme 1.13 is reported
one example of this reaction. The reaction between an alkyl iodide 5 with di-pentylzinc reagent using
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Ni(acac), as catalyst afforded only 20% yield of the coupling product 6, whereas the addition of one
equivalent of acetophenone improved the yield to 71%. %%

0 Ni(acac), (10 mol%) O
+ |
n-Bu)J\“'h““’l n-PentyZn ——-— B )J\l,ah _n-Pent
5 THF, NMP 6
=35°C,15h
PhCOMe  vyield
0eq 20%
1eq 1%

Scheme 1.13 - Cross-coupling of an alkyl iodide with alkylzinc reagent using acetophenone as an additive.

Starting from here, excellent results have been obtained with the optimization not
only of the reaction conditions but also of the morphology and structure of catalyst
used.%%°7 Different type of Ni-catalyst were used for C-C coupling reaction such as
Negishi coupling (Scheme 1.14)%, Kumada-Tamao-Corriu cross-coupling reaction us-
ing a phosphine ligand.® It was also used in Hiyama'® and Stille'® coupling reactions
of primary and secondary alkyl halides with aryl trifluorosilane and trichloro stannane
reagents (Scheme 1.15, Scheme 1.16).
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EtO T = - 1 B
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Scheme 1.14 - Negishi coupling aiof an alkyl iodide with PhZnBr.

NiBrz{diglyme) (6.5 mali)
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Br +  Ph—SiF, { —Ph
CsF (3.8 eq) u
DMSO, 60 °C

Scheme 1.15 - Hiyama coupling of a secondary alkyl bromide.
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Scheme 1.16 - Stille coupling of secondary alkyl bromide.

While the use of nickel as a catalyst has found ample space replacing palladium
with excellent results, to the best of our knowledge, recycling'®'% and the tolerance
towards sensitive functional groups have not yet been demonstrated for heterogeneous
nickel catalysts able to hydrogenate nitroarenes efficiently.!04105.106

Undoubtedly, the precious metal-based catalysts are still remain the leading cata-
lysts for hydrogenation such as palladium,'®” platinum,®1% rhodium,° ruthenium,"
aurum-based systems,''2'3 gven though their widespread applications are limited by
their low earth abundance and high cost. Various non-precious metal-based catalysts,
especially nickel-based catalysts''“'"> have been developed as economical alternatives.

In this framework, during my doctoral research work | synthesized a polymer sup-
ported Nickel catalyst (Ni-pol) similar to Pd-pol (described in paragraph 1.3.3) aiming

at using it as efficient and recyclable catalyst.
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1.4 Aqueous biphasic catalysis

Previously, it was emphasized that despite of the several advantages offered by
heterogeneous catalysis in industrial catalyzed processes, homogeneous catalysis re-
mains attractive in terms of activity and selectivity. One of the outstanding challenges in
catalysis is to develop efficient method for reusing the catalytic system. One method is
the utilization of the so called two-phase catalysis in aqueous medium, where one liquid
phase contains the substrate/product and the catalyst is confined in a different liquid
phase. Although the use of fluorous organic solvents'® and ionic liquids'”, for catalyst
confinement, has attracted great interest, water remains the most interesting choice in
view of its lower cost and hazards."® The special properties of water, such as lack of
odour, non-flammability, non-toxicity, etc. make it suitable for environmental and safety
reasons, as a “green” reaction solvent for industrial applications.

The first definition of biphasic catalysis was made by Manassen''® in 1975-1979,
but only in 1984 it was used for the first time in industrial field, in the hydroformylation
of propylene in the plants of Ruhrchemie AG,'? "' allowing an easy separation of the
catalyst from the organic products at the end of the reaction.

In conclusion, this technique merges the advantages of the use of homogeneous
catalysis, such as, high activity and selectivity, possibility of tailoring organometallic
complexes as catalysts and so on, with the main convenience of the use of heteroge-
neously catalysed systems, i.e. easy catalyst separation from the reaction mixture.?
Furthermore, this separation is the most effective and successful method of immobiliz-
ing homogeneous catalysts, thus making them “heterogeneous”.

1.4.1 Approaches for aqueous biphasic catalysis

Different strategies for catalyst recovery include distillation, precipitation, extraction,
and ultrafiltration. Among them, without doubt, the least costly and most easily imple-
mented process is decantation, provided that the catalyst and the reaction product are
in two different liquid phases at the end of the reaction and decantation is rapid. So by
developing biphasic catalytic protocols, an extraction solvent can be avoided. Even
if biphasic catalysis has several advantages, the mass transport becomes its major
problem.

Aqueous biphasic catalysis can operate according to four different principles de-
pending on the localization of the catalyst, such as at the interface, in the bulk phase
or in the core of micelles. All of them require decantation of the organic product from
the aqueous phase, where the catalyst remains confined. In order to avoid the catalyst
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losses, the solubility of the latter in the organic phase should be negligibly small. In
interfacial catalysis, the reactants are insoluble in water and the reaction occurs at the
interface. The reaction rate increases upon increasing the interfacial area by using sur-
factants. In the bulk catalyst phase, the substrate should be sufficiently soluble in the
catalyst phase, which severely limits this approach especially for aqueous biphasic ca-
talysis. At this regard, the most relevant example is Rh-catalyzed hydroformylation with
water-soluble phosphines as supporting ligands,'? used at industrial scale. However,
this process can be used only for small molecules, such as propene and butene, due
to water insolubility of longer chain a-olefins. In order to overcome this problem, addi-
tives such as cosolvents (alcohols)'?* and cyclodextrins'® have been used to improve
the solubility of organic substrate in the aqueous phase. Another approach consists
of transferring the catalyst reversibly to the substrate/product phase, but in this case
the relevant problem is the catalyst loss at the separation stage. In order to overcome
this disadvantage, an interesting approach is to anchor the homogeneous catalyst to
thermomorphic polymers. They are completely water soluble at room temperature but
become more lipophilic and migrate toward the organic phase at the high temperatures
used for the catalytic reaction.'?

Finally, the catalyst may also be anchored onto the hydrophobic part of surfactants
or amphiphilic diblock copolymers that are able to self assemble as micelles at low
concentration over the critical micelle concentration (CMC). This self organization sets
the catalyst inside the hydrophobic core of the micelle in which the reaction takes
place. In this method the substrate can migrate from the organic phase to the micellar
core (aqueous phase) and the products can migrate back to the organic phase (Figure
1.8 b),'?" instead the micellar catalyst remains confined in water phase. The micellar
catalysis is not to be confused with micellar effect in interfacial catalysis in which sur-
factants generate micelles but the reaction occurs only at the water/organic interface
through the action of a water-soluble catalyst (Figure 1.8 a).'%12

Micellar catalysis method has different advantages: versatility, due to the possibility
to choose the size and functionality of polymers, fast kinetics, thanks to the high local
concentration of catalyst, low mass transport limitations.™°

Substrate/product
phase

S

The catalytic reaction occurs at the micelle/water interface

Catalyst phase
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Figure 1.8 - a) Interface catalysis process; b) core micellar catalysis process.

Two major limitations can occur by using this methodology at the industrial scale.
The first one is the formation of stable emulsion by excessive swelling of the micellar
core (Figure 1.9, 1), due to the high affinity between the micellar core and organic phase.
The second one is the possible presence of free surfactant molecules or polymers (so
called “free arms”) at the water /organic interface placed as Langmuir-Blodgett film.
This causes the formation of inverse micelles, even for surfactants that have a very low
CMC, which in turn causes catalyst losses (Figure 1.9, 2).

1) Swelling — > stable emulsions yamms ¥ micelle equilibrians
(slow decantation) Phvaical logses

Figure 1.9 - Simulation of: excessive swelling of core (1) and micelle equilibrium (2).

1.4.2 Unimolecular core shell nano-object

In order to avoid both limitations, recently a new approach has been introduced,
consisting of turning the self-organized micellar architecture into a unimolecular core-
shell nano-object by cross-linking all surfactant molecules, so the swelling of the par-
ticles is limited. Recent developments in reversible-deactivation radical polymerization
(RDRP) now allow the formation of polymer particles with elaborate and precise ar-
chitectures, including unimolecular core-shell polymers with narrow size dispersion.®!

A few examples of unimolecular macrostructures, that achieve a favourable en-
vironment for efficient catalysis in water, are available in the literature. Using natural
polyphenols as amphiphilic ligands, Mao et al. could prepare noble metal complexes
and noble metal nanoparticles catalysts for the biphasic hydrogenation of cinnamal-
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dehyde and quinoline. They observed some decrease of conversion upon recycling.'®
Gong et al. synthesized four water-soluble dendritic phosphonated ligands starting
from poly(amido amine) (PAMAM) dendrimers. Their application to the hydroformyl-
ation of 1-octene led to significant loss of metal used, rhodium.’? Terashima et al.
proposed a different approach to incorporate monophosphine units into a star polymer.
They used controlled radical polymerization mediated by ruthenium. The simultane-
ous introduction of a monomer functionalized with a phosphine, an amphiphilic macro
initiator, and a cross-linking agent ensures the confinement of the phosphine ligands
within the obtained polymer microgel core, which can entrap the ruthenium metal.'*
These catalysts were successfully used for the hydrogenation of different unsaturated
compounds under a thermomorphic approach.™ O’Reilly et al. have developed nan-
oreactors containing a hydrophilic poly(acrylic acid) (PAA) shell and a hydrophobic
polystyrene (PS) core in which terpyridine ligands coordinate catalytic Cu (I) centers. 38
O’Reilly et al. proposed L-Proline functionalized poly(methyl methacrylate) (PMMA)
nanogel particles as catalysts for aldol reactions in water.

Their studies demonstrated that, more hydrophobic is the nanogel core, higher the
observed enantioselectivity.' These examples prove that the performance and stability
of such macrostructures require suitable loading and location of the catalytic moieties, as
well as a good match between the hydrophobic character of the substrate and the polymer
core. Zhang et al. developed a new strategy in order to synthesized phosphine-functional-
ized core-shell polymer in which the hydrophobic shell is designed to limit or completely
avoid transfer of the nano-objects to the organic phase and, also, they improved a new
methodology giving direct access to a metal-free polymer.'® Weck et al. have developed
shell cross-linked micelles using a strategy of catalyst confinement. Their new system
consists by a hydrophobic block, a photo cross linkable block and a functionalized block
with enantiomerically pure salen ligand. After metalation of the core with Co (lll), these
catalysts were applied as nanoreactors in the hydrolytic kinetic resolution of epoxides
and they could also be successfully recycled eight times by ultrafiltration. These objects
showed slightly lower catalytic activity than analogous non-cross-linked objects due to a
less permeable shell towards the organic reagents in the cross-linked particles.™®

In principle, mass transport should be less affected, or not at all, by cross-linking
at the hydrophobic end of the surfactant or amphiphilic polymer (Figure 1.10). This
polymeric architecture was elaborated for the first time, for application as catalytic na-
noreactor, with the catalyst located on flexible linear arms in a unimolecular core—shell
nano-object.

Sawamoto et al.*®'32 prepared a phosphine-functionalized core-shell polymer by
[RuCl,-(PPh,),]-catalyzed atom-transfer radical polymerization (ATRP). A convergent
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synthetic strategy was applied, starting with hydrophilic and thermo responsive chains
made from poly(ethylene oxide) methyl ether methacrylate (PEOMA) monomer, which
were subsequently extended with the ligand monomer-diphenylphosphinostyrene
(DPPS) and simultaneously cross-linked with ethylene glycol dimethacrylate (EGD-
MA)."*' Due to the synthetic methodology, the ATRP catalyst remained entrapped in
the nanoreactor core, coordinated by the phosphine groups, although it was possible
to subsequently remove the metal from the polymer. These objects were applied to
Ru-catalyzed transfer hydrogenation in a thermomorphic approach.’™* Hence, in these
nano-objects the anchoring sites for the catalyst are located inside a cross-linked net-
work rather than on flexible arms.

The research group headed by prof. R. Poli, where | carried out research work for a
6-month internship period during my thesis, synthesized nanoreactors'8'42143 that dif-
fer from the polymers described by Sawamoto in two aspects. The first one: the hydro-
philic shell is designed to limit or completely avoid transfer of the nano-objects to the
organic phase at the operational temperature of the catalytic application. The second
one: with their innovative methodology they prepare a metal-free nano-object, as poten-
tial nanoreactor, for general use without any metal. These polymers can be referred as
core-cross-linked micelles (CCM, Figure 1.10) amphiphilic diblock copolymers, which
are ligand-functionalized in the hydrophobic part. The copolymers are cross-linked at
the hydrophaobic chain end, resulting in star-block unimolecular nano-objects where the
ligands are placed on the flexible arms, outside of the cross linked part.

® = Catalytic site

%ﬁé{

Micelles Core Cross-linked Micelles

(M) (ccm)

Figure 1.10 - Transposition of the micellar catalysis concept to unimolecular core-shell nano-object.

This synthetic protocol is based on a convergent one-pot polymerization in water
using reversible addition-fragmentation chain transfer radical polymerization (RAFT) as
the controlling method, whereby following the controlled growth of the hydro-soluble
block, chain extension with the hydrophobic monomer in water, leads to polymeriza-
tion-induced self-assembly (PISA). 144145

The obtained nano-objects consist of triphenylphosphine (TPP)-functionalized core
cross-linked micelles (TPP@CCM), assembled in a convenient and scalable one-pot

process in three steps and obtained as latex directly usable in catalysis (Scheme 1.17).
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Scheme 1.17 - TTP functionalized core cross-linked micelles, TPP@CCM with neutral shell.

In 2016, Chen et al. loaded TPP@CCM with the complex [Rh(acac)(CO0),]. They
observed an interparticle molecular migration of the rhodium complexes from a core
to another one.™® In 2017, A. Joumaa et al. demonstrated that this TPP@CCM is a
convenient ligand for the biphasic rhodium-catalyzed hydroformylation of 1-octene and
of styrene (Scheme 1.18).1+

HM TPREOCMILS 20 bar He T
B ——

water/l-nonanel,

a) RT, 18k
[RRCODICI] 2
s
TPP@RCCMS 20 bar H,
water/organic solvent,
b) ET,. 18h

Scheme 1.18 - a) Hydrogenation of 1-octene under biphasic conditions; b) Hydrogenation of styrene
under biphasic conditions.

Following the research work of Professor Rinaldo Poli group in the field of
CCM and nano-reactors, during my research work at Laboratoire de Chimie de
Coordination (LCC) CNRS in Toulouse (France), | synthesised metal nanoparti-
cles embedded in polymeric nanoreactors TPP@CCM aiming at using them as
efficient and recyclable catalysts for hydrogenation reactions.
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Aim and scope of the present work

As shows in the previous section, the catalytically active noble metal nanoparticles
offer advantages in terms of activity and selectivity, even if their high cost limits their
practical use. This problem can be solved only by replace them with cheaper base metal
catalysts. However, compared with precious metal-based catalysts, the non-precious
metal-based systems usually exhibit relatively low activity, require higher temperatures
and consume more energy in the process. Hence, it is of great interest to develop new
recyclable low-cost base metal systems, able to catalyse organic reactions under mild
and sustainable conditions.

This thesis aims at synthesizing new nano-catalysts based on no-precious metal
nanoparticles supported on polymeric matrix, and at studying their catalytic activi-
ty and recyclability in some important organic reactions, such as hydrogenations of
different substrates of industrial interest, pharmaceutical and so on. In particular, |
focused my study on the synthesis of Nickel nanoparticles supported on polymeric
matrix (Ni-pol). Ni-pol was obtained by reduction of polymer supported Ni(ll) complex
(Ni(ll)-pre catalyst). The catalytic activity of this new catalyst was tested in the reduc-
tion of nitroarenes in order to obtain the corresponding anilines and secondary amines
under suitable reaction conditions, as well as in the partial hydrogenation of poly-un-
saturated fatty acid methyl esters for the upgrade of biodiesel.

Moreover, in collaboration with the Equipe G headed by prof. Rinaldo Poli, at the
Toulouse LCC-CNRS, | synthesised new catalytic systems based on metal nanopar-
ticles embedded in polymeric nanoreactor TPP@CCM (M-NPs). These nanoparticles
were obtained after the synthesis of unimolecular core-shell-nano objects (CCM),
functionalized with tryphenylphoshine (TPP) as ligand, within the hydrophobic core, in
order to coordinate the metal pre-catalyst. The confinement of nanoparticles embedded
in polymeric nanoreactors and their activity, as new aqueous biphasic catalysts, was
studied in the reduction of acetophenone, taken as model reaction, and styrene under
aqueous biphasic conditions.
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CHAPTER Il

Synthesis, characterization and catalytic application of polymer
supported Ni nanoparticles

2.1 Introduction

Supported metal complexes attract the interest of a huge part of the scientific com-
munity for the advantages that they offer compared to the soluble counterparts.’#®
Some advantages are the robustness, the increased air and moisture stability, easy
separation and the recyclability, when used as heterogeneous catalysts.

Two different kinds of supports can be used: inorganic or organic polymers. Inor-
ganic supports are oxides that carry surface hydroxyl group. They work as ligand for
suitable metal containing moieties.' The use of organic co-polymers as support for
the trans-metal complexes lead to combine a controllable flexibility of the matrix with
the possibility to fine-tune the physical properties, such as polarity, morphology, etc.,
of the material by combination of co-monomers and cross-linkers.

The synthetic route for the synthesis of organic polymer supporting metal complex
is reported in Scheme I1.1. It consists of the synthesis of a macromolecular ligand and
the subsequent anchoring of complex or metal salt (route a). It results to be the most
used strategy which has led to uncountable examples about the use, for example, of
polystyrene as support.’™®'" An interesting alternative that is not most considered is
the incorporation of metal onto a support by polymerization of a suitable metal contain-
ing monomer (MCM) (route b). With this approach there is the possibility to study the
MCM as homogeneous catalyst before polymerization's2'3 and it is also possible to
use MCM for the synthesis of material with controllable “outer sphere” morphology.'®

CHi
f : 1 - > r (;-\I -~
II®J \1“" I| "

metal containing monomer Supported metal macromolecular lipand metal complex
MCM complex -

Scheme I1.1 - Synthesis of supported metal complexes.

Moreover, this strategy leads to a uniform distribution of the metal complex in ma-
trix, a higher dispersion of the metal, the knowledge about the metal centre that can
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be interesting for the catalytic route in the heterogeneous catalysis.'® Supported metal
complexes obtained from MCM polymerization have been proposed for other potential
applications than catalysis, such as nanosized technology,'® biomimetic systems,'’
materials science™® and chromatographic separations.'®

Following our studies on polymer supported metal complexes, | prepared an acryl
amidic polymer supported nickel catalyst (Ni-pol) and | evaluated its catalytic activity
in different reduction reaction, such as: 1) the hydrogenation of nitroarenes in aqueous
medium;?8' 2) the reductive amination of aldehydes;'®® 3) the partial hydrogenation of
fatty acid methyl esters for the upgrade of biodiesel. In any case, the real active species
were Ni nanoparticles with a peculiar nanostructure stabilized by the insoluble support,
which were active, selective and recyclable.

2.2 Synthesis and characterization of Ni(ll)complex: Ni(AAEMA),

The synthesis of nickel containing monomer was carried out by reacting the depro-
tonated form of 2-(acetoacetoxy) ethyl methacrylate (HAAEMA) with Ni(NO,),.6H,0 in
ethanol (Scheme 11.2). A precipitation of Ni(AAEMA), (Figure 11.1) as a pale green solid
was obtained. The solution was left under stirring for 1h and then the solid was filtrated
and washed with water for the first time, then with ethanol and pentane. The resulting
green solid was left under vacuum for all night.

EtOH
M Mg~ 0 + KOH — Yy KAAEMA + H,0
HAAEMA
EtOH
Ni(NO3)2 - 6H,0 + 2KAAEMA — 3 Ni(AAEMA)2¢ + 2KNO, + 6H,0

Scheme I1.2 - Synthesis of the metal containing monomer Ni(AEEMA),

The product was characterized by HRESI-MS, IR, UV-vis and elemental analyses.
The ESI spectrum (Figure 11.2) shows that the exact mass is 485.0952 da. The mean
error between observed and calculated isotopic patterns is -1.3 ppm: this suggests that
the complex obtained is compatible to the expected one. The formation of Ni-complex
was also confirmed by UV-vis spectrum (Figure I1.3).

The synthesis of this metal containing monomer followed the procedure already used
for the synthesis of different metal containing monomer, as reported in literature. 6!
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Figure 11.1 - Structure of Ni(AAEMA),.
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Figure 11.2 - A: Experimental HRMS (ESI+) of Ni(AAEMA), in CH,OH. B: Experimental (top) and calcu-
lated (bottom) isotopic patterns of [Ni(AAEMA),+H]*.
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Figure 11.3 - UV-vis spectrum of 6.9 x 10-5 M Ni(AAEMA), in dichloromethane solution.

2.3 Synthesis of polymer supported Ni catalyst

The polymer supported nickel catalyst was synthesized in unconventional way. In
order to obtain a uniform distribution of Ni(ll) centres, a copolymerization of metal
containing monomer Ni(AAEMA), with suitable co-monomer and cross-linker (Scheme
II.3) was carried out. A green jelly solid was formed in the reaction flask, it was filtered,
heated all night and then grinded with a mortar in order to recover a pale green powder.
The metal-containing polymer was a non-hygroscopic green powder, insoluble in all
solvents. It swelled well in water, acetone, halogenated solvents and dioxane and shrink
when treated with diethyl ether, ethyl acetate or petroleum ethers. It was characterized
by IR and elemental analysis. Its IR spectra in KBr (Figure 11.4) showed the features of
the coordinated B-ketoesterate moiety (1527 and 1622 cm-") at the same wave num-
bers of the corresponding Ni(AAEMA), complex (1531 and 1623 cm~"), thus substan-
tiating that the metallorganic units in both soluble and supported materials are similar.
The elemental analysis revels that: Ni 3.69; C 57.06; H 7.94; N 9.91%. The amount of
Ni in the final polymer was 5.48%.
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Figure 11.4 - FTIR of Ni(AAEMA),, Ni(AAEMA),-pol and Ni-pol.

The polymer supporting Ni-complex obtained is reported in Scheme I1.3. It was syn-
thesized using the same strategy used for the synthesis of already obtained Pd(AAE-
MA), with methacrylic monomers. The Pd polymer was found active, selective and
recyclable in several palladium catalyzed reactions, as reported in the introduction.
The Pd(ll) based polymer was reduced under reaction conditions, obtaining Pd(0) na-
noparticles supported on methacrylate based resin. The polymer matrix was able to
immobilize, stabilize and retain Pd NPs, the real catalytically active species. The good
swell ability in water of the methacrylic insoluble support makes the catalyst a good
system for reactions carried out in aqueous medium, since the migration of reagents to
the active sites is not hampered by the solid matrix.
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Scheme I1.3 - Synthesis of polymer supported Ni(ll) complex.

2.4 Synthesis of Ni-pol as Ni-NPs

Calcination under hydrogen or nitrogen atmosphere is a well-known technique used
for preparing metallic nanoparticles anchored to an insoluble support by thermal re-
duction of supported metal ions. Depending on the calcination temperature, the ther-
mal treatment modifies also the insoluble matrix (which may lose water, crystallization
solvent molecules and/or carbon-based moieties), thus enhancing or depressing the
ability of the support in stabilizing and retaining the so formed metal nanoparticles. For
example, Qiu and coworkers found that the calcination temperature is the key factor
affecting the structure, morphology and the catalytic performance of their Ni/C catalyst
in the hydrogenation of nitroarenes. They identified in T = 300 °C the best calcination
temperature for their catalyst in terms of activity.'® Thermal Gravimetrical Analyses
(Figure 11.5) suggested us to set the calcination temperature for our system at 300 °C
as well, because over 300 °C the loss in weight of the polymeric material exceeded 5%
of the initial mass, due to important structural modification of the support. Therefore,
by annealing Ni(AAEMA),-pol under nitrogen flow for 30 min at 300 °C, we obtained
Ni-pol as a black powder (Scheme I11.4).
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Scheme 1.4 - Reduction of Ni(ll)-pol into Ni-pol by calcination under N, at 300 °C.
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Figure 11.5 - TGA of Ni(AAEMA),-pol, and Ni-pol.

2.5 Study of the catalytic activity of Ni-pol: the reduction of ni-
troarenes to anilines in aqueous medium

2.5.1 Introduction

The hydrogenation of nitroarenes to give the corresponding aromatic amines is a
basic chemical reaction used both for removing toxic nitro aromatics from aqueous
medium and for synthesising anilines. In fact, aromatic amines are important bulk
chemicals and intermediates to produce fine chemicals, pharmaceuticals, polymers,
herbicides, and more.'®? The industrial hydrogenation of nitrobenzene for the synthesis
of aniline uses copper, palladium or palladium-platinum, supported on carbon or inor-
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ganic oxides, as catalysts, under high pressure (up to 3 MPa) and high temperature (up
to 300 °C), and it is not able to avoid the formation of noxious azo- and azoxyderiva-
tives, which lowers the yield into anilines.'®? Aiming at overcoming the above reported
weaknesses, the scientific community tried to develop alternative protocols for the re-
duction of aromatic nitro compounds,®® including the use of different reducing agents,
such as hydrazine,'® silane'®® and sodium borohydride'® in the presence of Cu,®’
Pd, 68 Au,'®° Ru,' Ag, """ and, more recently, Co'? and Ni'”® catalysts.

In 2006 Corma and Serna applied Au nanoparticles, supported on Ti0, as catalyst,
in the hydrogenation of nitroarenes.'” NPs were selective over 95% for the reduction
of the nitro group in 3-nitrostyrene, 4-nitrobenzaldehyde, 4-nitrobenzonitrile, and 4-ni-
trobenzamide.

The use of transition metal in this reaction was recently reported in the presence of
different hydrogen donors such as alcohols or formic acid and its salts.'

Recently Yan and coworkers reported a new novel transfer hydrogenation system, 76
in which twelve “active hydrogens” can be transferred from water/ethanol mixture over
Ru-Fe/C catalyst for the hydrogenation of halogenated nitrobenzene, obtaining o-chlo-
roaniline with 98.0% selectivity at 99.8% conversion without dehalogenation. Beller and
co-workers used cobalt catalyst'”” and related iron catalyst'’® in the hydrogenation of
nitroarenes with high selectivity.'”®'8 Until now cheap metal catalysts, such as Ni, have
not been used for the hydrogenation reactions. 882

In 2006, for the first time, Kempe et al. reported that Ni@SiCN nanocatalyst hy-
drogenated nitroarenes selectively to anilines in the presence of highly sensitive func-
tional groups such as C=C bonds and nitrile, aldehyde, and iodo substituents. It was
recycled and reused over multiple runs without a decrease in activity and selectivity.
The critical reaction conditions, such as high temperature (110 °C) and high hydrogen,
limits its applications.'®

2.5.2 Catalytic study of Ni-pol in hydrogenation of nitroarenes

Nevertheless, the major problems remain still unsolved and designing new systems
with different chemical and physical compositions and morphologies for catalytic reduc-
tion of nitroarenes under sustainable conditions is an urgent topic of current research.

In this context, | studied the catalytic activity of our acrylamidic polymer supported
nickel catalysts [Ni(AAEMA),-pol and Ni-pol for the hydrogenation of nitroarenes in
aqueous medium, knowing that the real catalytically active species are Ni NPs.

Due to the analogy between Pd(AAEMA), and Ni(AAEMA), supported polymers,
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| decided to test the catalytic activity of Ni(AAEMA),-pol in a benchmark reaction in
which Pd-pol was particularly active and recyclable: the transfer hydrogenation of ni-
trobenzene in water using NaBH, as the reducing agent, hoping that Ni(ll) centers could
turn into Ni(0) nanoparticles under reaction conditions, as it happened for Pd-pol. Pre-
liminary catalytic tests were carried out using nitrobenzene as the representative sub-
strate. By employing the same optimized conditions used for the palladium catalyzed
nitroarene reduction,® the yield into the desired aniline was poor (24% after 1 h and
47% after 4 h, entries 1 and 2 of Table I1.1, respectively), but it significantly increased
by increasing NaBH,/substrate molar ratio up to 20 (entry 3,Table Il.1). However, at-
tempting in recycling Ni(AAEMA),-pol failed, since the yield into aniline dropped to
27% already in the second run with the same catalyst (entry 4,Table I1.1). We observed
also that the resin turned from green to black during reaction (presumably due to Ni
reduction from +2 to 0 oxidation state) and, then, from black to white at the end of the
reaction, probably due to metal leaching into solution (which in turn became green).

Table II.1 - Preliminary catalytic tests for the reduction of nitrobenzene?

M NH.

L02 Ni catalyst |2
. (._Q_\
[\j‘ NaBH, I\f]
Entry Mi Catalyst NaBHs /PhMO:z molar ratio Solvent Reaction time (h) Yield” (%)
1 NIfAAEMA Jz-pol 10 Hz0 1 24
2 NIfAAEMA Jz-pol 10 Hz0 4 47
3 NIfAAEMA J2-pol 20 Ha0 2 o3
4 NIfAAEMA }-pol” 20 Hz0 2 27
5 Ni-pal 20 H:0 2 88
G Ni-pol 20 Ha0 2 80
7 Ni-pol 20 H20/Et;0 2 on
8 Ni-pal 20 H20/Et;0 2 on

@ Reaction conditions: 0.5 mmol of nitrobenzene, 10.2 mg of Ni-pol (Ni%w = 5.35) or 17.5 mg of
Ni(AAEMA),-pol (Ni%w = 3.12), solvent (5 mL, H,0 or H,0/Et,0, v/v = 1/1) and given amounts of
NaBH, were stirred at room temperature under nitrogen.

®Yield determined by GLC with the internal standard (biphenyl) method.

¢ Catalyst recovered from the reaction of the previous entry.

Concerning Ni-pol, it resulted active and recyclable in the reduction of nitrobenzene
(entries 5-8,Table 1I.1), although in neat water the reusability of the catalytic system
dramatically decreased after the second run. Figure 1l.6 summarizes the recyclability
over five runs of Ni(AAEMA),-pol and Ni-pol in neat water and in water/diethyl ether (v/v
= 1/1), as the solvent.

It can be seen from Figure 1.6 that the best catalytic performance in terms of cat-
alytic activity and recyclability was shown by Ni-pol in H,0/Et,0 as the solvent. The
biphasic reaction medium on one side facilitates the access of the water insoluble sub-
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strate to the catalytically active sites and on the other side renders more workable the
acrylamide based catalyst, becoming the latter too jelly in neat water. In addition, the
polymeric support seems to better retain the nickel centers by swelling (in water) and
shrinking (in diethyl ether) at the same time. Furthermore, Zhao and coworkers demon-
strated that water solvent rapidly deactivates Ni supported catalyst in the hydrogena-
tion of nitroarenes by forming catalytically inactive Ni(OH), species.' This problem
has been resolved by coating the catalyst with a hydrophobic layer of carbon.?” In our
system, the hydrophobic property of diethyl ether might help to prevent catalyst deac-
tivation. Additionally, it can be deduced that the catalytically active species are metallic
Ni nanoparticles rather than Ni(ll) sites. Therefore, high attention should be paid to the
size and morphology of Ni sites, as well as to their distribution in the polymeric support
and their modification after the use in the reaction media.

On the bases of the above results, we concluded that the optimum reaction condi-
tions to be used for converting 0.5 mmol of nitrobenzene into aniline in the presence
of 10.2 mg of Ni-pol (containing 5.35%w Ni) were the ones reported in entries 7 and

8 of Table II.1.
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Figure 11.6 - Reusability of Ni(ll)pol, Ni-pol in water and water/diethylether (v/v=1/1).

The catalytic system was then used for the reduction of different various nitroarenes
under the optimized reaction conditions (Table 11.2). Ni-pol catalyzed the reduction of
substrates that are electron withdrawing and electron donating substituent in the aro-
matic ring. 2-, 3- and 4-Nitrotoluene, as well as 3- and 4-methoxynitrobenzenes, gave
very high yields into 2-, 3- and 4-toluidine, and 3- and 4-anisidine, respectively, in 2-5
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h (entries 1-5). Both nitro groups were converted in 12 h (entry 6), and 2-nitro-aniline
was detected only insight amount during the reaction course. Due to the absence of
steric hindrance, 2,4-dinitrotoluene reacted faster (entry 7) than its isomer reported
in entry 6. This is interesting because the o- and p-diaminobenzene are notoriously
important in the industry of azodyes. 8518

Table 11.2 - Transfer hydrogenation reaction of nitroarenes catalyzed by Ni-pol.

Entry Substrate Product Time(t) Yield(%)®
1 2-nitrotoluene 2-methylaniline 4 99
2 4-nitrotoluene 4-methylaniline 2 90
3 3-nitrotoluene 3-methylaniline 2 87
4 3-methoxynitrobenzene 3-methoxyaniline 4 91
) 4-methoxynitrobenzene 4-methoxyaniline 5 83
6 1,2-dinitrobenzene 1,2-Diaminobenzene 12 90
7 2,4-Dinitrotoluene 2,4-Diaminotoluene 5 (82)
8 Nitrobenzene Aniline 3 73

@ Reaction Conditions: 0.5 mmol of nitroarene, 10.0 mmol of NaBH, and Ni-pol (9.3-10-3 mmol of Ni)
were stirred in 2.5 mL of double deionized water and 2.5 mL of diethyl ether at room temperature for the
appropriate amount of time.

®Yield determined by GLC with the internal standard (biphenyl) method. Isolated yield after column
chromatography in parenthesis.

2.5.2.1 Ni-pol as catalyst for the selective reduction of halo-nitroarenes to ha-
lo-anilines

In the field of the hydrogenation of unsaturated compounds the catalytic hydrogena-
tion of aromatic halo nitro compound to yield halo-anilines is a very important reaction.
Halo-anilines are a class of industrially interesting compounds. They are important
building block and intermediates for the synthesis of fine chemicals, such as dyes,
drugs, pharmaceuticals, cosmetic products, polymers, herbicides, and more.'¥’

The most common catalysts employed in the hydrogenation of halonitroarenes are
based on transition metals such as noble metals and Raney nickel that is sensitive to-
ward the moisture in air. Metals usually used are copper, palladium or bimetallic system
such as Pd-Pt, supported on carbon or inorganic oxides. They were used as catalyst

69



under high pressure (up to 3 MPa) and high temperature (up to 300 °C). This strategy
makes the formation of azo and azoxyderivates, which lowers the yield into anilines.'®
In order to overcome this problem, the scientific community tried to develop alternative
methods for the reduction of aromatic nitro compound.'®¥" Different reducing agents,
such as hydrazine,'® silane'*® and sodiumborohydride'' with Cu,® Pd, % Au,'* Ru,'%
Ag,'*¢ and, in the last years, Co'®” and Ni'%'9 catalysts were used.

The major problems remain still unsolved: the tendency towards hydro-dehalogena-
tion during the hydrogenation reaction of halo-substituted nitroaromatic compounds.
At the same time there was an increasing interest in the development of a new sus-
tainable method for the reduction of halonitroarenes. Different hydrogenation methods
have been proposed using Pd,?® Pt201.202203 gnd Ru as metal based heterogeneous
catalysts, all aimed at improving the selectivity towards the corresponding haloanilines
and at minimising the dehalogenation process. Pd-based noble metal catalysts are
attractive because they can work under atmospheric hydrogen pressure at room tem-
perature.205.208

Using the optimized reaction conditions, the selectivity of the Ni-pol catalyst was
tested in the reduction of different halonitrobenzenes, i.e. a reaction for which the ma-
jor challenge is avoiding the undesired hydrodehalogenation reaction, a side-reaction
favoured by the electron withdrawing effect of the nitro group in para and/or ortho
positions (with respect to the halogen), that enhances the rate of the Ar-X (Cl, Br, 1)
oxidative addition to the metal centre. Selective halonitroarene reductions have been
reached by poisoning Pd?*" or Pt?% nanocatalysts. Our Ni based catalytic system re-
sulted active and selective in the reduction of halonitrobenzenes (Table 11.3), even in
the case of challenging bromo- and iodo-nitrobenzene (entries 3 and 4,Table 11.3). This
chemaoselectivity, much higher than the one observed with the analogues Pd catalyst
(Table 11.4), should be ascribable to reluctance of aryl halides to give oxidative addition
to nickel active site, which is the well-known first step of the Ni and Pd catalyzed hy-
drodehalgenation reaction.2%
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Table 11.3 - Reduction of various halonitroarenes catalyzed by Ni-pol.

NO3 NHa

Ni-pol, NaBH, =

_ - | X=F,ClBr, 1|
HaO/Et, O o
X

Entry Substrate Product Time (h) Yield (%)”
1 4-fluoronitrobenzene 4-fluoroaniline 5 a7
2 4-chloronitrobenzene 4-chloroaniline 5 94
3 4-bromonitrobenzene 4-bromoaniline 12 95(94)
4 4-iodonitrobenzene 4-iodoaniline 5 82

Table 11.4 - Comparison between Ni-pol and Pd-pol in the hydrogenation of halo-nitroarenes.

Pd Ni
Entry Substrate Product Yield Yield

1 4-Fluoronitrobenzene 4-Fluoroaniline 89 97
2 4-Bromoronitrobenzene 4-Bromoaniline 61 95(94)
3 4-Chloronitrobenzene 4-Chloroaniline o7 94
4 4-lodonitrobenzene 4-lodoaniline / 82

Br Br

Ni-pol, NaBH,
H,O/Et,0
NO; NH;

Scheme 1.5 - Model reaction for catalytic recycle.

Ni-pol were recycled and reused in several cycles. The model reaction used for the
recyclability study is reported in Scheme I1.5. The employment of halo-nitrobenzene as
model substrates allows us to consider that the catalyst is not only active and recy-
clable but also that no de-halogenation was observed during any catalytic cycle. The
catalytic system showed the same activity and selectivity over five cycles. The recycles
were made by easy separation of the organic phase just pipetted out. The remained
solution containing the catalyst is a water solution, which was washed three times with
diethyl ether in order to remove all organic reactants and products. The catalyst recov-
ered was used for a new hydrogenation reaction adding fresh reagents and diethyl ether
to the water mixture. The catalytic system was successfully reused for five subsequent
runs, showing the unaltered catalytic activity and selectivity, giving 4-bromoaniline as
the product in excellent yield (89-95%) for every cycle (Figure I1.7).

4l



%) in 4-bromoaniline

Yield (
|
|
-l\.

Cycle

Figure 11.7 - Selectivity of Ni-pol towards 4-bromoaniline over five cycles.

2.5.2.2 Heterogeneous or homogeneous mechanism?

In order to be sure that the system works as heterogeneous catalyst, the filtration
test was carried out taking the reduction of 4-bromonitrobenzene as the model reac-
tion. The reaction mixture was removed of the supported catalyst by filtration after 3 h
stirring. Gas-liquid chromatography analysis (GLC) revealed that the conversion of the
substrate was 30% ca. at that stage. The solution collected after filtration of the support-
ed catalyst was left under stirring, after addition of 10.0 mmol NaBH,, in the optimized
reaction conditions. The conversion of 4-bromonitrobenzene did not increase even af-
ter 9 h stirring. On the contrary, the amount of 4-bromoaniline in the reaction mixture
decreased after 9 h stirring. The resulting solution was then mineralized and submitted
to atomic absorption spectrometry (AAS) analysis. Results showed that there was a
negligible nickel amount. Moreover, the catalyst recovered was also mineralized and
analyzed by AAS and it showed the same amount of nickel found in the catalyst before
catalytic application. Same results were observed in the sample recovered after the end
of the fifth cycle. All these data suggested that the catalysis was truly heterogeneous,
since the presence of catalytically active leached nickel species was not observed.

2.5.2.3 Characterization of Ni-pol: STEM analysis

In order to understand how the catalytic reaction conditions can influence the mor-
phology of the catalyst, Scanning Transmission Electron Microscopy (STEM) analyses
were carried out on the Ni catalyst before and after calcination, as well as after the first
and fifth cycle reaction.

Ni(AAEMA),-pol was characterized just by Ni(ll) species supported on the macrop-
orous polymer, not visible in the STEM micrograph (Figure 1.8 a). Ni-pol after reduction
under N, shows the formation of Ni nanoparticles of diameter ranging between 11-37
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nm (Figure 11.8 b). Some nanocubes of Ni with side length of 85-200 nm were formed
during the thermal reduction.

The STEM image of the catalyst recovered after the first cycle shows Ni nano-twins
ranging from 28 to 70 nm in side size (Figure 1.8 ¢). This particular morphology can
be attributed to the matrix effect of the polymeric support which controls Ni NPs form
and grow. In fact, it seemed that for each nanoparticles a second nano-cube grew up
along the preferential direction, diagonal one, giving rise to two compenetrated cubes
as final overall nanoparticles.

The catalyst was investigated also after the fifth cycle. After the last recycle the di-
mension of the Ni nano-twins side sizes are not changed, 27-65 nm, as well as number
density of nanoparticles (Figure 11.8 d). On the contrary the number of big nanoparti-
cles, having dimension between 45-70 nm in side, seem to decrease if compared with
the previous cycles. This phenomenon can be associated to the tendency of the cata-
lyst to dissolve and settle itself in the presence of water,'? that is able to oxidize Ni(0) to
Ni(Il),%"" which is reduced again under reaction conditions to form Ni(0) nanoparticles.
The fundamental role of the polymer support is to stabilize metal nanoparticles and this
characteristic should prevent nanoparticles from aggregation during catalytic cycles.
In our study this is confirmed by the observation that NPs size and morphology did not
dramatically change with the recycles.

Indeed, some Ni-NPs were formed during reaction because NaBH,, the reductant,
works as reducing agent of the metal in two different ways, by providing hydrides and
by generating hydrogen gas. The hydrides formed by sodium borohydride can be use
in order to displace negatively charged ligands bound to Ni(ll), generating Ni-hydrides
directly, which upon B-hydride elimination of H,, give the reduced metal. Besides, the
use of water leads to the in situ formation of H, (Scheme I1.6) in the closeness of Ni(ll),
thus reducing it to Ni(0).

cat.
NaBH4 + 2H20 _— 4H2 + NaBO2

Scheme I1.6 - Metal catalyzed production of H, by NaBH,.
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Figure 11.8 - STEM images of polymer supported nickel catalyst. a): Ni(AAEMA),-pol; b): Ni-pol after
calcination at 300 °C; c): Ni-pol after 1 cycle reaction; d): Ni-pol after 5 cycle reaction.

2.5.2.4 Mechanism for the reduction of nitroarenes

Under the reaction conditions, when NaBH, was added to water solution in presence
of Ni-pol, a very abundant formation of H, gas was observed in the reaction flask, in
according with the reaction reported in Scheme 11.6.2"? It is well-know that nitroarene
(I) hydrogenation can occur in two different pathways: the direct route and the conden-
sation route (Scheme 11.7).2'3 The first route gives anilines (V) as final product by the
intermediate formation of hydroxylamine (lll); the second route forms diazoarene (VI)
as reaction intermedium. Basically, catalytic system based on noble metals such as Pd
or Au in general prefer the direct route'#2' even if catalytic system such as Pd/C can
be follow other mechanistic ways.?'® In the case of Ni catalyst, a density study was
carried out in order to find its preferential route. This study demonstrated that, the direct
reduction pathway is more favourable than the indirect one.?'”

Since our catalyst is based on Ni metal, we expected the absence of diazo-com-
pounds during the reaction. On the contrary, monitoring the reaction by GC-MS anal-
ysis, the formation of diazo-intermediates (V and VI) and nitroso compound (Il) was
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observed during the reaction with NaBH,/Ni-pol system. The formation of arylhydrox-
ylamine (Ill) was never observed. When substrate (l) was totally converted, the con-
centration of Il, V and VI became lower because they were converted into the desired
product. Probably, Ill was never detected because its reduction was faster compared to
the one of Il and/or because Ill quickly reacted with Il to give V. These results suggest
that Ni-pol reducing system might go through both direct and condensation routes
(Scheme I1.7).

An increasing of diazobenzene (V1) amount and a decreasing of aniline (IV) quantity
were observed (GLC Analyses) in the mother liquor removed of Ni-pol during reaction
(30% conversion of nitrobenzene) and stirred for additional nine hours after addition of
fresh NaBH,. In the absence of the supported catalyst, nitroso benzene (1) and aniline
(IV) condensed into diazobenzene (VI) (Scheme I1.7), because the hydrogenation of I
to give hydroxylamine benzene (lll) did not happen without Ni.

DIRECT ROUTE

H H
ANO, T2 Ar-NO —3= Ar-NHOH -2 Ar-NH,

m (am am  H:0, qv)
’ / A
H,0 CONDENSATION
O ROUTE
2 H
Ar-N(O)=N-Ar 2
)
Haz| -H,0
1

H,
Ar-N=N-Ar —® ArNH-NH-Ar

(VD (V1D

Scheme I1.7 - Possible mechanism pathways for the nitroarene hydrogenation.

2.5.3 Final consideration

By comparing Ni-pol catalytic system with the commercial available Raney Ni,?'®
it is apparent that the latter dramatically deactivates after few runs and it needs harsh
conditions (102 °C and 1.62 MPa of H,) to obtain high yields. Raney Ni/NaBH, system
has been recently proposed, but no studies on its recyclability have been reported.?'

Table I1.5 displays the reaction conditions employed in catalytic systems based on
recent examples of Ni supported catalysts in the hydrogenation of nitroarenes. It is evi-
dent that either high temperatures and H, pressures or high NaBH,/substrate molar ratio
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are needed to get good yield. In addition, to the best of our knowledge Ni-pol system is
the second example reported to date?? of Ni based reusable catalyst, selective in the
hydrogenation of halonitrobenzenes to haloanilines.

Table 11.5 - Reaction conditions for Ni-based catalyst reported.

Catalyst T (°C) Solvent P (MPa) of H, NaBH /substrate Ref.
molar ratio

Ni-pol 25 H,0/Et,0 _ 20 281

Ni-NPs/C 25 H,0 _ 847

Ni/CB 30 H,0 _ 104

Co-Ni 120 EtOH 3 _

Ni-53-EN 110 EtOH 2221 _

Ni-B-Si0, 100 Et??20H 1.8 _
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2.6 Catalytic application of Ni-pol: reductive amination of ar-
ylaldehydes with nitroarenes

2.6.1 Introduction

Aryl amines are important building blocks and key intermediates in the synthesis of
bioactive natural products, pharmaceuticals, dyes, agrochemicals, polymers, and pho-
tographic materials.??3%> In addition, optically active secondary amines have important
applications in organic asymmetric synthesis as chiral auxiliaries,??® catalysts,?? re-
solving agents, and fine chemicals.??

Traditional methods for the synthesis of aryl secondary amines include reduction of
nitroarenes to corresponding anilines??® and further reaction with alkyl halides, alcohols
or carbonyl compounds.?® However, these processes have several disadvantages,
such as the toxicity of reducing or alkylation agents, lack of mono-alkylation selec-
tivity and large amounts of waste produced. Therefore, there is an increasing interest
for economical and eco-friendly syntheses of secondary amines.?*® One-pot reductive
amination of aldehydes with nitroarenes over heterogeneous catalysts using molecular
hydrogen or other “green” reducing agents is an atom-economical and environmentally
attractive method for the synthesis of secondary aromatic amines.?*"2%223 This pro-
cess involves three cascade reactions: hydrogenation of nitroarene into primary aro-
matic amine, reversible condensation of primary amine with aldehyde to imine, and hy-
drogenation of imine to the desired secondary amine. In general, the reaction is carried
out using metal-based catalysts, such as Pd,?2% Pt2% and Au.?®” Recently, there is an
increasing interest in developing a new methodology requiring the presence of no noble
transition metals as catalyst. Lately, reductive amination of aldehydes with nitroaro-
matic compounds, employed Fe- and Co-based catalysts, has been described.?323%
The catalysts are formed by Fe,0, particles,?* Co/Co,0, nanocomposites,*® and Co
nanoparticles®*! fixed in mesoporous nitrogen-doped carbon and they were found to be
active and selective in this reaction.

The reaction is referred to as direct reductive amination, when the amine and the
carbonyl compound are mixed together with the proper reducing agent without prior
formation of the intermediate imine (or iminium salt), and as indirect (stepwise) reduc-
tive amination, when it involves the pre-formation of the intermediate imine followed by
reduction in a separate step.?*

Thus, a one-pot direct or indirect reductive amination, starting from a nitroarene, is
an attractive method as it removes another hydrogenation step, saving both time and
costs considering that nitro aromatic compounds are cheaply available starting mate-
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rials in organic synthesis.?*® In the last decade several efforts have been addressed to
develop an efficient heterogeneous catalytic version of this one-pot direct or indirect
reductive amination promoted by supported nanoparticles or nanocomposites of met-
a|S SUCh as Ag’244 AU,245 00,246,243 CU,247’248 Fe’249,242 Pd’250,251,252 Pt,253,254 Rh’255 RU,256
as well as by heterobimetallic systems such as AgPd,?7:2%8.259 AyPd,260.26" GoRh,262263
and NiPd.?* Several studies were carried out aiming at using no noble metal catalyst.
Among them, in 2015 Kalbasi et al. reported the synthesis of secondary ammines
in the presence of Ni based-catalyst, Ni/H-mZSM-5, formed by a hierarchical zeolite
with mesoporous-microporous structure (Figure 11.9). It exhibited good catalytic per-
formance in one-pot reductive amination of benzaldehydes and nitroarenes at room
temperature in water in direct pathway (Scheme 11.8).%°

R
0.05 g of Ni/H-mZSM-5 H
. 90 ilH-m N
R—: N
6mmoINaBH4 | P

rt., 5 mlof H,0 /\az

Scheme 11.8 - Direct one-pot reductive amination of aldehydes with nitroarenes over Ni/H-mZSM-5.

Yo\

.\ia’_,,._

x NO:
U /-

T=room temperature
Solvent= Water

Q = Nickel nanoparticles

Figure 1.9 - Possible mechanism for direct reductive amination using bi-functional catalyst.

The interesting aspect of this work is that the catalyst has acid sites on the zeolite
support, thus promoting the formation of the imine. More recently, the same author re-
ported the synthesis of metal-acid bi-functional catalyst based on nickel nanoparticles
and polystyrene sulfonic acid chains anchored on ordered mesoporous carbon CMK-
8. This catalyst was able to perform direct reductive amination of aldehydes in good
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yield in a short reaction time under mild conditions. TEM images of catalyst proved an
ordered structure with negligible metal aggregation. Moreover, N, adsorption—desorp-
tion isotherms declared the Ni-PSSA/CMK-8 as a mesoporous structure with a high
surface area and acceptable pore volume even after metal loading and polymerization.
The collaboration of acidic and metal sites expedites the performance of the catalyst.
Overall, the catalyst could be easy separated from the reaction medium and reused for
several runs without any drastic deceleration in the catalyst activity and stability.6

2.6.2 Ni-pol catalyzed reductive amination

Encouraged by the results obtained in the nitroarene reduction, Ni-pol catalyst was
evaluated as catalyst for the synthesis of other organic molecules. It was employed in the
reductive amination reaction starting from nitroarenes in order to obtain N-benzylaniline.
We started this study carrying out this procedure in direct way: one pot, one step. Ni-
trobenzene 1a, benzaldehyde 2a, Ni-pol and NaBH,, as reducing agent, were putted in the
same flask. Ethanol/water in equal amount (1:1) was used as the solvent and the reaction
was carried out at room temperature. The reaction mixture was monitoring by GC-MS
and after 2 h results showed that the conversion of the substrate was quantitative, but
the products formed were aniline, as major product, and benzyl alcohol formed for the
concurrent reduction of nitrobenzene and benzaldehyde. Very small amount of imine, 2%,
and N-benzylaniline were formed. After these results we decided to test the indirect way:
one pot, stepwise.?” The reaction was carried out under the same conditions described
before but the benzaldehyde reagent was added after step A (Scheme I1.9).

OH

of

by-product Il

o A.‘ .

©)kH
; H "
Hzo "H,
—_— _—
reactant 2a W ©/ step C ©/
NO, +3'H," NH, stepB
©/ —2—HzO> ©/ intermediate 1 product 3aa

reactant 1a step A intermediate |

Scheme 11.9 - Synthesis of N-benzylaniline (3aa) through hydrogenation of nitrobenzene (1a) and reduc-
tive amination of benzaldehyde (2a).
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In this case the conversion of imine was only 16% and no desirable product was
formed. We yet observed that adding 3.0 mmol of NaBH, in the last step C, 40% of
N-benzylaniline can be obtained in 3 h (entry 1 in Table I1.6). These results demonstrat-
ed that in this catalytic system the formation of imine product was very slow and the
most of NaBH, is lost. It is well known in the literature that there are different factors in-
fluencing the equilibrium between the imine and its precursors 1a and 2a. For instance,
concentration, solvent, temperature, pH and so on.%2%° We focused our attention on
the pH influence, well knowing that the hydrolysis of NaBH,, that occurs in the first
steps, provides an alkaline reaction system,?%%"" on the contrary imines requires a pH
value ranging from 4-6 to be formed.?? First, we reduced the amount of reducing agent
added in the step A and let the other parameters unchanged. The results indicated that
there was just a little increase of yield, 47% for the formation of the final product (entry
2). Whereas Bronsted acids facilitate the formation of Shiff bases, we decided to check
different carboxylic acids. The best results were obtained using HCOOH as additives,
attaining 61% yield (entry 3). In order to increase the yield we decided to use methanol
as solvent, obtaining 96% of conversion. Methanol, in fact, forms hydrogen by the
methanolysis of NaBH,?"3#™ and it is able to facilitate the imine formation.?”

Table 11.6 - Preliminary tests to achieve the best reaction conditions.

A) 21aBH4
B) 2a,HCOOH
©/N02 C) NaBH4

- S NH
NPl 0"
1a RT 3aa
. HCOOH
276
Mo*"lar Ratio Time Reaction®® Addition in Is_olated
Entry NaBH,/1a Solvent Yield of
(ste2774p A) (step A+B+C) step B 3aa (%)
(2 equiv)
1 20° H,0/EL0(1:1,v/v)  2h+40 min+3 h No 40
2 3° “ 3 h+40 min+3h No 47
3 3 “ 3h+40min+3h Yes 61
4 3° MeOH 3 h+40 min+3h Yes 96

a Reaction conditions: 0.50 mmol of nitrobenzene (1a), 0.70 mmol of benzaldehyde (2a), Ni 2.0 mol%
(11.0 mg of Ni-pol) with respect to 1a, 5.0 mL solvent, room temperature.
® 3.0 mmol NaBH, were added after step B (see Scheme 11.9); ¢ based on nitrobenzene.

Once have found the optimized reaction conditions, we decided to develop our study

80



in two different parts. In the first one we carried out the reductive amination of benzal-
dehyde with different nitroarenes (Table I1.7); in the second one the reductive amination
of several arylaldehydes with nitrobenzene (Table 11.8).

Table 11.7 - Reductive amination of benzaldehyde (2a) with different nitroaromatics (1b-j)2.

A) yaBH4
B) 2a,HCOOH
NO, C) NaBHa
Ni-pol (2 mol%) - NH
F 1b-i CH5;OH 3bui
- -),a
RT E

. Time Reaction Isolated-
Entry Nitroarene Product (step A+B-+C) Yield (%)°

1 gH 3h+40 min+3 97

NO, Cl
2 ©/\ﬁ : 5 h-+40 min+3 h 85
I
1c 3ca
NO,

or
N 6 h+40 min+3 h 80

r 3da
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NO,

N
©/\H
3
1e ea
NO,
N/©/
©/\H
1% 3fa

1h 3ha
NO,
[::ro\
i; Cr
H
3ia
1>
NO,
g
o~ "
1j 3ja

5h+40 min+3 h

2h+40 min+3 h

2h+40 min+3h

10 h+40 min+3h

2h+40 min+3h

2h+40min+3 h

50

98

97

98

97
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Table 11.8 - Reductive amination of different arylaldehydes (2b-n) with nitrobenzene (1a).

A) NaBHa4
B) 2b-n,HCOOH
C) NaBH4

: NO,

—

Ni-pol (2 mol%) - NH
CH;0H
RT

1a 3a,b-n
Time Reaction  Isolated
Entry Arylaldehyde Product (step A+B+C)  Yield(%)
0]
: N
1 H 3h+40min+3h 80
' | 3ab
O
; L
2 H 3h+40 min+3h 73
' 2¢ r 3ac
0 F
H N
3 H 3h+40min+3h 98
F
2d 3ad
o]
H g
4 /[::]//\H 3h+40min+3h 72
F F
2e 3ae
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0 g
- H
/O N
5 0 H 3h+40 min+3h 93
| O
| N

of 3af
0
H L
6 gH 3h+40min+3h 96
? 0
2g | 3ag
0
H S
7 H 3h+40min+3h 98
_O2n P 3ah
0
H e
8 @?H 3h+40min+3h 95
0 0
|
O 2 O | 3ai
i Q
H N
9 H 3h+40 min+4h 96
NZ

NZ
0 @
10 \ / H @/\ 3h+40min+3h 96



S
L d N/@
11 0 J N 3h+40 min+3h 98
3al
21
o s /@
S r
Br

12 WH \@/\ﬁ 3h+40min+5h 93

2m 3am

As shown in Table I1.7, in the reductive amination of halonitroarenes the yields re-
ported are different. In fact, we observed that there is the influence of substituent on the
reaction time in the step A, but it also influences the yield of secondary amines. With
fluorine as substituent, entry 1, the secondary amine was obtained in excellent yield,
97%. With Br and Cl the yield obtained was just little bit lower, about 85 and 80%, and
they require longer time for the step A. In the case of iodine, the yield decreases con-
siderably giving a moderate yield (50%). This is due to a partial or consistent de-hal-
ogenation of both intermediate imine and target amine that occurs just in the last step
C, as confirmed by GC-MS analysis. Given that the role of the catalyst is fundamental
in the first and second steps, while the third, the last one, is guaranteed simply by the
addition of a reducing agent, the results collected confirm that the catalyst is selective
since dehalogenation occurs only in the last step. For the nitrotoluenes substrates (en-
try 5-7) no significant steric effect was observed on the yield of the final product that
was obtained as excellent result for all of them. For 2-nitrotoluene the synthesis of the
corresponding secondary amine requests longer reaction time for the step A compared
to a very short time related to amines 3ia and 3ja. The same results were reported
about methoxy nitrobenzenes (entry 8-9).

In the other part of our study we investigated the reductive amination of arylalde-
hydes with nitrobenzene, as reported in Table I1.8. For halo-derivates was not neces-
sary to use longer times. With m-chloro-benzaldehyde and m-bromo-benzaldehyde
partially de-halogenation was observed, unlike 2-fluoro-benzaldehyde for which no
de-halogenation has been observed with 93% of yield (entry 3). This yield is very dif-
ferent if compared with yield obtained for 4-fluoro-benzaldehyde, 72% (entry 4). This
demonstrated that in our catalytic system the electronic effect is dominating respect to
steric ones. This is also confirmed by the methoxy substituted benzaldehydes (entry
9-8). For 2f and 2i, that have a sterically demanding reactants, excellent results were

85



collected for the corresponding target secondary amines 3af (93%), 3ag (96%), 3ah
(98%) and 3ai (95%). Then an arylaldehyde with a potential reducible group (2]) was
tested, obtaining a very high yield (96%) although step ¢ requires a longer time (entry
9). Heteroaromatic aldehydes such as furfural (2k) 3-thiophenecarboxaldehyde (2I),
and 5-bromo-2-thiophenecarboxaldehyde (2k) were also investigated, obtaining excel-
lent yields of corresponding amines 3ak (96%), 3al (98%), 3am (93%) (entries 9-11).
For thiophene based amines (entry 11-12), is relevant to underline that for 3am no
debromination was observed.

Ni-pol recyclability was tested in the reductive amination of benzaldehyde with ni-
trobenzene. The reaction was scaled up to 3.0 mmol in order to reduce the loss of
catalysts and to recycle it better. Ni-pol was recycled for five cycles and, as show in
Figure 11.10, the yield slightly decreases in the second run (from 96% to 87%) but af-
terwards cycles, the isolated yield remained almost constant at values above 80%. In
each catalytic cycle, Ni-pol was easily recovered by centrifugation, washed and rinsed
with solvents, dried under air for 2 hours at 60 °C, and then employed for a new run.

A)NaBH,
B) 2a, HCOOH
No? _ CINaBH,
100+ NH
N i-pol (2 mol%)

CH3OH

4 3aa
80
60 -
40 -
20 -
0.

Reaction cycles

Isolated yield (%) of 3aa

Figure 11.10 - Recyclability of Ni-pol in the reductive amination of benzaldehyde (2a) with nitrobenzene
(1a) to give N-benzylaniline (3aa).

These results demonstrated that a Ni-pol catalyst is recyclable and active for sev-

eral cycles. The catalyst was recovered after first and fifth cycle in order to analyze it
together with catalyst before and after thermal reduction.
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2.6.2.1 Heterogeneity test

The heterogeneity of Ni-pol catalyst was studied by analysing the activity of mother
liquor in the first step of reaction (step A). After 15 min from the start of the reaction,
the catalyst was removed from the solution and the filtrate was left under stirring for
2 h and 45 min. Analysing the solution after 15 minutes by GC, results showed that
conversion was about 85%, consisting in the chromatographic yield of 31% in aniline,
17% and 40% in diazobenzene e diazoxybenzene. The solution was taken at the end of
the reaction time and GC analysis demonstrated that without catalyst the percentage
of reaction conversion did not change. This proves that Ni-pol catalyst works as het-
erogeneous catalyst fact confirmed also by graphite furnace atomic absorption spec-
troscopy (GFAAS). The catalyst filtrated after 15 minutes and the catalyst after the last
catalytic cycle were mineralized and analyzed by the same GFAAS. Results confirmed
that the amount of Ni in the catalytic system is the same as before catalytic application.

The possibility to scale-up our catalytic system was also tested. The benchmark
reaction was carried out on 6.0 mmol and the product recovered was about 1.02 g
(93%). It confirms that our protocol is scalable for industrial application. Scheme 11.10
reports the general accepted reaction pathways (direct and condensation routes) with
relative intermediates for the reduction of nitrobenzene (1a) to aniline (I), explaining the
presence of diazo- and diazoxy-products.

NO, _
nitrobenzene (1a) [:::]/ (iv) 53“7 aoxvbenzens
W’ = Y Z
2
; O
- l () e
20

2
H,0 (vi)

. NO 7] ] j »
nitroso-
benzene [:::I/ 441Q244> N=

O
+H, l (ii) I

NHOH
pheny
hydroxylamine - HN-NH hydrazobenzene
*H, @
(iii)

azobenzene

m-HcoO=® - Om®x— 0O

m-HcCcoOo® Z0~"H>»0mmMOZ00O

-H
20 (viii) |*H3

[::j/NHZ [::j/NH2

Scheme 11.10 - Accepted reaction pathways for the reduction of nitrobenzene (1a) to aniline (1).

aniline (I aniline (I
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2.6.2.2 Characterization of Ni-pol: STEM analysis

As already discussed Ni(AAEMA),-pol and Ni-pol were investigated by STEM anal-
ysis. The first one was just characterised by an homogenous polymeric support on
which the Ni(ll) centres were deposited. Ni-pol, after thermal annealing, showed nano-
particles (NPs) with diameter comprising between 11 and 37 nm and a few quantity of
Ni(0) nanocubes with a cube side of 85-200 nm. Since the catalyst is the same, in this
study we analyzed just Ni-pol samples after first and fifth cycles. They were inspected
by FESEM analyses with STEM mode, aiming at gaining insights into the morphology
and the dispersion of the nickel active species on the polymeric support, checking if
they change with the recycles.

FESEM picture of Ni-pol recovered after the first run (Figure I1.11 a) shows a homog-
enously distributed cubic crystals of Ni in the average cross section value of 35 nm.
The particle size distribution is quite narrow (25-45 nm) and monomodal (Figure 11.11
b). The crystalline habitus is uniform and characteristic of cubic lattice. High degree of
nanoparticles dispersion and the absence of aggregation suggest that the polymer ma-
trix has a strong confinement effect and an efficient stabilizing feature towards Ni NPs.

The catalyst recovered after the fifth cycle (Figure Il.11 ¢) did not show a significant
difference from the sample after the first cycle. The only relevant aspect is that some of
nanoparticles begin to aggregate at the surface of the polymer flake. This phenomenon
can explain why the catalytic activity of the system slightly decreases with the re-cycles
(see Figure 11.10). FESEM analysis also revealed that the number of small nanoparti-
cles (8-10 nm in diameter) in Ni-pol recovered after the last run is higher compared
to the catalyst employed in the first one. NPs were smaller and with more irregular
shape. These small Ni NPs are very uniformly distributed, as are the biggest ones, thus
generating a bimodal NPs size distribution (Figure I1.11 d). The amount of the smallest
nanoparticles increases with the re-uses, presumably due to further formation of Ni
NPs under reductive reaction conditions, as already observed by us.?8' In fact, during
thermal calcination under inert atmosphere only a fraction of the whole amount of Ni(ll)
centres passes from +2 to 0 oxidation state giving rise to metal NPs. The reduction of
the remaining quantity of Ni(ll) centres to Ni NPs occurs during duty, thus explaining the
broader distribution of Ni NPs compared to that of the catalyst before use.
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(b)

50 @)

Figure I1.11 - STEM micrographs and associated size distribution (on the right) of matrix polymer em-
bedded Ni nanoparticles: (a) Ni-pol recovered after the first run of the model reaction and (b) its size
distribution; (c) Ni-pol recovered after five subsequent runs of the model reaction and (d) its size distri-
bution.

2.6.3 Final considerations

Ni-pol catalyst obtained as described in the first part of this chapter was found
active, selective and recyclable catalyst in hydrogenation of nitroarenes and in one-pot
stepwise reductive amination of arylaldehydes with nitroarenes. Ni-pol, as nanoparti-
cles of Ni(0) was stabilized on insoluble acrylamide polymer (Ni-pol) as catalyst and
NaBH, as mild, inexpensive, and safe reducing agent. The protocol used for the reduc-
tive amination is a one-pot indirect method having several advantages, such as the use
of a no-precious metal catalyst, the facile separation of the catalyst by centrifugation,
an excellent stability towards air and moisture, mild reaction conditions, good recycla-
bility and scalability as well as broad substrate scope. Morphological analyses prove
that the active species in Ni-pol are Ni NPs in the form of cubic crystals having an aver-
age cross section of 35 nm with a quite narrow (25-45 nm) and monomodal size dis-
tribution. Although such distribution becomes bimodal with the recycling reactions, no
agglomeration of NPs was observed, and the catalytic activity of Ni-pol was preserved.

89



2.7 Study of Pd and Ni catalysts for biodiesel upgrading

2.7.1 Introduction

In 1900 Rudolf Diesel presented his own working creation using as the motor fuel
the vegetable peanut oil, thus employing for the first time natural sources for industrial
and mechanical applications. Subsequently, during the second World War there was
an increased interest in using natural energy sources, because fossil fuel amount was
inadequate. Starting from 1970 a new crisis in finding fossil oil led to a growth of the
price of crude oil, inducing researchers at investigating the possibility of using vege-
table oils and other alternative energy sources. In this framework, the most studied
fuels can be divided mainly into two types: oily, derived from vegetable oil obtained by
transesterification, used as Diesel, and alcohols, obtained by biomass treatment that
produces bio-ethanol.

Several advantages are related to the strategy of using renewable sources as fuels,
such as: reduction of carbon monoxide, unburned hydrocarbon emissions, no pro-
duction of sulphur compounds and other substances which cause an increase of the
smoke-screen. In addition, bio-fuel, obtained by treatment of natural sources has higher
detergent power than hydrocarbons, and it is not subject to spontaneous combustion,
parameter particularly important for the transport and storage phases. Furthermore, it
is possible of obtain bio-fuel from raw materials which are easily available and from
agri-food wastes, such as waste cooking oil (WCO). Biodiesel is a natural fuel extracted
from oily plants and subsequently subjected to trans-esterification to obtain fatty acid
mono-alkyl esters. Three different types of biodiesel can be considered.

- First generation Biodiesel: deriving from agricultural materials such as cereals and
sugar canes;

- Second generation Biodiesel: deriving from inedible materials, such as waste
cooking oil;

- Third generation biodiesel: deriving from algae.

In recent years, several efforts have been done aiming at obtaining fuels from animal
fats, vegetable oils and biomass. In particular, biodiesel is made by fatty acids methyl
esters (FAMEs). This fuel is recognized worldwide as the best substitute in automotive
engines thanks to its chemical and physical characteristics that are very similar to
those of petro-diesel. FAMEs can be obtained directly by processing plants having
seeds containing oil (rapeseed, soybean, sunflower, palm and generally exhausted veg-
etable oils) by trans-esterification reactions that allow the replacement of glycerol using
methanol (Scheme I1.11).
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Scheme I1.11 — Trans-esterification reaction for synthesis of FAMEs.

Trans-esterification reaction can occur with or without catalyst. The most common-
ly used catalysts are potassium hydroxide (KOH) and sodium hydroxide (NaOH), both
very sensitive to water and free fatty acids. In the presence of water, the saponification
of esters under alkaline conditions occurs. This causes the decrease of the catalyst
activity and the formation of emulsions that compromise the separation and purification
of the biodiesel. Using methanol and NaOH, yield about 94% can be obtained in range
between 60 and 65 °C, with a catalyst concentration of 0.5% (w/w), and twice the
stoichiometric proportion of methanol.

Biodiesel can be produced by the alkaline trans-esterification of sunflower oil with
low acid value, with methanol at 65 °C for two hours, using a molar methanol/oil ratio of
6:1, using KOH as a catalyst (1%). By comparing NaOH and KOH activities, the reaction
rate in the presence of KOH is higher than NaOH. Therefore, potassium hydroxide is
currently considered the best catalyst for trans-esterification of food oils. Unfortunate-
ly, the obtained biodiesel cannot be used directly. Even if this type of fuel has several
advantages compared to traditional diesel, it has different problems related to high
corrosivity and viscosity, low cold flow properties and low powder density, due to high
level of oxygen still present in the final product. In order to overcome these problems,
FAMEs are commonly partially hydrogenated before use. Completely hydrogenation
of polyunsatured methyl esters deriving from vegetable oils leads to solid soaps and
surfactants. To enhance the combustible performances, biodiesel is often diluted with
materials such as petrodiesel or solvents (ethanol). For example, adding 4% of ethanol
to biodiesel increases its thermal efficiency. Moreover the boiling point of ethanol, low-
er than biodiesel, can promote the combustion process.

Biodiesel deriving from vegetable oils has important problems, such as
high viscosity and the tendency to polymerize itself, due to high amount of in-
saturation, which makes it sensitive to oxidative processes and several.
This limits its practical use as fuel. All these problems can be solved by partial hy-
drogenation of double bounds present in the alkyl chains of the corresponding esters
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(Scheme 11.12); partial hydrogenation that can be carried out using different catalysts
under hydrogen flow.

The catalytic upgrading of FAMEs is considered a good method for the production
of bio-fuel with high amount of C18:1 (oleic acid methyl ester).

The partial hydrogenation allows overcoming problems related to the oxidative de-
composition, or to the formation of totally hydrogenated esters (margarine), that do not
have chemical-physical properties useful for bio-fuel.
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Scheme 11.12 - Hydrogenation of FAMEs.

By using Cu/Si0, as catalyst for partial hydrogenation of different methyl esters, de-
rived from different biomasses (soybean oil, fish oil), a decreasing of G18:3 (linolenic
acid esters) was obtained, while the amount of C18:0 (stearic acid esters) remained
almost the same. In the case of fish oil, the 23% of the poly-unsaturated amount was
quantitative converted after 10 minutes at 160 °C and under 4 atmospheres of hydro-
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gen gas. Also Cu/Al,0, has been successfully tested in similar processes to implement
the quality of methyl esters. Other metals were employed as catalysts, in particular Pd,
Pt, and Ni were tested and their performances were compared. Palladium resulted to
be the best catalyst in the hydrogenation reaction in very short time and under mild
conditions. Products obtained with Pd catalyst show good oxidation stability and other
favourable properties of cold flow. Palladium nanoparticles have also been used for
upgrading biodiesel derived from fish oil with excellent hydrogenation results. The high
cost of noble metals greatly reduces their practical use. Nickel, and other transition
metals much abundant than Pd in nature, can be used as catalyst obtaining great ad-
vantage from the economic point of view.

In this framework we decided to test the catalytic activity and recyclability of Pd-pol
and Ni-pol in the partial hydrogenation of FAMEs derived from soybean oil and waste
cooking oil (WCOQ).

2.7.2 Synthesis of FAMEs

The trans-esterification reaction of soybean oil and WCO was carried out in the
presence of KOH at 60 °C in methanol under nitrogen atmosphere. After two hours of
reaction, the colour of the mixture turned from yellow to red-yellow. The final reaction
mixture was left overnight in a separation funnel in order to recover glycerine (red one)
and FAMEs (yellow one), as reported in Figure I1.12. The FAMEs phase was washed
with water and dried over Na,SO,. Figure 1113 reports the composition of FAMEs ob-
tained from soybean oil and WCO, respectively.

Figure 11.12 - Separation of glycerine (bottom part) and FAMES (upper part).
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FAMEs coming from both sources have very similar composition, being the amount
of C18:2 the most relevant in both products. This suggests that they cannot be used
before upgrading in order to decrease C18:2 and raise C18:1 amounts, letting C18:0
and C16:0 in the same quantity. In this study we carried out the upgrade of both bio-oils
using Pd-pol and Ni-pol as catalysts.

5,8% 5,8%
35,4% 36,2%
46,9% 48,2%

FAMEs WCO FAMEs soybean

mCl16:0 m(Ci8:2 C18:1 C18:0

Figure 11.13 - Composition of FAMEs obtained from WCO and from soybean oil.

2.7.3 Biodiesel-upgrade catalyzed by Pd-pol and Ni-pol: catalytic investigation
2.7.3.1 Pd-pol catalyzed upgrade of bio-oils
2.7.3.1.1 Synthesis of Pd-pol

The first catalyst employed in this study was Pd-pol. It was synthesized as reported
in literature, using a low polymerization temperature, in order to prevent the thermal
reduction of metal, which could decrease the catalytic performance of the insoluble
material. PdCl, and NaCl were putted in reaction flask and then deionized water was
added. A brown suspension was observed, and it was left under stirring for 30 minutes
at 50 °C. The brown solution was converted into a brick red solution which was cooled
to room temperature. HAAEMA was added to NaOH solution in water and the mixture
was left under stirring for 5 minutes at room temperature. The resulting solution was
added to Na,PdCl, solution at room temperature causing the sudden precipitation of red
oil. After 30 minutes under stirring the red oil was recovered and washed with water,
extracted with CH,Cl, and dried over Na,S0,. After filtration, the solvent was removed
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and the oil was dissolved in THF in order to add cold pentane with formation of Pd(AAE-
MA), as orange powder which was washed and dried. A copolymerization between the
resulting Pd-complex, ethyl methacrylate and ethylene glycol methacrylate was carried
out and the corresponding Pd-pol pre catalyst (Scheme 11.13) was recovered at the end
of polymerization as military green powder (Figure 11.14). The percentage of Pd in the
final catalyst is about 2.5%, as revealed by elemental analysis. Pd-pol pre catalyst was
mainly constituted by Pd(ll) centres, which were reduced into polymer supported Pd
NPs (the real catalytically active species) during duty, giving rice to Pd-pol (Figure 11.15).

.
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Figure 11.14 - Pd-pol pre-catalyst. Figure 11.15 — Pd-pol catalyst.
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Scheme 11.13 - Structure of Pd-pol pre catalyst.
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2.7.3.1.2 Catalytic test

The partial hydrogenation of bio-oil was carried out at room temperature under 10
bar of H, in methanol in the presence of Pd-pol pre catalyst, using a steel autoclave
as the reactor (Figure 11.16). During duty, Pd-pol pre catalyst turned into Pd-pol under
reaction conditions, due to in situ reduction of Pd(ll) centres to Pd(0) (Scheme I1.14).

o)
T OCH, C18:3
+H, | [Pd-pol]
o)
/VVWLQCH3 C18:2
+H, [Pd-pol]
(0]
VWVW)LQCHa c18:1
+H, | [Pd-pol]
0]
/\/\/\/\/\/\/\/\)J\OCH3

Scheme I1.14 - Hydrogenation of poly-unsaturated FAMEs catalyzed by Pd-pol.

Figure 11.16 - Steel autoclave.
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The reaction mixture was analyses at time intervals of 5 minutes by GC-MS and GC-
FID. Figure 11.17 shows that soybean oil FAMEs were almost totally hydrogenated after
30 minutes, when the main product was methyl stereate. The highest concentration of
the desired C18:1 methyl esters were obtained after 5 minutes reaction. Afterwards
their amount became lower. Same trend was observed also for the hydrogenation of
WCO FAMEs (Figure 11.18).

no hydrogenated
FAMEs

H(16:0 EC1R:7 WOCIR:1 EO1R:0

Figure 11.17 - Soybean oil FAMEs composition with the time during hydrogenation reaction in the pres-
ence of Pd-pol, under 10 bar H, at RT in CH,OH.

33,6%
55,6%

I :

mCl6:0 mC18:2 mCl18:1 mC18:0

5,8%

no hydrogenated
WCO FAMEs

Figure 11.18 - WCO FAMEs composition with the time during hydrogenation reaction in the presence of
Pd-pol, under 10 bar H, at RT in CH,0H.
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2.7.3.1.3 Recyclability of Pd-pol catalyst

The recyclability of Pd-pol was studied for the hydrogenation of both soybean and
WCO FAMEs, stopping the reaction after 5 minutes, i.e. when the concentration of the
desired C18:1 isomers was as highest as possible (at least in the first run). The cata-
lyst was removed from the reaction mixture, washed with methanol and hexane, and
then dried overnight. The recovered catalyst was re-used six times. Figure .19 shows
that the catalyst activity increased with the re-cycles, and its selectivity towards C18:1
product decreased, favouring the formation of totally hydrogenated esters. In fact, the
amount of C18:1 isomer passed from 54.7% after the first run to 37.4% after the sixth
cycle (17.4% after 10 minutes reaction of the sixth run). As already demonstrated for
other Pd-pol hydrogenation reaction,% the real catalytically active species are Pd NPs
formed under reaction conditions for reduction of the polymer supported Pd(ll) centres.
The amount of these Pd NPs probably increased with the re-cycles, thus enhancing the
overall catalytic activity.

5,8%

382%  393%
36,2% 4B0%  s10%  52,3%

m C16:0 C18:2 C18:1 C18:0
Figure 11.19 - Soybean oil FAMEs composition with the re-cycles after hydrogenation reaction in the

presence of Pd-pol, under 10 bar H, at RT in CH,0H (t = 5 minutes for each cycle). In the last cycle, the
mixture was analysed also after 10 minutes reaction.
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Figure 11.20 - WCO FAMEs composition with the re-cycles after hydrogenation reaction in the presence
of Pd-pol, under 10 bar H, at RT in CH,OH (t = 5 minutes for each cycle). In the last cycle, the mixture
was analysed also after 10 minutes reaction.

2.7.3.2 Ni-pol catalyzed upgrade of bio-oils

2.7.3.2.1 Synthesis of Ni-pol

This study was continued with Ni-pol catalyst, whose synthesis was widely de-
scribed in the second chapter. Here we report the structure of the polymer supported
Ni-complex (Figure 1.21) As for the reduction of nitroarenes, the resulting pre-catalyst
(green powder on the left in Figure 11.22) was thermally reduced under nitrogen flow
and a black solid was obtained. It was ground with a mortar and pestle, obtaining a
black powder (Figure 11.22 on the right). The percentage of Ni in the final catalyst is
5.35% (elemental analysis).

Figure 11.21 - Structure of Ni-pol catalyst. 99



Figure 11.22 - On the left: green powder related to polymer supported Ni(AAEMA),; on the right: black
powder related to Ni-pol.

2.7.3.2.2 Catalytic test

Ni-pol was used as catalyst for the upgrade of bio-oils. In this experiment different reaction condi-
tions were used in order to reach satisfactory results (Scheme 11.15).

o
—_ TN OCH; C18:3
*H | Ni-pol]
0
/\/\/:\/:\/\/\/\)J\ocH3 C18:2
+H2 | [Ni-pol]
0
N U U U Nt
*+H, | Ni-pol]
0
/\/\/\/\/\/\/\/\)J\OCH3

Scheme I1.15 - Hydrogenation of poly-unsaturated FAMEs catalyzed by Ni-pol.

By using the same reaction conditions employed for Pd-pol, i.e. under 10 bar H,,
at room temperature and methanol as the solvent, the hydrogenation was negligible
even after 16 h reaction. Only increasing the reaction temperature to 100 °C, the hy-
drogenation of poly-unsaturated FAMESs occurred. Figure 1.23 shows that the best
result in terms of selectivity towards the desired C18:1 isomers was reached after 10 h
reaction (67.1% of C18:1), which is still better than the result obtained in the presence
of Pd-pol after 5 minutes reaction in the first run.
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Figure 11.23 - Soybean oil FAMES composition with the time during hydrogenation reaction in the pres-
ence of Ni-pol, under 10 bar H, at 100 °C in CH,OH.

2.7.3.2.3 Recycling of Ni-pol catalyst

Under the best catalytic reaction conditions the catalyst was recovered and reused for several times.
The catalytic system showed the same activity and selectivity over six cycles (Figure 11.24, Figure 11.25).
After reaction, bio-oil solution was pipetted out and the remaining black catalyst was washed three times
with methanol and hexane. The recovered catalyst was used for six subsequent runs, showing an unal-
tered catalytic activity and selectivity (Figure 11.24).

14,3% 13,6% 18,9% 18,6% 17,8%
no Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
hydrogenated
FAMEs

mC16:.0 mCl18:2 mCi18:1 mC18:0

Figure 11.24 - Soybean oil FAMES composition with the re-cycles after hydrogenation reaction in the
presence of Ni-pol, under 10 bar H, at 100 °C in CH,0H (t = 10 hours for each cycle).
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Figure 11.25 shows the recyclability of Ni-pol catalytic system for partial hydrogenation
of WCO FAMEs. Also for WCO FAMEs the selectivity towards C18:1 isomers is satis-
factory.

5,8%

16,4% 18,8% 21,2% 19,6% 19,2%
35,4%
59,0%
G8:2% 68,7% 70,9% 71,0%
46,9%
11,0%
no Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

hydrogenated
WCO FAMEs

mC16:0 mC18:2 mCi8:1 mC18:0

Figure 11.25 - WCO FAMEs composition with the re-cycles after hydrogenation reaction in the presence
of Ni-pol, under 10 bar H, at 100 °C in CH,OH (t = 10 hours for each cycle).

The obtained results suggest that even if Ni-pol catalyst is less active than the an-
alogues Pd-pol, it is more selective towards products with a single unsaturation, al-
though it requires longer reaction times and higher temperatures compared to Pd-pol
based system. Notably, no metal leaching was detected for both Ni-pol and Pd-pol
catalytic system.

2.7.4 Conclusions

In conclusion, a new catalyst based on polymer supported Ni nanoparticles (Ni-pol)
was synthesised and characterised. It efficiently catalysed the transfer hydrogenation
reaction of aromatic nitro compounds with NaBH, under sustainable conditions (aque-
ous medium and room temperature), thus avoiding the use of the commonly employed
noble metals (Pd, Pt). Similar reaction conditions can be applied also for the synthesis
of secondary aromatic amines by one-pot stepwise reductive amination of arylalde-
hydes with nitroarenes. STEM analyses showed that the active species were metallic
Ni nanoparticles ranging from 25 to 70 nm in diameter, stabilized by the polymeric
support. Ni-pol was stable in aqueous medium and could be reused for at least five
cycles keeping the same activity and selectivity. These occurrences are not trivial for
catalysts supporting Ni nanoparticles, because the latter have been found water-sen-
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sitive in similar catalytic systems. In addition, Ni-pol catalytic system was selective to-
wards haloanilines, avoiding the hydro-dehalogenation side reaction. Finally, Ni-pol can
be also used as active, selective and recyclable catalyst for the partial hydrogenation
of poly-unsaturated fatty acid methyl esters for the upgrading of bio-fuels under mild
conditions (10 bar of H,, 60 °C). All the results collected for Ni-catalyst were compared
with results reported for the analogous Pd-catalyst. The comparison demonstrated that
Ni-catalyst was in any case more selective than the noble metal Pd, although the latter
showed higher activity than Ni-pol.
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Synthesis, characterization and catalytic applications of transition metal nan-
oparticles embedded in polymeric nanoreactors.
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CHAPTER Il

Synthesis, characterization and catalytic applications of transition
metal nanoparticles embedded in polymeric nanoreactors.

3.1 Introduction

The ability to construct functionalized polymers with precise architecture, topology,
composition, and location of specific functional groups leads to an essentially limitless
number of advanced materials with specific functions. In this area, giant steps have
been made in recent times by the development of controlled radical polymerization
techniques that combine the precision in macromolecular synthesis of living and/or
controlled polymerization and the typical advantages of radical polymerization, namely
the large choice of polymerizable monomers. '3 Among the functionalities that can be
attached to a polymer backbone, phosphines have received little attention with respect
to the controlled radical polymerization approach. However, phosphine functionalized
polymers have been prepared and studied for quite some time by the catalysis com-
munity. For instance, polymer supported rhodium complexes were first described by
Manassen and then developed by Grubbs, Capka and Pittman as hydrogenation, hydro-
silylation and hydroformylation catalysts. Since then, many polymer supported phos-
phine ligands have been reported in the literature.

Many strategies have been used to access polymer supported phosphine ligands,
mostly leading to materials with anchored triphenylphosphine. In 2013, the research
group in which I spent six month during my PhD course described the first generation of
triphenylphosphine ligands anchored on linear polystyrene chains by controlled radical
polymerization. This synthesis method enables easy tailoring of polymer chain length,
with a narrow molecular weight distribution, and phosphine incorporation. They ap-
plied these polymer-supported phosphines in Rh-catalyzed 1-octene hydroformylation
which provides comparable results to those obtained with PPh,-containing polymers
obtained by other less-controlled methods, in terms of activity and selectivity. This
study reveals a slight dependence of the hydroformylation linear/branched selectivity
as a function of the amount of PPh, in the polymeric catalyst, which should not exceed
the maximum quantity of 25%. In 2016 the same research group reported core—shell
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structure of the polymers TPP@CCM (TTP = triphenyl phosphine; CCM = core cross-
linked micelle) generated by using amphiphilic diblock arms cross-linked at the end
of the hydrophobic segment, with anchored ligands in the hydrophobic core outside
the cross-linked part. They demonstrated that the phenomenon of molecular migra-
tion from one polymer core to another one is very rapid and mostly occurs through
direct contact between the particle cores during collisions.™ In 2017 they reported
that triphenylphosphine-functionalized core-shell polymers can be successfully used
in the biphasic aqueous hydrogenation of simple alkenes (styrene and 1-octene). The
catalytic aqueous phase can be recycled efficiently at least 6 times, but the activities
and selectivities are slightly eroded in some cases.

Following these studies on core-shell cross-linked polymer TPP@CCM, | syn-
thesized metal nanoparticles embedded in polymeric nanoreactor and | evalu-
ated their confinement in the polymer spheres. Moreover, | tested their catalytic
activity in hydrogenation of acetophenone and styrene.

3.2 Synthesis of polymer TPP@CCM (5% of DPPS)

The controlled radical polymerization technique is a perfect tool to accurately reg-
ulate the chain length of each unit. Thus, combining the best attributes of reversi-
ble-deactivation radical polymerization (RDRP) in water and the use of polymerization
in dispersed media, allows full control of the structure of the final nano-object from the
extremity of the stabilizing layer to the very heart of the particle. To achieve spherical
nanoparticles as nanoreactors, RAFT copolymerization of methacrylic acid (MAA) with
poly(ethylene oxide) methyl ether methacrylate (PEOMA) to generate a P(MAAco-PEO-
MA) macromolecular RAFT agent (macroRAFT) in water, was accomplished. In a sec-
ond step and in the same reactor, styrene (S) and 4-diphenylphosphinostyrene (DPPS)
were added to generate P(MAA-co-PEOMA)-b-P(S-co-DPPS) amphiphilic block copol-
ymers that self-assembled into nanometric micellar particles. Finally, subsequent addi-
tion of a cross-linker, namely, diethylene glycol dimethacrylate (DEGDMA) allowed the
generation of stable and core-cross-linked particles that incorporate the triphenylphos-
phine ligand, referred to as TPP@CCM (Scheme IIl.1). These particles were evaluated
in terms of mass transport of organic molecules across the hydrophilic barrier, coordi-
nation chemistry with a typical hydroformylation precatalyst, namely, [Rh(acac)(C0O),]
(acac=acetylacetonate), and efficiency as catalytic nanoreactors.'®
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Scheme lI1.1- Synthesis of the core-cross-linked micelles functionalized with triphenylphosphine (TPP@
CCM).

The polymeric nanoreactor TPP@CCM was characterized by 'H NMR, TEM and
DLS analysis. The 'H NMR spectrum of the product is reported in Figure Ill.1. It shows
a small resonance at 8 = 3.5 (starred resonance in Figure lIl.1) related to the methyl-
ene protons of the PEQ side chains. The core proton resonances are not visible in this
spectrum because the core is not solvated by DMSO. The incorporation of DPPS was
confirmed by 3'P{'H} NMR analyses in CDCI,/D,0 which is a good solvent for the core
swelling (Figure 1ll.2). The phosphorus resonance at -5.9 ppm belonging to the free
DPPS monomer is missing and it is replaced by a broadened and shifted-resonance
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in the polymer structure (5 = -7). The displacement of the *'P{'"H} NMR resonance
upon incorporation of the DPPS monomer in the polymer was a convenient probe for
monitoring the DPPS consumption during the polymerization. The TPP@CCM latex
was synthesized with 5% of DPPS monomers in step 2, which is the most important
parameter influencing the metal coordination and the nanoparticles stabilization.

i
S

. 2.5
f1 (ppm)

Figure 111.1 - "H NMR of TPP@CCM in DMSO at 298 K.
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Figure l1l.2 - ¥'P{'H} NMR of TPP@CCM in CDCI,/D,0 at 298 K.

The particle size of the final dispersion of the cross-linked particles was measured by
dynamic light scattering (DLS) in water as well as in THF. The z-average particle sizes Dz are
in the range of 70-80 nm in water (Figure II1.3). The CCM swell by a factor of about 2 in di-
ameter (8 in volume). The spherical morphology was confirmed by TEM observations (Fig-
ure I1.4). In all cases the results were conform to those already described in the literature™2.

In water

1 10 100 1000

Dz/nm

Figure 1113 - DLS in water and THF for the final TPP@CCM.
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Figure I11.4 - TEM micrographs about TPP@CCM with 5% of DPPS.

The phenomena concerning unimolecular core-shell polymers in stable aqueous
dispersions were well studied in literature. 138 317.142

With the aim at synthesizing metal nanoparticles embedded in the polymer
core, the TPP@CCM sample (Figure I1l.5) was charged with seven metals pre-cat-
alyst.

Figure II1.5 - Latex as TPP@CCM synthesized by three step one-pot using RAFT copolymerization.
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3.3 Metalation of TPP@CCM (5% of TPP)

3.3.1 Rh coordination inside the nanoreactor (P/Rh= 1)

In order to transfer the precatalyst to the polymer core for the purpose of the NMR
investigations, it was necessary to pre-swell the core with toluene. In fact, it was
demonstrated that when the pristine unswollen latex was treated with a concentrated
precursor’s solution, a rapid crystallization of the complex occurs, while the organic
phase disappeared due to migration into the polymer core. This revealed that the migra-
tion of organic solvent into the core of polymer is faster than that of the metal complex.

The swollen latex was treated with the precursor solution of [Rh(COD)
Cl],, showing a complete transfer of the yellow precursor from the organ-
ic phase to the aqueous phase upon stirring for one hour at room tem-
perature. The °*'P{'H} NMR analysis confirmed that the phosphine func-
tions coordinated to the metal cenires in the polymer core to Vyield
[Rh(COD)CI(TPP@CCM)]  (Figure 1ll.6) (broad doublet at 29.58 ppm,
d, Ju,» = 145.2 Hz, PP, see Figure lll.7) and with complete disappearance of the free
phosphine resonance. This was observed using a stoichiometric amount of Rh com-
plex, (Rh/P = 1). In fact, it had already been demonstrated that when half the amount
of Rh complex was used (Rh/P = 0.5), neither the free phosphine nor the coordinat-
ed phosphine resonance was visible.*'” This is related to a resonance coalescence
phenomenon because of rapid phosphine exchange, like for the molecular complex.

TPP@CCM

Figure 111.6 - Metal coordination by tryphenylphoshine (TPP).
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Figure I11.7 - *'P{'H} NMR spectra related to [Rh(COD)CI(TPP@CCM)] in CDC,.

DLS measurements of the diluted, toluene-swollen TPP@CCM latex before and af-
ter charging with [Rh(COD)CI], show similar Dz value within experimental error, sug-
gesting that metal coordination has a negligible structuring effect on the particle core
(Figure 111.8).

1 10 100 1000 10000
Dz (nm)

Figure I11.8 - DLS in water of [Rh(COD)CI(TPP@CCM)].

3.3.2 Pd coordination inside the nanoreactor (P/Pd = 1)

The latex loading with the Pd precursor, [Pd(CI)(C,H,)], was faster than
with the [Rh(COD)CI], complex. The reaction was monitored by *'P{'"H} NMR
analysis which showed a coordination peak at 21.1 ppm, /e in the chem-
ical shift range expected for phosphine Pd complexes (Figure 1119, a).
DLS analysis suggested that the dimension of the nanocore was not affected by the
metal coordination (Figure 1.9, b).
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Figure 111.9 - a) *'P{"H} NMR spectra related to [Pd(C,H,)CI(TPP@CCM)] in CDCI,; b) DLS in water
of [Pd(C,H,)CI(TPP@CCM)].

3.3.3 Ru coordination inside the nanoreactor (P/Ru= 1)

In the case of Ru loading, [Ru(p-cymene)Cl,], was used as precursor. The coor-
dination of Ru metal was observed by colour change of the latex from white to pink.
The 3'P{"H} NMR spectrum showed a broad signal at 23.1 ppm related to phosphine
coordinated to Ru, consistent with what reported in the literature for soluble phosphine
Ru complexes (Figure 111.10, a). DLS analysis confirmed what was observed for the Rh
and Pd-latexes (Figure l1.10, b).
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Figure 1110 - a) *P{"H} NMR spectra related to [Ru(p-cymene)CL,(TPP@CCM)] in CDCI,; b) DLS in
water of [Ru(p-cymene)CL,(TPP@CCM)].
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3.3.4 Ir coordination inside the nanoreactor (P/Ir = 1)

The loading with Ir was achieved using [Ir(Cl)(COD)],. After 4 h reac-
tion between the Ir solution and the latex occurred, the signal detected by
S'P{'H} NMR at 21.1 ppm (Figure Ill.11, a), confirmed the metal loading.
The particle diameter size distribution was not affected by the metal loading (Figure
.11, b).
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Figure IIL.11 - a) ¥P{"H} NMR spectra related to [Ir(Cl)(COD)(TPP@CCM)] in CDCL; b) DLS in water
of [Ir(Cl) (COD) (TPP@CCM)].

3.3.5 Pt coordination inside the nanoreactor (P/Pt = 1)

For Pt loading, a solution of [Pt(COD)Br,] was left under stirring with the latex, caus-
ing the change of the polymer colour from white to green-yellow. The *'P{'H} NMR
spectrum did not show any signal even at low temperature (Figure Il.12, a) presumably
due to fluxional behaviour. The DLS results are consistent with unchanged nanocore
size distribution after Pt loading (Figure 1ll.12, b). ”

\

1 10 100 1000 10000

50' 0'—10'—20'—3
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Figure I11.12 - a) *'P{"H} NMR spectra related to [Pt(COD)Br,(TPP@CCM)]; b) DLS in water of [Pt(COD)
Br,(TPP@CCM)].
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A different Pt-precursor, (C,H,CN),PtCl,, was also used in the platination of the na-
noreactor. The same results as for [Pt(COD)Br,] were obtained (Figure Ill.13, a). The
particles size remains unchanged, as shown in Figure Ill.13, b.

A
40 30 20 10 0 -0 20 -30 -40
4 1 -0 - -
a) f1 (ppm) b) Dz(nm)

1 10 100 1000 10000

Figure 11113 - a) *'P{"H} NMR spectra related to [(C,H,CN),PtCL,(TPP@CCM)]; b) DLS in water of
[(C,H,CN),PtCL,(TPP@CCM)].

3.3.6 Au coordination inside the nanoreactor (P/Au = 1)

For gold loading, (CH,),SAuCl solution was reacted for 3 h with the latex. The 'P{'H}
NMR spectrum (Figure 1ll.14, a) shows the coordination peak at 32.4 ppm, consistent
with similar phosphine gold complexes. The DLS is reported in Figure I1.14, b.

29.38

WMMWWMWMWWWMW«M 1 10 100 1000 10000
T T T T T T T T T T T 1
10 38 36 34 32 30 28 26 24 22 20 1 Dz(nm)

a) f1 (ppm) b)

Figure 111.14 - 'P{'H} NMR spectra related to [(CH,),SAuCI(TPP@CCM)]; on the right: DLS in water of
[(CH,),SAuCI(TPP@CCM)].
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3.4 Confinement study of nanoparticles in the nanoreactor

3.4.1 Synthesis and characterization of metal nanoparticles in TPP@CCM (5%
DPPS)

In order to synthesize metal nanoparticles embedded in the polymeric nanoreactors,
several tests were carried out under different reaction conditions. The results demon-
strated that metal reduction occurs only under hydrogen pressure. Using NaBH, as re-
ducing agent, the nanoparticles formation was not observed, due to the acid functions
of the polymer located on the shell, which react with the reductant before it reaches the
metal centres in the polymer core. The metal reduction to produce NPs was carried out
in a steel autoclave under 20 bar hydrogen pressure, for 20 h at different temperature
depending on the metal (Scheme IIl.2, Scheme 1I.3). The addition of toluene solution
of triethylamine (NEt,) promotes the nanoparticles formation.

[M-TPP@CCM)]

5 eq. NEt3 [ £ Hi;
20 bar of H2, 20 h
Variable T

Scheme 1.2 - Synthesis of metal nanoparticles under H,in autoclave.

~
.

H, (20 bar)
[Rh(COD)CI(TPP@CCM)] ———— = [Rh-NPs(TPP@CCM)]
NEt;, 25°C

H, (20 bar)
[Pd(COD)CI(TPP@CCM)] ————  [Pd-NPs(TPP@CCM)]

25°C or 60°C or 90°C

_ H, (20 bar)
[Ru(p-cymene)(Cl),(TPP@CCM)] ————— [Ru-NPs(TPP@CCM)]
25°C

H, (20 bar)
[I(COD)CI(TPP@CCM)] ————— > [Ir-NPs(TPP@CCM)]
25°C
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H, (20 bar)
[Pt(COD)Br,(TPP@CCM)] ——— = [Rh-NPs(TPP@CCM)]

25°C
H, (20 bar)
[(CH5CN),PtCly(TPP@CCM)] —— 3  [Rh-NPs(TPP@CCM)]
25°C

H, (20 bar) )
[(CH3),SAuCI(TPP@CCM)] — =  [Rh-NPs(TPP@CCM)]
25°C

Scheme II1.3 - Formation of metal nanoparticles in TPP@CCM.

At the end of the reduction two different phases were observed. The upper phase

was the organic phase as a toluene solution; the bottom phase was the water phase,
in which the NPs, embedded into the nanoreactors, are confined. The upper organic
phase was colourless in all cases, suggesting that no metal leaching occurred and that
NPs were confined in the core of the nanoreactors. The upper phase was removed by
pipette and the water phase containing the nanoreactor-embedded NPs were directly
tested as catalyst for the hydrogenation reactions. All new catalysts were characterized
by TEM and DLS analyses, before and after the catalytic application. The DLS analyses
demonstrated that the core size distribution of CCMs did not change after metal reduc-
tion and catalytic tests.
The TEM analyses showed that unfortunately the NPs synthesised will each metal were
never confined in the core of the micelle core (from Figure IIl.15 to Figure 111.34). In
some cases, migration of the metal NPs from a core to another was observed and NPs
agglomeration was always found.
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3.5 TEM analyses

3.5.1 [Rh-NPs(TPP@CCM)]

The CCM-stabilized rhodium nanoparticles [Rh-NPs(TPP@CCM)], were synthe-
sized by hydrogen reduction of [Rh(COD)CI(TPP@CCM)] at 25 °C. After the reduction
the colour of the latex changed from yellow (phosphine rhodium complex) to black (Rh
NPs). The [Rh-NPs(TPP@CCM)] TEM images show that the NPs are agglomerated to-
gether; indicating that the Rh complex had migrated from a core to another one (Figure
I11.15).¢ In fact, the TEM images show that several nanocores are completely empty.
Moreover, the Rh NPs were not confined inside the polymer sphere but seem to be
localised on the shell.

200 nm __ 50 nm

Figure 11115 - TEM micrographs of [Rh-NPs(TPP@CCM)] synthesized at 25 °C under 20 bar of H, for 20 h.

3.5.2 [Pd-NPs(TPP@CCM)]

The reduction of Pd centres was optimized at 60 °C because at 25 °C the metal
reduction was not quantitative (the latex colour was grey instead of black). The TEM
analyses showed that nanoparticles synthesized at 25 °C (Figure I1l.16) are similar to
those obtained 60 °C (Figure I1.17). In both cases, the formation of aggregates was
evident, even if only at 25 °C they were formed outside of the latex.
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Figure I11.17 - TEM micrographs of [Pd-NPs(TPP@CCM)] synthesized at 60 °C under 20 bar of H, for 20 h.

The reduction was also carried out in the absence of hydrogen, in air, at 80 °C by
using an excess of organic base NEt,, overnight. Black latex was obtained. The TEM
pictures of the obtained NPs in CCMs (Figure I1.18) show smaller Pd NPs than those
obtained under H,. In this case, however, the Pd NPs distribution within the polymer
seems more uniform than the in the previous ones.

Figure 111.18 - TEM micrographs of [Pd-NPs(TPP@CCM)] synthesized at 80 °C in air with excess of
NEt,, over night.

122



3.5.3 [Ru-NPs(TPP@CCM)]

The reduction reaction of the Ru(p-cymene)(Cl),(TPP@CCM)] was carried out at
40, 60 and 90 °C. At 25 °C and 40 °C the Ru reduction did not occur (the latex pink
colour did not change). The TEM images of the black CCMs obtained at 60 °C and 90
°C revealed that the Ru NPs formed at 60 °C (Figure 11l.19) are better dispersed than
those obtained at 90 °C (Figure 111.20). The latter one, in fact, show again quite clearly
the phenomenon of metal migration and aggregation like those Rh and Pd (see above).

Figure 111.19 - TEM micrographs of [Ru-NPs(TPP@CCM)] synthesized at 60 °C under 20 bar of H, for 20 h.

Figure 111.20 - TEM micrographs of [Ru-NPs(TPP@CCM)] synthesized at 90°C under 20 bar of H, for 20 h.

3.5.4 [Ir-NPs(TPP@CCM)]

At 25 °C the reduction of the Ir centres did not occur. Like for the Ru NPs, the Ir NPs
were synthesised at 40, 60 and 90 °C. The TEM pictures (Figure II1.21, Figure 11l.22,
Figure 111.23) suggested that the Ir NPs were not confined inside the CCMs core.
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Figure I11.21 - TEM micrographs of [Ir-NPs(TPP@CCM)] synthesized at 40 °C under 20 bar of H, for 20 h.

Figure I11.22 - TEM micrographs of [I-NPs(TPP@CCM)] synthesized at 60 °C under 20 bar of H, for 20 h.

Figure 111.23 - TEM micrographs of [Ir-NPs(TPP@CCM)] synthesized at 90 °C under 20 bar of H, for 20 h.

3.5.5 [Pt-NPs(TPP@CCM)]

The reduction of the yellowish [Pt(COD)Br,(TPP@CCM)] latex yielded a completely
black product after 20 h under 20 bar of H, at room temperature. The TEM images of
the obtained NPs showed the formation of agglomerated Pt NPs, in addition to uniform-
ly distributed small size metal NPs (Figure 111.24).
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Figure 111.24 - TEM micrographs of [Pt-NPs(TPP@CCM)] synthesized at 25 °C under 20 bar of H, for 20 h.

The [(C,H,CN),PtCl,(TPP@CCM)] platinum complex was also treated at 25 °C un-
der 20 bar of hydrogen, but no reduction occurred in this case. Treatment at 40 and 60
°C, however, led to the formation of big metal nanoparticles at 40 °C (Figure 111.25) and
smaller ones at 60 °C (Figure 111.26).

Figure 111.26 - TEM micrographs of [Pt-NPs(TPP@CCM)] synthesized at 60 °C under 20 bar of H, for 20 h.

3.5.6 [Au-NPs(TPP@CCM)]

Attempts to synthesise Au NPs were carried out at 25 °C and 40 °C, but in neither
cases did Au reduction occur (as suggested by the latex colour). The reduction tem-
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perature was then increased to 60 and 90 °C. At 90 °C a macroscopic agglomeration
was observed, so the NPs were not used in the catalytic hydrogenations. The colour
of the latex of the CCM-supported Au NPs obtained at 90 °C and at 60 °C was similar,
suggesting that the reduction was complete also at the lower temperature. The NPs
formed at 60 °C appeared as large size nanoparticles (Figure 111.27).

Figure 111.27 - TEM micrographs of [Au-NPs(TPP@CCM)] synthesized at 60 °C under 20 bar of H, for 20 h.

All the metal nanoparticles synthesized showed same tendency to form agglomer-
ates. This is due to the interpenetration phenomenon between the polymer cores. This
provides some polymer sphere completely empty, so the homogeneous distribution of
metal nanoparticles is not guaranteed.

3.5.7 TEM analysis after catalysis

All the synthesised [M-NPs(TPP@CCM)], obtained as black latexes, were applied in
the hydrogenation reaction of acetophenone under 20 bar of hydrogen, for 20 h at 25,
40 and 90 °C in order to investigate if and how the NPs change their morphology and
distribution. Less black aqueous polymer solution containing NPs were applied directly
under critical reaction condition (90 °C). All the NPs were characterized by TEM analysis.
Images show two relevant phenomena: the aggregation of metal NPs, already observed
before catalysis, (some examples are reported in Figure 11.28 and Figure 111.29) and the
migration on the shell of CCMs (some examples are reported in Figure II1.31, Figure
1.32, Figure 111.33). In few cases big NPs were formed, localized on the shell (Figure
I11.34). With the aim to avoid both phenomena and to obtain metal NPs homogenously
distributed and confined in all the spheres of polymer, we adopted different strategies.
First was considered that the ratio P/M should influence the NPs confinement; this sug-
gests to synthesized metal complex with an excess of phosphine, such as P/M = 4.
Second strategy consists of synthesized new polymer with 20% of DPPS in the core.
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An increasing amount of DPPS in the polymer core can better stabilized NPs in the core,
avoiding migration on the polymer shell. Thirst strategy provides to synthesise metal
NPs in nanoreactor containing cationic outer shell. All the strategies developed were
done on the Rh NPs due to a well-known chemistry of this metal in the polymeric nano-
reactor TPP@CCM. Moreover the strategy should apply to other metals without trouble.

"y ) B e ¥

Figure 111.28 - TEM micrographs of [Rh-NPs(TPP@CCM)] synthesized at 25 °C; applied at 90 °C, under
20 bar of H, for 20 h.

Figure I11.29 - TEM micrographs of [Ru-NPs(TPP@CCM)] synthesized at 60 °C, applied at 90 °C, under
20 bar of H, for 20 h.

Figure 111.30 - TEM micrographs of [Ru-NPs(TPP@CCM)] synthesized at 40 °C, applied at 90 °C, under
20 bar of H, for 20 h.
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Figure 111.31 - TEM micrographs of [Ir-NPs(TPP@CCM)] synthesized at 40 °C, applied at 90 °C, under
20 bar of H, for 20 h.

Figure 111.32 - TEM micrographs of [Ir-NPs(TPP@CCM)] synthesized at 90 °C, applied at 90 °C, under
20 bar of H, for 20 h.

Figure 111.33 - TEM micrographs of [Pt-NPs(TPP@CCM)] ([Pt(COD)Br,(TTP@CCM)] complex)_synthe-
sized at 25 °C, applied at 90 °C, under 20 bar of H, for 20 h.
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Figure 111.34 - TEM micrographs about Au-NPs synthesized at 60 °C, applied at 40 °C, under 20 bar of
H, for 20h.
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3.6 Strategy for embedded metal nanoparticles in polymeric
nanoreactor

The following strategies applied aiming at obtaining metal NPs confined in the nan-
oreactor cores were employed using Rh-TPP@CCM, as model catalyst.

3.6.1 First strategy: Change of ratio P/M

The rhodium polymeric complex was synthesized using the same procedure de-
scribed in paragraph 3.3.1, except for decreasing the amount of [Rh(COD)CI], em-
ployed for the loading of the polymeric ligand, i.e. in the P/Rh molar ratio = 4. The
$1P{"H} NMR spectrum did not show the resonance related to the metal coordination
(Figure 11.35).This might be due to a rapid exchange between metal and phosphine
which did not allow the signal to be detected. The coordination was confirmed by the
change in colour of both the organic phase and the aqueous phases. The colourless
organic solution was removed, and the CCM latex was directly used for the nanoparti-
cles synthesis (Scheme l11.4), as previously reported.

40 30 20 10 10 " -20 " -30 " -40

0 -
f1 (ppm)
Figure 111.35 - *'P{"H} NMR spectra related to [(Rh(COD)CI)TPP@CCM] (5% DPPS).

The reduction occurred at 60 °C, as indicated by the black colour of the CCM latex.
The synthesized NPs were analyzed by TEM analysis, which confirm the formation of
a high number of metal nanoparticles, better dispersed than NPs having P/Rh = 1 but
not confined in the polymer sphere (Figure 1l1.36). After the catalytic applications, in
hydrogenation reaction of acetophenone at 25 °C, the NPs show the same distributions
as before catalysis (Figure 111.37). In both samples the polymer spheres are not well
visible maybe because of a spontaneous reorganization of the polymer.
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step 1 step 2

[Rh(COD)CI]2 60°C
TPP@CCM — » [Rh(COD)(CI(TPP@CCM)l——» NPs
o 20bar H,

Scheme II1.4 - Process for synthesis of Rh NPs inside TPP@CCM in ratio P/Rh = 4, starting from latex.

Figure 111.36 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 in TPP@CCM with 5% DPPS)
synthesized at 60 °C.

Figure 111.37 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 in TPP@CCM with 5% DPPS)
synthesized at 60 °C, applied at 25 °C, under 20 bar of H, for 20 h.

The strategy of using a higher P/Rh molar ratio was not successful for the confine-
ment of the metal NPs in the core of the CCM. We tried to overcome this problem by
synthesizing a new polymer having 20% DPPS in the core (instead of 5% DPPS).

3.6.2 Second strategy: TPP@CCM with 20% of DPPS

3.6.2.1 Polymer synthesis

The TPP@CCM latex was synthesized using the same procedure reported in par-
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agraph 3.2, increasing the amount of phosphine in the second step of the synthesis
(Scheme 1Il.1), using this time 20% of DPPS. The synthesis of the hydrophobic part of
the polymer was completed after 3 h and the cross-linking step after 6 h. The result-
ing polymer particles were well dispersed (not agglomerated) and the final latex was
characterized by 'H NMR, ¥'P{'"H} NMR, TEM and DLS analysis. The NMR results were
similar to those reported in paragraph 3.2 (Figure 111.38).
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Figure 111.38 - a) '"H NMR, b) 3'P{'"H} NMR about TPP@CCM 20% DPPS.

The DLS analysis (Figure 111.39) and the TEM micrographs are very similar to those
of the TPP@CCM with 5% of DPPS. The nanoparticles size did not change with the
variation of DPPS amount. The TEM images show a very good dispersion of polymer
sphere (Figure 111.40).

In water In THF

il 10 100 1000

Dz/nm

Figure 111.39 - DLS in water and THF of the latex TPP@CCM with 20% DPPS.
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Figure 111.40 - TEM micrographs about TPP@CCM with 20% of DPPS.

3.6.2.2 Rh coordination inside the TPP@CCM nanoreactors with 20% DPPS (P/
Rh =1)

The final latex was charged with rhodium, using as precursor [Rh(COD)(CI)], in mo-
lar ratio = 1:1 with respect to the phosphine ligand. The procedure was not changed
and the occurrence of Rh loading complex was confirmed by the *'P{'"H} NMR spec-
trum, which showed a doublet at 29.8 ppm, like the previously detected one (Figure
1.41).

—30.50
—29.27

oo™ Mgt

T T T
36 34 32 30 28 26 24 22
f1 (ppm)

Figure 111.41 - 3'P-NMR spectra related to [Rh(COD)CI(TPP@CCM)], with 20% of DPPS in the hydro-
phobic core, in P/Rh=1.

3.6.2.3 Rh coordination inside the TPP@CCM nanoreactors with 20% DPPS (P/
Rh = 4)

The coordination to Rh was carried out also in molar ratio P/Rh = 4. The *'P{'H}
NMR spectrum of the polymeric metal complex shows a signal at -6.22 ppm, belonging
to free phosphine, and a broad doublet at 29.22 ppm related to the PPh, coordinated
to Rh (Figure 111.42). The metalation was also confirmed by the changed colour of the
polymer latex, from white to yellow.
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Figure 111.42 - *'P{"H} NMR spectra related to [Rh(COD)CI(TPP@CCM)] with 20% of DPPS in the core,
in P/Rh = 4.

3.6.2.4 Synthesis of NPs and catalytic application

All the new synthesized CCM Rh-complexes with 20% of DPPS and P/Rh molar ratio equal
to 1 or 4 were reduced under 20 bar of hydrogen, at 25 °C for 20 h. The TEM pictures of
the obtained NPs-TPP@CCMs show in all cases the formation of big agglomerates of small
nanoparticles and unfortunately the absence of the confinement of the Rh NPs into the CCM
cores as a homogeneous distribution (Figure 11.43, Figure 1ll.44, Figure 11l.45). The NPs were
directly used in the reduction of acetophenone at 25 °C (vide infra). After the catalytic applica-
tion, the NPs were characterized by TEM analysis. The micrographs show smaller NPs than
before catalysis. They are more localized in the shell than in the core (Figure 11.46).

Figure 111.43 - TEM micrographs about [Rh-NPs(TPP@CCM)] (P/Rh = 1_TPP@CCM(20%)) synthe-
sized at 25 °C.
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Figure 111.44 - TEM micrographs about [Rh-NPs(TPP@CCM)] P/Rh = 1_TPP@CCM(20%)), synthe-
sized at 25 °C, applied at 25 °C.

Figure 111.45 - TEM micrographs about [Rh-NPs(TPP@CCM)] (P/Rh = 4 TPP@CCM (20%)) synthe-
sized at 25 °C.

Figure 111.46 - TEM micrographs about [Rh-NPs(TPP@CCM)] (P/Rh = 4 _TPP@CCM(20%), synthe-
sized at 25 °C, applied at 25 °C.

3.6.3 Comparison between Rh-NPs TPP@MCC and Rh NPs stabilized by PEG

in neat solvent
Recently, poly(ethylene glycol) (PEG), inexpensive, an easily available and environ-
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mentally benign polymer, has attracted great attention as stabilizing agent for transi-
tion-metal nanoparticles. The resulting Pd or Co nanoparticles have been investigated
as catalyst in the oxidation,?® Heck reaction,?®® and hydrogenation reaction.?8'2% |n
2010 Lu et al. demonstrated that PEG-substituted triphenylphosphine can be use as a
stabilizer for rhodium nanoparticles. They were used in aqueous biphasic hydrogena-
tion of benzene showing high activity and good recyclability.?8 In 2012, PEG-stabilized
Rh nanoparticles, prepared in the presence of PEG,,,, were efficient and recyclable
catalysts for the hydroformylation of olefins in a thermoregulated biphasic system.
The Rh NP catalyst could be separated from products by simple phase separation
and recycled for twenty times without evident loss of activity.?®* Moreover, it was re-
ported in 2015 that PEG-stabilized rhodium nanoparticles catalyse the hydrogenation
of quinoline and their derivatives. The Rh NPs exhibited high activity, selectivity and
recyclability.?8

On the basis of the above literature references and considering that in our CCMs, PEG
chains are on the micelle shell, we can conclude that the Rh NPs are likely to be better
stabilized by the shell PEG chains than by the core phosphine functions, therefore the Rh
atoms migrate from the core to the shell before or after nucleation. Therefore, Rh NPs
were also synthesised in toluene solution in the presence of PEG, in order to compare
their morphologies with those of [Rh-NPs(TPP@CCM)]. PEG,,, and [Rh(COD)(CI)],, in
molar ratios identical to those present for the Rh-NPs(TPP@CCM) when P/Rh = 1 and
P/Rh = 4, were dissolved in toluene and left under stirring for few minutes. Both homo-
geneous solutions obtained were reduced under 20 bar of hydrogen for 20 h, at 25 °C.

TEM analyses of the obtained Rh NPs, dispersed into toluene and stabilized by PEG,
show large agglomeration of small NPs (Figure Ill.47 and Figure 1.49), even after use
in catalysis (Figure 111.48 and Figure 111.50).

o

200 nm

Figure 111.47 - TEM micrographs about [Rh-NPs(PEG)] stabilized by PEG in ratio PEG/Rh = 1 synthe-
sized at 25 °C.
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Figure 111.48 - TEM micrographs about [Rh-NPs(PEG)] stabilized by PEG in ratio PEG/Rh = 1, synthe-
sized at 25 °C, applied at 25 °C.

Figure 111.49 - TEM micrographs about [Rh-NPs(PEG)] stabilized by PEG in ratio PEG/Rh = 4 synthe-
sized at 25 °C.

200 nm

Figure 111.50 - In the upper part: TEM micrographs about [Rh-NPs(PEG)] stabilized by PEG in ratio PEG/
Rh = 4, synthesized at 25 °C, applied at 25 °C.

The PEG-stabilized NPs revealed that the phenomenon of metal NPs agglomeration
observed mainly on the shell in [Rh-NPs(TPP@CCM)] is due to the presence of PEG
on the neutral micelle shell. Moreover the presence of PEG stabilizes the metal NPs
on the polymer shell; this explains the NPs stabilization in TPP@CCM on the outer
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shell. This problem can be overcome by using CCMs with PEG-free shell. Furthermore
the problem of metal migration, which is favour by the particle interpenetration, was
avoided by rendering the shell polycationic. Preliminary results in this field revealed that
the NPs distribution was more uniform than the one by using neutral shell, due to the
presence of Coulombic repulsion.

3.6.4 Fourth strategy: Polymeric nanoreactor with a cationic shell

3.6.4.1 Rh coordination inside polymer core with cationic shell

The polymer used (polymer structure reported in Figure 1l.51) was prepared by
Hui Wang in the laboratory of equipe G in LCC-CNRS (Toulouse). The polymer was
synthesized using 1-methylpyridinium iodide during the synthesis of hydrophilic shell.
By using this new polymer, the migration of the Rh complex could be blocked since the
Coulombic repulsion between the cationic shells avoids the nanoreactor interpenetra-
tion, which is the established mechanism of Rh migration.

HOOC
NC

Figure 111.51 - Polymer with cationic shell.

The final latex containing the polycationic outer shell was charged with rhodium,
using [Rh(COD)(CI)], as precursor in molar ratio P/Rh = 1 and P/Rh = 4. The pro-
cedure was the same one described before and the Rh loading was confirmed by the
colour change of both the organic and aqueous phases. The *'P{'H} NMR spectrum
did not show the resonance related to the metal coordination. This might be due to the
same phenomenon described in the neutral outer shell polymer (paragraph 3.6.1). The
cationic shell CCM latex was directly used for the nanoparticles synthesis.

[Rh-NPs(TPP@CCM)], obtained from [Rh(COD)CI(TTP@CCM)] in cationic shell,
were synthesized at 25 and 60 °C in both molar ratio (P/Rh = 1 and P/Rh = 4). TEM
micrographs of [Rh-NPs(TPP@CCM)] show that the Rh NPs synthesized at 25 °C, be-
fore and after catalysis, are mixture of NPs and large agglomerates (Figure 1ll.52). The
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polymer particles seem to be heavily agglomerated on top of each other and the contrast
does not allow to show their shape in all TEM images (Figure 111.53). Upon increasing the
temperature (Rh NPs synthesized at 60 °C), the images show that each polymer particle
contains uniformly distributed small Rh NPs (Figure I1.54 and Figure I1.55). The NPs are
well dispersed and located more or less in every polymer particle (Figure [11.59).

Figure 111.52 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh =1_TPP@CCM (cationic shell)) syn-
thesized at 25 °C.

Figure 111.53 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 1_TPP@CCM (cationic shell)),
synthesized at 25 °C, applied at 25 °C.

e

Figure 111.54 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 1_TPP@CCM (cationic shell))
synthesized at 60 °C.
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Figure 111.55 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 1_TPP@CCM (cationic shell)),
synthesized at 60 °C, applied at 25 °C.

Figure 111.56 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 TPP@CCM (cationic shell))
synthesized at 25 °C.

Figure 111.57 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 TPP@CCM (cationic shell)),
synthesized at 25 °C, applied at 25 °C.
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Figure 111.58 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 _TPP@CCM (cationic shell))
synthesized at 60 °C.

Figure 11.59 - TEM micrographs of [Rh-NPs(TPP@CCM)] (P/Rh = 4 TPP@CCM (cationic shell)),
synthesized at 60 °C, applied at 25 °C.
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3.7 Catalytic activity of metal nanoparticles embedded in polymeric
nanoreactor

3.7.1 [M-NPs(TPP@CCM)] containing neutral outer shell

With the aim to evaluate the catalytic activity of the metal NPs embedded in CCMs,
they were used for the acetophenone (ACP) hydrogenation reaction of under 20 bar of
hydrogen, for 20 h at different temperatures.

The ACP reduction can follow two different paths (Scheme II.5). In the first the
double bond is firstly reduced forming phenylethanone, followed by the reduction of
the benzene ring forming phenylethanol (Scheme II1.5, path A). In the second one
the reduction of benzene ring occurs firstly, followed by reduction of the double bond
(Scheme lI1.5, path B). Employing these catalysts, we also investigated the selectivity
of different metal NPs on the hydrogenation of acetophenone.

The catalytic application was simple and rapid. In the autoclave were introduced
the NPs latex, the organic substrate dissolved in toluene and dodecane as an internal
standard. At the end of the experiment, the hydrogen excess was vented off and the
organic phase was easy recovered thanks to fast decantation of the biphasic mixture.
The organic solution was diluted and analyzed with GC instrument.

Scheme III.5 - Two possible pathways for the acetophenone hydrogenation reaction.
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The results reported in Table Ill.1 demonstrated that increasing the temperature the
NPs activity increases (entry 1, 2, 3, 6, 7 etc.). Moreover when the temperature for the
NPs synthesis was increased the conversion did not increase for all the NPs, such as
for Ir-NPs (entry 11, 12, 13).

Table 11l.1 - Catalytic results of the metal NPs embedded in nanoreactors (TPP@CCM) activity and
selectivity in acetophenone hydrogenation.

Conversion% Selectivity%
Synt. OH o OH
Entry M-NPs NPs T (°C) ©)\ O)K O/K

(T°C)
1 Rh NPs 25 25 97% 58% 16% 26%
2 Rh NPs 25 40 95% 61% 16% 23%
3 Rh NPs 25 90 >99% 11.5% 31.2% 57.3%
4 Pd NPs 60 90 63% >99% trace trace
5 *Pd NPs 80 90 75% 99.3% 0.5% /
6 Ru NPs 60 40 75% 53% trace 47%
7 Ru NPs 60 90 97% 43% trace 57%
8 Ru NPs 40 90 97% 75% 4% 22%
9 Ir NPs 60 25 55% 55% trace trace
10 Ir NPs 60 40 64% >99% trace trace
11 Ir NPs 60 90 96% 98% 2% /
12 Ir NPs 40 90 >99% 96% / 4%
13 Ir NPs 90 90 >99% 82% / 18%
14 **Pt NPs 25 90 >99% / 9% 90%

* NPs synthesized under air at 80 °C
** [Pt(COD)Br,(TPP@CCM)] complex

The TPP@CCM role in the hydrogenation reaction was also evaluated by estimation
of the NPs activity in homogeneous solutions for the reduction of acetophenone.

NPs were synthesized by reduction of a homogeneous solution containing PPh, and
all metal precursor used in TPP@CCM. All the homogeneous metal nanoparticles were
synthesized in molar ratio as P/M = 1, at 25 °C and applied in catalysis at the same
temperature.

Before and after catalytic application the metal NPs were analysed by TEM. The
images show a uniform distribution of small metal nanoparticles without formation of
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aggregates (see for instance the images in Figure I11.60 before a) and after b) cataly-
sis for the Pd NPs). This suggests that phosphine well stabilized metal nanoparticles.
Therefore the phenomenon of NP aggregation and stabilization on the outer shell, ob-
served in polymeric nanoreactors containing the neutral shell, is due to the molecules
present on the shell. Moreover the catalytic results demonstrated that the NP activity is
low (Table IIl.2 entry 3-4) or completely absent for each metals (Table IIl.2 entry 6-7).
This result suggests that the NPs activity is provided by the confinement in the poly-
meric nanoreactor TPP@CCM.

a)

Figure 111.60 - TEM micrographs about Pd NPs in homogenous solution in ratio P/Rh = 1: a) NPs syn-
thesized at 25 °C before catalysis; b) NPs applied at 25 °C.

Table 111.2 — Catalytic results of the metal NPs, synthesised in homogeneous solution, applied in the
acetophenone hydrogenation reaction at 25 °C, for 20 h under 20 bar of H,.

Conversion% Selectivity%
OH (0] OH
Entry | M-NPs | p/m | TNPSSynt ©A O)K O/K
(°C)
1 RhNPs | 1:1 25 >99% 71% 3% 26%
2 RhNPs | 4:1 60 84% 74% 17% 10%
3 Pd NPs 1:1 25 9% >99% trace trace
4 RuNPs | 1:1 25 15% >99% trace trace
5 Ir NPs 1:1 25 6% >99% / /
6 Pt NPs 1:1 25 0% / / /
7 AuNPs | 11 25 0% / / /

3.7.2 Catalytic activity of Rh-NPs stabilized by PEG

Rh-nanoparticles stabilized by PEG, in both ratio P/Rh = 1 and P/Rh = 4, were
applied at 25 and 60 °C. The results demonstrated that the Rh-NPs stabilized by PEG
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are active and selective in the reduction of acetophenone (Table I11.2). With the NPs
obtained using

Rh/PEG = 4 the substrate conversion was complete after 20 h with formation of
1-cycloehylethanol as the major product (86.40% at 25 °C and 73.46 at 60 °C; Table
1.2 entry 3,4). This suggests that increasing the amount of PEG the catalytic activity
of NPs increases.

Table 111.3 - Catalytic results about the hydrogenation of acetophenone catalyzed by Rh NPs synthesized
in ratio 1:1 and 4:1 at 25 °C and applied at 25 and 60 °C, 20 bar H,, 20 h.

Conver (%) Selectivity (%)
T NPs
Entry P/Rh application ©/\ O/\
(°C)
1 » 25 / trace trace
2 ' 60 75% 19% 44%
3 25 >99% 8% 89%
4:1
4 60 >99% 20% 79%

3.7.3 Catalytic activity of [Rh-NPs(TPP@CCM)] cationic shell

Catalytic investigations using the Rh-NPs embedded in the TPP@CCM with the cati-
onic shell were conducted by Hui Wang within the framework of her ongoing Ph.D. thesis
and therefore will not be presented here in all details. However, a few relevant results are
of interest in comparison with those shown above with the TPP@CCM with the neutral
shell. The catalytic results in acetophenone hydrogenation for the [Rh-NPs(TPP@CCM)]
latex with polycationic outer shell demonstrated that the substrate reduction did not occur
also upon increasing the reaction temperatures. This suggested that the mass transport
into the polymer core is limited due to a less compatibility between acetophenone and
polystyrene (PS) hydrophabic core. Therefore the same [Rh-NPs(TPP@CCM)] latex was
applied in hydrogenation of styrene (Scheme IIl.6), which is @ more compatible substrate
with the PS core, using both P/Rh molar ratios and at 25 and 60 °C. The formation of
vinylcyclohexane intermediate was never observed, while the ethylbenzene was formed
as major product. The results revealed that the NPs were highly active and selective in the
synthesis of ethylbenzene at 60 °C (Table 114, entry 2, 4).
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Scheme II1.6 - Two possible pathways for the hydrogenation reaction of styrene.

Table 1114 - Catalytic results about the hydrogenation of styrene catalyzed by: Rh-NPs embedded in
polymer with cationic shell in ratio P/Rh = 1 and 4.

Conver (%) Selectivity (%)
T NPs
Entry Stabilizer P/Rh | application ©/\ O/\
(°C)
1 14 25 28% >99% trace
2 ' 100% 7% %
PPh, 60 00% 97% 3%
3 41 25 41% 98% 2%
4 ' 60 100% >99% /
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3.8 Conclusions

We have introduced the synthesis of metal nanoparticles embedded in polymeric
nanoreactor TPP@CCM. The investigation revealed that a uniform distribution of metal
nanoparticles, confined in polymeric nanoreactor, can be obtained only upon removing
PEG chains from the hydrophilic shell and introducing Coulombic repulsion with poly-
cationic shell.

Increasing the amount of ligand PPh, in the synthesis of the hydrophobic core or
decreasing the quantity of metal loading in the preparation of the polymer metal com-
plexes, the confinement in the CCM core of the metal NPs, obtained by subsequent
reduction, was not guaranteed. The metal NPs migrate from a CCM particle to another
one leaving several particles completely empty. The polymeric nanoreactors with cat-
ionic shell avoid this problem and cause a homogeneous distribution of metal nano-
particles thanks to the Coulombic repulsion, which blocks the particle interpenetration
and the metal migration. In addition, the PEG stabilizer promotes the agglomeration of
small metal nanoparticles. This is in agreement with what was observed in the poly-
meric nanoreactor. The results demonstrated that the phenomena observed with the
polymer containing the neutral outer shell (stabilisation of the NPs on the shell and NPs
agglomeration) are due to the presence of PEG on the shell of TPP@CCM. The NPs
confinement was successful in the CCMs with the cationic shell, which allows obtain-
ing a homogenous distribution of metal nanoparticles within all particles, avoiding the
presence of empty CCMs.

Several parameters can influence the nanoparticles size and morphology. This study
demonstrates that the NPs size in TPP@CCM increases by increasing the temperature.
The temperature influences neither the position of the metal NPs nor the formation of
agglomerates. In fact, the NPs were localized on the neutral shell of the polymer. The
catalytic activity of all metal nanoparticles was evaluated on the acetophenone hydro-
genation reaction, demonstrating that it is less compatible with the hydrophobic pol-
ystyrene core. In fact, the same NPs (tested in TPP@CCM cationic shell) were active
in hydrogenation of styrene and selective in the synthesis of ethylbenzene. The results
demonstrated that the activity increased by increasing the reaction temperature.
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CHAPTER IV

Experimental section

4.1 Ni-pol catalyst

4.1.1 Materials for the synthesis of Ni-pol and related catalytic tests

Nitrobenzene was distilled under inert atmosphere before use, while all other rea-
gents/reactants and solvents were used as received. All manipulations belonging to
nitroarene reductions (including reductive alkylations) were carried out under inert dini-
trogen atmosphere using standard schlenk techniques unless otherwise specified.

Commercial soybean oil was used as received. Waste cooking oil was recovered
after several used and was employed as received. Transesterification reactions of oils
were carried out under air. Partial hydrogenation of FAMEs was conducted in a steel
autoclave under H, pressure as described below.

Tap water was de-ionized before use by ionic exchange resins (Millipore). All other
chemicals were purchased from commercial sources and used as received. Nickel
content in Ni-pol catalyst was evaluated after sample mineralization by atomic absorp-
tion spectrometry using a Perkin—Elmer 3110 instrument. The experimental error on
the nickel percentage was = 0.3. Before Ni-pol analyses, mineralization of Ni-pol was
carried by microwave irradiation with an ETHOS E-TOUCH Milestone applicator, after
addition of HCI/HNO, (3:1 v/v) solution (12 mL) to each weighted sample. Microwave
irradiation was used up to 1000 W, the temperature being ramped from room tempera-
ture to 220 °C in 10 minutes and the sample being held at this temperature for 10 min.
After cooling to room temperature, the digested Ni-pol was diluted to 1000 mL before
submitting to Graphite Furnace Atomic Absorption Spectrometric nickel determination.
The products were identified by comparison of their GC-MS features with those of
authentic samples.

Gas chromatography (GC) data were acquired on a HP 6890 instrument equipped
with a FID detector and a HP-1 (Crosslinked Methyl Siloxane) capillary column (60.0 m
X 0.25 mm x 1.0 um). GC-MS data (El, 70 eV) were acquired on a HP 6890 instrument
using a HP-5MS cross-linked 5% phenyl methyl siloxane (30.0 m x 0.25 mm x 0.25
m) capillary column coupled with a mass spectrometer HP 5973.

GLC analysis of the products was performed using a HP 6890 instrument equipped
with a FID detector and a HP-1 (Crosslinked Methyl Siloxane) capillary column (60.0
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m x 0.25 mm x 1.0 m). Conversions and yields were calculated by GLC analysis by
using biphenyl as internal standard, or by column chromatography using silica gel and
n-hexane/ethyl acetate as the eluent.

FT-IR spectra (in KBr pellets) were recorded on a Jasco FT/IR 4200 spectropho-
tometer. Elemental analyses were obtained on a Euro Vector CHNS EA3000 elemental
analyser using acetanilide as analytical standard material.

The high-resolution mass spectrometry (HRMS) analysis was performed using a
Bruker micro TOF QIl mass spectrometer equipped with an electrospray ion source
operated in positive ion mode. The sample solutions (CH,0H) were introduced by con-
tinuous infusion with a syringe pump at a flow rate of 180 uL min="'. The instrument
was operated with end-plate off set and capillary voltages set to —500 V and —4500 V
respectively. The nebulizer pressure was 0.4 bar (N,), and the drying gas (N,) flow rate
was 4.0 L min=". Capillary exit and skimmer voltages were 90 V and 30 V, respectively.
The drying gas temperature was set at 180 °C. The calibration was carried out with a
sodium formate solution (10 mM NaOH in isopropanol/water 1:1 (+0.2% HCOOH)) and
the software used for the simulations was Bruker Daltonics Data Analysis (version 4.0).

Thermogravimetric analyses (TGA) were performed in a nitrogen flow (40 mL
min-") with a Perkin-Elmer Pyris 6 TGA in the range from 30 to 800 °C with a heating
rate of 10 °C min—". Triplicate TGA runs have been performed to ensure reproducibility.

Column chromatography was performed using Merck® Kiesel gel 60 (230-400
mesh) silica gel. '"H NMR and 3C{'"H} NMR were recorded on a Bruker Avance 400
MHz and are reported in ppm relative to tetramethylsilane.

Surface morphology was investigated on a selected piece of Ni-supported catalyst
considered to be representative of the material. Nova Nano SEM 450 manufactured by
FEI Company, USA, was used to perform FESEM analysis on the selected samples,
equipped with Energy Dispersive X-ray Spectroscopy (X-EDS; Bruker QUANTAX-200)
and Electron Backscatter Diffraction (EBSD) detectors (Nordlys with Channel 5 soft-
ware). Tinyplate-like of the powdered catalyst were mounted on TEM copper grids,
and gold-palladium sputtered (K550, Emitech Ltd, United Kingdom). Scanning Trans-
mission Electron Microscopy (STEM) Detector allowed transmission images to be tak-
en at 30 keV, lower energy level with respect to commonly used TEM, beam voltage
100-200 keV. Resolution limits of this microscope are remarkable: 1.4 nm @ 1 kV in
high vacuum mode. The particle sizes were analyzed by STEM image analysis using
the Image J software (free ware software: http://rsb.info.nih.gov/ij/).
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4.1.2 Ni(AAEMA),

To a solution of KOH (579 mg, 10.3 mmol) in ethanol (10 mL), 2-(acetoacetoxy)
ethyl methacrylate (HAAEMA) (2.211 g, 10.3 mmol) was added and left under stir-
ring at room temperature for 5 min. The resulting solution was added to a solution of
Ni(NO,),” 6 H,0 (1.5 g, 5.16 mmol) in ethanol (15 mL), causing the sudden precipita-
tion of Ni(AAEMA), as a pale green solid. After 1 h stirring, the solid was filtrated and
washed with water (3 x 5 mL), ethanol (3 x 5 mL) and pentane (3 x 5 mL), and dried
overnight under vacuum.

Anal. Calc. for NiC,H,.0,: C, 45.00; H, 4.92; Ni, 19.97. Found: C, 44.50; H, 4.99;
Ni, 19.76. HRMS: (ESI, CH,0H, positive ion mode) m/z: calc. for NiC,H,,0,, [M + H]*
485.0952; found 485.0954. IR (cm~"): 1720 (s), 1635 (s), 1623 (s), 1521 (s), 1385
(vs), 1259 (vs), 1161 (vs), 977 (m), 785 (m). UV-vis (CH,CI,): 280 nm (¢ = 10660 mol
L='cm~"), 227 nm (¢ = 4800 mol L-"cm~"). m.p. = 120.3=0.4 °C. Yield: 2.01 g, 80%.

4.1.3 Ni(AAEMA) -pol

Ni(AAEMA), (4.0 mmol, 2.0 g) [AAEMA-= deprotonated formof 2-(acetoacetoxy)
ethyl methacrylate] was dissolved in N,N—dimethylformamide (DMF, 5 mL) and the
resulting solution was added of a mixture of N,N’-methylenebisacrylamide (1.2 mmol,
0.186 g) and N,N —dimethylacrylamide (43.2 mmol, 4.434 g) in DMF (6 mL) and heat-
ed at 120 °C under vigorous stirring. After 1 h from the addition of azaisobutyronitrile (5
mg), the green jelly solid, which formed in the reaction vessel, was filtered off, washed
with acetone and diethyl ether, dried under vacuum, kept overnight in oven at 95°C and
grinded with a mortar to give a pale green powder. Yield: 4.04 g of polymer supported
Ni(AAEMA), [Ni(AAEMA),-pol].

Elemental Analysis (found): Ni 3.69; C 57.06; H 7.94; N 9.91%. IR(cm~"): 3477
(bs), 2923 (bs), 1720 (s), 1622 (s), 1527 (s), 1256 (vs),1144 (vs), 1355 (s), 780 (m).

4.1.4 Ni-pol catalyst

The as obtained Ni(AAEMA),-pol was put in a tube furnace, ramped at 10 °C min~"
in flowing N, to 300 °C, and kept at the final temperature for 30 min, yielding a black
powder referred to as Ni-pol. Yield: 3.83 g.

Elemental Analysis (found): Ni 5.35; C 56.66; H9.20; N 11.54%. IR (cm~"): 3482 (bs),
2930 (bs), 1720 (s), 1631 (s), 1495 (m), 1402 (m), 1258 (m), 1144 (s), 1053 (m).
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4.1.5 General experimental procedure for the reduction of nitroarenes

0.5 mmol of nitroarene, 10.2 mg of Ni-pol (Ni%w = 5.35, 9.3-10~3mmol of Ni) and
10.0 mmol of sodium borohydride were stirred under nitrogen at room temperature in
2.5 mL of double deionized water and 2.5 mL of diethyl ether for the appropriate amount
of time, using a three-necked flask equipped by a gas bubbler to discharge the hydro-
gen excess produced during reaction. The progress of the reaction was monitored by
GLC. After completion of the reaction, the reaction mixture was centrifuged to separate
the catalyst. The solid residue was first washed with deionized water and then with ac-
etone and diethyl ether to remove any traces of organic material. The filtrate containing
the reaction mixture was extracted with ethyl acetate (3 x 5 mL) and then dried over
anhydrous Na,SO,. The solvent was evaporated under reduced pressure to yield the
crude product, which was then purified by column chromatography using silica gel
and n-hexane/ethyl acetate as an eluent to afford the pure product. The products were
characterized by GC-MS by comparison with authentic samples. For the assessment
of the chromatographic yields, biphenyl (50.0 mg) was used as the internal standard.

4.1.5.1 Recycling procedure

At the end of reaction, the organic layer was removed with a syringe and the aque-
ous phase suspending the supported catalyst was washed with diethyl ether (3 x 5
mL), and, then, added of fresh reagents. Iteration of this procedure was repeated for
five reuses of the catalytic system.

4.1.6 General experimental procedure for one-pot stepwise reductive amina-
tion of aromatic aldehydes with nitroarenes

Ni-pol (11.0 mg, Ni%w = 5.35, 10.0 umol of Ni), the desired nitroarene (0.50
mmol), methanol (5.0 mL) and NaBH, (1.5 mmol) were introduced in a 25 mL three-
necked round flask (equipped with a magnetic stirrer and a gas bubbler to discharge
the di-hydrogen excess produced during reaction), and the mixture was stirred under
magnetic stirring at 25 °C for the time necessary to form the corresponding anilines
(step A, monitoring by TLC and/or GC and GC-MS). Then, 40 uL (ca. 1.0 mmol) of
formic acid and the desired arylaldehyde (0.70 mmol) were introduced in the vessel
and the reaction mixture was stirred for further 40 min (step B). Then, 3.0 mmol of
NaBH, was added under stirring, leaving the system to react for two times (step C).
The reaction mixture was then diluted with 5.0 mL of methanol and filtered. The solid
(Ni-pol) was washed with methanol (3x5.0 mL) and the combined organic layers were
dried (Na,S0,) and concentrated under reduced pressure to get the crude product,
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which was then purified by column chromatography using a short plug of silica gel
and eluted with the appropriate solvent mixture. Evaporation of solvents afforded the
desired secondary amines.

All secondary amines, except for 3al and 3am, are compounds already known in the
literature and were characterized by comparison with their "H-NMR and MS (El, 70 eV)
data. Amines 3al and 3am were characterized by 'H and SC{'"H} NMR, MS (El, 70 eV),
and elemental analysis. N-(thiophen-3 ylmethyl)aniline (3al) was eluted from silica gel
using petroleum ether 40-60 °C/dichloromethane in a volume ratio of 7:4 (Rf = 0.36)
affording the title compound as a yellow oil.

'H-NMR (400 MHz, CDCl,, §): 7.32 (m, 1 H), 7.24-7.16 (m, 3 H), 7.09 (d, J=5.0
Hz, 1 H), 6.75 (t, J=7.3 Hz, 1 H), 6.67 (d, J=7.3 Hz, 2 H), 4.35 (s, 2 H), 3.52 (br s,
1H, NH). *C{'H} NMR (100.6 MHz, CDCl,, 5): 148.2, 140.6, 129.4, 127.3, 126.3,
121.9,117.9, 113.1, 43.9. E/MS m/z (%): 189 (63) [M*], 97 (100), 77 (21), 65 (14).
Anal. Calc for C,,H,.NS: C, 69.80; H, 5.86; N, 7.40; S, 16.94; found: C, 69.44; H, 5.63;
N, 7.37. N-((5-bromothiophen-2-yl)methyl)aniline (3am) was eluted from silica gel us-
ing petroleum ether bp 40-60 °C/dichloromethane in a volume ratio of 7:3 (Rf = 0.30)
affording the title compound as a pale yellow oil.

'H-NMR (400 MHz, GDCl,, §): 7.20 (t, J=8.0 Hz, 2 H), 6.91 (d, J=3.6 Hz, 1 H),
6.80-6.74 (m, 2 H), 6.66 (d, J=8.0 Hz, 1 H), 4.45 (s, 2 H), 4.06 (br s, 1H, NH). 3C{'H}
NMR (100.6 MHz, CDCl,, 5): 147.3,145.2,129.7,129.3, 125.2, 118.5, 113.3, 111.1,
43.9. EIMS m/z (%): 267 (37) [M*], 175 (100), 96 (33), 77 (21), 65 (15). Anal. Calc.
for C,,H, BINS: C, 49.27; H, 3.76; Br, 29.80; N, 5.22; S, 11.96; found: C, 49.11; H
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3.69; N, 5.30.

4.1.6.1 Recycling of catalyst

Ni-pol (66.0 mg, Ni%w = 5.35, 60.0 umol of Ni), nitrobenzene 3a (3.0 mmol),
methanol (30.0 mL) and NaBH, (9.0 mmol) were introduced in a 100 ml three-necked
round flask (equipped with a magnetic stirrer and a gas bubbler), and the mixture was
stirred under magnetic stirring at 25 °C until aniline | quantitatively formed (2 h, step
A). Then, 240 uL (ca. 6.0 mmol) of formic acid and benzaldehyde 2a (4.2 mmol) were
introduced in the vessel and the reaction mixture was stirred for futher 40 min (step B).
Then, maintaining the stirring, NaBH, (18.0 mmol) was added leaving the system to
react for 3 h (step C). The reaction mixture was then diluted with 20.0 mL of methanol
and centrifugated for separating Ni-pol, which was washed with methanol (3 x 25.0
mL), water (2 x 25.0 mL) and rinsed in n-hexane (20 mL). The methanol phase was
dried (Na,SO,) and concentrated under reduced pressure to get the crude product,
which was then purified by column chromatography using a short plug of silica gel
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and eluted with petroleum ether 40-60 °C/dichloromethane in a volume ratio of 7:3 and
evaporation of solvents afforded the desired amine 3aa. The recovered Ni-pol was dried
in air at 60 °C for 2 h, and then brought to room temperature, re-weighed and used for
the subsequent catalytic cycle. Iteration of this procedure was repeated for five reuses
of the catalyst.

4.1.7 Trans-esterification reaction of vegetable oil

A solution of methanol (16.9 g) and potassium hydroxide (0.5 g) was added to 50
g of soybean or WCO oil, previously heated at 60 °C, and left under stirring at 600 rpm
for 2h under refluxing conditions. The reaction was completed when the mixture colour
changed from yellow to orange. Then, the mixture was placed into a separating funnel
overnight, in order to obtain two phases (FAMEs and glycerine). The FAMES phase was
separated from glycerine, washed with hot water (5 x 5.0 mL) and dried over Na,SO,
The obtained FAMEs were stored at -22 °C.

4.1.7.1 Partial hydrogenation of bio-oil

FAMEs (125 mg) and Ni-pol (60.3 mg, Ni%w = 5.35) were putted in stainless steel
reactor in 5 mL of methanol. The catalytic system was purged three times with hydro-
gen and left under stirring for 10 h at 100 °C under 10 bar of H,. The progress of the
reaction was monitored by GLC (internal standard method).

4.1.7.2 Recycling catalyst

At the end of the reaction, the solid catalyst was filtrated, washed with methanol (3
x 5.0 mL) and hexane (3 x 5.0 mL) and dried overnight before re-use.

4.2 Metal nanoparticles in TPP@CCM

4.2.1 Materials for the synthesis of M-NPs and related catalytic tests

All manipulations were performed under an inert atmosphere of dry argon by using
schlenk line techniques. 4,4-azobis(4-cyanopentanoic acid) (ACPA, =97%, Aldrich),
methacrylic acid (MAA, 99.5%, Acros), poly(ethylene oxide) methyl ether methacrylate
(PEOMA, Mn = 950 g mol”, Aldrich), di(ethylene glycol) dimethacrylate (DEGDMA,
95%, Aldrich), 4-diphenylphosphinostyrene (DPPS, 97%, Aldrich), acetylacetonato-
dicarbonyl rhodium(l), ([Rh(acac)(C0),], 99% Strem), chloro(1,5-cyclooctadiene)
rhodium(l) dimer ([Rh(COD)CI],, 98%, Strem), chloro(1,5-cyclooctadiene) iridium(l)
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dimer, [Ir(COD)CI], (99%, Strem), triphenylphosphine (PPh, or TPP, >98.5%, Fluka),
allylpalladium(ll) chloride dimer ([Pd(Cl)(C,H,)], 98% Strem), dichloro (p-cymene)
ruthenium(ll) dimer [Ru(p-cymene)Cl,], (98% Strem), dibromo (1,5-cyclooctadiene)
platinum(ll) (GgH,,Br,Pt, 98% Strem), bis(benzonitrile)dichloropalladium(ll) ((CH,C-
N),PtCl,, 99% Strem) Chloro(dimethylsulfide)gold(l) ((CH,),SAuCI, 97% Strem), were
used as received.

The deuterium solvents (CDCI,, CD,Cl,, toluene-a8, THF-d8, DMS0-d6 and D,0)
provided by Eurisotop were used as received. Styrene (S, 99%, Acros) was purified
by passing through a column of active basic aluminium oxide to remove the stabilizer.

All the 1D NMR spectra "H-NMR spectra were recorded in 5 mm diameter tubes at
297 K on a Bruker Avance 400 spectrometer. The 'H shifts were determined using the
residual peak of deuterated solvent as internal standard and are reported in ppm (3)
relative to tetramethylsilane. 3'P chemical shifts are reported relative to external 85%
H,PO,. For the CCM characterization, the chemical shift scale was calibrated on the ba-
sis of the solvent peak (5 2.50 for DMSQ, 3.58 and 1.73 for THF), and 1, 3, 5-trioxane
was used as an integration reference (5 5.20). The NMR tubes were prepared in CDC,,
D,0 and DMSO.

The intensity-average diameters of the latex particles (Dz) and the dispersity factor
(PDI, poly dispersity index) were obtained from measurements carried out at 25 °C on
a Malvern Zetasizer Nano ZS. After filtration through a 0.45 um pore-size membrane,
deionized water or THF were used to dilute the latex sample. The solutions were ana-
lysed without further filtration to ensure that undesired populations were not removed.
Data were analysed by the general-purpose non-negative least squares (NNLS) meth-
od. The typical accuracy for these measurements was 10-15%.

The morphological analysis of the copolymer nano-objects and of nanoparticles,
before and after catalysis, was performed with a JEOL JEM 1011 transmission electron
microscope equipped with 100 kV voltage acceleration and tungsten filament (Service
Commun de Microscopie Electronique TEMSCAN, Centre de Microcaractérisation Rai-
mond Castaing, Toulouse, France). Diluted latex samples were dropped on a formar/
carbon-coated copper grid and dried under vacuum.

Samples were prepared dissolving one drop of the final product in 5 mL of ethanol.
The resulting solution was sonicated for several minutes’ prior analyses.

The intensity-average diameters of the latex particles (Dz) and the polydispersity
index (PDI) were measured at 258 °C on a Malvern Zetasizer NanoZS. After filtration
through a membrane (pore size= 0.45 mm) of regenerated cellulose, deionized water
or THF was used to dilute the latex sample. The solutions were analyzed without further
filtration to ensure that undesired populations were not removed. The data were ana-
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lyzed by using the general-purpose non-negative least squares (NNLS) method. The
typical accuracy for these measurements was 10-15%.

4.2.2 Synthesis of TPP@CCM by one pot RAFT polymerization in water

4.2.2.1 Step 1: Preparation of the P(MAA-co-PEOMA) macromolecular RAFT
agent (macroRAFT) in water

A stock solution containing ACPA (40 mg) and NaHCO, (40 mg) in deionised water
(5 mL) was prepared. 1 mL of this stock solution (8 mg ACPA, 0.029 mmol), CTPPA
(40 mg, 0.14 mmol), MAA (0.19 g, 2.2 mmol), PEOMA (2 g, 2 mmol) and 7.8 g of
additional deionized water were placed into a 50 mL flask equipped with a magnetic
stirrer bar, which was then sealed with a rubber septum. 1,3,5-Trioxane was also added
to the mixture as an internal reference for the determination of the monomer conversion
by 'H NMR. The solution was purged for 45 min with argon and then heated to 80 °C
in a thermostated oil bath under stirring. After 120 min, 0.15 mL of solution was taken
to determine the monomer conversion and the molar mass of the macroRAFT product.
The overall monomer molar conversion was 98% as determined by 'H NMR spectros-
copy in DMSO-d6. The molar mass was analyzed by size exclusion chromatography
(SEC) in THF (experimental Mn = 12100 g mol"; B = 1.2).

4.2.2.2 Step 2: RAFT copolymerization of S and DPPS in water

A stock solution containing ACPA (60 mg) and NaHCO, (60 mg) in deionised water
(2 mL) was prepared. 14.83 mg of macroRAFT agent were placed into a 50 mL flask
equipped with 17.2 mL of H,0, with a magnetic stirrer bar, which was then sealed with
rubber septum. The solution was left under stirring for several minutes and then purged
for 30 minutes with argon. Homogeneous solution of styrene (6.84 mL) and DPPS (0.9
g) was added to the water solution prepared and then heated to 80 °C in a thermostated
oil bath under stirring, ACPA solution was added before heat the solution. After 180
minutes, 0.1 mL of solution was taken to determine the monomer conversion. The
overall monomer molar conversion was 98% as determined by 'H NMR spectroscopy
in DMS0-d6. The molar mass was analyzed by size exclusion chromatography (SEC)
in THF (experimental Mn = 12100 g mol”; = 1.2).

4.2.2.3 Step 3: Micelle core-cross-linking by RAFT chain extension with S and
DEGDMA

New stock solution was prepared. In the same flask 1.09 mL of styrene, 0.23 mL
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of DEGDMA, 1.22 mL of H,0 with 0.2 mL of ACPA, were added. The resulting solution
was heated at 80 °C. After 120 minutes 0.1 mL of solution was taken to determine the
monomer conversion. The overall monomer molar conversion was 98% as determined
by 'H NMR spectroscopy in DMSO-d6. The molar mass was analyzed by size exclusion
chromatography (SEC) in THF (experimental Mn = 12100 g mol"; B = 1.2).

4.2.3 Loading of TPP@CCM with several metal precursors

Latexes metalated with the [RhCI(COD)] fragment were obtained by bridge-splitting
of the corresponding dimer [RhCI(COD)],. A sample of TPP@CCM (5% or 20% DPPS)
latex (1 mL, 0.06 mmol of TPP) was diluted with H,0 (3 mL), purged with Ar for 1
h, and swollen by addition of toluene (1 mL). The swelling was rapid as confirmed
by visual partial disappearance of the toluene phase. To this sample was added [Rh-
CI(COD)], (14.8 mg, 0.03 mmol in ratio P/Rh = 1) in toluene (3 mL) and the resulting
mixture was stirred at room temperature for 1 h, during which time the latex colour
changed to yellow while the supernatant toluene phase became colourless. The aque-
ous phase was washed with toluene (3x2 mL) under argon to remove any excess of the
Rh complex; both toluene washings were colourless. The resulting [RhCI(COD)(TPP@
CCM)] latex was collected after decantation for further NMR studies. 3'P{"H} NMR
(162 MHz, CDCI,, 298 K): 6 29.4 (d, J = 147 Hz). The same procedure was also used
to load the latexes (5% or 20% DPPS) with the other metal precursors. Moreover, the
same procedure was also used to load the latexes in different ratio, as P/Rh = 1 or P/
Rh = 4, adjusting the amount of rhodium complex to the desired fraction. The 3'P NMR
spectra of all metal precursors-loaded latexes were independent on the type of latex,
depending only on the ratio of P/M.

4.2.4 Synthesis of metal nanoparticles M-NPs embedded in TPP@CCM

In the steel autoclave were putted five vials (about 5mL) containing different metal
complex nano-objects, as M-TPP@CCM, (1 mL, 0.06 mmol) and NEt, (5 eq.) with
addition of 1 mL of toluene. All the procedures were conducted under Ar, and the
resulting closed system was left under stirring for 20 h under 20 bar of H,, at desired
temperature depending on the metal. At the end of the reaction the hydrogen pressure
was removed and all vials containing M-TPP@CCM showed a black latex solution,
confirming the metal reduction in polymeric nanoreactors. The toluene solution, in the
upper part of the vial, was removed and the resulting nanoparticles were directly used
in catalytic hydrogenation reaction.
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4.2.4.1 Catalytic hydrogenation reaction

In the same steel autoclave where putted 5 vials containing: M NPs (1 mL), ace-
tophenone (200 eq., 237.7 mg, 0.5-10-3) and dodecane as internal standard, with the
addition of 1 mL of toluene solution. All procedures were carried out under Ar and the
closed system was left under stirring for 20 h under 20 bar of H, at different temper-
ature depending on the used metal. At the end of the reaction the hydrogen pressure
was removed and fast decantation of latex, embedding metal NPs, was observed. The
organic phase was removed and recovered by a syringe. 0.1 mL of the resulting solu-
tion was diluted with 2 mL of toluene fresh solvent obtaining a suitable concentration
for GC analysis.

4.2.5 Synthesis of metal nanoparticles M-NPs_HS in homogeneous solution

The procedure used for the synthesis of metal NPs embedded in polymeric nanore-
actor was used also for the synthesis of metal nanoparticles in homogeneous solution.
In fact, in the same steel autoclave were putted five vials (about 5 mL) containing PPh,
(0.1 mmol) and metal precursor adjusting the amount to the desired fraction, and 1 mL
of fresh toluene. In homogeneous solution, as for TPP@CCM, all the operations were
carried out under Ar. The closed system was left under stirring for 20 h under 20 bar of
H,, at 25 °C. At the end of the reaction the colours of the homogenous solutions turned
into black.

4.2.5.1 Catalytic hydrogenation reaction of homogenous metal NPs

The same procedure used for the application metal NPs embedded in TPP@CCM
was employed for the homogenous metal nanoparticles. The ratios and amount of each
reagent was always respected. All the metal NPs were applied only at 25 °C and ana-
lyzed by GC analysis using the same concentration of the recovered organic solution
after catalysis.
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CONCLUSIONS

The first goal of this work was the development of new synthetic strategies for the
synthesis of active and recyclable cheap metal catalysts. In our approach, polymer
supported Ni-nanoparticles (Ni-pol) were synthesized starting from a polymerisable
p-ketoesterate Ni(ll) complex, Ni(AAEMA), [AAEMA- = deprotonated form of 2-aceto-
acetoxy ethyl methacrylate], which was co-polymerized with a suitable co-monomer
(N,N-dimethylacrylamide) and cross-linker (N,N-methylenebisacrylamide) to give an
insoluble organic resin supporting Ni(ll) centres [Ni(AAEMA),-pol]. Ni(AAEMA),-pol
was subsequently calcined at 300 °C giving rise to Ni-pol, which was fully character-
ized by IR, STEM and elemental analyses.

Ni-pol resulted air and moisture stable, swelling in water, acetone and halogenated
solvents and shrinking in diethyl and petroleum ethers. Because of these features, we
decided to test its catalytic activity in reactions carried out in an aqueous medium.
In fact, it efficiently catalysed the transfer hydrogenation reaction of aromatic nitro
compounds with NaBH, under sustainable conditions, in aqueous medium and room
temperature. The new synthesized catalyst allows avoiding the use of the commonly
employed noble metals. The same catalyst resulted active in the synthesis of second-
ary aromatic amines by a one-pot stepwise reductive amination of arylaldehydes with
nitroarenes. STEM analyses showed that the active species were metallic Ni(0) nan-
oparticles ranging from 25 to 70 nm in diameter, stabilized by the polymeric support.
Ni-pol was stable under reaction conditions and could be reused for at least five cycles
keeping the same activity and selectivity. These occurrences are not trivial for catalysts
supporting Ni nanoparticles, because the latter were found water-sensitive for similar
catalytic systems. Moreover, Ni-pol catalyst was highly selective towards haloanilines,
avoiding the hydro-dehalogenation side reaction. Finally, Ni-pol was also used as an
active, selective and recyclable catalyst for the partial hydrogenation of poly-unsaturat-
ed fatty acid methyl esters for the upgrading of biofuels under mild conditions (10 bar
of H,, 60° C). All the results obtained for the Ni-catalyst were compared with results
reported for the analogous Pd-catalyst. The comparison demonstrated that the Ni-cata-
lyst was in all cases more selective than the noble metal Pd, although the latter showed
higher activity than Ni-pol.

The second goal of this work was the synthesis of metal nanoparticles embedded in
polymeric nanoreactors TPP@CCM (TPP = Triphenylphosphine; CCM = Core-Cross
linked micelles) in collaboration with LCC-CNRS in Toulouse. In our strategy, a stable
latex of unimolecular polymeric nanoreactors containing either a neutral or a cationic
outer shell was used for the synthesis of metal nanoparticles (NPs), which were em-
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bedded in TPP@CCM. By fine-tuning a few parameters in the syntheses of the TPP@
CCM-embedded NPs, we were able to obtain a uniform distribution without formation
of the agglomerates. The investigated metals were Rh, Pd, Ru, Ir, Pt and Au. These
studies demonstrate that different metal nanoparticles can be obtained inside of poly-
meric nanoreactor as aqueous biphasic catalysts.

For all metals and type of TPP@CCM (containing either a neutral or a cationic shell),
the NPs size increases by increasing the temperature. The catalytic activity of metal
NPs-TPP@CCM, containing neutral or cationic outer shell, was investigated in the hy-
drogenation reaction of acetophenone under aqueous biphasic conditions. In all cases,
the metal NPs remained confined in the latex phase during catalysis. The Rh and Pt-
based system were the most active and selective catalysts among the investigated
metals. The application of the NPs embedded in the polymeric nanoreactor containing
the cationic shell revealed a limited mass transport, caused by the low compatibility of
the acetophenone substrate with the polystyrene (PS) core. The activity of the Rh NPs
was also tested in the hydrogenation of styrene, resulting in high activity and selectivity
for the synthesis of ethylbenzene, which demonstrates a greater compatibility of sty-
rene than acetophenone with the CCM core. Further studies are on-going to gain insight
into the new developed nano-catalysts.
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