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EXTENDED ABSTRACT

Noble metal nanoparticles have long been playing a central role as heterogeneous
catalysts but due to their high cost, their toxicity and scarce availability, they have
always been less attractive for industrial application. Moreover, the immediacy of global
climate change and the need for a greener chemistry have intensified the efforts in the
research of sustainable alternatives. One of the most promising ones, is represented
by the use of earth-abundant transition metals that are much more available and offer
appealing properties able to overcome the disadvantages of the precious metals.

In this context, the objective of this research thesis has been to develop and optimize
innovative procedures for the preparation of new polymer supported transition metal
nanoparticles to employ as catalysts for selected model reactions.

In particular, the first part of the work has been focused on the synthesis of cobalt
catalysts obtained by copolymerizing the metal-containing monomer Co(AAEMA), with
suitable comonomers. The obtained catalyst was tested in the reduction of nitroarenes
to the corresponding anilines, showing good capabilities and avoiding the formation of
side products. The reactions were performed under mild conditions and the catalyst
was easily removed from the reaction products and reused.

The second part of this work deals with the preparation of supported nickel
nanoparticles following different procedures, differing from each other for the
calcination conditions or for the matrix employed. All materials were characterized by
advanced techniques such as transmission of electron microscopy
(TEM) demonstrating that the variation of experimental conditions leads to the
formation of nanoparticles with different morphology. This feature resulted in different
catalytic behavior that permitted to develop a highly selective reduction system for a
variety of structurally different nitroarenes towards azoxyarenes. Under optimized
reaction conditions, more than twenty azoxyarenes were obtained in good or excellent
yields with wide functional group compatibility. The recovery and reuse of the catalytic
system were also achieved for up to five runs without appreciable Ni leaching, loss of
activity and selectivity as well as nickel nanoparticles agglomeration.
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EXTENDED ABSTRACT (ltalian version)

Le nanoparticelle di metalli nobili hanno giocato a lungo un ruolo centrale come
catalizzatori eterogenei, ma a causa del loro alto costo, della loro tossicita e della scarsa
disponibilita, sono sempre state meno attraenti per I'applicazione industriale. Inoltre,
limmediatezza del cambiamento climatico globale e la necessita di una chimica piu
verde hanno intensificato gli sforzi nella ricerca di alternative sostenibili. Una delle piu
promettenti & rappresentata dall'uso di metalli di transizione terrestri che sono molto piu
disponibili e offrono proprieta interessanti in grado di superare gli svantaggi dei metalli
preziosi.

In questo contesto, l'obiettivo di questa tesi di ricerca & stato quello di sviluppare e
ottimizzare procedure innovative per la preparazione di nuove nanoparticelle di metalli
di transizione supportate da polimeri da impiegare come catalizzatori per reazioni
modello selezionate.

In particolare, la prima parte del lavoro si & concentrata sulla sintesi di catalizzatori di
cobalto ottenuti copolimerizzando il monomero contenente metallo Co(AAEMA), con
opportuni comonomeri. | catalizzatori ottenuti sono stati testati nella riduzione di
nitroareni alle corrispondenti aniline, mostrando buone capacita ed evitando la
formazione di prodotti collaterali. Le reazioni sono state eseguite in condizioni blande e
il catalizzatore ¢ stato facilmente rimosso dai prodotti di reazione e riutilizzato.

La seconda parte di questo lavoro si occupa della preparazione di nanoparticelle di
nichel supportate seguendo diverse procedure, che differiscono tra loro per le
condizioni di calcinazione o per la matrice impiegata. Tutti i materiali sono stati
caratterizzati con tecniche avanzate come la trasmissione di microscopia elettronica
(TEM) dimostrando che la variazione delle condizioni sperimentali porta alla formazione
di nanoparticelle con diversa morfologia. Questa caratteristica ha portato a un diverso
comportamento catalitico che ha permesso di sviluppare un sistema di riduzione
altamente selettivo per una varieta di nitroareni strutturalmente diversi verso gli
azossiareni. In condizioni di reazione ottimizzate, piu di venti azossiareni sono stati
ottenuti in buone o eccellenti rese con ampia compatibilita dei gruppi funzionali. Il
recupero e il riutilizzo del sistema catalitico sono stati raggiunti anche per un massimo



di cinque corse senza apprezzabile lisciviazione di Ni, perdita di attivita e selettivita cosi
come agglomerazione di nanoparticelle di nichel.

Parole chiave

Metalli di transizione abbondanti sulla Terra, chimica sostenibile, catalisi eterogenea,
polimero supportante nanoparticelle, riduzione selettiva, azossiareni.
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1.0 General introduction

1.1 Catalysis in green chemistry

The term catalysis (from the Greek xara- “down” and Avewv “loosen”) was first
introduced by the Swedish chemist Jons Jacob Berzelius'in 1836 in order to rationalize
a large number of experimental observations made by chemists in the late 18th and
early 19th centuries like the wine and beer fermentation and the decomposition of H,0,
by metals, just to mention a few.?* In a report to the Swedish Academy of Sciences,
he proposed the existence of “a new catalytic force acting on the matter” and defined
the processes fostered by this force as “catalysis”.*

Toward the end of 19" century, Wilhelm Ostwald, with the support of chemical
thermodynamics and kinetics, qualified the catalysts as substances able to alter the
rate of chemical reactions without appearing in the final products.® Some years later, in
1912, the studies of French chemist Paul Sabatier on the hydrogenation of unsaturated
organic compounds using finely divided metals led to the award of Nobel Prize in
Chemistry and can be also considered one of the main contributions that gave rise to
modern oil hydrogenation and synthetic methanol industries.®”

During this period, it became quite clear that catalysis was applicable in most chemical
processes and that by implementing catalysis in an industrial process might result in
extremely beneficial outcomes. Since then, many processes have been developed in
response to driving forces like the Chilean embargo on saltpeter as a nitrate source
along with the growing European demand for ammonia. Such driving forces motivated
Haber and Bosch to develop a process for the fixation of atmospheric nitrogen in
ammonia synthesis;? or in the same way the war requirements first, and the automotive
market then, have spurred the petrochemical sector, the oil (hydrocarbon) acid cracking
process, and hydrocarbon refinery catalysts.®™

Industrial catalysis has always been closely connected to changes in society. Starting
in the 1960s, the massive industrial development has been accompanied by the rise of
people's awareness about the environment and the risks derived from pollution, which
required the establishment of laws and regulations to control emissions of atmospheric
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pollutants, manage correctly recycling activities, and incentivize the use of renewable
and alternative feedstocks."

The complexity determined by this scenario required innovative solutions and new
approaches. This led to the foundation of the concept of “Green Chemistry”, which is
considered as the “design of chemical products and processes that reduce or eliminate
the use and generation of hazardous substances”.'? In 1998, Paul Anastas and John
Warner introduced the Twelve Principles of Green Chemistry to achieve sustainability
by harnessing chemical innovations to meet environmental and economic goals
simultaneously.”™™ The Twelve Principles (Fig.l.1) are a guiding framework for the
design of new chemical products and processes, applied to all aspects of the process
lifecycle from the raw materials used to the efficiency and safety of the transformation,
the benignity and biodegradability of products and reagents used.

Renewable
Feedstocks

Prevent
Waste

Design for
Degradation

Real-Time
Analysis

Safer
Chemicals

Safer
Solvents

Energy
Efficiency

Atom Less
Economy Hazardous

minimize
potential
for accidents,

Reduce
Derivatives

Fig.1.1-Principles of green chemistry.
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Said in other words, “Green chemistry” aims at reducing the environmental impact of
both chemical products and the processes by which they are produced. In this
perspective, catalysis plays a crucial role because it makes possible to operate on
several fronts. Having bespoke catalyst allows the designing of eco-friendly processes
that eliminate waste at the source through the use of alternative raw materials and it
also ensures pollution prevention rather than a mere waste remediation.™

In Green Chemistry, two parameters, the E-factor'® and the Atom Efficiency (AE)", have
been introduced to quantify the eco-sustainability of a transformation. The E-factor
indicates the kg of waste per kg of product and AE measures the percentage of the
starting material that ends up in products. These two parameters are obviously
interconnected. Considering an overview of organic reactions, it is possible to identify
some reaction types that have a low E-factor and high AE. Examples of this green
general organic reaction type are hydrogenations or C—C couplings catalyzed by
transition metals such as Suzuki, Heck, Sonogashira, Buchwald and so on.

Nowadays approximately 85-90% of the products of the chemical industry are made
with the aid of catalytic conversions in at least one of the productions steps.™ The
improvement of the quality of chemical products and the steadily decreasing production
costs of bulk and fine chemicals can be ascribed to increased knowledge in catalytic
systems. Chemical reactions with a long lifetime can be accomplished in minutes or
hours and under feasible conditions of pressure and temperature using a suitable
catalyst.

The versatility of transition metals as catalysts is due to the availability of ctorbitals,
filled or empty, that have energy suitable for interaction with a wide variety of functional
groups of organic compounds. As an example, it can be recalled the interaction of
transition metals with alkenes.? Simple alkenes are relatively unreactive, being ignored
by almost all bases and nucleophiles, requiring a reactive radical or a strong electrophile
or oxidizing agent, such as bromine, ozone, or osmium tetroxide. But they reactivity
change when they are coordinated to transition metals and can undergo several organic
reactions. Many of the industrially relevant catalytic processes in the fine chemical
industry are still based on the second and third row rare late transition metals such as
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Pd, Pt, Rh, Ru and Ir.?"2* Although these metals exhibit very good catalytic performance
for advanced organic substrates, the continuous development of their applications are
hampered by their high prices caused by the decreasing availability and by their toxicity.
Metal residues of these noble metals in pharmaceuticals are subject to strict official
regulations in order to minimize their amounts to low ppm level.

Instead, the Earth-abundant first-row transition metals including Mn, Fe, Co, Ni and Cu
(“bio metals’’) have been comparatively underutilized until the past few years, because
of their labile nature compared to their second- and third-row counterparts, complex
mechanistic manifolds and less obvious catalytic properties.?

The green and sustainable development of chemicals processes is an essential
component of the transition from a linear economy that is exhausting the earth natural
resources to a resource-efficient circular economy based also on new design of waste-
free processes.

The idea of sustainable development was first introduced some years before the green
chemistry concept, in 1987, and it is defined as a agevelopment that meets the needs
of the current generation without compromising the ability of future generations to meet
their own needs. Sustainability is dependent on the rates of both resource usage and
waste generation.® # For this reason, a sustainable process needs to fulfill two
conditions:

- Natural resources should be used at rates that do not unacceptably deplete supplies
over the long term.

- Residues should be generated at rates no higher than what can be promptly
assimilated by the natural environment.

A balance needs to be found between economic and industrial development and
environmental impact. Bearing in mind the relevance of sustainability for the long-
term development of new catalysts, this research thesis is focused on the use of
catalytic nanoparticles based on first row transition metals. Indeed, despite the
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prevalence of precious metals in catalysis, there are many problems associated with
their extreme use in catalytic processes and toxic effects, as mentioned above. The
precious metals are scarce in nature and due to their low abundance and arduous
extraction processes they are also very expensive. It is estimated that less than 1% of
precious metals are recycled for reuse, in fact they often require special measures
that generate a significant amount of waste. Conversely, the first-row transition
metals including iron, cobalt, nickel, and copper are among the most abundant metals
in the Earth’s upper crust, thus being readily accessible and provide some additional
advantages such as low cost, global availability, chemical versatility, and minimal
safety concerns.

1.2 Chemistry of catalysis

Chemical reactions occur when atoms or molecules collide with each other at an energy
level higher than the one needed for the bond cleavage or for the formation events to
happen. This energy is known as activation energy (E,) and is dependent on the
temperature and concentration of the reagents.?® Through the Arrhenius equation (eq.
1) is possible to correlate the reaction rate constant (4) with its activation energy as
follows:

Ea
k = AeCRT
Eq.1

where A is the frequency or pre-exponential factor and e~ (-Ea/RT) represents the
fraction of collisions with enough energy to overcome the activation barrier (i.e. that
occur with an energy bigger or equal to the activation energy) at temperature T. At the
molecular level, the role of a catalyst is to bind molecules, break their bonds, lets the
fragments react, and then release the product, after which the catalyst is available again
for the next reaction cycle. In simple terms, the catalytic cycle can be described as
shown in Fig.l.2.* The intermediates in the cycle (Cat-R in Fig.l.2) are in most cases
short-living and difficult to detect.
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R (Reactant)

Cat. Cat.—R

§_/

P (Product)
Fig.1.3- Catalytic cycle.

Through an uninterrupted and repeated cycle of elementary steps, the essence of the
catalysis phenomenon is to speed up the reaction rate by providing an alternative
pathway with smaller activation energy, allowing it to proceed more easily than what
would have been in case of an uncatalyzed reaction (Fig.l.3).*° The catalyst is not
consumed in the reaction, so it is not identified in the final stoichiometric quantity of
the reaction. It is Important to recall that catalysis is a kinetic phenomenon, therefore
it does not alter the thermodynamics of the reaction because it does not affect the
energy of the reactants or products

Reactant 2
Reactant 1

A k \ O Pf"“c‘
\ @

Energy

—— Uncatalysed path

AH
transition state Catalysed path

A\ 4

Reaction path

Fig.l.3-This graph compares potential energy diagrams for a single-step reaction in the
presence and absence of a catalyst. The effect of the catalyst is to change the reaction
mechanism thus lowering the activation energy of the reaction.
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In theory, an ideal catalyst is not consumed during the reaction and regenerates
indefinitely, but in practice, all catalysts have a finite lifetime. Owing to competing
reactions in the reaction environment, the catalyst may undergo chemical changes that
affect its action. For these reasons, before moving on to a general classification of
catalysis, it is appropriate to evaluate three critical requirements of any catalyst if it is
to be exploited for a given chemical process:

- Activity;
- Selectivity;
- Stability (deactivation behavior);

1.2.1 Activity

Activity is @ measure of how fast one reaction proceeds in the presence of the catalyst.
The reaction rate is calculated as the rate of change of the amount of substance of one
reactant A with time relative to the reaction volume or the mass of the catalyst. Activity
can be defined in terms of turnover number (TON) and turnover frequency (TOF).*!
While TON specifies the maximum use that can be made of a catalyst for a special
reaction under defined conditions by several molecular reactions or reaction cycles
occurring at the reactive center up to the decay of activity, TOF quantifies the turnover
number occurring in a certain period of time.

1.2.2 Selectivity

The selectivity of a reaction is the fraction of the starting material that is converted to
the desired product. It is expressed by the ratio of the amount of desired product to the
reacted quantity of a reaction partner and therefore it provides information about the
course of the reaction. Having a selective catalyst available would reduce waste and
ensure efficient use of available raw materials. Selectivity, in turn, can be distinguished
into chemoselectivity, regioselectivity, diastereoselectivity and enantioselectivity.
Chemoselectivity is the preferential outcome of a chemical reaction among a set of
possible alternative reactions. It may also refer to the selective reactivity of a particular
functional group among another functional group.
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1.2.3 Stability

The chemical, thermal, and mechanical stability of a catalyst determines its lifetime in
industrial reactors. Catalyst stability is influenced by numerous factors, including
decomposition, coking, and poisoning. Catalyst deactivation can be followed by
measuring activity or selectivity as a function of time.

One of the biggest challenges in catalysis is to create catalysts that exhibit extreme
stability, remarkable activity and high selectivity. These factors are the ones on which
comparisons between the different kind of catalysts are usually made. Given the large
number of different types of catalysts a detailed classification can be quite a challenge.
Generally, catalysis can be classified into three broad groups, each of them
characterized by its own advantages and limitations: bio-catalysis, homogeneous
catalysis, and heterogeneous catalysis. Biocatalysts are typically enzymes, or naturally
occurring complex protein molecules, that catalyze reactions with remarkable activity
and selectivity under mild conditions, generally at room temperature in an aqueous
solution at pH values near 7. Their limitation is that they are sensitive, unstable
molecules that are destroyed by extreme reaction conditions. They work well only at
physiological pH values in very dilute solutions of the substrate but are very expensive
and difficult to obtain in pure form. Homogeneous and heterogeneous catalysts are
defined according to the state of aggregation in which they act compared to that of the
other reaction components. They will be discussed in more detail in the subsequent
section.
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Fig.l.4-General classification of catalyst.

As shown in fig.l.4,% for heterogeneous catalysts some categories frequently referred
to are:

- Pure metals.
- Metal compounds (metal oxides, metal sulfides, salts, etc).
- Supported metals.

1.3 Homogeneous catalysts

A homogenous catalyst is a catalyst that is in the same phase as the substrates for the
reaction, frequently the liquid phase.*

The fact of being dispersed in the same medium reaction determines a higher degree
of dispersion, so in theory, all sites are available for the reaction and each individual
atom can be catalytically active.

Moreover, the high mobility of the molecules in the reaction mixture results in more
collisions with substrate molecules. The reactants can approach the catalytically active
center from any direction, and a reaction at an active center does not block the
neighboring centers. This allows the use of lower catalyst concentrations and milder
reaction conditions.
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An important class of homogeneous catalysts is that of the coordination complexes
consisting of a metal center surrounded by a set of organic ligands. Both the metal and
the large variety of ligands determine the properties of the catalyst. In particular, the
ligands impart solubility and stability to the metal complex and can be used to tune the
selectivity towards the synthesis of a particularly desirable product. By varying the size,
shape, and electronic properties of the ligands, the site at which the substrate binds
can be constrained in such a way that only one of many possible products can be
produced.®>%

Despite all these advantages, the major drawback of homogeneous catalysts is the
difficulty of separating the catalyst from the final product.*

Homogeneous catalysis covers only a small portion of the industry. Because is useful
only when selectivity to a higher added value product is not possible in another way or
there is no alternative process. For example, hydroformylation, the production of
aldehydes from alkenes and syngas (hydrogen + carbon monoxide), is carried out on
a million-ton scale worldwide. The reaction is carried out only with a homogeneous
rhodium catalyst, because too many side reactions occur with heterogeneous
catalysis.

The most common separation methods used are precipitation/filtration of the product,
the distillation of the product, destructive catalyst precipitation, extraction/liquid-liquid
phase separation. All these procedures are often costly, environmentally unfriendly, and
mostly accompanied by common disadvantages like incomplete complex recovery,
decomposition of the catalyst, and its deactivation.

1.4 Heterogeneous catalysts

With the heterogeneous catalysts, the catalytic process is considered a surface
phenomenon. In fact, phase boundaries are always present between the catalyst and
the reactants, and the catalytic reaction occurs at the interface between the reaction
mixture and the catalyst surface.>** The catalytic cycle requires adsorption of reagents
first and desorption of products after and for this reason it is affected by diffusion
iSsues.
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This type of catalysts is characterized by high thermal stability and increased resistance
to oxygen and humidity. However, the main advantage is that being usually a solid
material, it is easy to separate from the gas and/or liquid reactants and products of the
overall catalytic reaction, allowing easy recyclability for multiple times. Simple and
cheap techniques such as filtration and decantation can be used for a successful
separation. Nevertheless, each separation method has its own limitations in terms of
cost, efficiency, or generation of secondary waste. Due to these problems, in the last
years alternative solutions like magnetic separation have emerged as a robust, highly
efficient, and rapid separation tool with many other advantages compared to the most
used techniques.”!

The heart of a heterogeneous catalyst involves the active sites at the surface of the
solid. The latter can reduce the potential energy barrier or the activation energy in the
reaction paths by temporarily forming weak chemical bonds with the adsorbing
molecules. Either too strong or too weak, the bonding between the active sites and the
reacting species could lead to poor catalytic performance. It is possible to recognize
two primary functions attributable to active sites, that are promoting the reaction
kinetics and controlling the product selectivity. The concept of active sites in
heterogeneous catalysis was firstly introduced by Tylor in 1925.% He suggested that
only a small fraction of catalyst surface (active sites or centers), which might be
composed of an atom, or an ensemble of atoms situated at surface defects such as
corners, edges, and other crystalline discontinuities, is catalytically active.®

surface cluster

A
*CCCQQQG
.QQOQQQO

Y S 9SSeSSsw

A A A LA B E E E L L L L L
P IevS S SSS9SYSS eSS eSS
Qt""l"..”‘.
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Fig.1.5-Schematic representation of a solid catalyst crystal surface.
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Even if the active sites should be all identical, and isolated from each other, solid
materials used as catalysts are often amorphous, multicomponent, with surface defects
and containing many different types of active sites.

The catalyst is typically a high-surface area material, and it is usually desirable to
maximize the number of active sites per reactor volume. This goal is achieved by using
particles with sizes in the nanometer length scale. Since catalyst metals, for example,
are often expensive materials, it is economically advantageous to employ the catalysts
as nanometer-sized particles and support them on the surface of an inert material or
metal oxide.*

Moreover, heterogeneous catalysts can often be used as fixed beds in reactors for flow
chemistry.* In this system the reagents are continuously pumped through the reactor
and the products are continuously collected. The separation of the products from the
catalyst is built into the process and the catalyst is always kept under the conditions of
temperature, pressure, contact with the substrate and products, for which it has been
optimized.

porous carrier
(catalyst support)

bed of
catalyst

particles

reactants product

_,,.vo

Fdesorption

products

catalyst support

active site

Fig.1.6-Schematic representation of flow reactor system.
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Heterogeneous catalysts have a wide application in the petrochemicals and the bulk
chemicals industry. In the last two decades heterogeneous catalysis has moved also
into the fine-chemicals and pharmaceuticals applications, clean energy applications
such as fuel cells, solar energy conversion, and energy storage cycles.*®

In this research thesis, particular attention will be paid to the study and
characterization of supported metals as heterogeneous catalysts.

1.5 Nanoparticles: bridging the gap between homogeneous and
heterogeneous catalyst

Some of the properties of catalysts are collected in Table 1.1, where heterogeneous
and homogeneous catalysts have been compared.

Homogeneneous Heterogeneous
Effectivity
Active centers All metal atoms Only surface atoms
Concentration Low High
Selectivity High Lower

Diffusion problems
Reaction conditions
Applicability
Activity loss

Catalyst properties

Pratically absent

Mild (50-200°C)
Limited
Irreversible reaction with
products; poisoning

Present (mass-transfer-
controlled reaction)
Severe (often>250°C)

Wide
Sintering of metal

crystallites; poisoning

Structure Defined Undefined
Modification High Low
possibilities

Thermal stability Low High
Catalyst separation Laborious/Expensive Easy
Catalyst recycling Possible Easy
Cost of catalyst losses High Low

Tab.l.1-Comparison between homogeneous and heterogeneous catalyst.
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In heterogeneous catalysis, it is possible to underline benefits like the easy removal of
catalyst materials and the possible use of high temperatures, despite the absence of a
complete understanding of mechanistic aspects that are crucial for parameter
improvements. ldentifying the reaction intermediates and the mechanism for a
heterogeneous catalytic reaction is often problematic because many of these
intermediates are difficult to detect using conventional methods (e.g., gas
chromatography, mass spectrometry or nmr) as they do not desorb at significant rates
from the surface of the catalyst (especially for gas-phase reactions).

On the contrary, homogeneous catalysis is very efficient and selective, although it is
affected by the impossibility of removal of the catalyst from the reaction media and its
limited thermal stability. Nowadays green chemistry requires that environmentally
friendly catalysts must be designed for easy removal from the reaction media and
recycling many times with very high efficiency. A combination of both advantages could
enable the building of sustainable catalysts able to improve many of the known and
used reaction mechanisms. In this framework, the development of nanomaterials
represents one of the attempts to overcome the drawbacks of both heterogeneous and
homogeneous catalysts.

Nanoparticles (NPs) are materials in which at least one-dimension ranges between 1-
100 nm size, that exhibit nanoscopic, size-dependent properties such as
superparamagnetism for Fes0, nanoparticles, visible photoluminescence for CdSe
quantum dots, to mention a few.* The nanoscale sizes make huge changes to melting
point, fluorescence, electrical conductivity, magnetic permeability, and chemical
reactivity. NPs possess unique physical and chemical properties mostly due to their
high surface area and nanoscale size. In fact, the small size of the particles leads to
increased surface area to volume ratio and as a result the domain where quantum
effects predominate is entered. On the other hands, the increasing surface area to
volume ratio leads to an increase in the dominance of the surface atoms of the
nanoparticle over those in the bulk.

For these reasons, NPs are suitable candidates for various commercial and domestic
applications, such imaging, pharmaceutical applications, energy-based research,
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optical field, environmental applications, and catalysis.***°Thus, the potential
applications of nanoparticles are as diverse as the materials and methods from which
they are synthesized, indeed it is possible to control the specific morphology, size, and
magnetic properties by using different synthetic techniques. Generally, the methods
employed for the synthesis of NPs can be grouped into two main classes: bottom-up
and top-down approach.”’
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Fig.l.7-The synthesis of nanomaterials via top-down and bottom-up approaches.

Top-down approach is mostly a physical method and involves the breaking down of
the bulk material into nanosized structures or particles. Examples of this method are
grinding/milling, CVD, physical vapor deposition (PVD), lithographic techniques and
other decomposition techniques. However, this approach is rarely applied due to the
physical stress that generates surface defects and contaminants. In the case of
mechanical milling is required a lot of energy and hours to complete the process and
the size distribution of particles resulting is very broad, and the morphology of the
formed particles tends to be quite varied. Hence, nanomaterials synthesized through
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this route are most suited for certain application areas, for example, in nanocomposites,
where a broad size distribution is not problematic.

Bottom-up approach generates nanomaterials by assembling atoms or molecules via
synthetic chemistry, building from the bottom through atom-by-atom or molecule-by-
molecule. In this way it is possible to ensures the formation of nanoparticles with less
defects, a better control of particle size, homogeneous chemical composition, and
improved crystal ordering. Nanomaterials synthesized through this route are suited for
optical applications, where it is desirable to have well definite size distribution and
uniform shape.

As reported in Fig.l.7, example of bottom-up approach are chemical vapor deposition
(CVD) that has great significance in the generation of carbon-based nanomaterials, sol-
gel process, reverse micelle methods and so on.**** All of these strategies present
advantages and drawbacks, that determinate the resulting properties of materials.

The nanomaterials can be organized into four material-based categories based on their
properties, morphologies, shapes, or sizes:

- Carbon-based nanomaterials. These nanomaterials containing carbon can be
found in several morphologies and phases. They include fullerenes with a
defined number of carbon atoms in the structures (for instance Cg) that are
ellipsoids or spheres, carbon nanotubes (CNTs) that are wire hollow tubes,
carbon nanofibers that have the form of nanowires, carbon black, usually in the
form of particulate, and graphene composed by a layer of exfoliated graphite.

- Inorganic-based nanomaterials. These nanomaterials are mainly made up of
metal or metal oxide particles less than 100 nm. They are composed of pure
precious metals such as Au or Ag nanoparticles or being in the form of metallic
oxides such as TiO, and Zn0. This category also includes semiconductors such
as silicon and ceramics.

- Organic-based nanomaterials. excluding carbon-based or inorganic-based
nanomaterials, it is possible to detect nanomaterials and nanostructures
composed of organic matter. Dendrimers, micelles, liposomes, and polymer
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can be obtained with the utilization of non-covalent (weak) interactions,
exploiting the self-assembly properties, or design of molecules.

- Composite-based nanomaterials. they are multiphase complex nanostructures
with one phase at least on the nanoscale dimension. They can both combine
nanoparticles of different compositions and shape together or include
nanoparticles within bulk-type materials (e.g., hybrid nanofibers) or more
complicated structures (e.g. metal—organic frameworks). The nanocomposites
can be any mixture of carbon-based, metal-based, or organic-based
nanomaterials and bulk materials of every kind and form (metal, ceramic, or
polymer).>

1.6 Application of nanomaterials.: Nanocalalysis

Nanocatalysis is one of the most important field of utilizations of nanoparticles, which
can act as active phase (like metal nanoparticles) or as support materials for various
catalytic systems. These systems should be able to combine the positive aspects of
both homogenous and heterogeneous catalysts, namely high efficiency and selectivity,
stability, and easy recovery/recycling.®® Due to their small size, catalytic-active
nanoparticles have higher surface area and increased exposed active sites, and thereby
improved contact areas with reactants. Moreover, their tunable activity, selectivity and
stability can be improved by tailoring the chemical and physical properties of the
nanomaterials through various synthetic methods. Several studies focused on the
elucidation of the effects of nanoparticle size on the catalytic behavior and more in
details about the way in which activity and selectivity are affected by size.*” In 1962,
M. Boudart, proposed the first definition for structure sensitivity.*® He defined that a
heterogeneously catalyzed reaction is considered to be structure sensitive if its rate,
referred to the number of active sites and, thus, expressed as TOF, depends on the
particle size of the active component or a specific crystallographic orientation of the
exposed catalyst surface. Generally, three types of particle size-activity relationship can
be discerned: * positive size-sensitivity reactions, negative size- sensitivity reactions,
and size-insensitive reactions. Positive size-sensitivity reactions are those for which
TOF increases with decreasing particle size. The prototypical reactions demonstrating
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positive size-sensitivity are methane activation, the Pd-catalyzed hydrogenation of
butyne, butadiene, isoprene, aromatic nitro compounds and of acetylene to ethylene.
Negative size-sensitivity reactions are those for which TOF decreases with decreasing
particle size. The prototypical reactions for this group are dissociation of CO and N,
molecules, which require in each case step-edge sites and contact with multiple atoms.
These sites do not always exist on very small NPs, in which step-edges approximate
ad atom sites. Finally, size-insensitive reactions are those wherein there is no significant
dependence of turnover frequency on nanoparticle diameter. Benzene hydrogenation
over Pt catalysts, acetonitrile hydrogenation over Fe/Mg0 and benzene hydrogenation
over Ni are examples of this type of reactions.®®’

>

Turnover frequency

Particle size (nm)

Fig.l.8-Relationships between NP size and turnover frequency for a given combination of
reaction and NP catalyst. “I” negative size- sensitivity; “Il” positive size-sensitivity; “llI” size-
insensitivity.2

One of the earliest reported nano catalysis application dates back to 1940 by Nord® on
nitrobenzene reduction and to 1970 by Parravano® on hydrogen-atom transfer between
benzene and cyclohexane and oxygen-atom transfer between CO and CO, using AuNPs.
But the clearest example of the advent of nanomaterials is represented by Au
nanoparticles. Gold is usually considered chemically inert but in 1987 Haruta et al.®
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made the unexpected discovery that gold, when divided to the nanoscale, to just a few
hundreds of atoms, can be the most effective catalyst for the oxidation of CO at
temperatures as low as 76 °C. Haruta’s group explored different procedures to optimize
the particle size by controlling the calcination temperature or the presence of support
and found that 3 nm-sized Au nanoparticles were most efficient for the oxidation of CO.
Gold is indeed active in carbon monoxide oxidation at a much lower temperature (<RT)
than any platinum group metal. This difference in reactivity can be due to the possibility
of Pt, Pd, and Rh of easily dissociating molecular oxygen at low temperature and
binding strongly both atomic oxygen and CO. Tightly bound adsorbates must overcome
sizeable barriers to react, making the reaction rates significant only at rather high
temperatures. On the contrary, on gold the reactants are loosely bound, but a higher
binding energy of CO on gold nanoparticles than on bulk gold may provide sufficient
concentrations of CO on the surface for the reaction of oxidation to occur with negligible
energy barriers. Moreover, it has been demonstrated that the reaction takes place at the
interface between the gold metal particle and the oxide support, between CO adsorbed
on the gold particles and O, activated by the oxide support as schematized in figure
below.
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Fig.1.9-Proposed schematic mechanism of the Au catalyzed formation of CO, from CO and O,
in the gas phase (Adapted with the permission from ref.66).
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1.7 Metal nanoparticles

Since nano catalysts are made up of nanoparticles or nanomaterials, as a metal or
metal oxide active phase or as a support or a combination of both, metal nanoparticles
(MNPs) and more in details transition metals nanoparticles have been the object of an
ever-increasing interest during recent decades. The main goal is the development of
well-defined metal nanoparticles with promising properties to get efficient, versatile
catalysts in several relevant reactions.

MNPs-based catalysts are largely employed in everyday life processes, including
environmental remediation, processing of raw materials, and energy production.
The synthesis of ammonia with iron nanoparticles supported on inorganic oxides like
Al,0;, Mg0, Ca0, K,0 and the hydrocarbon cracking with platinum nanoparticles
supported onto alumina/silica®® are two examples of application of MNPs-based
catalysts in industrial chemistry.

The use of transition metal nanoparticles in catalysis is promising as they mimic metal
surface activation and catalysis at the nanoscale and thereby brings high selectivity and
efficiency to heterogeneous catalysis. Transition metal NPs are clusters containing
from a few tens to several thousand metal atoms, stabilized by ligands, surfactants,
polymers or dendrimers protecting their surfaces.” Their sizes vary between the order
of one nanometer to several tens or hundreds of nanometers, but the most active are
only a few nanometers in diameter. Since the number of surface atoms present in NPs
will govern their catalytic reactivity, control of the size of NPs is thus of paramount
importance. The methods of preparation of MNPs play a key role in determining the
particle morphology (size, shape, agglomeration, and size distribution), composition,
magnetic property, surface chemistry, and catalytic applications. There are several
protocols reported in the literature for synthesizing MNPSs, such as coprecipitation,
impregnation, microemulsion technique, sol-gel method, spray and laser pyrolysis,
hydrothermal reaction method, microwave irradiation and biological synthesis.
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Depending on particular requirements for MNPs, these methods can be operated under
optimized conditions (mainly regarding reaction temperature, pH value, concentration,
and proportion of starting materials) to synthesize MNPs in different forms. NPs are
also well soluble in classic solvents and can often be handled and even characterized
as molecular compounds by spectroscopic techniques such as infrared and UV-Vis
spectroscopy.”

Many of the achievements in the field of nano catalysis are due not only to
improvements in preparation methodologies, but also to advances in characterization
techniques. Determination of the nanoparticle structures and the investigation of their
morphology as well as the precise control of the size, enables systematic studies of
the influence of composition and structural features of metal nanoparticles on chemical
reactivity and selectivity, leading to an increasing understanding of relationships
between structure and catalytic activity for the design of more efficient catalysts.

Despite several advantage, due to their high surface area, the dispersions of metal
nanoparticles in the reaction environment are unstable because there is a powerful
thermodynamic driving force towards particle aggregation and growth. Most
nanomaterials start to agglomerate when they encounter each other. The process of
agglomeration may be due to physical entanglement, electrostatic interactions, or high
surface energy. To overcome this problem, several stabilization strategies have been
developed.™

The stabilization of NPs during their synthesis can be electrostatic, steric, electrosteric
or by the addition of a stabilizing agent (polymer, surfactant, ligand) as reported in
Fig.1.10.” Besides their protecting role, and although they occupy some active sites at
the surface of nanoparticles, stabilizers can tune the reactivity of resulting materials by
influencing their morphology or/and their surface chemistry. When the nanoparticles
are deposited onto a support, the organic ligands can be removed from the
nanomaterial by washings with appropriate solvents or by calcination under air at high
temperature or under plasma conditions, to obtain “naked” NPs.
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particle
metal

Fig.1.10-Examples of “electrosteric” (that is electrostatic and steric) stabilization of metal
nanoparticles obtained by reduction of a metal chloride salt in the presence of a tetra-N-
alkylammonium cations.

1.8 The role of support

As mentioned above, the aggregation of naked Earth-abundant transition-metal
nanoparticles that generally results from small interparticle distances, high surface
energy, van der Waals forces and/or magnetic attraction is virtually unavoidable and
causes an obvious decrease in their useful properties. The use of suitable carriers or
support materials is one of the best solutions to overcome this drawback.”

For many years it was presumed that the support material was simply an inert carrier,
a suitable medium to provide physical support for nanocatalysts or metal nanoparticles
and ensure optimal performance and minimal cost. Instead, numerous studies have
shown that the nature of the support greatly affects the performance of a catalyst.”

Among the many factors that have been shown to contribute to the physical and
chemical properties of a supported catalyst, one of the most important is the nature of
the support material itself. Structural properties such as surface area and porosity can
affect the thermal stability of the catalyst. The porosity, in terms of shape and pores
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size, plays an important role in increasing the efficiency and stability of catalyst
supports, in order to improve the diffusion of substrates. The overall effect of support
is that not only stabilize the nanoparticles but it also act in synergy with nanoparticle
surfaces to activate substrates in a way comparable to the positive interaction observed
between two transition metal atoms in alloys, as reported in details by Corma.” The
suitable support should possess a good chemical and mechanical resistance, and a
high surface area, in order to favor the dispersion of the active phase, stabilize the latter
and control sintering phenomena.

Beyond the stability, the support can strongly affect the selectivity of the catalyst, since
the different pathways of a chemical reaction are determined not only by the nature of
the active phase but also by the nature of the support, for example, its acidity and redox
properties. When a nanoparticle is immobilized onto support its morphology, electronic
properties could change due to the energy of adhesion, and transfer effects. These
properties change can impact the activity, the selectivity and can affect the lifetime of
the catalyst. In the case of metal nanoparticles, the average distance between particles
will depend on the metal content, the particle size, and also the surface area of the
support.”

By the using of different support, it is possible to tune the activity and the selectivity of
the reaction. The supports can cooperate with the active phase nanoparticles to
promote simultaneous reactions that may favor or disfavor the overall reaction. By
keeping in mind these requirements, in the synthesis phase of a new catalyst, the
choice of the appropriate support is a topic of main importance. The most used
supports are alumina (Al,05),” silica (Si0,),” titania (Ti0,),% carbon (C)®' materials and
S0 polymers. Latest, organic polymers are an emerging group of the most extensively
employed supports for nanoparticles and mostly metal nanoparticles. They have been
widely employed due to their attractive features including availability, enhanced metal
nanoparticles stabilization properties and resistance to particle sintering or
agglomeration. Poly(/A~vinyl-2-pyrrolidone) PVP is the most used polymer for
nanoparticles stabilization and catalysis, because it fulfills both steric and ligand
requirements.® It has been widely used for the stabilization of Pd NPs® both with
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polystyrene-[J-poly(sodium acrylate)* and poly(N,N-dihexylcarbodiimide).** PEG is
another very important and useful polymer stabilizer owing to its unique properties
including low cost, good solubility both in water and oil, non-toxicity, biocompatibility
and ready accessibility. PEG has been extensively applied to the construction of
nanocatalysts involving Fe, Cu, Ni and Co.* Astruc and co-workers prepared a
tris(triazolyl) fragment-functionalized PEG-2000 ligand and utilized it as stabilizer in
syntheses of Fe NPs, Co NPs, Ni NPs, and Cu NPs with very small particle size ranging
from 1.3 to 2.1 nm (Fig.1.11).
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Fig.1.11-Tris(triazolyl)-PEG ligand-stabilized transition metal NPs in 4-nitrophenol reduction
and GuAAC reaction. Adapted with permission from ref.88.

1.9 Polymer supported metal nanoparticles

The immobilization of catalysts onto polymeric supports has been extensively
investigated in the last years as reported by several studies.®#% Polymers are some
of the most widely used materials, due to their favorable properties such as high
strength, low weight, and low cost. They provide a variety of compositions and
properties useful in catalysis. Both insoluble and soluble polymers have been employed
as support, the first ones for use in heterogeneous catalysis,” the latter ones for
carrying out the process in homogeneous phase, with the advantage of being easily
separated from the reaction mixture by the addition of a co-solvent or by
ultrafiltration.®>**%* An immobilized catalyst onto an insoluble polymer can also be used
in continuous flow reactions in a microreactor,” where the catalyst permanently resides
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transforming the entering starting materials into the exiting products. Water-soluble
polymers are useful as catalyst carriers to perform reactions in aqueous media.*

In the case of organic polymers as support, through the choice of a suitable
combination of comonomers and crosslinkers, it is possible to control the flexibility of
the catalyst as well as to fine-tune its physical properties (polarity, swellability,
morphology, etc.).**** The only disadvantages of this approach are sometimes the
low thermal capacity and mechanical strength of the obtained heterogeneous
catalysts.'®

The first example of an organic polymer supported metal complex was proposed in
1969 by Haag and Whitehurst'' and consisted of sulfoned polystyrene bearing cationic
Pt(Il) complex. Since then, many polymers have been used for this purpose like styrene,
acrylates, acrylamides, natural polymers such as silk,'® starch,'® cellulose' and
generally all ones suitably functionalized with a moity capable to bind metals.

The most commonly used strategies for synthesizing a supported metal complex on
organic polymer or resin are essentially those represented in Scheme 1.1.
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functionalization ML,
\ Y
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polymerization

M= transition metal
L= ligand

Supported transition metal catalyst
(Metal-containing polymer)

ML,

Scheme I.1

Route zis the “classic” synthesis of a macromolecular ligand followed by the linking
of a transition metal as salt or complex.'® Although the route £is less frequently used,
it is more interesting both from a synthetic and a catalytic point of view. The route &
consists of the preparation of a metal containing monomers (MCM), /e. a catalytically
active transition metal complex with a ligand having a functionality, which can
subsequently be subjected to polymerization with suitable comonomers and
crosslinkers for achieving a supported transition metal catalyst as a metal-containing
polymer (MCP). Moreover, the use of MCMs offers the advantage of a possible
comparison of the activity between the homogeneous and the heterogeneous phase as
well as a more uniform distribution of the transition metal in the support with respect to
route &, and thus a more controllable dispersion of the metal in the polymer matrix.'®
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A versatile ligand to prepare MCMs for the obtainment of a wide range of MCPs is 2-
(acetoacetoxy)ethyl methacrylate (HAAEMA). HAAEMA is a clear or light-yellow liquid
which finds use as versatile functional acrylic monomer ' for making copolymers to
be used in various applications such as, by way of example, dental resins,® coatings
for glass and metal surfaces, wound sealants,’® waterborne coatings,™' thermal
nanoimprint lithography,'? and nanoparticles.'”®'"* On the other hand, exploiting the
fact that the reactivity of the B-ketoester functionality in HAAEMA towards transition
metal salts or complexes resembles that of acetylacetone, it is possible to prepare
several transition metal complexes containing the ligand AAEMA- (Scheme 1.2).
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Scheme 1.2

The spectroscopic features of all AAEMA- complexes demonstrate that the B-ketoester
moiety is the sole functionality involved in the coordination while the methacrylic tail is
indeed left free for other reactions, such as radical polymerizations. Thanks to these
characteristics, it was possible to synthesise and employ in catalysis several polymer-
supported transition metal catalysts obtained from copolymerization of transition metal-
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containing AAEMA- with appropriate comonomers and crosslinkers (Scheme 1.3).""
The resulting MCPs are non-hygroscopic powders which are insoluble in all solvents,
but they swelled well in water, acetone, halogenated solvents, dioxane, THF, DMF, and
shrink when treated with diethyl ether, ethyl acetate or petroleum ethers. These
swellabilities are very valuable in looking for new catalytic systems that could be
recoverable and recyclable.
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Scheme 1.3

Among the complex reported in scheme 1.3, the (cod)Rh(AAEMA) ones was employed
with DMAA and MBAA to obtain a Rh-based MCP which catalyzed the hydrogenation
of several unsaturated substrates in methanol or CH,CI, with yields ranging from 64 to
>99% under very mild conditions."® Noteworthy, a chiral version (Rh-cat*) of Rh-cat
was synthesised by exchanging the cod ligand in (cod)Rh(AAEMA) with the (S, S)-DIOP
and copolymerizing the resulting complex [(+)-diopRh(AAEMA)] with DMAA and
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MBAA in presence of AIBN in toluene/DMF at 100°C (Scheme). Rh-cat* accelerated
the hydrogenation of methyl-(Z+ a-N-acetamidocinnamate to N-acetyl-(S)-
phenylalanine methyl ester with enantiomeric ratio (¢7) up to 76.5/23.5.

(S,S)-DIOP DMMA, MBA
(cod)RN(AAEMA) ————  (3,S)-DIOPRh(AAEMA) ———— Rh-Cat”
THF AIBN
-80°C Toluene/DMF
100°C

©\ 1y, R
C}P oﬁo( (S,8)-DIOP
>

o Rh-Cat* o 7/
O (0.625% mol%)

_»0
— o) o)
HNJ< H, (2 bar) HNJ<

CH30H

RT, 24 h
conversion 100%

er=76.5/23.5
Scheme 1.4

Concurrent with the development of rhodium catalyst, the supported palladium catalyst
(Pd-pol) obtained starting from Pd(AAEMA), as metal containing monomer, assumed
great importance. A material with a uniform distribution of the catalytically active sites
have been achieved by copolymerization of complex with suitable co-monomer (ethyl
methacrylate) and cross-linker (ethylene glycol dimethacrylate) to give a polymer
supporting Pd(ll) centers, i.e. Pd-pol pre-catalyst (Scheme 1.5). This latter was then
reduced under reaction conditions forming polymer supported Pd NPs immobilized and
stabilized by the reticular and macro porous polymeric support. '’
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Scheme 1.5

Pd-pol swells in water and in many organic solvents, it is microporous and is
characterized by a rather low degree of cross-linker. It was employed and found active
and recyclable for several palladium catalyzed reactions such as reduction, oxidation,
carbon-carbon bond forming reactions as well as esterication and transesterication
reactions.'"®

In a greener and eco-friendly framework, Pd-cat was found active in the reduction of
nitroarenes to arylamines in the presence of NaBH, and water as solvent. As reported
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in the scheme 1.6 the yields ranging from 57% to 99%. It is worth noting that the system
was recyclable at least 12 times without loss of activity and selectivity. In fact, TEM
observations showed that the catalytic active species are very small Pd nanocrystallites
(mean size diameter ca. 3 nm) formed in the presence of NaBH,."™

NO, NH,
| X Pd-Cat(1.75 mol%) | X
& 10 eq. NaBH, XA
H,O, RT
3-7h
G =H,CH; OCH; NO, OH, 14 examples
F, Cl, Br, | Yields: 57-98%

Recyclability: 12 cycles in the case of nitrobenzene
Scheme 1.6

Using a loading of 2.0%mol of catalyst, high yields and excellent selectivity were
achieved also in the hydrogenation of quinolines in aqueous medium under mild
conditions. (Scheme 1.7) Always in water was performed the Suzuki cross coupling of
arylhalides with arylbonoic and the oxidation of alcohols by air. Primary and secondary
aromatic alcohols were oxidized to their corresponding carbonyl compounds in
excellent yields with a very low Pd loading (0.5 mol%) in a short reaction time.(Scheme

|8) 120
3
R XS Pd-Cat (2.0mol%)
A l
N" R® NaBH, (20 eq)

R’ H,0
60°C, 9-16h Yields: 86-94%
= CH o N Recyclability: 7 cycles
R'=H or CH4
R2=H or CH4
R3=H or CHj
Scheme 1.7
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R= H (esterification) 40°C, R?0OH Yields: 58-98%
R= C,Hj5 (transesterification)

\\M R?= CHg, CoHs, n-C3Hy, i-C3Hy, CH,Ph
7

4% 7
Recyclability: 8 cycles for the synthesis of:
N | o
© wc/

Scheme 1.8

Another innovative catalytic application of this system was the one-pot direct amination
reaction.™' The Pd-pol catalyzed reductive amination was successful in one step by
using aliphatic aldehydes only. In fact, when benzaldehydes were employed, the one-
pot reaction was carried out in three steps to avoid benzyl alcohol formation. The
catalytically active species were in situ formed Pd NPs with a narrow size distribution
centered at 5 nm in diameter, whose morphology remained almost unchanged during
reaction. The catalyst resulted recyclable for at least eight subsequent runs without loss
of activity and selectivity. The catalytic reactions were performed under mild conditions
(1 atm H,, room temperature, methanol as the solvent) by using equimolar amounts of
nitroarene and aldehyde.

F\T\\ NO, . ﬁ\ Pd-cat 09mo|% T N_R
(= R ™H H, (balloon ca 1 bar)

R CH3OH, RT
ONE-POT
14 examples
3 ) Isolated yield up to 96%
R°= alkylic (one step) Recyclability: 8 cycles
R3 = aromatic (three steps)
Scheme 1.9

42



Cobalt based catalyst (Co-cat) was obtained as pink solid by copolymerizing the
complex Co(AAEMA), with DMAA as comonomer, and MBAA as crosslinker in DMF
at 50°C for 24 h (Scheme 1.2).'% In the aerobic epoxidation of olefins under
“Mukaiyama’s conditions”, the Co-cat was active, selective, and recyclable for the
epoxidation of norbornene, cholesteryl acetate, and cyclohexene but a severe metal
leaching was observed in the epoxidation of linear alkenes. However, this cobalt-
based catalyst demonstrated to be suitable catalyst in the oxidation reactions. In fact,
under “Mukaiyama’s conditions”, the catalyst acted for the heterogeneous aerobic
oxidation of hydroxyketones to diketones, for the oxidation of disubstituted sulfides to
sulfoxides and/or sulfones and for the oxidation of benzylic and secondary alcohols
as reported in Scheme .10 and 1.11.'%

MM

M Co-cat (0.017 mol% m

0, (1 atm), DCE

RT, 2- 6h
R=H, CH3,0CHj Yield: 66-94%

Recyclability: 2 cycles

Scheme 1.10

.. \_/ 0 o

- > O
R* R _S.___ and/or g7
Co-cat (1.67 mol%) R” R R“°R
Air or O, (1 atm),
DCE,RT
Scheme 1.11

On the basis of the good results achieved with Pd-pol, the strategy of synthesis followed
for Pd-pol was transferred for the synthesis of Ni-pol, wherein the noble metal Pd was
replaced by nickel. The polymer has been prepared by co-polymerizing the Ni(AAEMA),
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complex with V.V -dimethylacrylamide and A,V -methylenebisacrylamide ™ and then

submitting it to calcination at 300 °C under nitrogen, obtaining a Ni-containing organic
polymer (Ni-pol) with @ homogeneous distribution of cubic nanocrystals of Ni average
cross section value of 35 nm. Ni-pol was tested in the stepwise amination reaction of
various benzaldehydes with different nitroarenes in methanol at room temperature,
using NaBH, as the reductant (Scheme 1.12). The addition of few drops of formic acid
was necessary in the condensation step to promote the formation of the imine
intermediate. Twenty-two secondary amines have been synthetized with Ni-pol
catalytic system, some of them containing halogen substituents (no hydro-
dehalogenation occurred) or reducible group (-CN). Ni-pol was recovered at the end of
reaction and used for five subsequent runs without loss.

1) NaBH,4
2) O

EN

R?" TH
HCOOH
3
R! NO, 3) NaBH, |1\\ N R
_— >

Ni-cat (2 mol%)
CH30H, RT
6-8 h 22 examples
Stepwise Yields: 58- 98%
Recyclability: 5 cycles

Scheme 1.12
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1.10 Aim of this work

The development of sustainable reactions for industrial application, i.e., cost-effective,
and environmentally friendly, is one of the major current challenges. The most
employed catalytic systems are still largely dominated by noble metal, which
determines environmental issues that can no longer be ignored.

As reported above, the recent advances of transition metal nanoparticles as catalyst
can be combined with the properties of polymeric support in order to development new
active and selective systems. In this framework, with the aim to replacing noble metals,
this work provides a sustainable alternative tool by developing or upgrading catalytic
systems based on earth abundant transition metals. According to previous studies, the
polymerizable ligand AAEMA it has been chosen to prepare different supported metal
catalysts by polymerization with suitable comonomers and crosslinkers.

The chapters of this thesis have been divided according to the transition metal used
(Co, Ni,) in the metal containing monomer (MCM).

The first part of the thesis was centered on the revisiting of the metal-containing
monomer Co(AAEMA)2 and the development of its copolymer, evaluating its activity
as catalyst in the reduction of nitroarenes to the corresponding anilines.

The second part of the thesis deals with the optimization of the synthetic procedure for
nickel-based catalysts supported on different matrices. The morphology and the
influence of a range of factors on the catalytic performance were investigated to obtain
highly selective catalysts for the reduction of several structurally different nitroarenes
towards the corresponding azoxyarenes.
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CHAPTER I

Polymer supported cobalt nanoparticles as
efficient and recyclable catalyst for the reduction
of nitroarenes to anilines
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2.0 Polymer supported cobalt nanoparticles as efficient and
recyclable catalyst for the reduction of nitroarenes to anilines

2.1 Cobalt Chemistry and major catalytic application

Cobalt (Co) is the first and lightest element among the transition metals of group 9
(heavier congeners are rhodium (Rh) and iridium (Ir), and is also the most abundant
element of the group (Co:Rh:Ir = ¢. 10*: 5 : 1) in the geosphere.'®

The name “Cobalt” derived from the German word “Kobold” meaning goblin and it was
given by the miners due to the fact that during the extraction of ores, they were exposed
to poisonous fumes released from the rock and they held goblin responsible for this
phenomenon, underground sprites of local folklore. Even though the reason for these
vapors is to be found in the arsenic, contained in the ores, when chemists extracted
cobalt from these minerals, they kept this name.'®

The cobalt has been isolated for the first time in 1735 by the Swedish chemist Georg
Brand, who also recognized its elemental character. It is an essential trace element for
humans and animals in the form of vitamin B12 (cobalamin) with an important role in
the regeneration of erythrocytes. Cobalamines ' are organometallic compounds with
cobalt—carbon bonds, possessing cobalt in the oxidation states +1 to +3 and provide
the only known cobalt-containing natural products. Moreover, ®Co radioactive isotope
is widely used in medicine for radiotherapy and medical supply.

Cobalt is a d®~-metal, and its complexes are available in a large range of oxidation states,
ranging from —1 to +3, allowing simple change of oxidation states in catalytic
reactions as well as the possibility to prepare compounds in the respective oxidation
states.

In general, the largest number of catalytic processes include a catalyst generation step,
in which, Co(ll) salts are introduced, together with an appropriate ligand and a reducing
agent or other additives to lower the oxidation state, from which the active species
enters the catalytic cycle.

One of the first appearances of cobalt in catalysis dates to 1938 in the oxo-process
(hydroformylation reaction) performed by Otto Roelen at Ruhrchemie in Oberhausen.'®
Nowadays, cobalt has become one of the most promising metals used in catalytic
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reactions, with important applications in the efficient and selective synthesis of natural
products, pharmaceuticals, and new materials as schematized in Fig. 11.1.'%

Cobalt complex has been widely employed as catalyst in a large range of homogeneous
reactionssuch as hydrogenations,™ hydrofunctionalizations,”  cycloaddition
reactions,’® C-H functionalizations,”® radical processes,’ cross-coupling
reactions,'® biomimetic reactions,'* and reactions that generally involve with multiple
bonds containing molecules.™’

C-H activation/functionalisation
- Hydroarylation
- C~H addition to polar multiple bonds
- C—H activation and coupling with electrophiles
- C—H activation and oxidative coupling

with nucleophiles
- Borylation, carboxylation (Co)Polymerisations
- Oxidative C—H annulation reactions
- C-H amination/amidation reactions

Energy-related catalysis:
water splitting

Oxidations

Catalytic asymmetric
(enantioselective) reactions

27 Cyclisations
- Diels-Alder reactions
- Pauson-Khand reactions
- [242] cycloaddition

C O - [2+4242] cycloaddition
- Alder-Ene reactions
- Higher-order cycloadditions
CATA LYST t Asymmetric reactions

_ Radical reactions
Addition/hydrogenation/reduction

- Hydroformylation pr ri — _
- Hydroacylation : glr?;:-g(:oeaﬁr:o S f Carbonylation
- Hydrogenation Upsng

- Reductive coupling

- Hydroelement addition (e.g. - Oxidative coupling

hydrosilylation, hydroboration)
- 1,2-Addition reactions

=-Complex chemistry

Fig. 11.1 Cobalt-catalysed reactions for synthetic purposes. Figure adapted from rif.126.

However, in the last decades very good results have been obtained also in its
application in the field of heterogeneous catalysis.'® Cobalt complexes have been
already used as heterogeneous catalyst in the famous Fischer—Tropsch industrial
process to convert carbon monoxide into liquid fuels.™ While modern applications in
heterogeneous catalysis are often related to the conversion of small molecules in
steam-reforming'® or partial oxidation processes (ethanol, methane) towards the
formation of syngas,'' together with other applications for the allocation of clean
energy and environmental remediation.' A highly current topic is, therefore, the use of
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cobalt in heterogeneously catalyzed photoelectrochemical oxidation of water,'
electrochemical water splitting'* or the reduction of CO, on cobalt-containing
surfaces.'

Over recent years, cobalt complexes and mostly cobalt-based nanomaterials have seen
a significant increase of their application in modern and challenging reactions, to
replace the expensive group homologs, rhodium, and iridium. Many efforts are directed
to developed innovative cobalt complexes with different dimension, ligand, structures,
supports and properties to expand the application of cobalt in a greater number of
reactions.™®

Aiming to replace noble metals with earth abundant first-row transition metals,'" and
continuing our studies on metal-containing polymers to be used as heterogenous
catalysts,” we revisited the synthesis of the metal-containing monomer Co(AAEMA),
(Fig. 11.2) and its copolymer evaluating this time its activity as catalyst, under
sustainable conditions, in hydrogenation reactions such as the reduction of nitroarenes

to corresponding anilines.
o)

CoAAEMA),
Fig. 1.2 Co(AAEMA).: a cobalt-containing monomer.

2.2 Synthesis and characterization of cobalt (/l)- containing monomer:
Co(AAEMA) 5

The cobalt-containing monomer Co(AAEMA), was already synthesized in our group but
with low to moderate yields and some drawbacks in its purification (Scheme II.1).
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Co(NO3),-6H,0 Q

o YO

CO(ACO)2'4H20 © ©

HAAEMA
NaOH(aq)
RT, under N,
O
Insoluble pink copolimer of HAAEMA and Co(AAEMA),
o}
Yo .
(Resin A)
o, 0O
Co .
/N .
0 0 side products: o)
o \/ o
o Co(AAEMA), O\C 0
O (observable only strating
\( from Co(AcQ),-4H,0)

Scheme II.1

Inspired from the synthesis of metal 3 -diketone complexes such as Co(acac),,'**'*
adding HAAEMA to an aqueous solution of Co(NO;),-6H.0 or Co(Ac0),-4H,0 formed
an emulsion to which a solution of NaOH was added dropwise causing the precipitation
of Co(AAEMA), However, its reprecipitation revealed the presence of a relevant amount
of an insoluble residue (Resin A) which was separated by filtration. The Resin A turned
out to be the homopolymer of HAAEMA crosslinked by Co(AAEMA),. Moreover, starting
reaction from Co(Ac0),-4H,0 demonstrated that Co(AAEMA), was contaminated from
the heteroleptic complex Co(AAEMA)(Ac0).

In this study, we were able to revisit and improve the synthesis of Co(AAEMA), in terms
of reaction yield as well as its purity. In particular, after several attempts, we found that
adding slowly and within an hour a solution of NaAAEMA (obtained by dissolving in
water equimolar amounts of NaOH and HAAEMA) to an aqueous solution of
Co(NOs),6H,0 (Scheme 11.2) led to the formation of pure Co(AAEMA), as a violet-pink
precipitate achieving better yield (62%) and preventing the concomitant formation of
the Resin A.
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RT, 1h O/ o
under N, \_/
(0]
)\H/ \/\OJ\/K
-2 NaNO3
o Co(AAEMA),

(62%)
Schema I1.2 An improved synthesis of Co(AAEMA)..

Itis well-known that Co(ll) salts or complexes are paramagnetic. Therefore, they cannot
be observed either on 'H NMR or on *Co NMR (**Co is a spin 7/2 nucleus and is
therefore quadrupolar). As a result, the signal width increases with asymmetry of the
environment. **Co NMR is only observable for Co(lll), Co(l) and some clusters that are
formally Co(0) or Co(-I). Nevertheless, we were able to characterized Co(AAEMA), by
HRMS (ESI), UV-vis, and FTIR (ATR) techniques as well as elemental analyses. In
particular, the identity of Co(AAEMA), was unequivocally ascertained thanks to its ESI
spectrum (Fig. 11.3) that shows an exact mass with a mean error between observed
and calculated isotopic patterns of -3.3 ppm. Moreover, the whole mass spectrum rules
out an oligomeric structure for Co(AAEMA), in which each g -ketoesterato ligand
bridges two or more cobalt atoms as is generally found in g -diketonate anion
complexes.'™®

FTIR (ATR) spectrum of Co(AAEMA), (Fig. 11.4) shows the expected strong
combination bands of the j -ketoesterate ring at 1628 and 1515 cm™" , when it is
coordinated, along with the S -ketoesterate ring out of plane bending at 772 cm™".
Moreover, the presence of a strong 1713 cm™' absorption, ascribable to the
uncoordinated methacrylate carbonyl stretching, rules out a possible coordination of
the methacrylic moiety of AAEMA™ to cobalt. On the other hand, the presence of some
water molecules in the coordination sphere cannot be excluded.
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Fig. 11.3 A: Experimental HRMS (ESI+) of Co(AAEMA), in CHsOH. B: Experimental (blue top
trace) and calculated (red bottom trace) isotopic patterns of [Co(AAEMA).+H]+ (exact mass
= 486.0931 da, C20H27010,C0). The mean error between observed and calculated isotopic
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Fig. 1.4 FTIR (ATR) spectrum of Co(AAEMA),.

Co(AAEMA)2 UV-vis spectrum is also in agreement with the chromophore of a bis- j3
-ketoesterate Co(ll) complexes. For instance, in Fig. 1.5 an UV-vis spectrum of
Co(AAEMA), in dichloromethane solution is depicted exhibiting the maximum
absorption at 2 =273 nm (e =17300 L mol~" cm™").
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Fig. 11.5 UV-vis spectrum of a dichloromethane solution Co(AAEMA).
(1.57 x 10°M).

Finally, combustion analysis (for C and H) and graphite furnace atomic absorption
spectroscopy (GFAAS) for cobalt content confirms a good purity for Co(AAEMA),
without excluding again the presence of some water molecules in the coordination
sphere.

2.3 Synthesis and characterization of a cobalt-containing polymer from
Co(AAEMA),: Co(AAEMA),-pol and Co-pol

Having in our hands pure Co(AAEMA),, we found it very prone to thermal radical
copolymerization reaction. The best reaction condition for copolymerization were found
when 1 equiv of Co(AAEMA), was treated with 10 equiv N,N’-dimethylacrylamide
(DMAA) as comonomer, 1 equiv of N,N’-methylenebisacrylamide (MBAA) as cross-
linker in presence of a very small amount of «, « "-azaisobutyronitrile (AIBN) as radical
initiator in dimethylformamide (DMF) at 50°C (Scheme 11.3).
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N,N'-Methylenebis(acrylamide)  N,N-Dimethylacrylamide o)
MBAA cross-linker DMA comonomer Co(AAEMA),
(1eq) (10 eq) (1eq)
50°C | DMF
AIBN | 2h

Co(AAEMA),-pol

calcination @300°C
under H, (5 bar) for 30 min
cooling @RT

Co-pol
Scheme 1.3 Synthesis of resin Co(AAEMA)2-pol and Co-pol.

Whitin 2 h, the precipitation of resin blocked the reaction stirring, and the reaction was
then blocked. After work-up, Co(AAEMA).-pol was obtained in 56% yield as a non-
hygroscopic pink-violet resin, which is insoluble in all solvents but swells well in water,
acetone, halogenated solvents, and dioxane, and shrinks when treated with diethyl
ether, ethyl acetate or petroleum ethers. The comparison of IR of the copolymer
Co(AAEMA),-pol with those of the precursor complex Co(AAEMA), indicates that the
polymerization preserves the cobalt(ll) chemical environment (Fig. 11.6). In fact,
Co(AAEMA),-pol IR spectra showed the features of the coordinated p-ketoesterate
moiety (1513 and 1631 cm™) at roughly the same wavenumbers of the corresponding
complex Co(AAEMA), (1515 and 1628 cm™, see above par. 2.2), thus substantiating
that the metalloorganic units in both soluble and supported materials are very similar.
Eventually, elemental analysis gave a 4.25%,, of cobalt content in Co(AAEMA).-pol.

57



Co-pol
— Co(AAEMA),-pol

Co(AAEMA),

f v T J T T T v T T T T T v 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm]

Fig. 11.6 Comparison of FTIR (ATR) of Co(AAEMA)., Co(AAEMA)..pol, and Co_pol.

Co(AAEMA),-pol is similar to another metal-containing polymer synthesized in our
laboratory: Ni(AAEMA).-pol, which was found, under very mild reaction conditions, a
very active, selective, recoverable and reusable catalyst for the reduction of several
functionalized nitroarenes to corresponding aromatic amines in aqueous medium, and
for the one-pot stepwise reductive amination of arylaldehydes with nitroarenes.™
However, to achieve these remarkable results, before catalysis, Ni(AAEMA),-pol was
subjected to calcination at 300°C under N,. Indeed, investigation on surface
morphology by Transmission Electron Microscopy (TEM) demonstrated that such
thermal annealing led to embedding in polymeric matrix Ni(0) nanoparticles in the
average cross section value of 35 nm with a quite narrow (25-45 nm) and monomodal
distribution. In fact, calcination under hydrogen or nitrogen atmosphere of a catalyst is
a well-known technique'? used for preparing metallic nanoparticles anchored to an
insoluble support by thermal reduction of supported metal ions. Depending on the
calcination temperature, the thermal treatment also modifies the insoluble matrix (which
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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.

In this framework, we also decided to carry out the calcination of Co(AAEMA),-pol by
studying in advance its thermal behavior by thermal gravimetrical analyses (TGA). TGA
trace of Co(AAEMA).-pol (Fig. 11.7) suggested us to set the calcination temperature at
300°C, because over 300°C the loss in weight of the polymeric material exceeded 5%
of the initial mass, due to a plausible structural modification of the support. Next, by
annealing Go(AAEMA),-pol under hydrogen atmosphere (5 Bar) for 30 min at 300°C
and reporting it to room temperature under the same atmosphere (see above Scheme
11.3), we obtained a black resin named as Co-pol containing 5.17%,, of cobalt.

100

Co(AAEMA)-pol
—— Co-pol

75

50
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r 1 1 1T T r " r 11 rrr~rrrr.
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Temperature (°C)

Fig. 1.7 TGA of Co(AAEMA).-pol and Co-pol.
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2.3.1 TEM analysis

Transmission electron microscopy (TEM) has become a powerful and versatile

tool for the study of material structures, particularly nanomaterials. Using
electrons as a source is advantageous because they interact strongly with
matter. In order to elucidate morphological and structural features of our
catalysts, we carried out TEM analysis of pristine Co(AAEMA), -pol and Co-pol

after calcination.

In Fig. 11.8(a-b) TEM images of Co-(AAEMA),-pol at different magnifications are
reported. The figures show the porous structure of the polymer and that no cobalt
particle formation has occurred before the calcination.™*

Size |Exp |Mag Spot | HT Pixel size | Fov 1pm Size |Exp |Mag | Spot | HT Pixel size | Fov 500 nm
4096 1s 11000x 6 200 kV | 1.365 nm | 5.593 uym 4096 |1s 22500x |6 200 kV | 665.7 pm | 2.727 pm

Fig.I.8 a-b: TEM image of Co(AAEMA)2-pol at different magnification before the calcination.

TEM analysis offers a wide range of complimentary information which are available as
a result of different operation modes and imaging techniques, like bright-field (BF), high
angle annular dark field (HAADF) detector, dark-field (DF) or selective area electron
diffraction (SAED). The elemental identity of the materials was determined by means of
Energy Dispersive Spectroscopy (EDS). In Fig.11.9(a-f) STEM images of Co(AAEMA),-
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pol and the corresponding C, O, N and Co EDS mapping are reported, clearly indicating
a uniform distribution of Co, C, O and N on the sample.

ze  Dwell Scanfov  STEMMag Puelsze Q. 2pm

HY
250ps 200V 17.6 pm  5.67 kx 34.46 nm 330 mm

Size  Dwell | HT Scan fov | STEM Mag | Pixel size  CL | 2pm Size Dwell | HT Scan fov | STEM Mag | Pixel sze | L | 2pm
512 250ps 200kV 17.6pm 5.67 kx 34.46 nm 330 mm 512 250us 200kV 17.6um 567 kx 34.46 nm 330 mm

61



Fig.11.9 a-f: STEM-EDS images of Co(AAEMA)2-pol of different element maps.

In Fig. 11.10(a-¢) TEM images of Co-pol after calcination at different magnifications are
reported, showing the formation of uniformly distributed metal nanoparticles with very
low sizes (less than 10 nm).

Notably, EDS mappings (Fig. Il.11 a-e) of Co-pol reveal that Co distribution goes
together with O distribution, suggesting the presence of Co304 nanoparticles, besides
Co nanoparticles onto the supporting matrix. A similar composition was already
observed in many Co-based heterogeneous catalysts synthetized by Beller and co-
workers, that even proposed a core-shell nanostructure Co@Co0304 for their
nanocomposites.'>*'*® In fact, cobalt oxide nanoparticles have been found catalytically
active in reduction reaction, although the highest catalytic activity has been attributed
to Co-Nx species, due to electron transfer capability of nitrogen centers. In this
framework, Co-pol is an example of N-doped catalyst due to use of acrylamide co-
monomer and cross-linker during preparation, and the presence of nitrogen onto the
organic support is confirmed by EDS images reported in Fig. Il.11.
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4096 | 500 ms 820 kx |8
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Fig.11.10 a-c : TEM images of Co-polt at different magnification.
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Fig. 11.11 a-e: STEM-EDS images of Co-pol of different elemental maps.




2.4 Calalytic activity of Co-pol in the reduction of nitroarenes to anilines

2.4.1 Overview on the reduction of nitroarenes fo corresponding anilines

Aniline and its derivatives represent one of the most important building blocks in the
organic chemical industry due to its versatility and wide usage for the synthesis of dyes,
agrochemicals, pharmaceuticals, polymers, and other fine chemicals.™® Aniline was
isolated for the first time in 1826 as the product of the dry distillation of indigo by
German chemist Otto Unverdorben. In 1839 under the name of Zinin’s reaction, the first
preparation of aniline was performed by reduction of nitrobenzene using sodium
sulfides as stoichiometric reductants.'’ The greatest shortcoming of this method is the
toxicity and bad smell of reducing agents.™® Some years later, in 1854, the French
chemist Pierre J. A. Béchamp developed the use of metallic iron in acidic media as a
reducing agent for the production of aniline starting from nitrobenzene, but this method
has problems with the management of large amounts of residues iron oxide and
apparatus corrosion. A considerable problem is also the separation of residues iron
oxides from amine residua. Steam or vacuum distillation can be used for this purpose
but increasing the production cost.™® For many years this was the most used industrial
process along with others using different stoichiometric reducing agents such as Zn,
Sn, Al, and sulfur compounds.' However, this kind of process is economically
unviable and does not fulfill the principles of sustainable chemistry due to the large
quantities of waste produced.

During the last decades, a lot of efforts has been put by chemical companies for the
studies and development of an active catalytic system that could operate in mild and
ecofriendly conditions suitable for the industrial production of anilines. These systems
are often heterogeneous, differing in the active metal (copper, palladium, or palladium-
platinum), in the support (carbon or inorganic oxides) but also on the reaction
conditions (temperature, pressure) and the reactor configuration (gas or liquid phase
reactions). Harsh conditions in terms of high temperature (up to 300°C) and high
pressure (up to 3MPa) are required to do so, nevertheless, these procedures are not
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able to avoid the formation of noxious azo and azo derivatives, which lower the yield
into anilines.®"1%

Noble-metal catalysts (Au, Ag, Pt, Pd, Rh, and Ru), as well as a commercial catalyst
like Ni-Raney, have been deeply investigated for the catalytic hydrogenation of nitro
groups and although the hydrogenation of simple substituted nitro compounds does
not pose significant selectivity problems, the situation is more challenging for
substrates carrying reducible functional groups. Probably their high activity implies
significant selectivity problems due to the possible action in the presence of other
reducible substituents, such as ketones, aldehydes, alkenes or alkynes. Therefore, a
suitable catalyst should be able to selectively reduce nitro compounds containing other
functionalities.

To avoid these issues, these catalysts must be modified by alloying or poisoning with
other metal oxides or molecules that improve the selectivity (but on the other hand
decrease activity), like in the case of Siegrist, Blaser and co-workers that achieved the
selective reduction of substituted nitroarenes using commercially available platinum
catalysts modified by special additives.®

In 2005 J. Qui and co-workers demonstrated that the activity of Ag-based catalyst for
the selective hydrogenation of a range of chloronitrobenzenes is highly effective and
selective. In contrast to silver, no precedent for nitro group reduction exists for gold.
However, several cases of gold-catalyzed hydrogenation of C=C and C=0 groups
have been published.'* While, in 2006 Corma et al. described an innovative system
based on Au NPs supported on TiO, as an efficient, active, and selective catalyst in the
presence of a large number of functional groups that avoided the accumulation of
hydroxylamines and their potential exothermic decomposition. In particular, they
achieved high chemoselectivities for the hydrogenation of 4-nitrostyrene, 4-
nitrobenzaldehyde, 4-nitrobenzonitrile, and 1-nitrocyclohexene. The success of this
system has been attributed to the control of the coordination of metal surface atoms
and the selecting of appropriate support, in particular by the preferential adsorption of
the nitro group rather than other moieties at the interface between the support and the
active NPs.

Despite these good results achieved with noble metals, the limited availability of these
metals in nature, their high cost, and the problems connected with their environmental
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impact still remain a big issue which push researchers to develop more economical
and eco-friendly alternatives. In this scenario, catalytic reductions based on transition
3d-metals, such as Fe, Cu, Ni and Co that are among the most abundant metals in the
Earth’s upper crust, thus being readily accessible and meet these requirements.

In particular way, merging suitable modified supports and transition metals centers for
heterogeneous systems have become one of the most investigated routes for the
design of new active, selective and cheap catalytic materials.

Among the transition metals, cobalt catalysts have rarely been used until 2005, when
Raja et al. reported one of the first applications of Co-NPs in the hydrogenation of
nitroarenes. They performed a Co-based catalyst derived from colloidal precursors and
supported on commercially available mesoporous silica, that showed high reactivity,
selectivity, and easy separation even if their recyclability was incomplete.’® In 2013,
the group of Beller described a novel heterogeneous Co-catalyst prepared by loading
Vulcan XC72R carbon powder with Co(ll)/N-ligand complex, which was subjected to
pyrolysis at 800 °C under Ar achieving an ordered nitrogen-doped carbon layers along
with core-shell nanoparticles. The synergistic and complementary combination of both
the Co-based NPs and the nitrogen-doped carbon seems to be crucial for the peculiar
reactivity of this class of materials."

After this seminal work, a lot of report have been followed this approach to synthesize
heterogeneous cobalt-based catalysts for the reduction of nitro compounds to the
corresponding amines.'®

In this framework, we believe that our catalysts and especially Co-pol can be included
in this kind of catalysts.

2.4.2 Optimal reaction conditions for the reduction of nitroarenes to anilines mediated by
Co-containing polymers

To evaluate the catalytic activity of both Co(AAEMA),-pol and Co-pol, at room
temperature the reduction of nitrobenzene (1a) to afford aniline (2a) was chosen as the
paradigmatic reaction (Scheme 2.5). The reaction was carried out with 2.0% mol/mol
ratio of cobalt with respect to 1a and in the presence of different amount of NaBH, as
mild reducing agent.
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NO2 Co-catalyst NH;
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>
NaBH,
1a solvents (5 mL) 2b
RT
scale-up: 0.5 mmol
Scheme I1.4

The choice of using NaBH, as a reducing agent has dictated by the fact that it is well-
known to have broad applications in organic and inorganic synthesis for its ready
availability, moderate cost, and ease of handling with respect to other reducing
reagents.”® Under aqueous or protic solvent conditions, NaBH, is very slowly
hydrolyzed to give H,, but transition metal catalysts can further accelerate these
reactions (Scheme I1.5).

NaBH, + 4 CH;O0H —— NaB(OCHj), + 4 H,

NaBH, + 2 Hzo — N3802 + 4H,
Scheme I1.5

In Table 11.1 the main results in the reduction of 1a to 2a mediated by Co(AAEMA),-
pol or Co-pol are summarized.

Table 11.1. Preliminary tests to achieve the best reaction conditions
Entry* = Co-Catalyst  Solvent = NaBH,/1a Conversion Time Yields

ratio (%)" (h) (%)"
1 none CHs0H 4 -- -- -
2 Co(AAEMA),- CHs0H 4 35 3 23
pol
3 Co-pol CHs0H 4 a0 3 45
4 Co-pol CH;0H 10 60 9 92
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3 Co(AAEMA),- H,0/Et,0 4 45 3 27

pol
6 Co-pol H,0/Et,0 4 66 3 60
7 Co(AAEMA),- H,0/Et,0 20 60 9 48
pol
8 Co-pol H,0/Et,0 20 85 6 75
9 Co-pol H,0/Et,0 30 100 12 90

2Reaction conditions: 0.5 mmol of nitrobenzene, 11.4 mg of Co-pol (Co%w = 5.17) or 13,48 mg of Co(AAEMA)2-
pol (Co%w = 4.15), solvent (5 mL, CH3OH or H20/Et20, v/v = 1/1) and given amounts of NaBH, were stirred at
room temperature under nitrogen.

b Conversions and yield were determined by GLC with the internal standard (biphenyl) method.

First, based on our previous expertise,"® we fixed as the initial NaBH,/1a molar ratio a
value of 4 and chose as solvent the methanol that it is very good solvent both for
substate (1a) and product (2a) as well as ensures an excellent hydrogen production
through methanolysis of NaBH,.'" It is noteworthy that a blank experiment (i.e. without
catalysts) did not give any conversion of 1a (Entry 1, Table 2.1). Next, we tested the
catalytic activity of Co(AAEMA).-pol on benchmark reaction (Entry 2, Table 2.1), the
reaction stopped after 3 h to 35% conversion of 1a giving also poor selectivity in
product 2a (23% yield). With Co-pol catalyst (Entry 3, Table 2.1), within the same time
(3 h) a slight improvement was achieved: 50% conversion of 1a and 45% yield in
product 2a. The difference between conversion of 1a and yield in 2a has to be found
in the reduction mechanism of nitroarenes (Scheme I1.6).
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Scheme 11.6 Accepted Haber's mechanism for the hydrogenation of nitrobenzene (1a) to
aniline (2a)

Already more than 100 years ago, the famous German chemist and Nobel laureate Fritz
Haber'' proposed a reaction pathway for the reduction of nitrobenzene (1a) according
to which the “direct” route (three steps in blue, Scheme 11.6) reduction of 1a molecule
competes with a “condensation/reduction” route implying larger molecules (steps in
red, Scheme 11.6). Nowadays, the Haber's idea has been substantially demonstrated
and this mechanism has been generally accepted.'” In our study, thanks to GCMS
studies, we observed that Co(AAEMA),-pol and Co-pol catalysts followed both routes.
Indeed, GCMS analysis showed together substrate (1a) and product (2a) the species:
nitroso-benzene, azobenzene, and azoxybenzene.

By increasing the NaBH,/1a molar ratio up to 5 in the catalysis with Co(AAEMA),-pol
had no effect on reaction conversion, whereas with Go-pol it was possible to push
conversion up to 60% in 9 hours (Entry 4, Table 11.1). Thus, we decided to stop the
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use of CH30H as solvent and switch towards other solvents. We found very useful a
mixture of water/diethyl ether (1/1=vol/vol) because water ensures through hydrolysis
of NaBH, a more constant but slower hydrogen production and the biphasic reaction
medium on one side facilitates the access of the water insoluble substrate to the
catalytically active sites and on the other side renders more workable the acrylamide-
based catalyst, becoming the latter too jelly employing neat water. In addition, the
polymeric support seems to better retain the Cobalt centers by swelling (in water) and
shrinking (in diethyl ether) at the same time. Thus, the hydrophobic property of diethyl
ether might potentially help to prevent catalyst deactivation.

Next, by employing water/diethyl ether mixture as solvent and NaBH,/1a molar ratio of
4, the catalytic activity of Co(AAEMA),-pol on title reaction (Entry 5, Table 11.1) only a
slight improvement in conversion and yield were obtained within the same time (3 h)
with respect to methanol. However, the same reaction conditions were more beneficial
for Co-pol catalyst (Entry 6, Table I.1): a 66% conversion of 1a and 60% of 2a yield
were achieved within 3 h. Again, increasing the NaBH,/1a molar ratio (up to 10) in the
catalysis with Co(AAEMA).-pol had poor effect on reaction conversion and yield (Entry
7, Table 11.1). Furthermore, during this reaction, we observed that both Co(AAEMA),-
pol and solution reaction turned from pink to green and then into grey, presumably due
to different oxidation state of metal centers. In fact, elemental analysis by GFAAS on
Co(AAEMA),-pol recovered at the end of reaction showed a severe cobalt leaching in
solution and, thus, we stopped to study its catalytic activity.

On the other hand, using water/diethyl ether mixture as solvent and NaBH,/1a molar
ratio of 10 with Co-pol catalyst it was possible to push 1a conversion up to 85% in 6
h (Entry 8, Table 11.1) reaching a 75% yield in 2a. Conversely to Co(AAEMA),-pol, Co-
pol maintained its appearance during the reaction and did not show cobalt leaching as
demonstrated by analysis GFAAS. Finally, with catalyst Co-pol in the H,0/Et,0 solvent
mixture, raising NaBH,/1a molar ratio up to 30 the complete conversion of 1a substate
was obtained within 12 h (entry 9, Table 11.1) achieving an excellent yield (90%) into
2a, despite the fact that a larger use of NaBH,, increasing the pH value,"® could
potentially favor the formation of azo-derivatives.” The reaction conditions of Entry 9
of Table 2.1 were chosen as the optimal ones to study both the substate scope and
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the recyclability of Co-pol catalyst in the reduction of nitroarenes towards the
corresponding anilines.

2.4.3 Scope and general applicability of Co-pol catalytic system

With the optimized reaction conditions in our hand, we passed to explore the scope and
general applicability of the present catalytic system in the reduction with various
substituted nitroarenes (1b-j). Results obtained are reported in Table I1.2.

Table 11.2 Reduction of various nitroarenes catalyzed by Go-pol

NO2 (‘2:;,}?13') NH,
| SN NaBH, | X
// Et,O/H,O //
1b-j RT 2b-j
Entry? Substrate Product Time Yields
(h)" (%)°
1 2-Nitrotoluene (1b) 2-Toluidine (2h) 12 90
2 3-Nitrotoluene (1c) 3-Toluidine (2¢c) 14 88
3 4-Nitrotoluene (1d) 4-Toluidine (2d) 14 90
4 3-nitroanisole (1e) 3-anisidine (2e) 12 81
9 4-nitroanisole (1f) 4-anisidine (2f) 12 85
6 4-fluoronitrobenzene  4-fluoroaniline (2g) 12 78
(19)
7 4-chloronitrobenzene 4-chloroaniline 12 74
(1h) (2h)
8 4-bromonitrobenzene  4-bromoaniline (2i) 12 72
(1i)
9 4-iodonitrobenzene (1j)  4-iodoaniline (2j) 24 74

2Reaction conditions: 0.5 mmol of nitrobenzene, 11.4 mg of Co-pol (Co%w = 5.17), 5 mL of H20/Etz0 (v/v = 1/1)
and 15 mmol of NaBH4 were stirred at room temperature under nitrogen for the appropriate amount of time.

btime at 100% of substate conversion.

°Yield determined by GLC with the internal standard (biphenyl) method.
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The Co-pol catalytic system was found to be very efficient regardless of the presence
of electron-withdrawing and electron-donating substituents in the aromatic ring.
Nitroarenes possessing electron-donating groups such as 2-, 3- and 4-nitrotoluene
(1b-d) afforded excellent yields (88-90%) into the corresponding toluidine (2b-d) in 12-
14 h (entries 1, 2 and 3, Table 11.2). The result achieved with substate 1b (entry 1,
Table 2.2) suggests that the catalytic system is also devoid of steric hindrances. Also
3- and 4-nitroanisole (1e-f) were converted almost quantitatively into the corresponding
anisidine (2e-f) in 12 h (entries 4 and 5, Table 11.2).

Next, the selectivity of the catalyst was also tested in the reduction of different
halonitrobenzenes (1g-j). In fact, the selective hydrogenation of halonitrobenzenes
catalyzed by transition metals is regarded as a high atom efficiency and environmentally
friendly process for the synthesis of haloanilines, which are important fine chemicals,
widely used in the production of pharmaceuticals, dyes, herbicides, pesticides.
However, up to now, the major challenge is avoiding the undesired
hydrodehalogenation reaction, which is a side-reaction favored 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, I) oxidative addition to the metal
center. Also, the product of the reaction (haloaniline) undergo dehalogenation due to
the activation of carbon-halogen bond by the electron-donating amino group that makes
much higher the negative charge on halogen atom than in the corresponding nitro
compounds.'”®

In this context, with our delight, we also found that Co-pol resulted active and selective
in the reduction of halonitrobenzenes (entries 6-9, Table 11.2), even in the case of
challenging bromo- and iodo-nitrobenzene (entries 8 and 9, Table 11.2). In all case, the
selectivity of halonitrobenzenes towards the corresponding halogenated anilines was
higher than 70% and only 4-iodonitrobenzene (1j) required a long reaction time (24h)
to be converted into the corresponding iodoaniline (2j) (entry 9, Table 11.2).
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2.4.4 Recyclability of Co-pol

The hydrogenation of nitrobenzene (1a) to aniline (2a) was also chosen as a test
reaction to demonstrate reusability of Co-pol in the reduction of nitroarenes under
optimized conditions. To handle and study with a greater quantity of Co-pol the reaction
scale-up was raised up to 1.5 mol of 1a (Fig. 11.12).

Co-pol catalyst showed a slight decrease (71 % yield in 2a) in the catalytic activity
already in the second run and a significant decline (47 % yield in 2a) in the third run
(see red legend in Fig. 11.12). However, leaching experiments demonstrated that only
0.1% of the total amount of Co leached out during catalysis. For other cobalt catalysts
supported on polymeric matrix,'® this effect of catalyst deactivation without Co
leaching has been already found. The main reason for the deactivation is the formation
of stable Co oxides on polymeric matrix. However, in these cases, the catalytic activity
could easily be regained through a new calcination of catalyst.

To our delight, reactivating Co-pol by calcination under H, at 300°C for 30 min after
any reaction runs, its recyclability was maintained up to five times without any
substantial decrease in catalytic activity (see blue legend in Fig. 11.12) and with only a
slight increase in the Co particle size (Fig. 11.13).

- recyclability of Co-pol WITHOUT regeneration by calcination o2 Co-pol A
N 2% molimol) A
- recyclability of Co-pol WITH regeneration by calcination [\ 7,,] W J
100 4 1a EL,OMH,0 111 (5 mL) 26
5 mmol RT
90 90 88
58 84
75 - 71 72
]
N
c
= 50 47
ES
1)
9
=
25
0
1 2 3 4 5

Reaction Cycle

Fig 11.12 Recyclability of Co-pol in the reduction of 1a to 2a under optimized reaction
conditions.
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Last but not least, to verify whether the observed catalysis was truly
heterogeneous or not, the reduction of nitrobenzene was again taken as the
model reaction. The mixture was filtered after 6 h reaction (43% conversion of
the substrate) and added of 15 mmol NaBH,. Further stirring of the filtrate under
the above reaction conditions did not increase the conversion of nitrobenzene.
The filtrate was analyzed by GFAAS showing negligible cobalt amount. In
addition, Co-pol recovered from the filtration was mineralized and analyzed by
GFAAS showing the same cobalt content (within the experimental error) of the
fresh catalyst. The same cobalt amount was also found in the catalyst recovered
at the end of the fifth cycle. All these results rule out any possible contribution
of homogeneous catalysis by leached cobalt species, suggesting that the
catalysis was truly heterogeneous.

2.4.5 Analysis of Co-pol recovered affer reduction

Fig. 11.13 and 11.14 show Co-pol morphology recovered after the first and the fifth
reaction run respectively. Cobalt nanoparticles retain their morphology, they are fully
embedded and uniformly distributed in the amorphous polymeric matrix. However, on
passing from the Co-pol before use (Fig. 11.10¢) to first and fifth run the cobalt particle

sizes became slightly larger probably due to aggregation phenomena.
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Fig. 11.13 Co-pol recovered after the first run of reaction.
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Fig. 11.14 Co-pol recovered after the fifth run of reaction.
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2.5 Conclusions

In conclusion, the synthesis of the cobalt-containing monomer Co(AAEMA), was
revisited and by far improved. Thanks to the easy radical polymerization of Co(AAEMA),
with appropriate  comonomer and crosslinker the cobalt-containing polymer
Co(AAEMA),-pol was achieved. Subsequent calcination of Co(AAEMA),-pol under H,
gave a polymer supported cobalt catalyst Co-pol, that efficiently promoted the reduction
of aromatic nitroarenes in aqueous medium at room temperature in the presence of a
safe and mild reduction agent such as NaBH,. No other additives were needed for the
reaction yielding sustainable the whole process. This heterogeneous catalytic system
was especially selective towards haloaniline in the reduction of halonitrobenzene. The
catalyst could be easily recovered at the end of the reaction and recycled for at least
fifth times maintaining good selectivities and yields provided that Co-pol was
regenerated after each cycle by thermal annealing at 300°C

77



78



CHAPTER Tl

Nickel based catalyst
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3.0 Nickel based catalyst
3.1 Chemistry of nickel and major catalytic application

Nickel (Ni) is the first element among group 10 of transition metals, it is the fifth-most
common element on earth and occurs extensively in the earth’s crust and core. Nickel,
along with iron, is also a common element in meteorites and can be found in small
quantities in plants, animals, and seawater.

The origin of its name, as for cobalt, is related to legends about miners. In the 16th
century, miners who used to work in the neighborhood of Annaberg in Sachsen tried to
recover copper from a reddish ore. However, they never made it because this source
contained only nickel and arsenic. Due to this failure, they ended blaming demons for
it. In fact, nickel derives from German “Kupfernickel” meaning literally copper demon.'””
Many years later, nickel was first identified and isolated by the Swedish chemist Axel
Cronstedt in 1751 and then, in 1888 Ludwing Mond found an easy way of extracting it.
He discovered an unusual reactivity patterns of nickel by noticing that elemental nickel
and CO reacted at room temperature to form Ni(CO),, an extremely toxic, low-boiling
liquid, which could be used to purify the metal (Mond process).'”® Shortly thereafter,
Sabatier performed the first hydrogenation of ethylene using nickel, for which he was
awarded the 1912 Nobel Prize in Chemistry.'”

From this moment on, it has been used in large amounts due to its attractive qualities
like strong corrosion resistance, high temperatures resistance and durability. Moreover,
these properties can be transferred to other metals owing to the nickel attitude to form
alloys. Today, for example, the widely used stainless steel is a nickel containing alloy. '®
Nickel can have different oxidation state (0, +1, +2, +3, +4), but the most
common compounds possess the +2 oxidation state.

[t has been recognized as one of the most interesting transition metals for
homogeneous catalysis. In the last decades, thanks to recently developed of new
ligands, new reaction conditions and new method to control the reactivity, the
application of these catalysts has been expanded to a variety of bond-forming
reactions.’ Additionally, the development of a new generation of analytical equipment
and rapid progress in computational studies and characterization techniques has
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provided outstanding systematic tools for improving also the using in heterogeneous
catalysis.

Therefore, fine tuning of the ligands has been the key to the design of homogeneous
nickel catalysts, while understanding the role of the nanoscale environment helped the
development of solid nickel catalysts. As result, Ni complexes have been synthesized
and used as catalysts in a variety of reaction including reduction and C-C, C-0, C-N
and S-S coupling reactions, hydrogen generation, oxidation of CO, alcohols, CO,
reforming, alkene hydrosilylation with tertiary silanes, synthesis of primary amines from
alcohols and ammonia, epoxidation and so on.'®*"®" (Fig.lll.1)

C-H activation
Reduction: Polymerization
Hydrogenation
Hydrosilylation Addition to alkynes
Raney-Nickel
Red. coupling Carboxylation
28 1,2- Addition and 1,4 Addition:
Aldol reaction
. Mannich reaction
NI Ene reaction
Reformatsky reaction
- Cyclization:
Cross-coupling: Ox. Cyclization
Heck reaction

Cycloaddition

Hiyama coupling Oxidation: Nazarov cyclization
Kumada coupling Ox. amination Rearrangement
Negishi coupling Hydroxylation

Suzuki coupling
Ullmann coupling

Fig.IIl.1 Nickel-catalysed reactions."®

Ni complexes have gained attention in the coupling reactions through the early work of
Wilke on the cyclooligomerization of butadiene (scheme I11.1)." The property of
Ni(cod), to coordinate olefins with subsequent electron transfer was used also in the
catalytic hydrovinylation of indole derivatives with different vinylarenes (scheme
I1I.2).1°

82



Ni(COD),

P(O(0-BiPh));
5 N
80°C

Scheme Il1.1
/ Ni(COD), (5 mool%) /
©i> . PN IMes (5 mol%) |\;
hexane, 130°C, 31h : \< Ph
CO;Me CO,Me
Scheme 111.2

Ni® complexes were among the first catalysts employed in selective cross-coupling. In
fact, in 1972 the groups of Kumada (scheme IIl.3)"" and Corriu'* reported
independently the successful C-C bond formation between aryl chlorides and Grignard
reagents.

Ni-catalyst
R-MgX + R—X' — R-R'
- MgXxx'
X,X'= Cl,Br,l, OTf
Scheme III.3

Nevertheless, in the last 20 years C-C cross-coupling reactions have been dominated
by palladium catalysts underlined also in 2010 by the Nobel prize awarded to R. Heck,
E. Nigishi and A. Suzuki.'

Nowadays, the increased awareness about nickel properties has allowed to replace
palladium not only for lowering the reaction cost but mostly for broadening the
substrate scope due to its different reactivity.

Nickel is a relatively electropositive late transition metal. The oxidative addition, which
results in loss of electron density around nickel and oxidation, for example from Ni(0)
to Ni(ll), tends to occur quite readily (in the same time reductive elimination is more
difficult).

For this reason, it is possible employed cross-coupling electrophiles that would be
considerably less reactive under palladium catalysis, such as phenol derivatives,'
aromatic nitriles' or even aryl fluorides.®

83



Moreover, the easy accessibility to several oxidation states allows single electron
pathways and different modes of reactivity and radical mechanisms can be achieved.
In 2003 the Fu group’s reported the system Ni(cod)./s-Bu-Pybox that allows the first
room-temperature Negishi reactions of an array of functionalized primary and
secondary alkyl bromides and iodides.'’

Following the studies in sps-sp; bond forming reaction, some years later, Fu and
coworkers described an asymmetric version of the Kumada reaction for the
enantioselective cross-couplings of racemic secondary benzylic halides(scheme l1.4).

NiCl, glyme (7 mol%)
o) ligand (9 mol%) o) OW><WO
+ Ph—MgB
AR gBr AR T NQ
DME, -60°C .

Br Ph PR Ph
81% ligand
92% ee

Scheme lil.4

Another important application of Ni-catalyst is represented by the C-H aromatic
activation. The first Ni-mediated aromatic C—H bond activation was reported by Kleiman
and Dubeck in 1963, who observed that by heating di-cyclopentadienyl nickel with
diazobenzene was afforded a purple-blue colored organo-nickel species.'® However,
this kind of reaction remain undeveloped until the pioneering work about C-H
functionalization carried out by Cavell in 2004. In this work has been described the
coupling of imidazolium salts with alkenes achieved by using a Ni(cod),/PPh; catalyst
system (scheme lIl.5)." In 2009, Miura reported the addition reaction, Ni(0)-catalyzed,
of 1,3,4-oxadiazoles to styrene derivatives via C-H bond cleavage as reported in
scheme (scheme III.6).%°

/X Ni(Cod),/ PPh3 N/ X

[@:>—H NP L) E@’?_\;R

acetone/THF (3:1)
( X= BF4 or Br r.t. or 55 oC, 48 h 35-100% y|e|d

Scheme .5
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Scheme IIl.6

In 2010, Hirano and Miura reported the Ni(ll)-catalyzed the direct CH alkylation of
electron-deficient benzothiazole with unactivated alkyl bromides and chlorides and the
arylation of azoles with arylboronic acids by using air as an oxidant.?""

Some years laters, Itami demonstrated the cross coupling of azoles with aryl halides and
aryl triflates by using respectively Ni(OAc)./bipy or Ni(OAc),/dppf catalysts in the
presence of Li0'Bu.?® Thiazole, benzothiazole, oxazole, benzoxazole, and benzimidazole
are applicable as heteroarene coupling partners.

Among the reaction catalyzed by nickel nanocatalyst, the reduction is the most
investigated reaction. Ni-nanoparticles supported on different materials ranging from
silica to polymers, have been found active in the catalytic reductions of substituted
benzenes, styrene, p-nitrophenol, furfural, nitroarenes, carbonyl compounds and nitrile
and so on.2%2%

Among the reduction processes, the reduction of nitro compounds has been the subject
of intense research since industrially important chemicals can be obtained starting from
them. Namely, anilines or azoxy- compounds that can be synthetizes by tuning the
reaction conditions.

Ni and Ni-based nanocatalysts shown promising properties that making them not only
an inexpensive substitute for palladium, but rather a valid alternative that allows to
implement catalyst applications. Based on the considerations made so far, this chapter
is focused on synthesis and deeper studies of the activity and selectivity achieved with
different supported Ni(AAEMA), catalysts towards the reduction of nitroarenes.
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3.2 Influence on calalytic activity of different morphologies

Noble metal nanocatalysts have been usually employed in several organic reactions,
due to their high versatility.2” In the last years, many studies have been devoted to
replacing expensive noble metals with earth abundant metals in catalysis, in a
conservative vision of the natural resources. In this scenario, Ni NPs supported onto
insoluble matrices (inorganic oxides or polymers) have been successfully used as
active and recyclable catalysts for reduction reactions of unsaturated substrates.?® On
the basis of previous works, an innovative synthetic route for polymer-supported
catalyst is based on the preliminary preparation of a metal containing monomer,
followed by its co-polymerization with suitable co-monomers, in order to obtain an
insoluble material containing a well dispersed distribution of metal centers.”® A
technique to convert the supported complexes into metal NPs, stabilized by the
insoluble matrix, is calcination, which is usually carried out under inert atmosphere or
reductive conditions (dihydrogen flow). Calcination temperature is chosen depending
on both the nature of support and metal catalyst. It is widely recognized that the
morphology of the obtained nanoparticles greatly affects the activity and selectivity of
the final catalyst.”®® There are several strategies to control the morphology of the
obtained nanoparticles (use of additives, choose of solvent, selection of the reductant,
etc.).?"”

In particular, herein, synthetic protocols already performed™' will be slightly
modified by changing calcination procedure. In fact, the calcination procedure

of the same polymer supported Ni(ll) complex leads to different materials,
depending on how the cooling step (under dihydrogen or under air) takes place

after the heating run. These variations will be studied focusing on the
characterization and morphology of the obtained catalysts, to evaluate the
effective correlation between morphology and final catalytic activity.

To our delight, if the cooling phase occurs under air, the obtained material supports
uncommon urchin-like Ni NPs, whose activity and selectivity in catalyzing the
nitrobenzene reduction are different from those shown by the catalyst obtained by
dihydrogen cooling step.
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3.2.1 Synthesis and characterization of Ni(ll)complex: NifAAEMA).

The synthesis of metal containing monomer was performed by following the same
procedure already reported in literature.” To a solution of KOH in ethanol, 2-
(acetoacetoxy) ethyl methacrylate (HAAEMA) was added and left under stirring at room
temperature for 5 min. The resulting solution was added to a solution of Ni(NO,),-6H,0
in ethanol, causing the sudden precipitation of Ni(AAEMA), as a pale green solid. After
1h stirring, the solid was filtrated and washed with water, ethanol, and pentane, and
dried overnight under vacuum. Ni(AAEMA), was carefully characterized through HRESI-
MS, IR, UV-vis and elemental analyses. In particular, the identity of Ni(AAEMA), was
unequivocally ascertained thanks to its ESI spectrum (Fig. Ill.2 and Fig. 111.3) that
shows an exact mass with a mean error between observed and calculated isotopic
patterns of -1.3 ppm. The formation of Nickel complex was also confirmed by UV-vis
spectrum (Fig. 111.4).
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Fig. 1.2 Experimental HRMS (ESI+) of Ni(AAEMA); in CHsOH.
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Fig.Ill.3 Experimental (top) and calculated (bottom) isotopic patterns of [Ni(AAEMA).+H]*
(exact mass = 485.0952 da). The mean error between observed and calculated isotopic

88

patterns is—1.3 ppm.



1.25x10° —

1.00x10°
< 7.50%10°
e
o
5
= 5.00x10°
=
w
2.50x10°
0.00 . —_—

T ! T T al
300 400 500 600
Wavelength (nm)

Fig.lIl.4 UV-vis spectrum of 6.9 x 10> M AJAAEMA);in dichloromethane solution.

3.2.2 Synthesis of Ni-res1 and Ni-res2

The methacrylic polymer supported Ni(AAEMA),-res was synthetized according to the
literature, similarly to its Pd(Il) analogous.” Ni(AAEMA).-res was recovered as a pale
green powder by copolymerizing the complex Ni(AAEMA), with ethyl methacrylate
(EMA) as comonomer, ethylene glycol dimethacrylate (EGDMA) as crosslinker and
azaisobutyronitrile (AIBN) in DMF at 110°C for 1h under stirring. After adequate washing
to remove excess solvents, the green polymer Ni(AAEMA),-res obtained was then
calcined under dihydrogen at 300°C and cooled at room temperature following two
different pathways under dihydrogen or air, in order to obtain Ni-res1 and Ni-res2,
respectively.
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Scheme lIl.7

3.2.3 Characterization of Ni-res1 and Ni-res2: TEM analysis in STEM mode

To get insights into its unexpected catalytic activity, Ni-res2 was subjected to TEM
analyses in STEM mode. STEM pictures (Figure 111.5) show that Ni NPs formed, and
the latter are homogeneously distributed throughout the polymeric matrix and are
embedded in it. The Ni NPs dimension ranges from 75 to 400 nm in diameter (Figure
lI1.5 ¢), having most of them a size comprised between 150 and 250 nm. The most
interesting point stands in their very unusual morphology. In fact, they have an urchin-
like shape. All these morphological features are held responsible for their unexpected
catalytic activity and selectivity. EDS analyses excluded the presence of nickel oxide in
both catalysts, confirming that the oxidation state value of Ni in all the observed NPs is
zero for Ni-res1 and Ni-res2.
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Fig. II1.5 a) Low magnification SEM image of Ni-res2. b) High magnification SEM image of
Ni-res2. c) size distribution of Ni particles in Ni-res2.
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3.2.4 Calalytic activity of Ni-res1 and Ni-res2

To evaluate the influence of different synthetic protocols on the catalytic activity of Ni-
res1 and Ni-res2 we tested the transfer hydrogenation of nitrobenzene in methanol
using NaBH, as the reducing agent.

In this framework, 0.50 mmol of nitrobenzene, the catalyst (Ni-res1 or Ni-res2, 0.010
mmol of Ni) and 1.7 mmol of sodium borohydride were stirred under nitrogen at room
temperature in 5 mL of methanol for the appropriate amount of time, using a three-
necked flask equipped by a gas bubbler to discharge the hydrogen excess produced
during reaction. The progress of the reaction was monitored by GLC. Chromatographic
yields were assessed by using biphenyl as the internal standard.

As shown in the Table I1l.1, Ni-res1 was active for the nitrobenzene reduction and
selective towards the formation of aniline. In fact, the substrate conversion was
quantitative after 3 hours and the major product recovered was aniline (lll, Entry 1,
Table 111.1). The activity and selectivity of Ni-res1 resembled the ones already observed
for the analogous acrylamide polymer-supported Ni catalyst.™

On the contrary, the reaction catalyzed by Ni-res2 (Entries 2+4, Table 111.1) proceeded
slower than the one reported in Entry 1. It took 9 h to reach 82% conversion of the
substrate (entry 4) and the selectivity was always directed towards azoxybenzene (1).

NO, Ni-res1 or
Ni- re32
(Y @ -
1a

Entry? = Catalyst = Time [h] = Conv. [%] Selectivity [%]
I ! 2a
1 Ni-res1 3 >99 24 1 75
2 Ni-res2 3 33 >99 - -
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3 Ni-res2 6 64 >99 - -
4 Ni-res2 9 82 96 4 -

Table 111.1 Catalytic tests for the reduction of nitrobenzene: @ Reaction conditions: nitrobenzene (0.50
mmol); NaBH, (1.7 mmol), Ni-catalyst (0.010 mmol of Ni), methanol (5 ml), room temperature.

Considering that the proposed mechanism for the reduction of nitroarenes can be
direct or indirect (see Scheme I1.6 in previous chapter), the presence of azo- and
azoxy- compounds (Table IlI.1) in the reaction mixture catalyzed by Ni-res1 or Ni-
res2 strongly suggests that the here-reported Ni catalysts follow the condensation
route. However, the results reported in Table 1.1 indicate that, Ni-res1 can almost
totally convert the substrate into the final product (aniline), while Ni-res2 is less
active, although always selective to azoxybenzene.

3.2.5 Concluding remarks on Ni-res1 and Ni-res2

A new methacrylic polymer supported Ni(ll) complex was synthetized as precursor of
Ni(0) NPs obtained from calcination under dihydrogen. Depending on the cooling step
of the calcination procedure, two different materials were obtained: Ni-res1 (cooling
under hydrogen) and Ni-res2 (cooling under air). Ni-res1 and Ni-Res2 showed a
different catalytic activity and selectivity in the nitrobenzene reduction, due to the
different morphologies of the Ni NPs supported onto them. TEM analyses showed an
uncommon urchin-like shape for Ni NPs of Ni-res2 catalyst.

Based on this result we decided to evaluate the effect of the matrix and therefore, we
extended our studies to the synthesis of an acrylamide-based resin as a support for
nickel nanoparticles.
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3.3 Efficient and selective reduction of nitroarenes towards azoxyarenes
catalysed by Ni nanoparticles supported on an acrylamide-based resin

3.3.1 Importance of azoxyarenes

Azoxyarenes have gained considerable attention both from academic and industrial
research. These compounds, members of the 1,3-dipole family, are characterized by
conjugated system with polar functionality that make them suitable for versatile
applications as dyes and pigments, reducing agents, analytical reagents, food
additives, chemical stabilisers, polymer inhibitors, and liquid crystal displays.?"'2"
Thanks to their physical and chemical properties, they are used in polymer materials
and due to their retinoidal activities they are also studied by medicinal chemist.?"

In addition, azoxy compounds are employed as precursors for Wallach rearrangement
(Scheme 111.8),"® which offers a straightforward path for the synthesis of azo
compounds with one aromatic ring substituted with a hydroxyl group in para-position
in concentrated aqueous sulfuric acid media.

?@ /@ s /©/OH
N¢ — N‘\N
P e | OO | —
Scheme 111.8

Traditional industrial preparations of azoxyarenes are achieved by diazotisation but the
process is costly and environmentally unfriendly, due to the formation of unstable
intermediates and harsh conditions (strict temperature control and use of corrosive
acids). Alternative synthetic approaches for azoxyarenes are either the oxidation of
amines or the reduction of nitro compounds (Scheme 11.9) to generate the
aforementioned species in situ from condensations.
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Generally accepted protocols for the selective synthesis of axoxyarenes

1) Selective (stoichiometric or catalytic) oxidation of anilines

NH, (I)
@/ loxidationl Nas

- ® N
R

2) Selective (stoichiometric or catalytic) reduction of nitrobenzenes

R
>
@/ lreductionl 'G\rl)\\N
R
R
Scheme I11.9

Due to the possible formation of different by-products, the challenge in these methods
lies in controlling the selectivity to a desired product. Moreover, mild reaction conditions
(low temperature and atmospheric pressure) and use of green solvents and oxidants
or reductants are preferable.

Among the oxidation methods, several attempts were made using stoichiometric
oxidants such us peracetic acid, Mn0,,*” Pd (OAc),*"® and Hg(OAc),*® but the
employment of these systems involves environmental issues and low yield.
Molybdenum and vanadium-compounds catalyze aniline oxidation in presence of tert-
butyl hydrogen peroxide (TBHP).??® Nevertheless, also in this case, the use of TBHP
suffers from disposal problem.

For this reason, numerous transition-metal based homogeneous and heterogeneous
catalysts have been studied by using the greener H,0, as the oxidant. Hydrogen
peroxide in presence of rhenium, tungsten or molybdenum catalysts also gives
nitrosoarenes with good yields.”*’Homogeneous catalysts such as tetrastearyl
tetratitanate®? or ruthenium chloride,??® have been found to be active and selective in
the oxidation of aromatic amines into azoxy compounds. Recently, the reaction could
be achieved also with 2,2,2-trifluoroacetophenone as organo-catalyst using hydrogen
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peroxide as the oxidant.®* But in the field of homogeneous catalysts, the recyclability
of the catalysts and the product separation from the reaction mixtures become the main
drawbacks. To overcome this issue, various heterogeneous catalysts have been tested.
In 2008, Corma’s group reported gold nanoparticles supported on titanium dioxide
(Ti0,) and nanoparticulated cerium dioxide (CeQ,) catalytic systems to aerobic
oxidation of aromatic anilines and obtained the corresponding azo compounds with
good yield.?® In 2016, Camargo and co-workers used Ag/Au nano shells and Au
nanoparticles as catalysts for the synthesis of azobenzene in liquid phase.?® In 2014,
spinel CuCr,0, nanocatalyst was found to be suitable for oxidation of aniline to
azoxybenzene at 70° C with 78% aniline conversion and 92% azoxybenzene
selectivity.?’

Furthermore, microporous and mesoporous titanium silicate (TS-1) and mesoporous
silica containing cobalt oxide (Co0-Si0,) using H,0, as oxidant have been employed
for the oxidation of aromatic amines into azoxybenzene derivatives.?®

Although all these heterogeneous catalytic systems are active in the selective oxidation
of amines to azoxy derivatives, some issues linked to heterogeneous catalysis still
unsolved, namely the use of expensive transition metals that may be prone to leaching,
inefficient recyclability, high loading of catalyst require and diffusion limitations.

Many procedures have been reported for the reduction of nitroarenes into anilines.
Besides nitroarenes are the organic pollutants of industrial and agricultural wastewater
and from a sustainable point of view their transformation into high value products and
new chemicals has notably economic importance. But very few studies are available
for the only production of one of the possible reductive products, due to different
possible pathways in the condensation route that competing. To achieve high yields of
such intermediates (azoxy-) and avoid further conversion (to azo-) have been
development various strategies, such us using additives, modifying catalyst properties,
changing reaction conditions, or using photoreactions.??

Nanomaterials based on Pt, Pd, Ru, Rh, Au, Ag, Cu, Ni, Co 2*?*' are often preferred for
this purpose. Liu et al. reported supported Au nanoparticles on meso-Ce0O, and 2-
propanol/water combination as reducing agent of nitrobenzene to azoxybenzene at 30-
60°C.%* In 2017 Au-NPs supported on hydrotalcite (HT) was studied for selective
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reduction of nitro to azoxy compounds in an argon atmosphere at 40 °C using isopropyl
alcohol and KOH as base.**

More recently, Vaccaro et al. investigated Au@Zirconium-Phosphonate NPs for
selective production of azoxy compounds using NaBH, as reducing agent in ethanolic
medium at 30 °C. Notably, that in this work it has been possible to control and to switch
the selectivity of system by using EtOHge, or EtOH,, respectively as solvent.?** In 2016,
Song and Han reported a visible-light driven reduction of nitrosobenzene to form
azoxybenzene using glucose as the external reduction that in the same time was
converted into arabinose.?® Recently, Sakai et al. described a highly selective method
to obtain three coupling compounds by using trivalent indium salt and hydrosilane as
hydrogen source.?*

Metallic catalysts based on Ir and Rh are largely recognized as catalyst with moderate
reduction abilities that could be used to avoid the formation of aniline. In this regard, in
2016 Zhang and coworkers reported the synthesis of monometallic nanosheets Ir-Ns,
Rh-Ns and bimetallic Ir-Rh-Ns ones that showing high selectivity in the formation of
azoxybenzene under alkaline conditions at room temperature.?

However, due to economic and environmental requirements, it is important to
emphasize the progress achieved with first-row transition metals, especially with
Nickel. In 2016, Suib’s group synthetized urchin-like Ni/Graphene nanocomposites for
the selective reduction of nitrobenzene using hydrazine hydrate as reducing agent at
room temperature and atmospheric pressure2® Hou et al. prepared a ceria-supported
Ni—Ni®* nanocluster catalyst for the formation of metastable azoxy intermediate at 80°C
in EtOH under argon atmosphere. In this work it is possible to underline the correlation
between active site and support. In fact, due to the strong electronic metal—-support
interactions, ceria prevents the complete reduction of NiO to the Ni metal. The latter
could be more active in the reduction and allowing the further conversion of azoxy to
aniline.?® In 2018, Corma and coworkers described a bifunctional catalyst system
(Ni@C-Ce02) for the base-free chemoselective reduction of nitrobenzene.?*

In this framework and encouraged by the results obtained with the catalysts Ni-res1

and Ni-res2, we decided to synthetize new Ni-based catalysts supported on an
acrylamide-resin for selective reduction of nitroarenes towards azoxyarenes
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3.3.2 Synthesis of Ni-cat and Ni-cat1

In the previous work on the catalysts Ni-res1 and Ni-res2 we have proven that
morphologically different catalysts can be obtained by modifying just the last step of
the catalyst preparation. Since both the morphology of the polymer and the nature of
support determine the final application of the material, herein we have reported the
synthesis of new catalysts obtained by changing the matrix employed.

To evaluate the validity of the procedure and compare the influence of different matrix
on the resulting catalytic performance, we have prepared precursor Nicke-containig
polymer Ni(AAEMA),-pol by copolymerizing Ni(AAEMA), with A, Acdimethylacrylamide
and N,N’-methylenebisacrylamide in presence of AIBN. Eventually, by

submitting Ni(AAEMA),-pol to calcination at 300°C under H, followed by natural
cooling under H, or respectively under air at room temperature Ni-cat and Ni-cat.2
were obtained respectively (Scheme 111.10).
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Scheme .10

3.3.3 Characterization of Ni-cat and Ni-caf2

Electron microscopy techniques such as SEM, STEM and TEM have opened up new
possibilities to investigate the micro- and nano-scale features of the synthesized
catalysts with complex molecular structures via morphological and chemical
characterization. These techniques can be used in the éx s/ifv approach when the
catalyst is processed by calcination as well as separated from the solution, allowing a
vast array of synthetic parameters to be varied without concern for the delicacies of
the microscope equipment. In this respect, careful catalyst separation from the
reaction media might be an important requirement in order to prevent contamination,
deformation and particles release. Thus, electron microscopy gives a more direct
approach for determining distribution, growth, and dissolution rates of metal NPs onto
the catalyst surface than the indirect reaction conversion rate or yield.
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3.3.3.1 Ni-cat

STEM images and the corresponding size distribution of Ni-cat are reported in Fig. Il1.6
and Fig. .7, respectively. At low magnification a bimodal distribution of nickel
nanoparticles can be observed: the first distribution represents the most nanoparticles
with a particle size ranging from 25 to 75 nm; while the second distribution is related
to the few aggregates of the nanoparticles with particle size centered at ca. 250 nm. At
high magnification all particles showed almost the same structure consisting of a round
irregular polyhedral embedded in @ smooth nanostructure of the polymeric matrix.
Interestingly Fig. I11.6 d) the presence of polymeric layer of ca. 40 nm that "decorates"
the nanoparticles, or their aggregates are clearly observed.
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Fig.l11.6 a-c) STEM images of three different magnification of Ni-cat; (d) enlargement of a
selected area of (c).

Selected area (electron) diffraction (abbreviated as SAD or SAED), is a crystallographic
experimental technique that can be performed inside a transmission electron
microscope (TEM). SAED image of Ni-cat reported in Fig. lll.7 b) apparently consists
of spots arranged in a ring pattern due to the crystalline nature of the nanoparticles.

[ size

Particle number

Ul

Fig. 111.7 a) Size distribution of Ni-cat b) SAED pattern of Ni-cat.
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The elemental identity of the nanoparticles was also determined by means of Energy
Dispersive Spectroscopy (EDS). In Fig.l11.8 and Fig.ll1.9, the EDS analysis performed
on the HAADF STEM image of Ni-cat is reported. This analysis show that the
nanoparticles are composed mostly by metallic nickel with a low content of oxygen
with deriving environmental contamination. The layer which decorates the nickel
nanoparticles, or their aggregates are composed by C, N and O confirming the
acrylamidic nature of the matrix.
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Fig.111.8 EDS spectrum of Ni-cat.
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Fig.lll.9 STEM-EDS images of Ni-cat. a) Ni-mapping b-d) Elemental combining maps.

3.3.3.2 Ni-cat2

STEM images at different magnification of the Ni-cat2 sample and the corresponding
size distribution are reported in Fig.l11.10. At low magnification, the catalyst shows a
uniform distribution of round irregular particles ranging from 200 to 400 nm. At high
magnification these particles are observed as urchin-like shaped aggregates embedded
into polymeric matrix.
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Fig.l11.10 a-d) STEM images of different magnification of Ni-cat2.

In Fig.lll.11 SAED image of the Ni-cat2 are shown. SAED pattern shows not ordered
spots, confirming the multi-crystalline nature of the nanostructured urchin-like shaped
aggregates. In particular, the interplanar spacing of 0.21 nm is ascribable to Ni {11 1}
plane, indicating the crystallinity nature for these Ni NPs and the absence of NiO
plane.?*
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ig. III.11a) Size distribution of Ni-cat2. b) SAED pattern of Ni-cat2. c) Enlargement of a
selected area of Fig. Ill. 10c d) Distance profile corresponding to green line drawn on image
C).

In Fig.l11.12 a comparison between BF and HAADF STEM images of Ni-cat2 is reported.
HAADF STEM image permits to enhance the topography and the transparency of a
sample composed by a polymeric composite, giving a different point of observation
respect to a BF image causing a brightness inversion. In fact, the edges of urchin-like
particles are brighter than those observed in BF images that are dark, due to the small
thickness of these particles’ sites. In the HAADF STEM image the urchin-like aggregates
are slightly dark confirming that they are embedded in the polymeric matrix.
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Fig.l1l.12 BF and HAADF STEM images of Ni-cat2.

In Fig.111.13 the EDS analysis performed on the HAADF STEM image of Ni-cat2 showed
the elemental identity of the obtained nickel nanostructure, while in Fig.lll.14 EDS
analysis carried out on two different area demonstrated that the first area (Area #1) is
the urchin-like aggregate composed mostly by metallic nickel, and the second area
(Area #2) is ascribable to C, N and O of an acrylamidic resin.
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Fig.lll.13 STEM-EDS images of Ni-cat2. a-d) Elemental mapping.
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Fig.lll.14 EDS spectrum of Ni-cat2.
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X-Ray Diffraction (XRD) is a powerful technique for analyzing materials structure.
Various aspects of materials structure can be analyzed using XRD. The phase structure
and purity of the as-synthesized Ni-cat2 were examined by powder XRD to evaluate the
presence of metallic Ni or Ni oxide. The XRD patterns of the Ni-cat2 (Fig.1.15) showed
the typical diffraction peaks of the metallic state of Ni at a 26 value of 44.7° which is
referred to the plane [111] and at 26 value of 51.9° assigned to the plane [200],

respectively.®? No characteristic peaks due to the presence of the oxide of nickel are
observed.
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Fig.ll1 15 XRD spectrum of Ni-cat2.
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3.3.3.2 Magnetism study

Recovery and reusability are very important factors to consider when evaluating the
performance of an heterogenous catalysts. Ni-cat2 unlike Ni-cat is also magnetic,
and its magnetic characteristics was preliminary noticed by checking whether a
neodymium magnet was able to attract the powder.

Next, the magnetic properties of the Ni-cat2 catalyst were characterized by measuring
the magnetic hysteresis loop (M-H) at 300 K. The obtained hysteresis loop is shown
in Fig. Il 16.

The sample exhibit typical ferromagnetic behavior, and the loop is well symmetrical of
its shape over the field H, with a coercivity Hc ~ 0.4 KOe and an effectively saturation
magnetization Ms ~ 2,2 emu/g.

A slight decrease of Ms values compared to 2,5 emu/g in bulk nickel is probably due
to the presence of polymeric matrix surface which are either spin disordered or
magnetically dead.?*®

Thus, this magnetic property will facilitate the separation of Ni-cat2 from the reaction
mixture as well as its recyclability saving energy process.

-----------

M (emu/g)
o
£ AL L] $ee

Fig.lll 16 Normalized magnetization loop measured at 300 K of Ni-cat2.
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3.3.4 Catalytic activity of Ni-cat and Ni-cal? in the selective reduction of nitrobenzenes
towards azoxyarenes

Taking in account the previous results obtained with Ni-res.1 and Ni-res.2, we started
our study testing the catalytic activity of Ni-cat and Ni-cat2 in the selective reduction
of nitrobenzene towards azoxybenzene (Schme 111.10) using NaBH, as reducing agent
and CH30H as solvent, and fixing the substrate/catalyst ratio equal to 50 (namely a 2.0
mol % of catalyst)

Ni-cat or
Ni-cat2

@2 (2.0 mol%) ©N© @ @ ©

NaBH,

CH3OH 4a

Scheme lI1.10
In Table 111.2. the preliminary tests for achieving the optimum reaction conditions are

summarized.
Table 1ll.2

Selectivity [%]
Entry? = Catalyst NaBH, Time | Conv.

(mmol) [h] %] Ja da 2a
Ni-cat 1.5 2.5 >99 - - >99
Ni-cat2 1.5 3 80 >99 - -
Ni-cat 1.7 2 >99 - - >99
Ni-cat2 1.7 3 >99 995 05 -

% Reaction conditions: 0.5 mmol of nitrobenzene (1a), 2.0 mol% of Ni catalyst (16.1 mg of Ni-cat (Ni%w =5,46)
or 13.3 mg of Ni-cat2 (Ni%w =4,47)), 5 mL of CHsOH,

With the same amount of NaBH, (1.5 mmol with respect to 0.5 mmol of 1a) employing
in catalysis with Ni-res.1 and Ni-res.2, Ni-cat was completely selective towards the
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formation of aniline within 2.5 h (Entry 1, Table Il.2.) whereas with Ni-cat2 an 80%
conversion of nitrobenzene was achieved with a high selectivity (>99%) in
azoxybenzene. By slightly raising the amount of NaBH, up to 1.7 mmol, Ni-cat
completely converted 1a to 2a in 2 h and, with our delight, Ni-cat2 completely
converted 1a to azoxybenzene (3a) within 3 h with a selectivity higher 99%. Thus, a
switchable preparation of aniline or azoxybenzene is easily possible using respectively
Ni-cat or Ni-cat2.

Once again, as in the case of Ni-res.1 and Ni-res.2, we have shown how the calcination
method for the preparation of catalyst is important for achieving a different kind of
selectivity in the reduction of nitrobenzene. Indeed, the selectivity achieved with Ni-cat2
towards azoxybenzene is remarkable and this prompted us to study how this catalyst
could mediated the reduction of others nitroarenes versus the corresponding
azoxyarenes.

With the optimized reaction conditions in our hand, we passed to explore the scope and
general applicability of Ni-cat2 catalytic system in the selective reduction of various
substituted nitroarenes towards the corresponding azoxyarenes (Table 111.3).

Table 111.3 Reduction of different nitrobenzenes (1a-u) towards corresponding azoxyarenes
(3a-u) catalyzed by Ni-cat.2

Ni-cat2 (2 mol%) o R
NaBH, (1.13 equiv) O
@ NO: g ASY
R CH3OH @/CB
RT
1a-u R 3a-u
Entry? Product Time (h) | Yields
(%)"

:f@@

1 .

g\N 3 98
3a

Azoxybenzene
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10

11

12

4 4'-Dichloroazoxybenzene

F ?OQ
@N

3i

2,2’-Difluoroazoxybenzene
o)

o
3h
3,3’-Difluoroazoxybenzene
el
N+
oye
F 3j

4,4’-Difluoroazoxybenzene

©

2,2'-Dimethylazoxybenzene

90

96

92

65°

65
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13

14

15

16

17

18
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3,3'-Azoxyanisole

|
o

3q
4 4'-Azoxyanisole

85

75

85

88
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4,4' octyloxyazoxybenzene

19
:
N+
o
3s
4,4'-Azoxy-naphthalin
20
0 (.)@
\O gl)\\N O\
3t ©
Dimethylazoxybenzene-3,3'-dicarboxylate
o)
21 O@ o~
|
0 3u
o)

Dimethylazoxybenzene-4,4'-dicarboxylate

70

70

75

? Reaction conditions: 0.5 mmol of nitroarenes, 13.3 mg of Ni-cat2 (2 mol % Ni), 5 mL of MeQH, 1.7 mmol of
NaBH were stirred at room temperature for the appropriate amount of time.

" Unless otherwise indicated, all cconversions were higher than 98% and yields were determined by GC-MS.

We started to study the reduction of nitroarenes bearing electron-withdrawing groups
such as p-halo-nitroarenes. With substrates such as bromo-nitrobenzenes (1b-d) and
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chloro-nitrobenzenes (1e-g), the same trends in selectivity and activity were obtained
(Entries 2-7, Table 111.3): the yields were excellent and ranged from 83% for azoxy
compound 3e (Entry 5) to 95% for azoxy compound 3d (Entry 5). The time reaction
with this electron-withdrawing groups were significantly decreased with respect to
nitrobenzene: the substituent in meta or para position lowered the time reaction to 2
and 1 h respectively. However, the steric effect of orto position slightly affects reaction
yields (Entries 2 and 5, Table Il1.3). It is noteworthy that with both bromo- and chloro-
nitrobenzenes no hydrodehalogenation reaction of corresponding azoxy compounds
was observed. In the case of fluoro-nitrobenzenes (1h-j), again excellent yields in 3h-j
(90-86%) and lower time reactions compared to 1a (1-2 h) were achieved (Entries 8-
10, Table 111.3). In the case of o-fluoronitrobenzene (1h), the reaction yield (90%) in
corresponding azoxy 3h (Entry 9, Table 111.3) was not affected to the potentially steric
hindrance of fluorine in orto position and the reaction was even faster (1 h) than m-
fluoronitrobenzene (2 h) or p-fluoronitrobenzene (2 h). Among the iodo-nitrobenzenes,
which are challenge substrates due to hydrodehalogenation, we tested only the p-iodo-
nitrobenzene (1k) reaching an acceptable yield (65%) in corresponding azoxy
compound 3k (Entry 9, Table 111.3). However, the obtained yield is by far higher than
those reported in the literature for similar catalytic systems.?*

The reduction of nitroarenes bearing electron-donating groups such as methyl-
nitrobenzenes (11-n) gave lower yields (65-85%) in azoxy compounds 3I-n (Entries 12-
14, Table 111.3) and higher time reactions (3-4 h) with respect to halo-nitrobenzens.
However, with a stronger electron-donating substituent such as methoxy-nitrobenzenes
(10-q) the same behaviour in yields and time reactions observed in halobenzenes was
achieved: 85-95% yields in 30-q within 1-2 h (Entries 15-17, Table I11.3). The excellent
results obtained with methoxy-nitrobenzenes prompted us to explore the preparation of
a liquid crystalline compound such as 4,4'-octyloxyazoxybenzene.?* With our catalytic
protocol, starting from substrate 1-nitro-4-(octyloxy) benzene (1r) an 80% vyield in 4,4'-
octyloxyazoxybenzene (3r) was obtained (Entry 18, Table 111.3).

Next, with a sterically hindered substrate such as 2-nitronaphthalene (1s) a moderate
yield (70%) in corresponding azoxy compound 3k (Entry 19, Table 1l.3) were
obtained. Last but not least, the reduction of substrates with a potentially reducible
moiety such as methyl 3-nitrobenzoate (1t) and methyl 4-nitrobenzoate (1u) was
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explored achieving acceptable yields (70-75%) in corresponding azoxy compounds 3t
an 3u.

3.3.5 Recyclability

The selective reduction of nitrobenzene (1a) to azoxybenzene (3a) was chosen as a
test reaction to demonstrate reusability of Ni-cat2 under optimized conditions. To
handle and study with a greater quantity of Ni-cat2 the reaction scale-up was even
raised up to 3.0 mol of 1a.

The Ni-cat2 recyclability was maintained up to five times without any substantial
decrease in catalytic activity (Fig. Ill. 17) and after each reaction cycle Ni-cat2 was
easily recovered from the reaction mixture by magnetic separation (Fig. 111.18) and
washed thoroughly with acetone.

Fig. I11.17 Recyclability of Ni-cat2 over five cycle.

A TEM study of Ni-cat2 recovered after (a) the first cycle; (b) the fifth reaction was also
carried out (Fig. 111.19) and it was possible underline that, during the reaction recycles,
the nichel(0) NPs of Ni-cat2 remained embedded in the polymer bulk substantially
maintaining the urchin-like nanostructure with the same NPs distribution as well as no
further particle aggregation.
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Fig.ll 16 a) Ni-cat recovered after the first run of the reduction of nitrobenzene; (b) Ni-p
recovered after the fifth run of the reduction of 4-bromonitrobenzene.

3.4 Conclusions

Two new nickel nanoparticles based heterogenous catalysts (Ni-cat and Ni-cat2) were
prepared from a methacrylic polymer supported Ni(ll)-containing acrylamide polymer
depending on the cooling step of the calcination procedure. Thanks to their different
morphologies of the Ni NPs, Ni-cat and Ni-cat2 have been shown an opposite
selectivity in the reduction of nitrobenzene: Ni-cat completely converted the
nitrobenzene to aniline whereas Ni-cat2 completely converted the nitrobenzene to
azoxybenzene. The peculiar selectivity of Ni-cat2 is due to its uncommon urchin-like
shape for Ni NPs as widely demonstrated by TEM studies. Ni-cat2 unlike Ni-cat is also
magnetic, and its magnetic characteristics have facilitated its separation from the
reaction mixture. Next, Ni-cat2 was found to be an efficient catalyst for the selective
reduction of a wide range of structurally different nitroarenes towards the corresponding
azoxyarenes in good to excellent yields using a small amount of NaBH, as reducing
agent under very mild conditions. The Ni-cat2 catalyst also showed true heterogeneity
as its effectiveness remains almost same after five cycles of reuse. Moreover, thanks
to the magnetic properties of Ni-cat2 it can be removed easy from the reaction mixture
minimizing the use of auxiliary substances and energy.
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CHAPTER IV

Experimental section
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4.0 Experimental section
4.7 Materials for the synthesis of Co-pol and Ni-pol/

All chemicals were purchased from commercial sources and used as received. All
manipulations were carried out under inert dinitrogen atmosphere using standard
Schlenk techniques unless otherwise specified.

FT-IR spectra (in KBr pellets) were recorded on a Jasco FT/IR 4200 spectrophotometer.
Elemental analyses were obtained on a Euro Vector CHNS EA3000 elemental analyzer
using acetanilide as analytical standard material. Melting points were determined on a
Blichi B-545 melting point apparatus and are uncorrected. 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 (CH30H) were introduced by continuous infusion with a syringe

pump at a flow rate of 180 uL min" . The instrument was operated with endplate 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_1. 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). Tap water was deionized
before use by ionic exchange resins (Millipore). Cobalt and nickel weight percentage in
nickel and cobalt catalysts (Cosw, Nix,,) Were evaluated after sample mineralization by
Graphite Furnace Atomic Absorption Spectroscopy (GFAAS) using a Perkin—Elmer
3110 instrument. The experimental error on the metal percentage was + 0.3. Before
cobalt and nickel catalysts analyses, mineralization of corresponding polymers ware
carried by microwave irradiation with an ETHOS E-TOUCH Milestone applicator, after
addition of HCI/HNOg (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
temperature to 220 °C in 10 minutes and the sample being held at this temperature for

122



10 min. After cooling to room temperature, the digested solution of cobalt or nickel
catalyst was diluted to 1000 mL before submitting to GFAAS analysis.
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.

Surface morphology was investigated on a selected part of Co and 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 software). Each dried sample of cobalt and nickel catalysts was finely ground
and a suspension in water of the fine powder was dropped on common Formvar®
coated copper grids. To enhance the resolutions of the scanning micrograph obtained,
each grid was coated with gold-palladium alloy (sputtering machine: K550, Emitech
Ltd, United Kingdom). The coating thickness was set-up to about 8 nm to avoid
alteration of the sample morphology. The stability of the specimen material under the
scanning electron beam of the Scanning Transmission Electron Detector (STEM) mode
was checked comparing the surface morphology before and after the focusing process;
this assured that the originality of the structure, pattern, contour, and texture of the
catalyst were not affected by any physical and chemical distortion before and during
the FESEM analysis, since low voltage (30 kV) STEM mode was adopted. The STEM
allowed transmission images to be taken at a resolution of about 1 nm @300,000x in
our samples when observed 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.qgov/ij/). The dried powder for Ni-cat sample was analyzed by a
computer assisted X-ray powder diffractometer (Model X'Pert PRO Philips, Eindhoven,
Netherlands) using CuKa radiation. The X-ray diffraction (XRD) patterns were collected
in a 26 range of 5 to 80° at room temperature, with a step size of 0.02° and a time per
step of 6 s.
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The magnetic behavior of the annealed materials was preliminarily ascertained by
checking whether a neodymium magnet was able to attract the powders. For samples
exhibiting magnetic behavior magnetization curves were recorded. For samples
exhibiting magnetic behavior field-dependent magnetization loops were recorded at
room temperature by using a commercial vibrating sample magnetometer (MicroSense
Model 10) with a maximum magnetic field of 2 T.

4.1.1 Co(AAEMA);

To0 6.88 mL of a 1.0 M aqueous solution of NaOH 1.48 g di HAAEMA (6.88 mmol) were
added under stirring and within 15 min a clear solution was obtained. 20 mL of water
solution containing a mixture of and was left under stirring in nitrogen atmosphere until
the formation of an emulsion. Then, 6the solution of NaAAEMA was added dropwise,
at room temperature and within 1 h, to a solution of 1.00 g of Co(NQ3),6H,0 (3.44
mmol) in 20 mL of water causing the precipitation of a violet-pink precipitate, which
was recovered by filtration and washed with deionized water (310 ml) and with cold
H,O/EtOH (1:1) (3x5ml). The solid obtained was dried for 12 h under vacuum and
rewashed with diethyl ether and acetone Eventually, the pink complex Co(AAEMA), was
dried two days under vacuum. HRMS: (ESI, CH;0H, positive ion mode) m/z: calc. for
C0oCyH2010[M + H]*486.0947; found 486.0931. IR (cm™): 1720 (s), 1634 (s), 1619
(s), 1530 (s), 1296 (vs), 1163 (vs), 945 (m), 786 (m). UV-vis (CH.Cl,): A =273
nm (¢ =17300 L mol~" cm™"). Anal. Calc: C, 49.49; H, 4.40; Co, 12.14. Found: C,
49.55; H, 5,63; Co, 12,48. m.p=200+0.4°C. Yield: 62%.

4.1.2 Co(AAEMA)-pol

Co(AAEMA), (4.0 mmol, 2.0 g) [AAEMA~= deprotonated form of 2-(acetoacetoxy)
ethyl methacrylate] was dissolved in N,N-dimethylformamide (DMF, 8 mL) and the
resulting solution was added to a mixture of N,N’-methylenebisacrylamide (2.4 mmol,
0.36 g) and N,N-dimethylacrylamide (33.4 mmol, 3.0 g) in DMF (8 mL), subsequently
5 mg of azaisobutyronitrile were added, and the system heated at 50 °C under vigorous
stirring. After 2h, the stirring was blocked by a pink jelly solid, which was filtered off,
washed with cold acetone and diethyl ether, dried under vacuum at 50 °C, and then
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grinded with a mortar to give a pink powder. IR (cm™): 3477 (bs), 2923 (bs), 1720 (s),
1622 (s), 1527 (s), 1256 (vs),1144 (vs), 1355 (s), 780 (m). Elemental analysis
(found): C, 56.89; H, 9.39; N, 12.21; Co, 4.15%w.

4.1.3 Co-pol catalyst

The polymers obtained Co(AAEMA),-pol were put in a tube furnace inserted in A 50 mL
stainless steel autoclave equipped with a transducer for online pressure monitoring
under nitrogen stream. The autoclave was purged three times with hydrogen then
pressurized at 5 Bar. and heated at 10 °C min™ up to 300 °C, and kept at this
temperature for 30 min. Afterwards, the heating was turned off and the whole system
was kept closed overnight until it reached room temperature, yielding a black powder
referred toas Co-pol. Yield: 4.52 g. IR (cm™): 3480 (bs), 2927 (bs), 1710 (s), 1626
(s), 1490 (m), 1407 (m), 1260 (m), 1144 (s), 1053 (m).Elemental analysis (found):
Co, 5.17%w.

4.1.4 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 stirring at
room temperature for 5 min. The resulting solution was added to a solution of Ni(NO3)2-
6 H20 (1.5 g, 5.16 mmol) in ethanol (15 mL), causing the sudden precipitation 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 NiCyHxs04o: 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
NiCaoH27010 [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,Cl,):
280 nm (e = 10660 mol L'cm™), 227 nm (e = 4800 mol L'cm™). m.p. = 120.3+0.4
°C. Yield: 2.01 g, 80%.
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4.1.5 Ni(AAEMA); -res

Ethyl methacrylate (2.4803 g, 21.6 mmol), ethylene glycol dimethacrylate (119 mg,
0.6 mmol), and azaisobutyronitrile (5 mg) were added to a solution containing
Ni(AAEMA)2 (511 mg, 1.06 mmol) in DMF (2.5 mL) and the resulting green solution
was warmed up to 110°C under vigorously stirring for 1 h. The recovered green gel
was washed with acetone and left under vacuum for an hour at 110°C to remove
residual DMF, and overnight in an oven at 90°C. The dried green solid was then crushed
with a mortar. Yield: 2.88 g of methacrylic polymer (Ni(AAEMA),-res). Elemental

analysis (found): Ni, 3.18%w. IR (KBr): (cm'1): 2960(s), 1724(s), 1605 (s),1506 (s),
1481(vs), 1266 (vs), 1145 (s).

4.1.6 Ni(AAEMA); -res 1

Ni(AAEMA),-res (0.375) was put in a 50 mL stainless steel autoclave under initial
dihydrogen pressure of 5 bar, ramped at 10°C min™ and kept at the final temperature
of 300°C for 30 min. Afterwards, the heating was turned off and the whole system was
kept closed overnight until it reached room temperature, yielding a black powder
referred to as Ni-res1. Yield: 0.256 g. Elemental Analysis (found): Ni 5.464,.

4.1.7 Ni(AAEMA); -res2

Ni(AAEMA),-res (2.501) was put in a 50 mL stainless steel autoclave under initial
dihydrogen pressure of 5 bar, ramped at 10°C min™ and kept at the final temperature
of 300°C for 30 min. Afterwards, the heating was turned off and the autoclave valve
was opened, letting air go inside the system. After the autoclave reached room
temperature, a black powder was collected and referred to as Ni-res2. Yield: 1.704 g.
Elemental Analysis (found): Ni 5.714,,.

4.1.8 Ni(AAEMA)--cat

Ni(AAEMA), (4.0 mmol, 2.0 g) [AAEMA = deprotonated form of 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)
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and N,N-dimethylacrylamide (43.2 mmol, 4.434 g) in DMF (6 mL) and heated 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;
N9.91%. IR(cm™): 3477 (bs), 2923 (bs), 1720 (s), 1622 (s), 1527 (s), 1256 (vs),1144
(vs), 1355 (s), 780 (m).

4.1.9 Ni-cat

Ni(AAEMA),-cat was put in a 50 mL stainless steel autoclave under initial dihydrogen
pressure of 5 bar, ramped at 10°C min™ and kept at the final temperature of 300°C for
30 min. Afterwards, the heating was turned off and the whole system was kept closed
overnight until it reached room temperature, yielding a black powder referred to as Ni-
cat. Yield: 3.83 g. Elemental Analysis (found): Ni 5.35; C 56.66; H 9.20; N 11.54%. IR
(cm™): 3482 (bs), 2930 (bs), 1720 (s), 1631 (s), 1495 (m), 1402 (m), 1258 (m),
1144 (s), 1053 (m).

4.1.10 Ni-cat2

Ni(AAEMA),-pol was put in a 50 mL stainless steel autoclave under initial dihydrogen
pressure of 5 bar, ramped at 10°C min™ and kept at the final temperature of 300°C for
30 min. Afterwards, the heating was turned off and the autoclave valve was opened,
letting air go inside the system. After the autoclave reached room temperature, a black
powder was collected and referred to as Ni-cat2. Yield: 2.013 g. Elemental Analysis
(found): Ni 5.35; C 56.66; H 9.20; N 11.54%. IR (cm™): 3482 (bs), 2930 (bs), 1720
(s), 1631 (s), 1495 (m), 1402 (m), 1258 (m), 1144 (s), 1053 (m).

4.2 Materials and procedure for calalytic reaction

Nitrobenzene was distilled under inert atmosphere before use. All other chemicals were
purchased from commercial sources and used as received. All glassware and magnetic
stirring bars used in catalytic reactions were kept in an oven at 60 °C for at least two
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hours and allowed to cool before use. Monitoring of the reactions was carried out using
the technique of thin layer chromatography (TLC) or gas chromatography (GC). For thin
layer chromatography silica gel plates Supelco (Aldrich) were used and compounds
were visualized by irradiation with UV light source of 254/365 nm. Unless otherwise
stated 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 an 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 an FID detector and a HP-1 (Crosslinked Methyl Siloxane) capillary
column (60.0 153 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.
Column chromatography was performed using Merck® Kieselgel 60 (230-400 mesh)
silica gel.

4.2.1 Typical experimental procedure for the reduction of nitroarenes with Co-pol catalyst

0.5 mmol of nitroarene, 11.4 mg of Co-pol (Cos, = 5.17) and 15.0 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
Schlenk tube equipped by a gas bubbler to discharge the hydrogen 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 acetone 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.
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4.2.2 Recycling of Co-calalysts

Co-pol (34.2 mg, Coy,,, = 5.17), nitrobenzene (1.5 mmol), 15 ml of a mixture H,0/Et,0
(1:1=v:v), and NaBH, (30 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 formed (12 h). The reaction mixture was
then diluted with 20.0 mL of methanol and centrifugated for separating Co-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,SQ4) and concentrated under reduced
pressure to get the crude product, which was then purified by column chromatography
using a short plug of silica gel and eluted with petroleum ether 40-60
°C/dichloromethane in a volume ratio of 7:3 and evaporation of solvents afforded the
desired aniline. The recovered Co-pol was dried in air at 60 °C for 2 h, and then brought
to room temperature, re-weighed, re-calcinated, and then used for the subsequent
catalytic cycle. Iteration of this procedure was repeated for five reuses of the catalyst.

4.2.3 Typical experimental procedure for the reduction of nitrobenzene with Ni-res, and Ni-
res;

0.50 mmol of nitrobenzene, the catalyst (Ni-res; or Ni-res,, 0.010 mmol of Ni) and 1.7
mmol of sodium borohydride were stirred under nitrogen at room temperature in 5 mL
of methanol for the appropriate amount of time, using a three-necked flask equipped by
a gas bubbler to discharge the hydrogen excess produced during reaction. The
progress of the reaction was monitored by GLC. Chromatographic yields were
assessed by using biphenyl as the internal standard.

4.2.4 Typical experimental procedure for the selective reduction of nitroarenes by using
Ni-catf2

Ni-cat2 (13.1 mg, Nix, = 4.47,10.0 umol of Ni) , the desired nitroarene (0.50 mmaol),
methanol (5.0 mL) and NaBH, (1.7 mmol) were introduced in a 25 mL Schlenk tube
(equipped with a gas bubbler to discharge the dihydrogen excess produced during
reaction) and the mixture was stirred under magnetic stirring at 25°C for the time
necessary to form the corresponding azoxyarene (monitoring by TLC and/or GC and
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GC-MS). The reaction mixture was then diluted with 5.0 mL of dichlorometane and
filtered. The solid (Ni-cat2) was washed with methanol (3 x 3.0 mL) and the combined
organic layers were dried (Na,SQ,4) and concentrated under reduced pressure to get the
crude product, which was then purified by flash column chromatography using silica
gel and eluted with the appropriate solvent mixture. Evaporation of solvents afforded
the desired azoxyarene. All obtained azoxyarenes were characterized by MS (El, 70 eV)
and the spectra obtained were compared with the standard spectra reported in
literature. [rif]

4.2.5 Recycling of catalyst Ni-cat2

Ni-cat2 (66.0 mg, Ni %w = 4.47, 60.0 umol of Ni), nitrobenzene (3.0 mmaol), methanol
(30.0 mL) and NaBH, (5.1 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 azoxybenzene quantitatively formed (3 h). The
reaction mixture was then diluted with 20.0 mL of dichlorometane, and the catalyst was
easily removed thanks to its magnetic features by a small neodymium magnet. It was
washed with methanol (3 x 25.0 mL), water (2 x 25.0 mL) and rinsed in /+hexane (20
mL). The organic phase was dried (Na,S0,) and concentrated under reduced pressure
to get the crude product, which was then purified by flash column chromatography
using silica gel and eluted with petroleum ether 40-60°C/dichloromethane in a volume
ratio of 7:3 and evaporation of solvents afforded the desired aniline. The recovered Ni-
cat1 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 four reuses of the catalyst.
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Conclusions

In conclusion, catalysts to use for sustainable reactions should be active, selective
under mild conditions and easily and effectively reusable. A deep investigation about
the performance of our cobalt and nickel-based catalysts demonstrated that the
developed systems fulfill the aims proposed in this research thesis.

In the first part of the work, the synthesis of the cobalt catalyst Co-pol was improved,
and its activity was underlined in the reduction of aromatic nitroarenes in aqueous
medium at room temperature in the presence of a safe and mild reduction agent like
the NaBH,.

This heterogeneous catalytic system avoids the formation of dehalogenation side
products and can be easily recovered after the reaction occurred and reused at least
five times by maintaining good selectivities.

In the second part, new polymers supported Ni(ll) complex were synthesized as
precursors of Ni(0) NPs obtained from calcination under dihydrogen. Following two
different calcination procedures and using various matrices, materials with different
morphologies have been obtained.

The different morphologies lead to catalysts that showed an opposite selectivity in the
reduction of nitrobenzene.

In particular, a highly selective reduction system was achieved with Ni-cat2. It was
prepared by copolymerizing Ni(AAEMA)2 with N,N-dimethylacrylamide and N,N’-
methylenebisacrylamide and submitting it to calcination at 300°C under H2, followed
by natural cooling under air at room temperature.

Thanks to its uncommon urchin-like shape for Ni NPs, Ni-cat2 converted completely
the nitrobenzene to azoxybenzene by requiring less time than the other and was found
to be active for the selective reduction of a wide range of different nitroarenes towards
corresponding azoxyarenes.

Moreover, thanks to its magnetic properties, it can be removed easily from the
reaction mixture. Magnetic separation eliminates the necessity of centrifugation,
filtration, or other procedures and decreases the costs of the entire catalytic process.
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