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ABSTRACT

This thesis work aims at the design of metal-based heterogeneous catalysts for the formation of new C-C
bonds, through Heck and Suzuki-Miyaura cross-coupling reactions. In this regard, nitrogen-doped
carbonaceous materials were synthesized starting from chitin as both carbon and nitrogen precursors. The
synthesis of supported Pd nanoparticles on N-doped carbons was performed through two different
approaches, namely impregnation and solution methods. Following both strategies, three catalytic materials
were prepared, respectively, using different Pd loadings (1%, 2.5%, 5%). The physico-chemical, structural and
morphological features of the resulting catalytic samples were explored using a multi-technique approach,
involving XPS, XRD, SEM, TEM, ICP-MS and N-physisorption. The catalytic behaviour of the samples was
investigated in the cross-coupling reactions under batch conditions. All catalysts were tested in both
reactions and a complete parametric analysis was carried out to optimize the experimental conditions,
considering reaction time, temperature, solvent, base and catalyst amount. Moreover, several substrates
were tested, in both reactions, with the aim to demonstrate the versatility of the catalytic systems.
Importantly, the stability and reusability of the designed catalysts was addressed by performing a recyclability
study together with a post-characterization analysis. The reactions outcome, in terms of conversion and
selectivity, was monitored by 'H-NMR and GC-FID in order to verify reproducibility. On the other hand, GC-
MS and NMR spectroscopy (*H NMR, *C NMR and bi-dimensional NMR) were employed for products
identification. In the final stage of this thesis work, the synthesis and the applications of the aforementioned
catalytic materials were also addressed through a mechanochemical approach, by using a twin-screw
extruder. Significantly, with this technique both the synthesis of the catalytic materials and their application
were performed under solvent free and continuous-flow conditions, improving not only the sustainability of

the whole process but also the reaction productivity.



INTRODUCTION

After 1950, the advent of the industrial revolution has triggered an economic and demographic
explosion, closely aligned with the development of the chemical industry. This industry has played
a fundamental role in supplying fuels, fertilizers, detergents, pharmaceuticals, additives, polymers,
and fabrics, which have enabled the world to evolve into what we know today.! The significant
societal development observed over the past century has been heavily reliant on the intensive
utilization of non-renewable resources such as coal, oil, and natural gas, primarily due to their
perceived cost-effectiveness. However, this dependence has also resulted in ecological imbalances
and the occurrence of natural disasters. It is imperative to reconsider a more sustainable society
model, particularly in light of the anticipated global population growth (it has been estimated
around 9.7 billion of people by the 20502) and consequently the increased energy demands. In this
sense, in 2015 the United Nations adopted the “2030 Agenda for Sustainable Development” with
17 Goals and 169 targets aimed at achieving a shared global vision towards sustainable
development3. The chemical industry has a fundamental role in enabling this ecological transition
which can be articulated through the development of four key areas*>:

e Low-carbon economy: reducing CO; emissions and other greenhouse gases (GHG) by
promoting the development of innovative technologies based on the use of renewable raw
materials;

e Resource efficiency: designing processes that require fewer resources and with lower energy
consumption during the entire life cycle and maximizing the recovery and reuse of materials;

e Circular economy: includes recovering, reusing, remanufacturing and recycling waste
materials (the 4R rule);

e Care for people and the planet: using and producing chemicals with minimal impact on both
public health and environmental pollution.

In this context, with the aim of directing the chemical industry towards more sustainable scenarios,
ensuring the production of chemicals and materials that can improve our daily lives while minimizing
their environmental footprint, Paul Anastas and John C. Warner defined the 12 principles of Green
Chemistry in 1998. These principles serve as a set of actionable criteria, guidelines, and priorities

that underpin the foundation of this "green" paradigm shift.®’
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Figure 1: 12 principles of green chemistry.

Among the 12 principles of green chemistry, the seventh principle pertains to the utilization of
renewable resources. Presently, the majority of chemicals are still derived from non-renewable
sources and are manufactured within a linear economic model: starting with a raw material,
undergoing transformation (resulting in processing waste), and subsequently distributing and
employing the desired product, often multiple times, until it eventually becomes waste at the end

of its lifecycle.®
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Figure 2: Linear economy model

The unsustainable economic model that has been adopted until now is no longer viable, given the

environmental issues it has caused and the scarcity of resources it has led to. Consequently, one of



the current goals is to implement the circular economy model within the industry. This approach
begins with renewable resources and strives to follow the 4R rule: recover, reuse, remanufacture,
and recycle waste. Under this model, the waste generated by one production chain becomes the

raw material for another industry, allowing to produce chemicals in a more sustainable manner.®
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Figure 3: Circular economy model

In this context, besides carbon dioxide, biomass stands out as the primary renewable source of
carbon (essential to produce chemicals, materials and biofuels) becoming a crucial component of
the transition to more sustainable practices. Biomass is defined as any material formed through
biological processes, encompassing waste products such as forest residues, agricultural leftovers,
industrial byproducts, non-food chain competing crops, and other similar materials. Biomass is
considered a renewable and sustainable source because its current utilization does not deplete the
potential for future generations to use it. As a resource, biomass can be harnessed for various
purposes, including the production of:

e Biomass derived-chemicals, which are platform molecules, enabling the production of a wide

array of other products;
e Biomass derived-materials, such as bio-plastics or catalysts;

e Bio-energy, in the form of heat, which can be converted into electrical energy.



e Bio-fuels, like biodiesel or bioethanol.1®
Chemical research typically focuses on working with two main categories of biomass wastes:
e Lignocellulosic Biomass: This includes materials like wood, crop residues, and dedicated
energy crops, primarily composed of lignin, cellulose, and hemicellulose.
e Waste from Agro-Food Industry: This category covers agricultural and food processing
residues, such as fruit peels, straw, spent grains, seafood waste. 1
In the field of food waste, the seafood sector is of particular interest. Seafood accounts for nearly
20% of current animal-food global production'? and in 2020, the seafood production reached 178
million tons (MTs).!3 Among the various fish species (such as tuna, mackerel, salmon, etc.) and
crustaceans (like shrimp, crabs, mussels, etc.) produced by this sector, the latter generates a larger
amount of waste. Indeed, the yield of meat from tuna can reach approximately 75% of the total
weight, whereas for crustaceans, this percentage drops significantly to around 40%.'* Every year,
the crustacean industry produces between 6 to 8 million tons of waste, which includes crab, shrimp,
and lobster shells. Notably, a significant portion of this waste, approximately 1.5 million tons,
originates solely from Southeast Asia.}* This continent is particularly active in shrimp production,
providing 80% of the global supply.’® As observed in the graph below, the trend is clearly upward
(excluding the contractions during pandemic years), with India and Ecuador experiencing significant

growth in this sector.1®
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Figure 4: Major shrimp producers from 2000 to 2020.1°



The processing of shrimp, however, generates enormous amounts of waste. In fact, between the
head and shell, 48-56% of the weight (depending on the species) is discarded.'” Disposing of such a
significant biomass represents not only an economic loss but also an environmental detriment. To
date, only a small portion of this biological waste, approximately 5%, is treated and mixed with other
substances for use as animal feed.!> Conventional treatment involves sun drying on beaches, which
has drawbacks such as an unpleasant smell in coastal areas, surface pollution, and other
environmental issues.'® Additionally, dried shrimp shells are valued at only approximately $100 per
ton.1®1% The majority of shrimp waste remains underutilized and is typically disposed of in landfills,
incinerated, or dumped into the oceans.

At these disposal sites, the rapid degradation of shrimp waste leads to the production of biogenic
amines, emitting unpleasant odors that can attract rodents, mosquitoes, and flies, potentially
serving as disease vectors.'® Additionally, this contributes to heightened environmental pollution
and poses a threat to endangered species.?’ For these reasons, it is crucial to valorise this waste so
that it can become a raw material for other industrial sectors, leading to both environmental and
economic benefits in a circular economy perspective. Indeed, through efficient treatment of shrimp
waste, it is possible to obtain compounds of higher added value, ultimately enhancing the overall
profitability of the sector. These compounds mainly include calcium carbonate (20-50%), protein
(20-40%), and chitin (15-40%).1® Some studies have also focused on extracting pigments such as
carotenoids (astaxanthin).”?1 In this thesis work, the primary focus was on chitin, as a renewable
carbon and nitrogen source, for the preparation of new catalytic materials. These materials were

subsequently characterized and evaluated for their performance and properties.

CHITIN FROM SHRIMP SHELLS: A RENWABLE RAW MATERIAL

Due to the significant amount of waste generated each year, one of the challenges in chemical
research is to valorise shrimp waste by converting it into materials or substances with higher added
value, following the principles of green chemistry and circular economy. Among the potential
opportunities that this waste offers, one of the most compelling revolves around the extraction and
production of chitin. With 100 billion tonnes produced every year, chitin is the second most
abundant biopolymer on Earth after cellulose.'® Unlike cellulose, chitin originates from animals and

can be found in fungi or plankton.?? However, its primary source is the exoskeleton of insects and



crustaceans, where chitin is the major component.?3 Additionally, it has been found in some species
of invertebrates.?*
Structurally, chitin is a poly-beta-1,4-N-acetylglucosamine. Its numerous intermolecular hydrogen
bonds make it insoluble in water, unlike its deacetylated derivative, chitosan. Chitin exhibits
variations in properties and structure depending on its source. In nature, there are three types of
chitin:®
e a-Chitin, the most abundant and studied type, primarily sourced from crab and shrimp shells.
Its antiparallel chain arrangement maximizes hydrogen bonds, providing strong structural
stability.
e [-Chitin, less common, obtained from molluscs such as squid, has a parallel chain
arrangement.
There is also a y form of chitin, but it appears to be simply a variant of the a form,?* since it can be
converted into this form by treatment with lithium thiocyanate.?® y form contains two parallel and one

anti-parallel strands of chitin.?3

CHg
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Figure 5: repetitive unit of chitin.

The demonstration of the presence of nitrogen within the chitin structure was carried out by the
scientist Lassaigne in 1843. This material indeed contains 6-7% of nitrogen in its structure and can
serve as a source of both carbon and nitrogen (C:N = 8:1).23 Chitin is not only a biocompatible and
biodegradable material but also possesses antibacterial and wound-healing properties.’> These
qualities have made it a subject of study for biomedical applications.?’~2° Furthermore, literature
reveals a wide range of applications of this material in various fields, such as agriculture, wastewater
treatment, bionanotechnology, and materials science.?3:30-34

Shrimp waste contains 15-40% chitin, with the remaining part primarily consisting of calcium

carbonate and proteins. Therefore, in conventional processes for chitin extraction, shrimp shells
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undergo a deproteinization and demineralization process.3” In the first phase, they are treated with
a 4% sodium hydroxide (NaOH) solution at elevated temperatures (70-120°C), causing the
decomposition of proteins, which are then brought into solution and separated by filtration.® In the
subsequent step, the remaining solid fraction is treated with 4% hydrochloric acid (HCl), neutralizing
the calcium carbonate and producing CO3, H;0, and soluble calcium chloride (CaCl,), which is
removed by filtration. The use of strong acids has negative effects on the chemical and physical
properties of chitin, and it also requires the purification of wastewater, resulting in increased
production costs.3® Therefore, research has shifted towards non-conventional approaches for the
demineralization phase, such as the use of weak organic acids (lactic acid and acetic acid), ionic

liquids, enzymes, or microorganisms that directly extract chitin through a fermentation process. 3/~

40

CHITIN IN HETEROGENEOUS CATALYSIS

Among the various fields of application for this biopolymer, the focus of this thesis work involves
utilizing chitin derived from shrimp shells in the synthesis of novel catalytic materials based on N-
doped carbons. Catalysis plays a fundamental role in designing environmentally friendly syntheses,
as it can help reduce waste generation and energy consumption.*

For these reasons, one of the principles of green chemistry promotes the use of catalysis in the
chemical industry.® According to the International Union of Pure and Applied Chemistry (IUPAC),
catalysts are substances that increase the rate of a reaction without modifying the overall standard
Gibbs energy change in the reaction.*? Their role in the reaction is to alter the mechanism by
lowering the activation energy of the rate-determining step. In this way, not only does it accelerate
the reaction rate and enable the use of milder conditions, but it also remains unchanged at the end
of the reaction and can therefore be added in sub-stoichiometric quantities. Catalytic systems can
be classified into two major classes:

e Homogeneous Catalysts: These catalysts are present in the same phase as the reactants,
maximizing the contact between the reactant and the catalyst. Since the entire catalyst is
available, these systems are typically highly efficient. Furthermore, because the exact
chemical structure of the catalyst is known, it is often possible not only to identify the
reaction mechanism but also to exert greater control over the products by modifying the
catalyst's structure. The main drawback of these systems lies in the difficulty of separating

and recovering the catalyst for reuse once the reaction is completed.
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e Heterogeneous Catalysts: These catalysts exist in a different phase from the reaction
mixture. In this case, the reaction occurs at specific points (active sites) dispersed along the
surface of the catalyst, which is typically a porous material. To form products, the reactants
must diffuse into the pores to reach the active site. Since the reaction rate not only relies on
reaction kinetics but also on the rate at which the reactants diffuse, leading to a transition
from a kinetic to a diffusion-controlled regime, these systems are typically less active than
homogeneous ones. The porosity of the catalyst is a crucial parameter because it not only
increases the surface area (and hence the number of active sites) but also influences
selectivity based on pore size (shape selectivity) and confines the reactants to a small
volume, locally increasing reactant concentration and thus accelerating the reaction. The
primary advantage of these catalytic systems lies not only in their suitability for use in
continuous flow reactions but also, above all, in the easy separation of the catalyst from the
reaction mixture, which reduces waste production and aligns with the first principle of green
chemistry (preventing waste). This is why, in the realm of green chemistry, heterogeneous
catalysis is generally favoured over homogeneous catalysis.

Over time, the performance of numerous heterogeneous catalytic systems has been tested and fine-
tuned in various organic transformations. These systems generally consist of noble and non-noble
metals dispersed on various supports made of stable inorganic oxides such as alumina (Al;03),
titania (TiO2), zirconia (ZrO,), ceria (Ce0;) and zeolites, among others. In addition to inorganic
oxides, carbon-based materials have also shown to be promising supports for heterogeneous
catalysts, being among the most commercialized in the industry, due to their favourable
physicochemical properties, such as high porosity, leading to a high specific surface area, as well as
excellent electrical and thermal conductivity.*® The use of metal-supported nanoparticles,
advantageous for their high catalytic activity, does, however, have some disadvantages in terms of
material stability. These issues encompass nanoparticle agglomeration (sintering) or leaching,
resulting from a weak interaction between the metal and carbon support, which leads to a reduction
of active sites. Additionally, during the reaction, possible changes in the valence-state of the active
species can occur, causing deactivation.** The presence of heteroatoms in the carbonaceous
structure can address the stability issues of these materials, thereby improving catalytic
performance. Several heteroatoms have been used as dopants, including B, P, O, S e N.* In this
perspective the presence of nitrogen within the polymeric chains of chitin (with a C:N ratio of 8:1)

is an interesting feature that can be harnessed in the field of environmental catalysis and in fact in
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the literature, studies have been already reported regarding the use of this biopolymer in the
synthesis of metal-free nitrogen-doped carbon catalysts. In a typical N-doped carbon based material
we can define different type of nitrogen groups such as pyridinic, pyrrolic and graphitic groups.*®
The pyridinic group is a types of nitrogen that is doubly coordinated, typically found at the edge or
within vacancies of graphitic domains. It contributes to the m-system with a single p-electron, and
its lone pair gives it a basic character. On the other hand, pyrrole nitrogen is a three-fold coordinated
nitrogen atom located in a pentagonal ring. When substituted in graphene, pyrrole acts as an
electron localizer and behaves as a 2-position nucleophile. The structure of graphitic nitrogen is still
a topic of ongoing discussion. %6 Current theoretical models describe this species as a three-fold
coordinated nitrogen atom that substitutes a carbon atom in a planar configuration, but this species
is also ascribed to a positively charged tetrahedric nitrogen atom intermolecularly interacting with

anionic functional groups.*®

@ Graphitic N (N)

‘ Pyrrolic N (Np)

Figure 6: different type of N which can be found in a typical N-doped carbon based material.

Thanks primarily to the presence of pyridinic surface groups that impart basicity to the material,
studies can be found in the literature regarding the use of chitin in the synthesis of metal-free
nitrogen-doped carbon catalysts, where nitrogen serves as an active site in base-catalyzed reactions,
thereby avoiding the use of toxic and costly heavy metals.*>*” Furthermore, other reported
examples involve the use of chitin-derived N-doped carbons as a support for metal deposition.*3->°
In these cases, the presence of nitrogen favours the deposition of metal nanoparticles. Both
graphitic and pyridinic nitrogen are sp? hybridized and act as electron acceptors, withdrawing

electron density from the carbon matrix. However, graphitic nitrogen has 2 electrons in the p; orbital
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and serves as a nitrogen dopant in the material, with one electron occupying an anti-bonding m*
molecular orbital. These characteristics make graphitic nitrogen electron-rich and prevent the
formation of a direct nitrogen-metal bond due to the high electrostatic repulsion with metal
nanoparticles.** On the contrary, pyridinic nitrogen shares only one electron with the 1 system of
the support, allowing for the direct coordination of metal nanoparticles. This is facilitated by the o-
donation of nitrogen to the metal and a possible back-donation of the metal to the now free t*
orbital of the support.**4% In this way, pyridinic nitrogen not only may promote the proper
dispersion of active sites (similar to graphitic nitrogen) but also enhances the stability of the catalytic
systems by acting as an anchoring site to prevent metal leaching. Due to these promising
characteristics, in this work, the synthesis and characterization of catalytic systems involving
palladium nanoparticles supported on nitrogen-doped carbons have been explored. Chitin obtained
from shrimp waste was used as a precursor for these materials. The catalytic performances of these

samples were further investigated in the Suzuki-Miyaura and Heck reactions.

SUZUKI-MIYAURA AND HECK CROSS COUPLING REACTIONS

Cross-coupling reactions are a typical class of organic chemistry reactions that have garnered
significant interest in the scientific community due to the possibility to form new C-C bonds between
two substrates, enabling the synthesis of increasingly complex organic molecules. The
pharmaceutical sector, in particular, has greatly benefited from these reactions. In 2006, for
instance, 11% of the reactions applied in three multinational pharmaceutical companies
(AstraZeneca, Pfizer, and GlaxoSmithKline) were cross-coupling reactions.®® Some well-known
examples include the Heck-Mizoroki, Suzuki-Miyaura, Sonogashira, Stille, and Buchwald-Hartwig
(hetero-coupling C-N) reactions. Generally, all of these reactions involve the formation of C-C bonds
between unsaturated (sp? or sp3) carbons and originally emerged from the use of Palladium (Pd) in
homogeneous catalysis, although there are now studies in the literature exploring the use of other
metals such as Pt, Cu, Au, Fe, and Ni.>? Typically, these reactions involve two types of substrates: an
organometallic species (such as organoborates or organostannates) and an organic electrophile
(aryl or alkyl halide). The high selectivity and versatility with various substrates have made these
reactions extensively studied over the years, and similarities in various mechanisms have been
observed. A typical generic cross-coupling reaction usually consists of the following steps:>3

e Oxidative addition of an alkyl/aryl halide to Pd(0), yielding a Pd(Il) organo complex. This step

is typically the rate-determining step.
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e Transmetalation, involving the replacement of the halide ligand coordinated to Pd with an
aryl/alkyl ligand.
e Reductive elimination, where the Pd(0) catalyst is regenerated, forming the C-C bond

between the two organic species.

0
R-R' L,Pd R-X
Reductive elimination Oxidative addiction
L\P”/R L_I_R
N Pd
L/ Rl L/ \X
M-X M-R'

Transmetalation

Scheme 1: Simplified catalytic cycle for a generic cross-coupling reaction.

Mechanistic studies have been conducted for homogeneous catalysis starting from Pd complexes.
The most commonly used ligands are phosphines, which generate a Pd(PR3)4 complex of Pd(0). Even
if Pd(ll) complexes with halides (PdCl>) or acetate (Pd(OAc)z) are also widely used.>* In these cases,
Pd is reduced in situ in the presence of a promoting base, such as phosphines, alkoxides,
triethylamine, or ethylene, to form catalytically active zerovalent species.”*>> N-heterocyclic
carbenes (NHCs) are also gaining strong popularity as replacements for phosphines. This is because
the strong Pd-NHC bond limits ligand dissociation, increasing the complex's stability. Additionally,
good o-donation facilitates the oxidative addition step, and significant steric hindrance accelerates
the reductive elimination step.>®°7

To avoid difficulties in catalyst separation, there has been significant research development in the
use of efficient supported heterogeneous catalytic systems, varying both the metallic component
and the support material.®® Among all metals, palladium remains the most commonly used.
Regarding the investigated supports, metallic oxides such as alumina (Al,03), silica (SiO2) and titania
(TiO2) have been employed.>® For the Heck reaction, Huang et al. developed a Pd/SiO2 catalyst

through calcination from a metallic precursor, achieving good results in the coupling between
15



bromobenzene and styrene (80% vyield, 135°C, 4 hours, in dimethylacetamide).®® Climent et al.
synthesized Pd nanoparticles supported on alumina, silica, and titania and tested these systems in
the synthesis of the raspberry-scented fragrance 4-(p-methoxyphenyl)butan-2-one through a Heck
cross-coupling. Among the three supports, titania proved to be the most effective with an 80%
yield.®!

Moreover, for the Suzuki reaction, Hossain et al. obtained and tested materials composed of Pd
nanoparticles supported on alumina nanorods in the coupling between 3-bromoanisole and 4-
carboxyphenylboronic acid, achieving good conversion rates and recyclability.®? Ncube et al.
generated catalysts consisting of dendrimers containing Pd nanoparticles encapsulated in a porous
SiO; support, which were then tested in the Suzuki reaction between iodobenzene and
phenylboronic acid, yielding quantitative results at 110°C after 1 hour in dimethylformamide
(DMF).83

Other studied supports include carbonaceous and magnetite-based materials. Liu et al. synthesized
Pd-supported systems on activated carbon using an innovative method involving argon glow
discharge plasma reduction, without the use of reducing agents. This led to excellent results in the
Suzuki cross-coupling between 4-bromotoluene and phenylboronic acid (98% vyield, 60°C, 30
minutes, K2COs in EtOH:H,0 = 1:1) and the Heck reaction between iodobenzene and styrene (93%
yield at 120°C for 4 hours), despite the use of less eco-friendly solvents like DMF.%* Ghorbani et al.
synthesized catalytic systems where Pd is supported on magnetic magnetite particles through S-
methylthiourea. Despite the laborious synthesis procedure, the added value of this material is the
easy separation using an external magnet after the reaction, and the excellent stability. Such catalyst
achieved good yields in the cross-coupling between iodobenzene and butyl acrylate even after
multiple cycles (95% yield, 120°C, 90 minutes in DMF), although the use of toxic DMF negatively
impacts the sustainability of the reaction. In addition, in the Suzuki reaction, the aforementioned
material exhibited excellent properties for the coupling between iodobenzene and phenylboronic
acid (96% yield, 50°C, 30 minutes in H,0).%°

Although less common in the literature, other transition metals have been also used for C-C cross
coupling reactions, either as free nanoclusters or supported nanoparticles.”® Recently, Hosseini-
Sarvari et al. synthesized a nickel catalytic system supported on TiO; to promote Suzuki cross-
coupling for the formation of biaryl compounds, achieving good yields (60-100%), albeit with room
for improvement in reaction times (6-24 hours), using CeCOs as a base at 80°C in a mixture of

MeOH/H,0.¢
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Given the excellent characteristics of Pd and the above-mentioned N-doped carbon support, this
study focuses on Heck-Mizoroki and Suzuki-Miyaura reactions through a heterogeneous catalysis
strategy, employing catalytic materials based on low-loading metallic Pd supported on N-doped
carbons derived from chitin. The significant potential of these reactions prompted the American
chemist Richard F. Heck, along with the Japanese chemists Ei-ichi Negishi and Akira Suzuki, to be
awarded the Nobel Prize in Chemistry in 2010 for their contributions to "Palladium-catalyzed cross

couplings in organic synthesis” .6’

HECK-MIZOROKI REACTION MECHANISM

The Heck-Mizoroki reaction (or Heck reaction) differs from common cross-coupling reactions in that
it involves the formation of a C-C bond between an unsaturated aryl/alkyl halide and an alkene in
the presence of a base and a Pd catalyst.®® This reaction has the advantage of not requiring the
preparation of organometallic compounds (such as organostannanes used in the Stille reaction,
which are highly toxic). Consequently, the transmetallation step is absent from its mechanism. The
mechanistic study of this reaction is not straightforward and strongly depends on the reaction
conditions. Since the reaction begins with an oxidative addition, it is necessary to have electrically
and sterically unsaturated catalytic species. In the simplest case, starting with the Pd(PPhs)a species,
it is accepted that this species exists in an equilibrium where it undergoes dissociation, losing two
phosphine ligands to form the catalytically active Pd(PPhs), species.>3°

At this point, it's possible to define a catalytic cycle that includes the following steps:

1. Oxidative Addition: The aryl/alkyl halide (RX) undergoes oxidative addition to Pd(0), oxidizing
it to Pd(ll) and forming a stable square-planar species with 16 electrons. It has been
demonstrated that this reaction occurs through a concerted-like mechanism involving a
three-centre transition state.’® There are two stages: associative and oxidative. In the first
stage, there is o-donation from the carbon-halogen (C-X) bond to Pd, leading to elongation
of the C-X bond. In the second stage, there is electron density back-donation from Pd to the
o* C-X antibonding orbital, breaking the C-X bond completely and completing the oxidative
addition. This mechanism typically results in a cis product, although isomerization to the

thermodynamically more stable trans species often occurs.>3
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PdL, L,

Scheme 2: Oxidative Addition.>3"°

2. Olefin Insertion: The olefin inserts itself into the R group coordinated to Pd without changes
in oxidation state or coordination number.

3. Beta-Hydride Elimination: This step leads to the formation and dissociation of the product,
generating a Pd(ll) hydride complex. To facilitate this step, all bonds between Pd and hydride
must be on the same plane, allowing hydride to approach the metal center.
Stereoselectively, this step forms a trans olefin.

4. Reductive Elimination: This step regenerates the Pd(0) catalytic species. The reaction is
promoted by a base that is essential for catalyst regeneration, capturing the formed

hydrogen halide (HX). Therefore, the base needs to be added in stoichiometric amounts.>3

L,Pd(0)
H-X R-X
1
Reductive Elimination Oxidative Addiction
L L
L L
B-Hydride Elimination Olefine Insertion
3
R\/\ .
R
Ly R
X-Pd ZOR
L
R

Scheme 3: Simply mechanism for Heck-Mizoroki cross-coupling reaction.>3
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SUZUKI-MIYAURA REACTION MECHANISM

This cross-coupling reaction forms new C-C bonds from an aryl/alkyl halide and an aryl boronic

acid.”* Organoboron compounds have the advantage of being non-toxic and have gradually replaced

other organometallic agents RM (where M is Mg, Zr, Si, Sn, Cu) used in other reactions.>* Similar to

the Heck-Mizoroki reaction, through homogeneous catalysis, this reaction begins with a Pd(0)

complex in the presence of a base, whereas heterogeneous catalysis involves the use of Pd-

supported catalysts. The role of the base has been pivotal in elucidating the reaction mechanism,

which proceeds through the following steps:

1.

2.

Oxidative Addition of RX: The aryl/alkyl halide (RX) undergoes oxidative addition to the Pd(0)
species, oxidizing it to Pd(ll). This step is similar to the Heck-Mizoroki reaction and shares the
same considerations. There are studies where, depending on the solvent, the mechanism of
oxidative addition can be either concerted with a three-centre transition state (as seen
previously) or of the SN2 type (nucleophilic attack of Pd on the C sp? with the departure of
the halide, which then coordinates trans to the aryl/alkyl group).”>”3 The reduced reactivity
of the aryl halide with increasing electronegativity of the halogen, as observed
experimentally, is explained by the mechanism of oxidative addition. The higher the
electronegativity of the halogen, the more stabilized the molecular orbital of the C-X bond
(bond dissociation energies for Ph—X: Cl: 96 kcal/mol; Br: 81 kcal/mol; I: 65 kcal/mol), making
the o-donation that initiates oxidative addition less favourable.”7>

Transmetallation: This step involves the replacement of the halide coordinated to Pd with
the organic component R' of the aryl boronic acid. The role of the base is crucial because the
presence of an anionic nucleophilic species (such as alkoxide RO- or hydroxide OH-) is
required for the success of the reaction.”* This species can either be formed in situ or
represented by the base itself. For example, in Suzuki reactions in anhydrous organic
solvents, the addition of water, which subsequently reacts with a base to generate the
hydroxide ion, promotes the reaction.”® This step has been the subject of various
computational studies as at least three mechanisms have been hypothesized:”’

a. Transmetallation without Base: Transmetallation occurs without the aid of a base.
Computational and experimental studies suggest that this is the least likely
mechanism because it involves excessively high energy barriers.

b. Base-Mediated Nucleophilic Attack: In this mechanism, a base in solution forms a
nucleophile (usually RO- or OH-) that directly replaces the coordinated halide,
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followed by the coordination and transmetallation of the aryl boronic acid. This
mechanism has been ruled out by computational calculations due to the inability to
find an appropriate transition state, although kinetic studies confirm this
mechanism.’® According to computational calculations, the coordination of OH- (or
RO-) to the phosphine (which oxidizes) coordinated to Pd and the subsequent
migration of the OH- group to the metal center, causing the decoordination of the
halide and the formation of a hydride species that completes transmetallation with
the aryl boronic acid, is more feasible. However, this pathway is less likely because
the oxidation of the phosphine is typically one of the causes of catalyst degradation.
This is also confirmed by experimental observations showing that in the presence of
boronic acids, the amount of oxidized phosphine is very low.””

c. Base-Mediated Boronate Formation: In this mechanism, a base in solution forms a
nucleophile (usually RO- or OH-) that adds to the boron (a Lewis acid) of the aryl
boronic acid, forming a reactive anionic species (boronate) that is more nucleophilic
and carries out transmetallation. This mechanism, with the most linear energy
profile, is the most likely one and is supported by experimental observations.

3. Reductive Elimination: In this step, the catalytic Pd(0) species is regenerated with the

formation of a new C-C bond between the two substrates.

R-X R-R'
J L,Pd® = K
1. Oxidative addition 3. Reductive elimination ‘
Pathway B ||- lT
P~ R-Pd-O R-Pd—R'
OH~ L H L
Y
L R'-B(OH),
R-Pld—X
L
2. Transmetalation
_ R\ _
R-B(OH); L B(OH),
P R0 -
Pathway C L H

Scheme 4: Simply mechanism of Suzuki-Miyaura cross-coupling reaction.”
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In addition to the main Suzuki-Miyaura cross-coupling reaction, it is necessary to consider possible
side reactions that need to be controlled:®

e Homocoupling of Two Aryl Boronic Acids: This can occur in the presence of oxygen. In this

case, oxygen coordinates to Pd, forming a peroxo-complex. This species interacts with the

first aryl boronic acid, leading to the formation of an intermediate. In the presence of water,

this intermediate coordinate the aryl group and a hydroxide to Pd. Subsequently, a

transmetallation reaction occurs between a second aryl boronic acid and the hydroxide on

Pd, resulting in the formation of boric acid and a complex. Through reductive elimination,

the catalyst is regenerated to its initial state, forming the homocoupling product.!

Oz
Ar-A }_\ o L
r-Ar L,Pd° 1 CI)/Pd\L ArB(OH),
8 2
IT O. L
L-Pd-Ar OH LPd
Ar Ar—B;“‘
OH
7 3
IT L
Ar—PId-Ar Ar—PId—L
|
L OOB(OH),
6
4
5
B(OH)3 H,O
IT L
|
AFB(OH)Z Ar—PId_OH Ar-PId-L HOOB(OH)z
L OH

Scheme 5: Catalytic cycle of homocoupling side reaction between two Aryl Boronic Acids.®!

e Protodeboronation of Aryl Boronic Acid: This can occur through various mechanisms under
both acidic and basic conditions.??
e Hydrodehalogenation of Aryl Halide: This side reaction becomes more significant with

stronger bases used in the reaction. It occurs in the presence of a nucleophile, typically an
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alkoxide, which can be formed in situ or act as the base. After the oxidative addition step,
substitution of the halide coordinated to the metal with the alkoxide can occur. Subsequent
B-hydride elimination leads to the formation of a carbonyl compound and a hydride complex
of Pd. The final reductive elimination forms the dehalogenated product.®84 These processes

are illustrated in the scheme 6.

0
Ar-H LoPd Ar-X
Reductive elimination 1 Oxidative addition
4
Ar

Ar
L Pd/ L Pd/
2N 2N
H X
B-Hydride Elimination 3 2 Ligand substitution
MeO
Ar
OYH Lpd -
b AN X
OMe

Scheme 6: Possible mechanism of Hydrodehalogenation side reactionof Aryl Halide.®?

These side reactions can reduce the yield of the desired Suzuki-Miyaura cross-coupling product and

need to be carefully managed during the reaction.

MECHANOCHEMISTRY: A SUSTAINABLE OPPORTUNITY

The first principle of green chemistry focuses on preventing waste generation.®® To quantify the
amount of waste generated in a production process, Roger A. Sheldon introduced the
Environmental Factor (E-Factor or simply EF). This is defined as the kilograms of waste produced per
kilogram of product obtained from a given process.®> EF takes into account not only the waste
generated during synthesis but also all the substances used in the work-up phase until the product
is ready for use. Therefore, it is one of the most important green metrics, parameters designed to
help us quantify the "greenness" of a process and objectively compare different syntheses. An
analysis of EF in the main areas of the chemical industry reveals that the petrochemical industry has
the lowest EF value (EF < 0.1), primarily because it uses well-established technologies that have

allowed the optimization of all process stages over time. In contrast, the pharmaceutical industry
22



has the highest EF (EF = 25-100) and appears to be the "dirtiest" sector.®> One of the reasons
explaining this result is related to the use of solvents. In the synthesis of an Active Pharmaceutical
Ingredient (API), multiple reaction steps are typically carried out in batch processes, often using
different solvents. Large quantities of materials are used in each reaction step to work up the
product, which needs to be isolated in an extremely pure form. All these steps significantly increase
solvent consumption (and consequently EF), which can account for 80-90% of the total mass used
in the synthesis process, posing a significant environmental challenge.® In fact, it is estimated that
50% of total greenhouse gas emissions and 60% of energy consumption in API synthesis come from
solvent usage.?” As well, other areas related to cosmetics or food industries have the same solvent
issues.8889 As the main sector involved, the pharmaceutical industry has been a pioneer in
developing solvent selection guidelines to minimize environmental pollution caused by solvents.*°
Moving towards a future of sustainability and circular economy, catalysis (especially heterogeneous
catalysis) is an excellent tool, but it is not enough. To reduce waste production, it is also necessary
to work on reducing solvent consumption, by eliminating (wherever possible) or minimizing their
use.
In this context, mechanochemical reactions offer a thrilling opportunity. Mechanochemistry is
defined by IUPAC as a chemical reaction that is activated by the direct absorption of mechanical
energy, through grinding, abrasion or fracture,®® increasing the surface area and the contact
between reactants, hence accelerating the rate of the reaction. Additionally, they occur at high local
pressures and temperatures due to the kinetic energy input, making it easier to surpass the
activation energy required for product formation.®? These features allow to carry out reactions in
solvent-free conditions or as a tool to assist extraction protocols under the minimum amount of
solvent.*®% There is a wide range of applications of this new solvent-free chemistry, ranging from
the synthesis of high-value-added chemicals to the design of advanced nanomaterials.*3%49> The
instruments typically used include various types of mills such as:®>

e Mixer mills, which employ cylindrical flasks oscillating horizontally, resulting in high impact

forces between the ball bearing and the curved ends of the flask;
e Planetary mills, which use a spinning vessel on an oppositely spinning sunwheel, providing
high centrifugal and frictional forces on the materials;
e Drum mills;

e Cryomills, designed for cryogenic grinding.
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However, this instrumentation often limits reactions to batch processes and can pose difficulties in
scaling up, confining their use mainly to the laboratory. In this context, mechanochemical
technologies for continuous-flow processes have emerged. An example is the employment of twin-
screw extruders, which not only allows a better control of reaction conditions but is also more
suitable for industrial processes.’”® Literature studies demonstrate that this technology can
significantly reduce the environmental footprint, as measured by the Life Cycle Assessment (LCA) of
an Active Pharmaceutical Ingredient (API), in terms of E-factor and solvent usage, thus drastically
reducing production costs.®’ Furthermore, depending on the instrumentation and by appropriately
modifying grinding conditions (screw speed, residence time, material quantity), different results can

be obtained, increasing productivity towards a specific product.*®
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Figure 7: Schematic representation of different applications of mechanochemical technique.®?

Considering the aforementioned premises, in this study, the biomass-derived catalytic materials
prepared in this work were also tested in the Suzuki-Miyaura reaction under solvent-free conditions
employing a twin-screw extruder. Additionally, new catalytic materials were synthesized through a
mechanochemical approach, characterized, and tested. The results obtained were finally compared
with the conventional method in solution to provide a comprehensive overview and draw final

conclusions.
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SCOPE OF THE THESIS

In summary, the main objectives of this thesis are outlined in the following paragraphs. Specifically,

this work focuses on:

Valorisation of Fishery Waste: This research aims to valorise waste from the seafood industry
by utilizing chitin derived from shrimp shells, following a circular economy approach.

Green Synthesis of Heterogeneous Catalysts: Aligned with one of the 12 principles of green
chemistry, one of the goals of this thesis is to use chitin for the synthesis of heterogeneous
catalysts composed of chitin-derived N-doped carbons functionalized with varying loadings
of Pd nanoparticles. These catalysts can be easily recovered after use, thus reducing overall
waste generation in chemical processes. These catalytic systems are synthesized using non-
toxic and non-polluting methods, including impregnation (Method A) and solution methods
(Method B). Additionally, catalytic systems are synthesized using a twin-screw extruder
through a mechanochemical procedure, eliminating the need for solvents.

Characterization of Catalytic Systems: Comprehensive characterization of the synthesized
catalytic systems, including those produced using conventional Methods A and B, as well as
those obtained via mechanochemistry, is conducted using a multi-technique approach,
including XRD, XPS, TEM, SEM, and N,-physisorption analysis.

Evaluation of the Catalytic Performance: Evaluation of the catalytic performance of the
systems formed through Methods A and B in Heck-Mizoroki and Suzuki-Miyaura reactions
conducted in batch mode, with a focus on optimizing reaction conditions.
Mechanochemically-assisted Suzuki-Miyaura Reactions: Testing of the prepared catalytic
systems in Suzuki-Miyaura reactions using an extruder in a solvent-free mechanochemical
procedure.

Catalyst Stability Study: Conducting catalyst stability tests in the Heck-Mizoroki reaction with

the best-performing catalyst by performing multiple recycling experiments.

Given these objectives, the overarching aim of this thesis is to contribute to the advancement of

sustainable and efficient catalytic systems while simultaneously addressing the issue of waste

management in chemical processes.
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EXPERIMENTAL

MATERIAL AND EQUIPMENT

All chemicals employed during the reactions and the synthesis of catalysts were commercially
available compounds sourced from Sigma-Aldrich and are presented in Table 1. If not otherwise
specified, reagents and solvents were employed without further purification. Gas Chromatography-
Mass Spectrometry (GC-MS, Electron lonization (El), 70 eV) analyses were performed on a HP5-MS
capillary column (L =30 m, @ = 0.32 mm, film = 0.25 mm). GC (flame ionization detector; FID)
analyses were performed with an Elite-624 capillary column (L=30 m, @ = 0.32 mm, film = 1.8 mm).
All reactions were performed in duplicate to verify reproducibility.

Quantification analysis to determine conversion values was performed by 'H-NMR in the Bruker
Avance Il HD 400 WB equipped with a 4 mm CP/MAS probe, employing deuterated chloroform.
Furthermore, the identification of the obtained products was performed by GC-MS in the Agilent
7820 A GC/5977B High Efficiency Source (HES) MSD.

Table 1. Chemicals employed in this work.

MOLECULAR MOLECULAR
REAGENTS SOLVENTS
WEIGHT (u.m.a.) WEIGHT (u.m.a.)
lodobenzene 204.02 H.0 18.02
4-iodoacetophenone 246.05 Methanol 32.04
4-iodoaniline 219.03 Ethanol 46.07
4-iodoanisole 234.04 y-Valerolactone 100.12
3-iodobenzonitrile 229.02 Acetonitrile 41.05
Bromobenzene 157.01 Ethyl acetate 88.11
3-Bromotoluene 171.04 Methyl-THF 86.13
4-Bromotoluene 171.04 MOLECULAR
BASES
WEIGHT (u.m.a.)
4-chloroiodobenzene 238.46 Triethyl amine 101.19
4-chlorotoluene 126.59 Potassium carbonate 138.21
4-chloronitrobenzene 157.56 Sodium carbonate 105.99
Phenylboronic acid 121.93 MOLECULAR
OTHER
WEIGHT (u.m.a.)
p-tolilboronic acid 135.96 Chitin 221.21%*
m-tolylboronic acid 135.96 2-propanol 60.10
4-metoxyphenylboronic acid 151.96 ethylene glycol 62.07
Methylacrylate 86.09 Pd(OAc); 224.50
Ethylacrylate 100.12 EDTA 292.24

*Referred to molecular weight of the strucural unit N-acetilglucosamine
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SYNTHESIS OF CATALYTIC MATERIALS

N-doped carbon-supported Pd nanoparticles were synthesized with different amounts of Pd
precursor, to achieve loadings of 1%, 2.5% and 5% (w/w). In order to reach these concentrations
during the synthesis, 0.1, 0.25 and 0.5 mmol of Palladium acetate (Pd(OAc);) were employed,
respectively. According to the procedure in the article of Rodriguez-Padron et al.*?, catalytic systems
were obtained employing two different protocols: impregnation and solution methods, labelled
respectively as procedure A and B.

A. Impregnation method. Firstly, the proper amount of Pd(OAc); was dissolved in 2-propanol
(15 mL) and subsequently, chitin (5 g) was added into the solution. The materials were left
to age overnight at room temperature and further oven dried at 100 °C under vacuum.
Finally, the samples were thermally treated at 500 °C (heating rate was 5 °C/min) for 1 hour
under N3 flow (10 mL min™1). The catalytic samples achieved by this procedure were labelled
as Pd/CNi.

B. Solution method. The proper amount of Pd(OAc), was dissolved in 2-propanol (60 mL),
together with EDTA (1 g). Subsequently, chitin (5 g) was added to the mixture, which was
kept under stirring for 9 h at 80 °C under reflux. The suspension was filtered and the so-
obtained solid was dried at 100 °C overnight and, finally, heated at 500 °C for 1 h, according
to the conditions previously described. The catalytic sample achieved by this procedure was
labelled as Pd/CNs.

The resulting materials were ground to powder (particle size <200 um) and stored in the oven (70
°C, 15 mbar) until further use. The yield of the obtained materials was ca. 35 + 5%, based on the

total weight of chitin and the metal precursor used.

CHARACTERIZATION OF CATALYTIC MATERIALS

The crystalline structure of the samples was investigated by X-ray diffraction (XRD) in a D8 Advance
diffractometer from Bruker® AXS, using the X-ray source of the Cu Ka radiation, coupled to a LynxEye
detector, and monitoring the 26 within 8—80° at a rate of 0.08° min~2.

The chemical composition on the surface of the solids was examined using X-ray Photoelectron
Spectroscopy (XPS) with a Physical Electronics VersaProbe Il Scanning XPS Microprobe. This

equipment uses a monochromatic X-ray Al Ka radiation source under a vacuum of 10-7 Pa. The
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binding energies were calibrated to the Cls peak from adventitious carbon at 284.8 eV. High-
resolution spectra were recorded using a concentric hemispherical analyzer at a constant energy
pass of 29.35 eV over a 200 um diameter analysis area. The pressure in the analysis chamber was
maintained below 5 x 10-6 Pa. Data acquisition and analysis were performed using PHI ACCESS
ESCA-F V6 software. A Shirley-type background was subtracted from the signals, and the recorded
spectra were analyzed with Gauss—Lorentz curves to determine the binding energy of the atomic
levels of different elements more accurately.

The textural properties, i.e., surface area, the volume of the pore and pore size, were determined
from N; physisorption at 77 K, performed in an ASAP 2000 instrument from Micromeritics®. The
samples were outgassed at 120 °C for 2 h. Then, adsorption—desorption isotherms were recorded
at -196 °C. The specific surface areas were calculated by the BET method; the pore volumes were
calculated from adsorption isotherms and the pore size distributions were estimated using the
Barrett, Joyner and Halenda (BJH) algorithm available as built-in software from Micromeritics
(Micromeritics Instrument Corporation (Norcross, GA, USA)).

SEM-EDX images were acquired in a JEOL-SEM JSM-7800 LV scanning microscope. Transmission
electron microscopy (TEM) was performed to observe the size and shape of the particles in a JEOL
2010 operated at an acceleration voltage of 200 kV and with a FEI Tecnai G2 system, equipped with
a charge-coupling device (CCD) camera. Samples were ground and then suspended in ethanoal,
followed by dipping of a holey-carbon coated copper grid of 300 mesh which was left to dry under
air for a few minutes prior to recording.

The exact amount of Pd presented in the catalytic systems was obtained through ICP-OES analysis

carried out in the Avio 550 Max ICP-OES Optical Emission Spectrometer.

CATALYTIC EXPERIMENTS

Catalytic experiments were carried out in sealed test tubes. In a typical Heck-Mizoroki cross coupling
reaction, 10 mg of the catalyst was added, followed by iodobenzene (1 mmol, 112 pl), ethyl acrylate
(1.5 mmol, 160 ul), and triethyl amine (1 mmol, 140 pl) in the stated order. Subsequently, y-
Valerolactone (GVL, 2 ml) was introduced into the mixture. The solution was then sealed and stirred
at 125 °C for 4 hours. After the reaction, the catalyst was separated from the solution through
filtration. Quantification analysis to determine conversion values was performed by 'H-NMR,
employing deuterated methanol. Furthermore, the identification of the obtained products was

performed by GC-MS in the Agilent 7820 A GC/5977B High Efficiency Source (HES) MSD.
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In a typical Suzuki-Miyaura cross coupling reaction, 10 mg of the catalyst was added, followed by
potassium carbonate (K2COs, 0.5 mmol, 70 mg), iodobenzene (0.25 mmol, 26 pl) and phenylboronic
acid (0.35 mmol, 43 ul), in the stated order. Subsequently, ethanol (3 ml) was introduced into the
mixture. The solution was then sealed and stirred at 80 °C for 4 hours. After the reaction, the catalyst
was separated from the solution through filtration. Quantification analysis to determine conversion
and selectivity values was performed by gas chromatography (GC) using a flame ionization detector
(FID). The measurements were accomplished in the Agilent 6890 N gas chromatograph (capillary
column HP-5, 60 mL min N carrier flow, 20 psi column top head pressure). The identification of
the obtained products was performed by GC-MS in the Agilent 7820 A GC/5977B High Efficiency
Source (HES) MSD.

MECHANOCHEMICAL APPROACH: EXPERIMENTAL

SYNTHESIS OF CATALYTIC MATERIALS

The materials were synthesized using a mechanochemical extrusion method. This involved the use
of chitin (5 g), Pd(Ac)2 (0.5 mmol), and ethylene glycol (15 mL). The mixture was extruded in a ZE 12
HMI Twin-Screw Extruder (Three Tec, Seon, Switzerland) at a temperature of 200 °C and a speed of
50 rpm. The resulting material was then dried in an oven at 100°C under vacuum overnight before
being used in catalytic tests. Additionally, a thermal treatment was performed at 500°C for 1 h under
a flow of N2 (10 mL/min) for further comparison. The heating rate for this process was 5 °C.

The synthesis process was also carried out with the addition of Na;COsz (0.5 mmol) under the

previously described conditions.

CATALYTIC EXPERIMENTS

A typical CF-Mechanochemical Suzuki-Miyaura cross-coupling reaction was carried out to evaluate
the performance of the catalysts. The reaction was conducted under continuous flow conditions
using a ZE 12 HMI extruder from Three Tec. The reaction involved iodobenzene (2 mmol), PhB(OH);
(3 mmol), K2CO3 (4 mmol), and the chosen catalysts (40 mg). The mass loading, temperature, time
of reaction, and speed of rotation of extruder were optimized. The conversion and selectivity were
determined using GC-FID after an extraction with a minimum amount of ethanol, while the product

structures were identified using GC-MS.
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RESULTS AND DISCUSSION

SYNTHETIC APPROACH

Two strategies were employed to attempt the incorporation of palladium nanoparticles onto the
chitin matrix, which would serve as a source of carbon and nitrogen. The first approach (referred to
as method A) involved the impregnation of chitin at room temperature with a minimal quantity of
2-propanol containing palladium acetate (Pd(OAc);). The second approach (Method B) entailed
dispersing chitin in a larger volume of 2-propanol (70 mL), which also contained palladium acetate.
The mixture was then maintained at 80 °C with continuous stirring for a duration of 9 hours. In both
protocols it was employed the proper amount of Pd(OAc); in order to achieve Pd loadings of 1%,
2.5% and 5% leading to catalytic systems labelled as 1Pd/CNi, 2.5Pd/CNi, 5Pd/CNi for those
obtained with method A, and 1Pd/CNs, 2.5Pd/CNs, 5Pd/CNs for those obtained with method B,
respectively. Method A, while environmentally friendly owing to its minimal solvent usage, does
have drawbacks, such as lack of homogenous distribution and limited control over particle size.
Conversely, Method B employs a deposition-precipitation technique, providing superior control
over nanoparticle morphology, size, and dispersion. The subsequent sections will dive into the
results obtained from each method and provide a comparative analysis. N-doped carbon systems
were chosen as support materials based on recent studies that suggest enhanced stability of metal
entities due to metal-nitrogen interactions. To ensure optimal dispersion of the nanoparticles, EDTA
was employed as a metal complexing agent in method B. Chitin extracted from shrimp shells was
selected as a sustainable source of nitrogen and carbon due to its abundant availability. Despite its
low solubility, which presents challenges in various applications, this work proposes a strategy to
harness its potential, thereby adding value to a significant byproduct of the seafood supply chain,

in alignment with the principles of a circular economy.
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Figure 8: Schematic representation of the synthetic strategies considered for the preparation of Pd/CN materials.

MATERIALS CARACTERIZATION

The characterization of the catalytic systems was accomplished through a multi-technique
approach, with the majority of the characterization analyses being conducted at the Department of
Inorganic Chemistry at the University of Malaga, Spain, which has well-stablished collaborations
with our group at Ca’ Foscari University. This department has well-established collaborations with
our group at Ca’ Foscari University.

The crystal structure and arrangement of the synthesized materials were examined through XRD
analysis, as depicted in Figure 9. Notably, all the XRD patterns of the materials displayed consistent
characteristics. A common signal observed was a broad band around 24.0°, indicating the presence
of amorphous carbon, particularly on the (002) crystallographic plane associated with stacked
graphene-like sheets.?® All the sample displayed sharp and well-defined signals located at 39.9°,
46.5°, and 67.9° corresponding to the (111), (200), and (220) planes of Pd(0) with a face-centred
cubic crystal structure.’® The expected gradual decrease in signal intensity with decreasing Pd
loading was confirmed by the XRD spectra. The XRD pattern of the Pd/CNs materials seem to exhibit
slightly broader peaks, mostly noticeable in the sample with a higher loading. This observation could
suggest smaller sizes of the Pd metal nanoparticles in the samples obtained through method B
compared to those obtained with method A. To validate this hypothesis, we conducted microscopic

analysis on the two samples where the difference was most pronounced (5Pd/CNi and 5Pd/CNs).
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Figure 9: XRD analysis of catalytic systems obtained with method A and B.

The morphology of the catalytic materials, containing a 5% Pd loading, was analysed using TEM, and
the resulting micrographs are presented in Figure 10. Both 5Pd/CNi (Figure 10A) and 5Pd/CNs
(Figure 10B) exhibited highly uniform and well-dispersed palladium nanoparticles supported on a
laminar N-doped carbon matrix. Remarkably, the average diameter of the nanoparticles was notably
smaller for the sample prepared using Method B. Specifically, 5Pd/NCi exhibited an average radius
of (11.3 £ 1.0) nm, whereas 5Pd/NCs displayed a much smaller average radius of (2.6 £ 1.0) nm.
These findings corroborate the hypothesis presented in the XRD analysis, underscoring the
substantial influence of the synthesis method on the ultimate morphology of the samples. These
results are consistent with previous reports in the literature and confirm that the solution-based

method can yield superior control over the size and morphology of the prepared nanoparticles.
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Figure 10: TEM analysis of catalysts 5Pd/CNi and 5Pd/CNs with the respectively distribution of pores size.

Further insights into the morphology and elemental composition of the samples were gained
through SEM-mapping analysis (Figure 11), which validated the successful incorporation of
palladium entities into the N-doped carbon matrix. SEM-mapping measurements confirmed the
presence of carbon, nitrogen, oxygen, and palladium in both catalytic samples, with all elements
being uniformly distributed in each case. Additionally, SEM images of Pd-N/Ci and Pd-N/Cs samples,
as shown in Figure 11A and 11F, revealed a 3D-irregular arrangement with certain porosity and a

rugose-like morphology.

33



EDS Layered Image 8

EDS Layered Image 6

e, -

25um

25um

Figure 11: SEM-mapping micrographs of Pd/CNi and Pd/CNs materials. SEM images of Pd/CNi (A) and Pd/CNs (F).
SEM-mapping results of Pd/CNi for carbon (B), nitrogen (C), oxygen (D) and palladium (E). SEM-mapping results of
Pd/CNs for carbon (G), nitrogen (H), oxygen (l) and palladium (J).

The textural properties of the samples were examined using N, physisorption measurements. To
determine whether and how porosity, surface area, and pore size vary with different catalytic
loadings, we conducted a study using materials with the lowest and highest loadings—specifically,
5% and 1% Pd. Additionally, to explore potential differences attributed to the catalyst synthesis
methodology, we included materials obtained through impregnation (Method A) and solution
(Method B) in our analysis.

Firstly, as can be observed in Table 2, all the examined samples exhibit mean pore size diameters
between 3.6 and 6 nm, classifying them as mesoporous materials.*>>%1% This classification is further
confirmed by experimental physisorption profiles that fit typical Type IV isotherms associated with

mesoporous materials, showing adsorption behavior similar to the Brunauer-Emmett-Teller (BET)
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isotherm (Type Il) but with hysteresis due to capillary condensation. In this study the pore volume
and the mean pore size diameter were calculated employing the Barret-Joyner-Halenda (BJH)
model, which considers not only the Kelvin radius but also the monolayer thickness, giving a more

realistic response.
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Figure 12: Representative N2 physisorption of catalytic systems 1Pd/CN obtained with method A (Figure 12A) and B
Figure 12B).

In particular, 5Pd-N/Ci and 5Pd-N/Cs catalysts exhibit similar mean pore size diameters (4.3 nm and
4.0 nm, respectively), surface area values (300 m?/g and 311 m?/g, respectively), and pore volume
values (0.25 m3/g and 0.28 m3/g, respectively) (Table 2, entry 2 and 3). For comparison, chitin was
treated under similar calcination conditions, and the textural properties of the resulting N-doped
carbon are also provided in Table 2, entry 1. These results could suggest that the textural
characteristics of the samples were primarily influenced by the carbon-nitrogen matrix and the
calcination protocol, while the metal entities and their incorporation strategies had a minimal
impact.

However, unexpectedly divergent values were observed for the materials modified with 1 wt.% of
palladium. Specifically, 1Pd/CNi displayed smaller mean pore sizes but larger surface area and pore
volume (3.6 nm, 526 m?/g, and 0.48 cm3/g, respectively). In contrast, the 1Pd/CNs catalytic system
exhibits larger mean pore sizes while maintaining a higher surface area but with a lower pore volume
(6 nm, 402 m?/g, and 0.19 cm?3/g, respectively). Examining the average pore size in the 1Pd/CNi and
1Pd/CNs systems, we can postulate that in the instance of catalysts synthesized using Method A, Pd

nanoparticles diffusion into the smaller pores is hindered by the limited solvent volume. Instead,
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they tend to preferentially deposit within the larger pores. As a consequence, there is no pore
occlusion, but rather a general reduction in pore size is observed.

In any case, these results demonstrated that, in general, the incorporation of Pd loading leads to an
increased surface area of the material, in comparison with the metal-free counterpart. Recent
studies have reported that the presence of Pd nanoparticles on a graphene-like support is
responsible for creating nanoholes on the graphene sheets, thereby positively impacting the surface
area and textural properties overall.1% A similar hypothesis could be assumed in this case, in order
to explain the higher surface area of the samples modified with 1 wt.% of palladium. However, this
effect on the surface area is compensated when higher palladium loading (5% Pd materials) is used,
most likely due to the partial occlusion of pores. Regardless these considerations, the materials
retained excellent textural properties, which could further favour their catalytic performance as will

be discussed in subsequent sections.

Table 2: Textural properties obtained by N2-Physisorbtion of different synthesised catalytic system.

Material Seer (m?/g) Desx (nm) Vesn (cm?/g)
C-N 320 3.9 0.35
5Pd/CNi 300 4.3 0.25
5Pd/CNs 311 4.0 0.28
1Pd/CNi 526 3.6 0.48
1Pd/CNs 402 6.0 0.19

* Sger: specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation. Dg+: mean pore size
diameter was calculated using the Barret-Joyner-Halenda (BJH) equation. Vg4: pore volumes were calculated using the
Barret-Joyner-Halenda (BJH) equation.

The chemical composition and surface properties of a catalytic material wield considerable
influence over heterogeneous catalysis processes. To understand the chemical nature and
elemental composition on the surface of prepared catalysts, XPS analyses were performed, and the
results are illustrated in Figure 13 and Figure 14. In a manner akin to the analysis conducted for

physisorption, in this instance, we have scrutinized representative materials obtained through both

36



Method A and B, with Pd loadings of 1% and 5%. XPS spectra consistently exhibited the presence of
carbon, oxygen, nitrogen, and palladium on the surface of all catalyst materials. Specifically, the C1s
XPS regions of the materials modified with 5 wt.% palladium loading (Figure 13A, 13E) were
deconvoluted into five contributions situated at (284.3 £ 0.2) eV, (285.7 £ 0.2) eV, (287.2 £ 0.2) eV,
(288.6 £ 0.2) eV and (290.0 £ 0.2) eV, attributed to C—C/C=C bonds from graphitic and/or aromatic
carbon, C-OH, C—-N/C-0, C=0 and COs?* species, respectively. Conversely, the latter contribution
was absent in the case of the 1 wt.% palladium samples, exhibiting only four signals attributed to C—
C/C=C bonds from graphitic and/or aromatic carbon, C-OH, C-N/C-0, and C=0. (Figure 14A and
14E). This observation suggests the likelihood of carbon dioxide formation resulting from the
decomposition of the organic matrix, a phenomenon likely induced by the higher palladium content
present in the samples with a 5 wt.% palladium loading.

The N1s XPS region (Figure 13B, 13F, 14B and 14F) showed two main bands typically attributed to
pyridinic and pyrrolic nitrogen species, at (398.4+0.2) eV and (400.3+0.2) eV. It is worth noting that
these N-functionalities, particularly pyridinic groups, could serve as active sites in base-catalysed
reactions, such as CO; fixation reactions.*” Additionally, the presence of nitrogen entities could
enhance the incorporation and dispersion of metal nanoparticles. Interestingly, graphitic N-groups
were not found on the surface of these materials.

The O1s XPS spectra of the samples, shown in Figure 13C, 13G, 14C and 14G for the 5Pd-N/Ci, 5Pd-
N/Cs, 1Pd/CNi and 1Pd/CNs samples, respectively, were deconvoluted into two main contributions.
These components, located at (531.2+0.2) eV and (533.2+0.2) eV, are attributed to O-Metal bonds
in metal oxides and to the presence of adsorbed H,0 in the catalyst structure, respectively.

Finally, the chemical nature of palladium entities on the catalyst surface was evaluated employing
the Pd3d region of the XPS spectra (as shown in Figure 13D, 13H, 14D and 14H). The signals were
deconvoluted into four contributions located at (335.1 +0.2) eV, (336.2+0.2) eV, (340.3%0.2) eV and
(341.540.2) eV. In particular, the signals at approximately (335.1 +0.2) eV and (340.3+0.2) eV were
associated with Pd3ds/; and Pd3ds/; of Pd (0), respectively; while the band shoulders contributions
located at binding energy values of (336.2+0.2) eV and (341+0.2) eV indicated the presence of Pd
() species of palladium oxide on the catalyst surface. By analysing the XPS data in conjunction with
the XRD results, it becomes evident that the synthesized nanoparticles primarily consist of a metallic

Pd (0) core, while the surface exhibits partial oxidation.
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Figure 13: XPS spectra of 5Pd/CNi (A-D), 5Pd/CNs (E-H). For each catalytic system, it is represented in this order the
Cls (A, E), N1s (B, F), O1s (C, G) and Pd3d (D, H) XPS regions.
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Figure 14: XPS spectra of 1Pd/CNi (I-N), 1Pd/CNs (O-R). For each catalytic system, it's represented in this order the
Cls, N1s, Ols and Pd3d XPS regions.

XPS quantification analysis was carried out to ascertain the metal content on the catalysts' surface,
and the findings are detailed in Table 3. Furthermore, ICP measurements were conducted to
determine the palladium concentration in the bulk samples, as also documented in Table 3. The
weight percentage of total palladium found for the bulk material, as confirmed by ICP-OES results,
was consistent with the expected percentages based on the amounts of metal and carbon
precursors employed in each synthetic methodology (A and B). Notably, the palladium

concentration on the surface, as assessed via XPS, was slightly higher in comparison to the ICP-OES
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data. These results likely indicate a uniform dispersion of the metal entities within the materials,

with a higher concentration residing on the surface of the carbonaceous materials.

Table 3: XPS Binding energy and Palladium concentration according to XPS and ICP-OES results.

Sample Pd (0) 3ds;2/eV  Pd (1) 3ds/2/eV Pd wt.% (XPS)  Pd wt.% (ICP-OES)
5Pd-N/Ci 335.1 336.4 7.5 5.4
5Pd-N/Cs 335.1 336.2 7.6 4.9
1Pd-N/Ci 335.1 336.4 1.5 1.1
1Pd-N/Cs 335.1 336.2 1.6 1.1

CATALYCIC ACTIVITY

The previously synthesized and characterized catalytic systems were tested in two cross-coupling
reactions: the Heck-Mizoroki and Suzuki-Miyaura reactions. A comprehensive analysis of their

catalytic performance will be presented in the subsequent sections.

HECK-MIZOROKI REACTION

In the Heck reaction, the following components were added in the specified sequence: 10 mg of the
catalyst, 1 mmol of iodobenzene, 1.5 mmol of ethyl acrylate, 1 mmol of triethylamine, and 2 ml of
GVL, all in an open-air vial. The Heck reaction typically requires relatively high temperatures, and in
the literature, polar aprotic solvents with high boiling points have commonly been employed to
dissolve the involved reagents. Solvents such as DMF, DMA, or N-methylpyrrolidone are frequently
used for this purpose.’®2 However, these solvents are toxic, and they pose disposal challenges when
they dissolve in water. In this regard, GVL can be an interesting alternative due to its comparable
polarity and boiling point (207°C), along with the added benefit of being non-toxic and derived from
biomass.'%? Considering such premises, GVL was chosen as solvent in this work. The initial reaction
conditions were determined based on two articles by Perosa et al. and Strappaveccia et al..19%103
The reaction products were identified via GC-MS, where secondary products were rarely observed,

confirming the high selectivity of these types of cross-coupling reactions.
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Quantification analysis of the reaction, in order to determine the conversion of iodobenzene to the
cross-coupling product (ethyl cinnamate) was achieved using H-NMR spectroscopy, with
deuterated chloroform as solvent. This approach has been used in an article by Melchiorre et al.
(see Figure 15).1%% |n that study, by analyzing *H-NMR spectra, they identified a characteristic signal
of iodobenzene at around 7.5 ppm (labeled as b) and one characteristic signal of ethyl cinnamate at
around 7.1 ppm (labeled as a), allowing the calculation of conversion using the equation displayed
below. For the yield, a known quantity of mesitylene was used as a standard, and the equal
relaxation time (and therefore signal) of protons with different chemical environments was
exploited, following the procedure previously described by Rigo et al., properly modified for the

reaction under consideration.1%

(3 X Nstd X AHa)
5 X AHs
Ny

Equation 1: Nsta: amount of internal standard (mesitylene, mol); AHa: integral of the area corresponding to the signal

Yield (%) = 100 X

of product (5H); AHs: integral of the area corresponding to the signal of internal standard (3H); No: amount of

iodobenzene at to (mol).

. b
Conversion (%) = | ———— | X 100

fa+ [b

Equation 2: a: area of characteristic signal of iodobenzene; b: area of characteristic signal of ethyl cinnamate.
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Figure 15: Characteristics signals of ethyl cinnamate and iodobenzene in H:-NMR spectra.!%
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OPTIMIZATION OF PARAMETERS

' 0 Pd/CN (10 mg) Q
. 0~ NEt; (1 mmol) g A N
| GVL (2 mL)
1 mmol 1.5 mmol 150°C, 4 h

Scheme 7: Heck-Mizoroki reaction considered.

Catalyst screening. Initially, a catalyst screening was carried out at 150°C for 4 hours to determine
the influence of the Pd loading on the conversion and selectivity of the investigated reaction. Also,
the commercial catalyst Palladium on carbon with a loading of 5% w/w (5Pd/C) was tested.
Gratifyingly, all the tested catalysts exhibited complete conversion and yielded quantitative results.
Therefore, the 1Pd/CNi catalytic system was selected for further optimization, primarily due to its
low metal loading and the environmentally friendly nature of Method A. To assess the progress of
the reaction in the absence of Pd, two control experiments were conducted either in absence of any
catalytic system or by using the metal-free nitrogen-doped carbon support. In both cases, minimal

to no conversion were observed.
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Figure 16: Catalytic screening of Heck-Mizoroki cross-coupling reaction. lodobenzene (1 mmol), ethyl acrilate (1.5
mmol), NEts (1.5 mmol), catalyst (10 mg), GVL (2 ml), 150°C, 4 hours.
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Base analysis. In the Heck reaction, the use of a base plays a pivotal role by facilitating the final step
of the catalytic cycle, which involves the reductive elimination of HX. This step leads to the
regeneration of the catalytically active metallic Pd species. Therefore, a study was conducted to
determine the influence of the base nature on the catalytic performance and on the reaction
progress. Among the bases tested, including triethylamine (NEts), K;COs e Na,COs, almost no
significant differences were observed, unlike in the Suzuki reaction (as will be described in the
following sections). Therefore, further investigations regarding the base quantity were carried out,
in particular using NEts. Although the catalytic cycle consumes the base, which must be introduced
in at least stoichiometric amounts relative to the limiting reagent, the objective was to investigate
whether the inherent basicity of the support, primarily attributed to the presence of pyridinic N,
could potentially compensate for and reduce the necessary quantity of added base. Unfortunately,
no significant influence from the support was observed. In fact, when the reaction was conducted
without NEts, no conversion was detected. Instead, the reaction achieved complete conversion

when 1 mmol of base was used, being hence chosen as optimal for subsequent tests.
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Figure 17: Different bases tested in Heck-Mizoroki reaction. lodobenzene (1 mmol), ethyl acrilate (1.5 mmol), base
(1.5 mmol), 1Pd/CNi (10 mg), GVL (2 ml), 150°C, 4 hours.
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Figure 18: Different base amount tested in Heck-Mizoroki reaction. lodobenzene (1 mmol), ethyl acrylate (1.5 mmol),
1Pd/CNi (10 mg), GVL (2 ml), 150°C, 4 hours.

Temperature optimization. Subsequently, the optimization of temperature was carried out. Tests
were conducted at 50, 75, 100, 110, 125, and 150 °C, achieving quantitative yield by performing the
reaction at 125 °C. Non-significant conversion was detected at 50°C (<5%), while at 75°C the
conversion reached 52%. As a high conversion (93%) was obtained at 100 °C, a test at an
intermediate temperature of 110 °C was also performed; however, no significant differences were
observed compared to the test conducted at 100 °C (same conversion of 93%). The Heck reaction
typically requires elevated temperatures, and the results obtained align with those found in the

literature.”>192.1% Therefore, 125 °C was chosen as the temperature for further studies.
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Figure 19: Temperature optimization of Heck-Mizoroki reaction. lodobenzene (1 mmol), ethyl acrilate (1.5 mmol), NEt3
(1 mmol), 1Pd/CNi (10 mg), GVL (2 ml), 4 hours.

Time optimization. The study of reaction time was conducted at 0, 0.5, 1, 2, 3, and 4 h. During the

first 30 minutes, almost no conversion was detected (<5%). Instead, after 1 h a yield of 60% was

achieved. As expected, the conversion gradually increased, reaching values of 83% and 93% after 2

and 3h, respectively. Quantitative conversion was only achieved after 4 h.
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Figure 20: Time optimization of Heck reaction. lodobenzene (1 mmol), ethyl acrilate (1.5 mmol), NEt3 (1 mmol),
1Pd/CNi (10 mg), GVL (2 ml), 125°C.
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Solvent screening. After optimizing the reaction conditions, the influence of the solvent on the
conversion of iodobenzene was examined. Various alternatives to GVL were tested, all with good
polarity and different boiling points. In cases where the solvents boiling point was lower than the
required reaction temperature (125°C), the reactions were conducted in pressurized reactors
(autoclaves). Moreover, when feasible based on the solvent signal, the conversion of iodobenzene
was assessed using GC-FID. The results indicate that GVL was found to be as the most favourable
solvent for this type of cross-coupling, underscoring its position as a remarkable substitute for
hazardous solvents such as DMF or DMA. The reaction proceeded with conversion values ranging
from 60% to 70% for all solvents, with polar solvents performing notably well. Among them, ethanol
exhibited the highest performance with a conversion rate of 76%, while less polar solvents, such as
Methyl-THF, yielded a conversion rate of 58%. Considering that the oxidative addition step serves
as the rate-determining step, a characteristic that holds true for most cross-coupling reactions, it's
noteworthy that a solvent with higher polarity can effectively stabilize the highly polarized three-
center transition state. This, in turn, facilitates and promotes the reaction. In water, despite good
conversion (70%), the selectivity was only 60% toward ethyl cinnamate due to partial hydrolysis of
the ester to the corresponding carboxylic acid (cinnamic acid). Finally, the neat reaction showed

promising results with a conversion of 77%.
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Figure 21: Solvent screening of Heck-Mizoroki reaction. lodobenzene (1 mmol), ethyl acrilate (1.5 mmol), NEts (1
mmol), 1Pd/CNi (10 mg), 125°C, 4 hours.
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SUBSTRATE SCOPE

Following the establishment of the optimal reaction conditions, investigations into substrate scope

were carried out. In instances where the solvent signal did not coincide with that of the limiting

reagent, the conversion was assessed using GC-FID.

Table 4: Substrate scope. Reaction conditions: aromatic halide (1 mmol), alkene (1.5 mmol), NEts (1 mmol), 1Pd/CNi

(10 mg), 125°C, 4 hours.

Cross-coupling

Entry Aryl halide Alkene Conversion (%)
Product
(0]
1 iodobenzene Ethyl acrylate Q/V%/\ 100
o
A
2 4-iodoacetophenone Ethyl acrylate YQ/\AO/\ 71.5
[e]
(@]
3 4-iodoaniline Ethyl acrylate Q/\Ao/\ 61.5
H,N
(0]
4 4-iodoanisole Ethyl acrylate /@MO/\ 80
o
o
5 3-iodobenzonitrile Ethyl acrylate NCWO/\ 74.4
(0]
6 Bromobenzene Ethyl acrylate Q/Vko/\ 0
(0]
7 4-Bromotoluene Ethyl acrylate Q/\Ao/\ 0
(0]
8 3-Bromotoluene Ethyl acrylate \Q/\)%/\ 0
(@]
9* 4-cloro-1-iodobenzene Ethyl acrylate Q/\)LO/\ 0
Cl
(0]
10 4-clorotoluene Ethyl acrylate Q/\Ao/\ 0
(0]
11 4-Cl-nitrobenzene Ethyl acrylate /@Mo/\ 0
O,N
(0]
12 lodobenzene Methyl acrylate QMOLHS 64
[e]
13 4-iodoanisole 80

Methyl acrylate Wo”‘s
o

*Employed 0.09 mmol (21 mg) of 1-chloro-4-iodobenzene, 1.5 eq. of ethyl acrylate (14 ul), 0.5 ml of GVL, 1 eq. of NEt3

(13 ul), 125°C, 4h.
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Upon analyzing the results, it was substantiated that the reactivity of aromatic halides is significantly
higher for iodine-substituted compounds in comparison to bromo- or chloro-substituted
counterparts, a phenomenon commonly observed in cross-coupling reactions.>? This discrepancy is
attributed to the weaker nature of the I-C bond when contrasted with C-Br and C-Cl bonds,
rendering it more susceptible to cleavage during the initial oxidative addition step—often the rate-
determining stage in the catalytic cycle. Moreover, there appears to be some steric hindrance
imparted by the aryl halide, as evidenced by the superior performance of iodobenzene relative to
other disubstituted aryls. Notably, 4-lodoanisole exhibited the best results after iodobenzene,
achieving a conversion rate of 80%. Conversely, the lower conversion observed with 4-iodoaniline
might be attributable to the coordinating effect of the amino group, which has the potential to
coordinate with Pd, thereby hindering the progression of the catalytic cycle. The obtained results
were compared to other chitin-based catalytic systems reported in the literature. Yiun Du et al.
synthesized a Pd catalyst supported on composite nanofibers of chitosan (an important
deacetylated derivative of chitin) and sodium polyacrylate. This material was evaluated for
catalyzing the coupling reactions between iodobenzene and n-butyl acrylate, as well as between
iodobenzene and methyl acrylate. Remarkably, it achieved yields of 95% and 98%, respectively,
within a mere 3-hour timeframe. However, these experiments used a large excess of base (NEts)
and N,N-dimethylacetamide (DMA) as a solvent, which is both toxic and environmentally
detrimental.1%®

A similar catalytic system composed of Pd metal nanoparticles deposited on chitosan nanofibers
and poly(vinyl alcohol) was developed by Zeyu Ye et al. and tested in the coupling reaction between
iodobenzene and methyl acrylate, yielding good results. However, in this case as well, an excess of
base and non-green solvents like dimethyl sulfoxide (DMSO) were employed. Additionally, a much
larger quantity of catalyst (50 mg of catalyst with 1.5% of Pd loading for 0.7 mmol of substrate) was
required compared to what was used in this thesis.'%’

Pei et al. deposited Pd nanoparticles on chitin microspheres and tested this material for the coupling
between iodobenzene and styrene, obtaining a yield of 79% of the desired product using NEt; as
base in a DMF/H;0 solvent mixture at 80 °C for 10 h.1%8 A similar reaction was studied by Jin et al.
using catalysts composed of Pd supported on chitin nanocrystals. The reaction led to quantitative
conversion only after 24 hours at a temperature of 90°C.1% Finally, Strappaveccia et al. conducted
the cross-coupling between iodobenzene and ethyl acrylate under conditions similar to those in this

work but using a commercial 10%-Pd/C catalyst. The results obtained were like those obtained in
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this thesis. Therefore, the catalytic systems obtained through the valorization of seafood industry

waste could be a greener alternative to commercial systems in this type of reaction.0?

Table 5: Heck cross-coupling reaction between iodobenzene and different alkenes with catalytic systems based on

chitin.
Time Yield
Alkene Catalyst Solvent Base T(°C) Ref.
(h) (%)
. This
1  Ethyl acrylate 1Pd/CNi GVL NEts 4 125 100
work
Methyl
Y Pd@CS/PAAS DMA NEt3 3 110 98 106
acrylate
n-buthyl
3 Pd@CS/PAAS DMA NEts 3 110 95 106
acrylate
Methyl
4 Pd-CS/PVA DMSO NEts 3 110 95 107
acrylate
5 Styrene Pd/chitin-Ar DMF/H,0 NEts 10 90 78.8 108
6 Styrene PANP@ChNC ACN/H20 K2CO3 24 90 100 109
7  Ethyl acrilate 10%-Pd/C GVL NEts 2 125 90 102
RECYCLE OF CATALYST

After identifying the optimal reaction conditions and conducting the substrate scope, the Heck-
Mizoroki cross-coupling between iodobenzene and ethyl acrylate was considered to assess the
stability of the 1Pd/CNi catalytic system through multiple cycles. The reaction was carried out at
125°C for 4 hours, employing 1 mmol of iodobenzene, 1.5 mmol of ethyl acrylate, 1 mmol of NEts,
10 mg of catalyst in 2 ml of GVL. To perform the various recycling experiments, the reaction mixture
was centrifuged at the end of each reaction, separating the supernatant from the precipitate. The
precipitate was washed three times with acetone in a centrifuge, and the recovered catalyst was
used for the subsequent cycles. After the first reaction, three additional cycles were carried out,
achieving excellent conversions, although there was a slight decrease in conversion in successive
cycles. Specifically, conversions of 99%, 91%, and 87% were obtained for the 1st, 2nd, and 3rd cycles,

respectively. This could be attributed to several factors, including potential catalyst leaching,
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sintering of the metallic nanoparticles, or adsorption of organic moieties on the catalyst surface.
These phenomena may be more pronounced at higher temperatures.

Therefore, a potential future direction for this research could involve investigating the catalyst
stability under milder conditions, such as those typically encountered in the Suzuki-Miyaura

reaction, where the catalyst is expected to maintain nearly unchanged conversion values.
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Figure 22: Recycle test in Heck-Mizoroki reaction. lodobenzene (1 mmol), phenylboronic acid (1.5 mmol), NEts (1
mmol), 1Pd/CNi (10 mg), GVL (2 ml), 125°C, 4h.

In any case, to gain a deeper understanding of these results, the recycled catalyst, referred to as R-
1Pd/CNi, was subjected to analysis to investigate any potential changes in its crystal structure,
morphology, chemical composition, and surface properties. To achieve this, XRD, XPS, and N
physisorption analyses were performed.

XRD analysis revealed that both the fresh Pd/CNi and R-1Pd/CNi materials exhibited similar
patterns. In both cases, a signal at around 24.0° was observed, indicating the presence of amorphous
carbon, especially on the (002) crystallographic plane associated with stacked graphene-like sheets.
Additionally, both samples displayed signals at 39.9° and 46.5° (broad, yet still discernible from
noise), corresponding to the (111) and (200) planes of Pd(0) with a face-centred cubic crystal
structure. However, as shown in Figure 23, the XRD spectrum of the R-1Pd/CNi catalytic system

exhibits lower signal intensities compared to the fresh sample. This could be attributed to certain
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Pd leaching under the reaction conditions used in the Heck reaction, or to the adsorption of organic
moieties, overlap with the Pd signals. Another possible hypothesis is a structural reorganization
during the reaction that leads to an increase in the amorphous component (with a loss of
crystallinity) of the catalyst. Nevertheless, it is noteworthy that these phenomena have a minor
effect, considering the excellent catalytic activity of the material, which maintains outstanding

conversions.
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Figure 23: XRD analysis of catalytic systems 1Pd/CNi and R-1Pd/CNi.

The morphology of the catalytic materials, containing a 1% Pd loading, was analysed using TEM, and
the resulting micrographs are presented in Figure 24. Both 1Pd/CNi and R-1Pd/CNi exhibited highly
uniform and well-dispersed palladium nanoparticles supported on a laminar N-doped carbon
matrix. As shown, the fresh and spent catalysts did not show significant differences in morphology,
consistent with the maintenance of excellent catalytic activity. The mean particle size was
determined to be (12.1 + 1) nm and (13.6 + 1) nm for the 1Pd/CNi and R-1Pd/CNi materials,
respectively. TEM-mapping further reveals, in addition to the Pd nanoparticles, the presence of C,

0, and N, all uniformly dispersed within the sample.
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Figure 25: TEM mapping of C, O, N, Pd of 1Pd/CNi and R-1Pd/CNi.

The textural properties of the samples were investigated using N;-physisorption measurements. As
depicted in Figure 26, the shape of the isotherm remained consistent, yielding a Type IV with a Type
Il hysteresis loop, indicating a mesoporous behaviour. However, in the recycled material, a

reduction in the total pore volume (0.38 cm3/g instead of 0.48 cm3/g) and consequently a decrease
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in surface area (395 m?/g instead of 526 m?/g) were observed. This observation could lend stronger
support, over other hypotheses, to the idea that after the reaction there is an adsorption of organic
molecules on the catalyst, resulting in the occlusion of smaller pores during the reaction. This is also

corroborated by the slight increase in the mean pore size (3.8 nm instead of 3.6 nm).

Table 6: Textural properties obtained by N2-Physisorbtion of 1Pd/CNi and R-1Pd/CNi.

Material Seer (M?/g) Dgsu (nmM) Vesn (cm3/g)
1Pd/CNi 526 3.6 0.48
R-1Pd/CNi 395 3.8 0.38

* Sger: specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation. Dg+: mean pore size
diameter was calculated using the Barret-Joyner-Halenda (BJH) equation. Vg4: pore volumes were calculated using the
Barret-Joyner-Halenda (BJH) equation.
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Figure 26: N2 physisorption of catalytic systems R-1Pd/CNi.

The chemical composition and nature on the catalysts surface were examined through XPS analyses.
The spectra obtained for the R-1Pd/CNi material, as displayed in Figure 27, are similar to those of
the corresponding 1Pd/CNi catalytic system; therefore, similar conclusions can be drawn. An
apparent difference can be observed in the analysis of the Pd3d region of the XPS spectra (as shown

in Figure 27) where the deconvolution of the signal into four components, located at (335.1 +0.2)
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eV, (336.2+0.2) eV, (340.3+0.2) eV, and (341.5+0.2) eV, results in more intense signals related to
Pd(Il). While in the 1Pd/CNi catalytic system, the Pd(0): Pd(ll) ratio on the surface is approximately
3:1, in the recycled catalytic system, this ratio decreases to approximately 1:1, indicating partial
oxidation of the catalyst during the reaction. Taking into account the results of XRD, it can be
concluded that the catalyst, when considering both the core and the surface, maintains a general

prevalence of metallic Pd.
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Figure 27: XPS spectra of R-1Pd/CNi. It's represented in this order the Cls, N1s, O1s and Pd3d XPS regions.

SUZUKI-MIYAURA REACTION

The catalytic systems were additionally tested in the Suzuki-Miyaura cross-coupling between
iodobenzene and phenylboronic acid. In a sealed vial, the following reagents were introduced in the
following order: 10 mg of catalyst, 0.5 mmol of potassium carbonate (70 mg, 1.5 eq.), 0.25 mmol of
iodobenzene (26 ul, 1 eq.), 0.35 mmol of phenylboronic acid (43 mg, 1.5 eq.), and 3 ml of ethanol
used as a solvent. The mixture was then stirred at 75°C for 4 h. The initial reaction conditions were
based on an article by Garcia-Sudrez et al. Nonetheless, due to challenges associated with low
catalyst dispersion and the solubility of the products in water, an alternative environmentally
friendly solvent was contemplated—one that could be derived from biomass, like ethanol. This
choice aligns with the recommendations provided in the CHEM21 project's solvent guide (Chemical
Manufacturing Methods for the 21st Century Pharmaceutical Industries).!'° The reaction products
were identified through GC-MS. Conducting the reaction in an open vessel under an air atmosphere
resulted in the formation of a small amount of the homocoupling product between two
phenylboronic acids. However, this was consistently a minor occurrence, emphasizing the
synthesized catalytic systems' impressive ability to maintain high selectivity even when the reaction
is conducted in such conditions. Quantification was performed using GC-FID with a calibration curve
using an internal standard (mesitylene, 25 ul) for both the product (biphenyl) and the limiting

reagent (iodobenzene).

53



OPTIMIZATION OF PARAMETERS

| HO. __OH
B Pd/CN (10 mg)
@ o
+ :
EtOH (3 mL)
°C, 4 h
0.25 mmol 0.35 mmol 80°C.

Scheme 8: Suzuki-Miyaura cross coupling reaction considered.

Catalyst screening. Similar to the Heck-Mizoroki reaction, a catalyst screening was initially
conducted to determine the influence of the Pd loading on the reaction progress. The reaction,
carried out under 75°C conditions for 4 h, resulted in quantitative yields with all catalytic systems.
Two control experiments were performed, one in absence of catalyst and one by using the N-doped
carbonaceous support. However, in both cases, no conversion was observed, confirming the
essential role of Pd in promoting these types of reactions. Therefore, for subsequent studies, the
material with the lowest catalytic loading, synthesized using the most sustainable protocol (method

A), was chosen, namely 1% Pd/CNi.
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Figure 28: Catalytic screening of Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol), phenylboronic
acid (1.5 eq.), K2CO3 (2 eq.), catalyst (10 mg), EtOH (3 ml), 75°C, 4 hours.
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Temperature optimization. With this catalytic system, efforts were made to optimize the reaction
temperature. Experiments were conducted at 25, 50, and 75°C (just below the boiling point of
ethanol). Temperature plays a crucial role in increasing the reaction yield. At room temperature, no
conversion was observed, but the difference between 50 and 75°C was significant, leading to an
increase of the biphenyl yield from 57% to 100%. This result aligns with other studies in the
literature, which indicate that 80°C is the optimal temperature to boost the product yield.”® Despite
this temperature being slightly outside the green window (0-70°C) defined by the pharmaceutical
industry in the CHEM21 project, conducting the reaction just below the reflux condition allows for
up to a five-fold reduction in energy consumption. According to the same guidelines, this approach

helps meet the operational conditions that a process should aim for (green flag).!!
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Figure 29: Temperature optimization of Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol),
phenylboronic acid (1.5 eq.), K2COs (2 eq.), 1Pd/CNi (10 mg), EtOH (3 ml), 4 hours.

Time optimization. With these results in hand, a study on reaction time was conducted. The findings
indicate that the reaction initiates quite early, with around 30% conversion observed after just 30
minutes. The plateau was reached after approximately 2 hours, with a yield of 92%, and complete

conversion (and yield) was achieved only after 4 h of reaction.
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Figure 30: Time optimization of Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol), phenylboronic acid
(1.5 eq.), K2CO3 (2 eq.), 1Pd/CNi (10 mg), EtOH (3 ml), 75°C.

Solvent screening. In the literature, various solvents are reported for cross-coupling reactions.
Generally, in such reactions where compounds with significantly different chemical and physical
properties are involved, the choice of solvent is crucial to bring all these substances into contact and
allow the diffusion of reagents near the active site of the heterogeneous catalyst.”> For these
reasons, polar aprotic solvents are often used. In Suzuki reactions, the solvent plays a more critical
role as it can act as a nucleophile (having previously reacted with the base or not) and interact either
with the catalyst or the arylboronic acid during the transmetallation step.’® This is why studies in
polar protic solvents like H,O and alcohols, or mixtures of protic-aprotic solvents (e.g., DMF/H,0),
can be found in the literature.” In this work, ethanol was selected to address these considerations
comprehensively, although other solvents were also tested, such as H,O, acetonitrile (ACN),
methanol, ethyl acetate (AcOEt), methyl-THF, and y-Valerolactone (GVL). From the results obtained,
there is a noticeable difference between polar protic solvents like ethanol and methanol, which give
guantitative yields, compared to the others, which provide yields equal to or below 10%. This can
be explained by considering the role of the base in the reaction. The carbonate, albeit weakly,
induces a deprotonation equilibrium of ethanol (or methanol), forming a strong nucleophile that
can activate the arylboronic acid or the catalytic species after the oxidative addition step, thus
promoting the reaction. With the other solvents, this does not occur, and the mild conditions may

not be sufficient to overcome the activation barrier of the transmetallation step. Among these
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results, water provides intermediate yields (40%). In that case, the reaction product, typically
insoluble in water, is brought into solution by diluting the reaction mixture with ethanol.
Additionally, during the reaction, unlike in the other solvents, in water, the catalyst does not
effectively disperse but remains more aggregated, indicating poor hydrophilicity. In this scenario,
the reagents encounter difficulties in diffusing to the interface with the active site located on the

catalyst's surface, primarily because of reduced wettability.
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Figure 31: Solvent screening of Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol), phenylboronic acid
(1.5 eq.), K2CO3 (2 eq.), 1Pd/CNi (10 mg), solvent (3 ml), 75°C, 4 hours.

Base analysis. With these conditions, the role of the quantity and type of base within the Suzuki
reaction was investigated. Although it does not play a primary role as in the Heck cross-coupling, it
was observed that the base is essential in the Suzuki reaction as it can either directly activate the
phenylboronic acid to an organoboronate species or deprotonate the protic solvent (alcohol or H,0)
to form the nucleophile, which (depending on the studies) either activates the arylboronic acid or
replaces the halide coordinated to Pd, forming a less stable species that completes the
transmetallation phase. Initially, a study was conducted to determine which of NEts;, Na,COs, e
K2COs yielded the best results in terms of yield under the reaction conditions described above. The
results show profoundly different behavior when changing the base. Indeed, with K,COs, a

guantitative yield is obtained, while with Na,COs, only 55% yield is achieved. This behavior is
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explained by the lower strength of the ionic pair formed between K* and CO3% compared to Na* and
COs?. In this way, the carbonate is more "free" and exhibits greater basicity, promoting the reaction.
The results obtained with NEts were more unexpected (although very low conversion is also found
in the studies of Miyaura and Suzuki), but they can be explained by its different coordinating
capacity compared to K,COs. Assuming that the reaction mechanism follows the initial substitution
of the base with the halide coordinated to palladium and the subsequent transmetallation of the
formed species with phenylboronic acid, the significantly higher coordinating capacity of the amine
can induce a more stabilized species, thus stopping the catalytic cycle. Even considering the effect
of carbonate in the deprotonation equilibrium of ethanol to form ethoxide, a better nucleophile,
the coordinating capacity and concentration (as it is an equilibrium shifted slightly towards the
alkoxide) of the latter is still much lower than that of NEts. Once it was established that K,COs is the
more suitable base to promote the reaction, tests at different concentrations of the base were
performed. In these tests, it was found that even when used in sub-stoichiometric quantities, K2CO3
can promote the reaction to quantitative yield. To verify the possible basicity of the support, a test
was conducted in the absence of a base. However, similarly to the Heck-reaction, also in this case

low to negligible conversions were reached (yield: 4%).
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Figure 32: Different bases tested in Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol), phenylboronic
acid (1.5 eq.), base (2 eq.), 1Pd/CNi (10 mg), EtOH (3 ml), 75°C, 4 hours.
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Figure 33: Different base amount tested in Suzuki-Miyaura cross-coupling reaction. lodobenzene (0.25 mmol),
phenylboronic acid (1.5 eq.), 1Pd/CNi (10 mg), EtOH (3 ml), 75°C, 4 hours.

SUBSTRATE SCOPE

With these optimized conditions, a substrate scope was conducted. Various aryl halides and
arylboronic acids were tested. The results indicate, similar to the Heck-Mizoroki reaction, a
significant difference in reactivity between iodinated aryls and bromo- and chloro-substituted aryls.
These differences are attributed to the weaker halogen-carbon bond, which favors the initial
oxidative addition step. Within the iodinated aryls, there are marked differences based on the
substituents on the aromatic ring. Since the aromatic ring acts as an electrophilic reagent in the
cross-coupling, electron-donating substituents will hinder the reaction (as seen with 4-iodoanisole
and even more so with 4-iodoaniline), while electron-withdrawing substituents will promote the
reaction (as observed with 4-iodoacetophenone or 3-iodobenzonitrile). For the same aryl halide
(iodobenzene), excellent results were obtained by varying the arylboronic acid, with higher
reactivity observed for boronic substrates with electron-donating substituents in the para position
on the benzene ring. Regarding selectivity, despite the reaction occurring in the presence of air, less
than 5% of the homocoupling product is obtained, demonstrating that this catalytic system

effectively controls potential side reactions.

59



Table 7: Substrate scope. Reaction conditions: aryl halide (0.25 mmol), arylboronic acid (1.5 eq.), K2CO3 (0.5 eq.),
1Pd/CNi (10 mg), ethanol (3 ml), 75°C, 4 hours.

Cross-
Entry Aryl halide Arylboronic acid coupling Con\(/;;sion Sele(;t)i)vity
Product
1 iodobenzene Phenylboronic acid 99 99
2 iodobenzene p-tolilboronic acid 99 95
3 iodobenzene m-tolilboronic acid 91 97
4 iodobenzene 4-metoxyzr:dnylboron|c /o 95 96
5 4-iodoaniline Phenylboronic acid HzN 18 99
6 4-iodoanisole Phenylboronic acid /O 47 99
7 4-l-acetophenone Phenylboronic acid 99 99
NC

8 3-I-benzonitrile Phenylboronic acid 96 99
9 Bromobenzene Phenylboronic acid 6 99
10 4-Bromotoluene Phenylboronic acid 4 99
11 4-Chlorotoluene Phenylboronic acid 0

12 4-Cl-nitrobenzene Phenylboronic acid ON Q O 3 99

Similarly to what was done for the Heck reaction, the results obtained were compared with other
catalytic systems recently synthesized in the literature. Khosravi et al. synthesized and tested
catalytic systems based on Pd supported on porous carbon beads with two different stabilizing
agents, triphenylphosphine (TPP) and trioctylphosphine (TOP). In the cross-coupling between
iodobenzene and phenylboronic acid (PhB(OH),), good vyields (between 70% and 90%) were
obtained in water after 4 hours at 65°C. The results are approximately in line with those of this
study. However, it is worth to mention that the catalyst preparation method turns out to be much
more energy-intensive and resource-consuming, involving heat treatments at 1500 °C, additional
oxidants (H20,), or less green solvents like THF and pentane..!1?

Mhaldar et al. prepared a heterogeneous Pd(ll) catalyst through the initial functionalization of a
composite cellulose-alumina support with 2-aminopyridine, followed by complexation of Pd(OAc):

onto the formed material. The cross-coupling reaction between iodobenzene and phenylboronic

acid resulted in non-quantitative yields (72%) in 3 hours at 80°C in ethanol, using potassium
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carbonate as a base and 40 mg of catalyst with a 1% loading. The yield increased to 95% in one hour
using DMF as a solvent, which is a toxic, polluting compound with a high boiling point and miscible
in water, being hence a persistent pollutant in wastewater and is therefore generally avoided.'!3
Jiang et al. synthesized catalytic systems based on Pd nanoparticles supported on activated carbons
that were previously functionalized with thiol and amine groups to enhance material stability. The
cross-coupling test was conducted at 80 °C for 1 h in a mixture of H,O/Ethanol with K,COs as the
base, and the material exhibited excellent performance using 40 mg of catalyst (yield 100%).
However, the catalyst synthesis phase is rather labor-intensive and involves the use of strong acids
(40% HNOs) and non-green solvents (toluene).'

Li et al. synthesized heterogeneous catalysts where the polyimidazolium support, through its
carbene groups, coordinates with Pd, resulting in a stable and well-dispersed system. This material
was tested in the cross-coupling between iodobenzene and phenylboronic acid, leading to
guantitative conversion in 3 h at 60 °C. The only drawback relates to the solvent used, which was a
mixture of DMF/H>0 at a 1:1 ratio, and these components can be challenging to separate.!'> This

information is summarized in Table 5.

Table 8: Different catalytic system for Suzuki cross-coupling reaction between lodobenzene and phenylboronic acid,
employing K2COs as base.

Entry Catalyst Solvent Time (h) T(°C) Y(i;’I)d Ref.
1 1Pd/CNi Ethanol 4 75 100 Thi?
studio
2 Pd(TPP)/MB-H,0; H.0 4 65 79 112
3 Pd(TOP)/MB-1500 H,O 4 65 90 112
4 Pd-AMP-Cell@Al>03 Ethanol 3 80 72 113
5 Pd-AMP-Cell@Al,03 DMF 1 80 95 113
6 SH-Pd/AC H20/Ethanol 1 80 100 114
7 Pd-PPc-4 DMF/H,0 3 60 99 115

61



MECHANOCHEMICAL APPROACH: RESULTS AND DISCUSSION

SYNTHETIC APPROACH

The catalysts were prepared using an extrusion process, as outlined in Figure 34. The experimental
parameters were selected based on prior experience of the Green Organic Synthesis Group (GOST)
with the mechanochemical synthesis of nanomaterials.®>*1%117 A mixture of palladium acetate (0.50
mmol, 112 mg), ethylene glycol (15 mL, 0.26 mol), and chitin (5 g) was fed into a mini-extruder (ZE
12 HMI extruder from Three Tec). Ethylene glycol was employed as a green reducing agent,
according to some recent reports in the literature.'® Ethylene glycol viscosity enables the formation
of a paste-like mixture. The extruder was heated to 190 °C and the conveying screws were set to 50
rom at a torque of around 2 Nm. The resulting material in the form of small cylindrical pieces
(approximately 1 mm diameter) was collected and used, directly or after a thermal treatment at 500
°C under N2 atmosphere, as catalyst for a C-C bond forming reaction, specifically Suzuki-Miyaura
cross-coupling between iodobenzene and phenylboronic acid.

In a variation of this procedure, Na>COs (53 mg, 0.5 mmol) was added to the reaction mixture to
enhance the basic properties of the sample. The four prepared materials were labelled as P-5Pd/CN-
ex and 5Pd/CN-ex for the catalysts obtained without and with thermal treatment in the absence of
a base, respectively, while the labels P-5-Pd/CN-ex-Na>COs; and 5Pd/CN-ex-Na,COs; were used for

the catalysts obtained without and with thermal treatment in the presence of Na;COs, respectively.
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Figure 34: Schematic representation of the mechanochemically assisted synthesis of the catalytic materials.

MATERIALS CHARACTERIZATION

The crystal structure and arrangement of the samples were assessed through XRD analysis. The XRD
patterns of the samples prior to thermal treatment are shown in Figure 35A, while Figure 35B
presents the patterns for the thermally-treated samples.

The P-5Pd/CN-ex and P-5Pd/CN-ex-Na>CO3; materials exhibited the characteristic diffraction peaks
of chitin at approximately 10, 20, 21, 23, and 26°, corresponding to the (020), (110), (120), (101),
and (130) crystallographic planes, respectively.'19120 A broad peak observed between 20° and 30°
likely indicated the presence of amorphous carbon formed during the mechanochemical synthesis
at 190°C. Moreover, it was observed a signal at 39.2° which indicates the successful reduction of Pd
(I1) leading to the formation of Pd(0) nanoparticles. As shown in Figure 35B, the broad signal at
approximately 24.0° was attributed to the (002) crystallographic plane associated with stacked
graphene-like sheets, indicating the formation of amorphous carbon.®® The sharp and well-defined
peaks at 40.1, 46.6, and 68.1° were attributed to the (111), (200), and (220) crystallographic planes

of palladium, respectively, confirming the presence of Pd(0).>%121,122
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Figure 35: XRD pattern of the catalytic systems before (A) and after (B) thermal treatment.

The thermally treated samples, both with and without the base, were further characterized. The
particle size of the catalytic systems was determined from XRD diffraction patterns using the
Scherrer equation (Table 9).123124 The calculated particle sizes were (14.9 + 0.5) nm and (10.3 £ 0.5)
nm for 5Pd/CN-ex and 5Pd/CN-ex-NaCOs, respectively. The presence of Na;COs in the
mechanochemical synthesis of the catalyst appears to have influenced the dimension of the
obtained nanoparticles, leading to smaller particle size. These results suggest that either a repulsive
effect of sodium cations or the coordination of carbonate to palladium, both of which prevent
possible agglomeration of nanoparticles during extrusion, result in a reduction in nanoparticle size.
However, further studies are required to confirm these hypotheses.

Further investigations into the morphology of the catalytic systems were conducted through TEM
microscopy (Figure 36). The micrographs showed that both samples exhibited highly uniform and
well-dispersed palladium nanoparticles supported on a laminar N-doped carbon matrix. In addition,
the average diameter of the nanoparticles was calculated, confirming the results obtained through
the Scherrer equation. Indeed, the values obtained from the TEM analysis are (16.6 + 1.0) nm and
(10.0 £ 1.0) nm, respectively, for P-5Pd/CN-ex and P-5Pd/CN-ex-Na,COs. In addition, TEM-mapping
measurements confirmed the presence of carbon, nitrogen, oxygen, and palladium in both catalytic
samples, with all elements being uniformly distributed in each case (Figure 37). In addition, for the
sample 5Pd/CN-ex-Na>COs3, also homogeneous distribution of Sodium can be observed, deriving by

the incorporation of Na,COsinto the material matrix during the synthesis.
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Figure 37: TEM mapping of C, O, N, Pd of 5Pd/CN-ex and 5Pd/CN-ex-Na2COs.

The textural properties of the samples, including surface area, pore volume, and pore size, were
examined by Nz-physisorption. Both materials showed physisorption isotherms type IV with type Il
adsorption hysteresis, indicative of the formation of a mesoporous materials. The Figure 38 displays

a representative isotherm for 5Pd/CN-ex. Similar to the catalysts obtained by method A and B, also
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in this case surface area was calculated using the Brunauer-Emmett-Teller (BET) equation, while
pore volumes and mean pore size diameter was calculated using the Barret-Joyner-Halenda (BJH)
equation. Both samples exhibited a remarkably high surface area of 452 and 498 m2g~* for 5Pd/CN-
ex and 5Pd/CN-ex-Na,COs, respectively, demonstrating a significant improvement of the textural
properties (in comparison, 5Pd/CNi and 5Pd/CNs have surface areas around 300 m?/g). Finally, the
range of pore diameter around 5.0 nm further confirmed the presence of mesoporous solids. In
summary, these characterization studies validated the effectiveness of the mechanochemical
protocol for the preparation of supported metal nanoparticles on mesoporous N-doped carbon-
based matrix.*® Finally, the palladium loading, determined by ICP-OES, was around 4 mg/gcatalyst for

both samples. The above is summarised in Table 9.
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Figure 38: Representative isotherm for 5Pd/CN-ex.
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Table 9: Textural properties, particle size, and palladium content of the catalytic materials.

SBeT Dgin VBIH Pd Particle Size
Material Pd wt.% (ICP-OES)
(m?/g) (nm) (cm3/g) (nm)
5Pd/CN-ex 498 4.9 0.61 4.3 14.9
5Pd/CN-ex-Na,COs 452 5.3 0.53 3.9 10.3

* Sger: specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation. De1: mean pore size
diameter was calculated using the Barret-Joyner-Halenda (BJH) equation. Ve: pore volumes were calculated using the
Barret-Joyner-Halenda (BJH) equation. Pd concentrations were determined by ICP-OES and e Pd particle size was
calculated using XRD analyses employing the Scherrer Equation.

Moreover, XPS analyses were conducted to gain insights into the surface chemical composition of
the catalysts synthesized via the mechanochemical approach. As depicted in Figure 39, the spectra
generally exhibit similar characteristics to those of materials obtained through more conventional
methods A and B. However, for the samples prepared using Na,COs, the surface of the catalytic
material displays the presence of not only carbon, oxygen, nitrogen, and palladium but also sodium.
In particular, the latter exhibited a distinct signal at (1071.4 + 0.2) eV, indicating the presence of
Na*, most likely in the form of Na,COs (Figure 39I). Cls XPS regions (figure 39A and 39B) were
deconvoluted into four contributions, located at (284.3 £ 0.2) eV, (285.7 £ 0.2) eV, (287.2 £ 0.2) eV
and (288.6 £ 0.2) eV, attributed to C—C/C=C bonds from graphitic and/or aromatic carbon, C-OH, C—
N/C—0 and C=0 species, respectively. Similar to the samples obtained through methods A and B,
N1s XPS region (Figure 39B and 39F) showed the presence of two main bands at (398.4 + 0.2) eV
and (400.3 £ 0.2) eV, which are typically attributed to pyridinic and pyrrolic nitrogen species,
respectively. Furthermore, O1s XPS region signals were deconvoluted into two contributions located
at (531.2 £ 0.2) eV and (533.2 + 0.2) eV, which are assigned to O-Metal bonds in metal oxides and
to the presence of adsorbed H;0 in the catalysts structure, respectively. This behaviour aligns with
that observed in the other synthesized samples. More interesting, an assessment of the chemical
composition of the palladium entities on the catalysts surface, specifically for 5Pd/CN-ex and
5Pd/CN-ex-Na,COs;, was conducted based on the Pd3d XPS spectra. Notably, these spectra
displayed marked distinctions from all other samples (refer to Figure 39D and 39H). In this case, the
Pd3d XPS signals were deconvoluted into six distinct contributions. Four of these contributions
correspond to the previously mentioned ones, located at (335.1 + 0.2) eV and (340.3 £ 0.2) eV

referred respectively to Pd3ds/2 and Pd3di/,; of Pd (0), and at (336.2 £ 0.2) eV and (341.5 £ 0.2) eV
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associated respectively to Pd3ds/; and Pd3di; of Pd(ll) oxide. In addition to these signals, two
additional contributions can be observed, located at (343.6 £ 0.2) eV and (338.3 £ 0.2) eV, indicating
the presence of Pd-N bonds.'?

It is interesting to note that mechanochemical synthesis promotes the formation of this bond, which
differs from conventional syntheses using methods A and B. This enhanced interaction between the
metal nanoparticles and the support is likely to result in greater catalyst stability against leaching
phenomena, a persistent challenge in heterogeneous catalysis. During this work, XPS spectra were
also collected for materials synthesized via mechanochemistry without undergoing the subsequent
thermal treatment, labelled as P-5Pd/CN-ex and P-5Pd/CN-ex-Na>COs. The spectra can be found in
the appendix. The only notable differences were observed in the Cls XPS region, where there is a
change in the relative intensity between the signals associated with C—C/C=C bonds from graphitic
and/or aromatic carbon, C—-OH, C—-N/C-0, and C=0 species. Indeed, before the thermal treatment,
there is a prevalence of signals from C—N/C—0O species and a 1:1 ratio between the signals of C—
C/C=C species and C=0 species. As expected, after the thermal treatment, the contributions from
carbonyl carbons and C—N/C-0 bonds decrease, with the consequent increase of the signals related
to graphitic and/or aromatic carbon. The N1s XPS region also showed differences, exhibiting a single
signal most likely associated with the amidic nitrogen of chitin, with a binding energy of (399.5+0.2)
eV. Finally, the Pd3d XPS region exhibits the same four signals as the catalysts prepared using
conventional methods. However, for the material obtained using Na>COs, the ratio of Pd(0)/Pd(ll)
signals is shifted more towards Pd(0), indicating a probable promoter effect of the base in the

reduction of the metal precursor during the mechanochemical treatment.
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Figure 39: XPS spectra of 5Pd/CN-ex (A-D) and 5Pd/CN-ex-Na2COs (E-1). For each catalytic system, it's represented in
this order the Cls, N1s, O1s and Pd3d XPS regions. For 5Pd/CN-ex-Na2COs it’s also available the Nals region.
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CATALYTIC ACTIVITY

The catalytic systems synthesized using conventional protocols (methods A and B) and those
prepared through mechanochemical methods were tested in the Suzuki-Miyaura reaction between
iodobenzene and phenylboronic acid, under solvent-free conditions, and conducted in the Twin
Screw Extruder. This investigation aimed to explore the possibility of a mechanochemical influence
on enhancing process efficiency. In this regard, conducting mechanistic studies would be interesting
to discern whether and how the reaction mechanism undergoes alterations when performed in a
solid state without the presence of solvents, which traditionally play a pivotal role in Suzuki
reactions conducted in batch processes. In this direction, a plausible mechanism has been proposed
in the literature by Pentsak and coworkers.'?® The authors conducted cross-coupling between
various aryl halides and arylboronic acids under solvent-free conditions using a mechanochemical
approach through ball milling. The proposed mechanism entails the generation of trace quantities
of water within the solid mixture, brought about by the condensation of three molecules of
arylboronic acid. Subsequently, the generated water can interact with the base (K.COs) to form the
hydroxide anion, which promotes the transmetalation step by either activating the arylboronic acid
or by activating the palladium-based catalyst, thereby replacing the halide. Following the reductive
elimination step, the product formation takes place. Additionally, four molecules of boric acid
formed during the catalytic cycle under basic conditions can condense into potassium borate, with
the release of water, which re-enters the catalytic cycle. This proposed mechanism is supported by
experiments conducted with fluorinated arylboronic acids, which did not undergo trimerization and
were oven-dried to remove network water. These experiments did not yield any conversion.
However, upon the addition of trace amounts of water to these systems, there was a significant
increase in the conversion to the cross-coupling product.126

Mass loading. Building upon the conditions previously optimized in batch reactions, the initial
experiment focused on varying the mass introduced into the extruder. While this parameter may
not hold particular significance in conventional batch reactions using solvents, it plays a pivotal role
in mechanochemical processes. Increasing the mass within the extruder could enhance the mixing
efficiency and boost the mechanical energy involved, thus promoting more efficient contact
between the reagents. Consequently, after conducting some preliminary tests that demonstrated
promising outcomes within an hour, the quantities of reagents were scaled-up, transitioning from
0.25 to 2 mmol for the limiting reagent (iodobenzene), while preserving the relative ratios between
the different reagents in terms of equivalents. Using 5Pd/CNi as catalytic system, two different
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catalyst loading were tested: 20 mg and 40 mg. However, only slightly higher conversions were
obtained for the latter case (an increase from 52% to 58% conversion). On the contrary, when
maintaining a constant catalyst quantity of 40 mg and doubling the amount of reagents introduced
(from 2 mmol to 4 mmol of iodobenzene), the conversion reached 93% within just one hour at 80°C.
These preliminary results already highlight the advantages of the mechanochemical protocol, which
include the elimination of solvents and the increased productivity compared to batch reactions. The
catalytic systems 5Pd/CN-ex and P-5Pd/CN-ex were also tested for comparison. After one hour at
80°C, it was observed an improvement in performance when using 2 mmol of the limiting reagent,
as compared to the 5Pd/CNi catalytic system, resulting in 73% and 81% conversions for the P-
5Pd/CN-ex and 5Pd/CN-ex catalysts, respectively. Similarly to the 5Pd/CNi catalyst, when it comes
to the mechanochemically-prepared materials, increasing the mass loading by doubling the amount
of reagents while keeping the catalyst quantity the same led to a conversion rate of 95%. These

results align with the previously observed trend. A summary of the results is shown in Table 10.

Table 10: Mass loading test. Phenyilboronic acid (1.5 eq.), K2COs (2 eq.), 80°C, 1h, rotation velocity of twin screw of 50

RPM. Selectivity was always >99%.

Entry lodobenzene (mmol) Catalyst (mg) Conversion (%) Yield (%)
1 2 5Pd/CNi (20) 52 51
2 2 5Pd/CNi (20) 58 57
3 4 5Pd/CNi (40) 93 92
4 2 P-5Pd/CN-ex (40) 73 72
5 2 5Pd/CN-ex (40) 81 80
6 4 5Pd/CN-ex (40) 95 93

Catalyst screening. Once the optimal mass loading of 4 mmol of the limiting reagent had been
established as defined earlier, a catalyst screening was conducted to identify the most productive
catalytic system. The reaction was conducted in the extruder at 80°C for 1 hour, with the extruder
twin screws rotating at a speed of 50 rpm. Satisfactory results were reached for all the tested

catalytic systems, namely 1Pd/CNi, 2.5Pd/CNs, 5Pd/CNi, 5Pd/CNs, and 5Pd/CN-ex, which yielded
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conversions of 87%, 95%, 93%, 98%, and 95%, respectively. Based on these conversion values, it
may appear that the 5Pd/CNs system performs the best. However, to gain a more comprehensive
view, the conversion was compared, also considering the amount of Pd employed. In terms of
productivity, the catalytic systems yielded the following values: 8.70, 3.80, 1.96, 1.86, and 1.90
mol/(gpah) for the 1Pd/CNi, 2.5Pd/CNs, 5Pd/CNi, 5Pd/CNs, and 5Pd/CN-ex samples, respectively.
Based on this analysis, the 1Pd/CNi catalytic system emerges as the top-performing option, despite
its 87% conversion. Additionally, with the aim of investigating whether the quantity of Na,COs3
introduced in the synthesis of the 5Pd/CN-ex-Na>COj3 catalyst could replace the K,CO3 base typically
used in the reaction, tests with the catalytic systems 5Pd/CN-ex-Na,CO3 and P-5Pd/CN-ex-Na,CO3
were conducted, in the absence of additional base. However, these tests did not yield significant

conversions (<10%).
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Figure 40: Catalyst screening of Suzuki-Miyaura reaction using mechanochemical protocol. iodobenzene (4 mmol),

phenylboronic acid (1.5 eq.), K2COs (2 eq.), catalyst (40 mg), 50 rpm of velocity of twin screw, 80°C, 1 h.

Time and Temperature optimization. Finally, the operational conditions were optimized, specifically
focusing on temperature, residence time, and rotation speed of the extruder twin screws. Tests
conducted at rotation speeds of 50, 100, and 150 RPM gave rise to identical results, indicating that,
in this case, the rotation speed does not significantly influence the synthesis of the product. More

interestingly, studies on time and temperature were conducted. Using the 1Pd/CNi catalytic system,
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three experiments were carried out with reaction times of 0.5, 1, and 2 hours, resulting in
conversions of 58%, 87%, and 93%, respectively. Considering productivity as one of the evaluative
parameters, the optimal residence time was found to be 1 hour. Regarding temperature,
experiments were conducted at room temperature (25°C), 50°C, and 80°C, resulting in conversions
of 5%, 15%, and 87%, respectively. In this case, the importance of temperature in the success of the

reaction was evident, with 80°C yielding the best results.
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Figure 41: Time and Temperature optimization. lodobenzene (4 mmol), phenylboronic acid (1.5 eq.), K2CO3(2 eq.),

1Pd/CNi (40 mg), 50 rpm of velocity of twin screw.

Comparation with literature. The optimal results obtained with the synthesized catalytic systems
were compared to other case studies found in recent literature regarding Suzuki-Miyaura cross-
coupling using mechanochemical protocols. Pickhardt et al. developed a liquid-assisted grinding
(LAG) process using ball milling with Pd spheres to catalyze the Suzuki reaction between various
substrates. In the reaction between iodobenzene (1 mmol) and phenylboronic acid (1 mmol), a base,
K2COs (1g), and a minimal amount of ethanol are added.*?” This allows the reaction to proceed in
one hour, achieving quantitative conversions. However, compared to the protocol presented here,
their method requires the use of an additive (ethanol), albeit in small amounts. Without it, adequate
conversions cannot be achieved even after 16 hours. Additionally, the use of ball milling restricts
precise temperature control (not specified in the article) and confines the reaction to batch mode,
unlike the extruder, which enables excellent temperature control and the development of more
easily scalable continuous-flow processes at an industrial level.®>°® Furthermore, the use of a 4g Pd

sphere incurs significant costs compared to dispersing milligrams over a substrate.
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Wohlgemuth et al. developed a protocol using a specific type of milling called resonant acoustic
mixers (RAM), which utilizes acoustic resonance to impart kinetic energy to molecules.*?® In their
study, a container covered with a layer of Pd allowed the achievement of a 90% yield in the cross-
coupling product between iodobenzene and phenylboronic acid, in the presence of K,COs and a
small amount of ethanol as an additive. In this case, similar limitations to the previous articles were
observed.

Seo et al. used ball milling to synthesize a PEG-functionalized matrix with Pd phosphine complexes
used to immobilize Pd from Pd(OAc), added during the cross-coupling reaction between a
bromoaryl compound and an arylboronic acid.’?® The reaction quantitatively produces the cross-
coupling product after one hour at 45°C in the presence of water as a liquid additive and CsF as the
base. However, besides the increased toxicity of the base used compared to simple potassium
carbonate, the described process employs numerous auxiliary substances that inevitably increase
the amount of generated waste. Additionally, although the stated temperature is 45°C, the authors
heat the ball milling mixture to this temperature using a heat gun set to 70°C, raising doubts about
temperature control and process scalability.

Pentsak et al. conducted the cross-coupling between 1-bromo-4-nitrobenzene and phenylboronic
acid using ball milling, catalyzed by a composite of palladium nanoparticles supported on multi-
walled carbon nanotubes (PANP/MWCNT).126 The reaction, conducted using potassium carbonate
as the base, achieves a 91% conversion at 80°C, but it requires 6 hours to reach this level. These

observations are summarized in Table 11.

Table 11: Different studies in the recent literature about Suzuki cross-coupling reaction using a mechanochemical

protocol.

Additive liquid  Time Yield
Entry Catalyst Reactor Ref.

(LAG) (h) (%)
This
1 1Pd/CNi Extruder No 1 ]

studio

2 Pd sphere Ball milling Ethanol 1 99 127
3 Pd layer RAM Ethanol 1 90 128
4 Pd(OAc)2 Ball milling H,0 1 99 125
5 PANP/MWCNT Ball milling No 6 91 126

73



CONCLUSION

In a context where green chemistry and process sustainability are gaining increasing importance,
this thesis work has proposed a potential utilization of a product, chitin, derived from seafood
industry waste, specifically from shrimp shells, in line with a circular economy perspective. This
approach transforms what might be waste in one industry into a raw material in another industry,
thus improving and optimizing the utilization of nature's resources. Chitin has been used by
harnessing the amide groups present in its structure to create a nitrogen-doped support on which
metals (in this case, Pd) can be deposited for the synthesis of heterogeneous catalysts. The presence
of nitrogen in the structure, in this case from pyridinic and pyrrolic groups, is interesting because it
can enhance the dispersion of metal nanoparticles and increase their interaction with the support,
reducing undesired phenomena in heterogeneous catalysis such as leaching. In summary, six
catalytic systems were synthesized using the impregnation method (Method A) and the solution
method (Method B), each with varying Pd loads: 5Pd/CNi, 2.5Pd/CNi, 1Pd/CNi, 5Pd/CNs,
2.5Pd/CNs, and 1Pd/CNs. Method A produces fewer waste by-products and is therefore more
environmentally friendly, while Method B generally allows for a more homogeneous dispersion with
smaller nanoparticle sizes. All catalytic systems were tested in two cross-coupling reactions, Heck-
Mizoroki and Suzuki-Miyaura.

In the Heck-Mizoroki reaction, following various optimization tests including catalyst screening, base
guantity, type of base, type of solvent, time, and temperature optimization, the best conditions
identified in terms of conversion, selectivity, and yield were as follows: 1Pd/CNi (10 mg),
iodobenzene (1 mmol), ethyl acrylate (1.5 mmol), NEts (1 mmol), GVL (2 ml), 125°C, 4h. These
conditions led to nearly quantitative conversion and yields, with the extremely selective formation
of the cross-coupling product (biphenyl). Subsequently, a substrate scope was carried out, revealing
the ineffectiveness of the catalysts with aryl bromides and aryl chlorides. Finally, recycling tests of
the catalyst were performed to assess its stability. The catalytic system was recovered at the end of
each reaction through centrifugation. The results were encouraging as the catalytic activity
remained high. However, there was a slight decrease in performance with an increasing number of
cycles, which was attributed to various possible phenomena. In the future, it would be interesting
to continue the study to determine whether this negative trend in catalytic activity continues with
further cycles, as only three cycles were conducted in this work due to time constraints. Additionally,
it is a future goal to conduct a similar study for the Suzuki-Miyaura reaction to observe if there are

any influences from the elevated temperature conditions used in the Heck reaction.
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In the Suzuki-Miyaura reaction, similar to what was done with the Heck cross-coupling, different
catalytic systems underwent various optimization tests, including catalyst screening, base quantity,
type of base, type of solvent, time, and temperature optimization. Through batch experiments, the
best conditions were determined as follows: 1Pd/CNi (10 mg), iodobenzene (0.25 mmol),
phenylboronic acid (1.5 eq.), K2COs (0.5 mmol), Ethanol (3 ml), 75°C, 4h. Under these conditions,
guantitative conversion and yields were achieved, selectively producing ethyl cinnamate, the cross-
coupling product. In this case as well, substrate scope experiments indicated a drastic decrease in
conversion when starting with aryl bromides or aryl chlorides. This decrease is attributed to the
stronger carbon-halogen bond, which makes the initial oxidative addition step, typically the rate-
determining step in these reactions, more difficult.

In the last phase of this study, starting from the Suzuki reaction between iodobenzene and
phenylboronic acid, a mechanochemical protocol was developed. Catalysts based on Pd supported
on an N-doped carbon matrix were synthesized through a mechanochemical approach, with and
without heat treatment, resulting in 5Pd/CN-ex and P-5Pd/CN-ex, respectively. In a similar manner,
catalysts containing 0.5 mmol of Na,COs were also synthesized, labeled as 5Pd/CN-ex-Na>CO; and
P-5Pd/CN-ex-NaxCOs. For the systems 5Pd/CN-ex and 5Pd/CN-ex-Na>COs, the appearance of a new
signal in the Pd3d XPS region was observed, indicating the formation of a Pd-N bond, likely
contributing to better catalyst stability against leaching. Using these new catalytic materials, along
with those formed by methods A and B, mass loading tests were conducted, revealing a strong
influence on conversion based on the amount of material introduced into the extruder.
Subsequently, a catalyst screening was performed, and to select the best catalytic system,
productivity was considered, in line with the future perspective of using the extruder in a potential
continuous-flow process. The best catalytic system was found to be 1Pd/CNi, with a productivity of
8.7 mol/(gpgh). With this system, temperature and time optimization was carried out, having
previously seen that the rotation speed of the twin screw in the extruder did not significantly affect
the yield. Finally, the optimal operating conditions were determined as follows: iodobenzene (4
mmol), phenylboronic acid (1.5 eq.), K2COs (2 eq.), 1Pd/CNi (40 mg), 50 RPM twin screw velocity,
80°C, 1h.

All the objectives set in this study have been achieved. Due to time constraints, a more in-depth
exploration of the activity of the catalytic systems obtained in the extruder in batch reactions was

not possible, but it will be conducted in the following months. In these studies, it will be crucial to
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verify the actual increased stability of these catalytic systems, attributed to the presence of the Pd-
N bond observed in XPS analysis.

Finally, at every stage of this work, the obtained values were compared with results present in
recent literature, demonstrating that the performance of the synthesized catalytic systems aligns
with existing data. However, these systems offer the advantage of using a renewable source-based
support, thus valorizing an important waste product from the seafood industry. Therefore, these
catalytic systems can serve as a more sustainable alternative to conventional fossil-based catalysts.
In conclusion, based on the results obtained during the development of a mechanochemical
protocol for the Suzuki-Miyaura reaction, an article titled "Mechanochemistry through Extrusion:
Opportunities for Nanomaterials Design and Catalysis in the Continuous Mode" has been published,

and it is included in the appendices.
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APPENDICE

Below, we present the XPS analysis for the catalysts P-5Pd/CN-ex and P-5Pd/CN-ex-Na»COs3,

followed by the published article titled "Mechanochemistry through Extrusion: Opportunities for

Nanomaterials Design and Catalysis in the Continuous Mode."
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Figure 42: XPS spectra of P-5Pd/CN-ex (A-D) and P-5Pd/CN-ex-Na2COs (E-I). For each catalytic system, it's represented
in this order the C1s, N1s, O1s and Pd3d XPS regions. For P-5Pd/CN-ex-Na:COs it’s also available the Nals region.
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Abstract The patentialities of mechanochemistry trough extrusion have been investigated for the
design of nancaized catalysts and their uss in C-C bond-forming mactions. The mechanochemical
approach proved successful for the synthesis of supparied palladium nanoparticles with mean
diameter within 610 nm, achieved by the meduction of Pd{ll) acstate with ethylere glycol, in
the absence of any soivent A messporous N-doped carbon derived from chitin as a mnewable
‘biopolymer, was used as 3 support. Thmulu Ehe resulting nanomaterials wene tested as catalysts
to implment » mcond extrusion based pling reaction of
and p icacid The scn and i i B1% and
>39%, mmspectively, with s productivity of the desired derivative, bipheayl, of 41 mmol g1 h-1.

ehack for
Gpdates

e TET T 1 tnteduction

g P, D S M In recent years, n\echannd\emnuyhxseme(gedasaprmmmg avenue for the synthe-
Mochanobammitey tcmgh sis and design of riendly [1] Due to
s Oppertunitios e their simplicity and cost-elficiency, P ﬁﬂbeﬁneshm been implmented to
Manrmiirials Disign and Cawlpsis  prepage a variety of Is including d metal icles or biomass-
= th CominunsMode (imsey  fmplated metal oxides to p it and bioconj [2-11]. Thrilling opportunits
003, 5, D17 for mechanochemistry are also found in the field of organic synthesis, to obtain peptides,
Bl gl DNA of even active sents [12-15]. This scenario testifies
el to the tremendous versatility and potential of this branch of chemistry, which aims at
Nemermic Eivom: Mark Maccal improving the sustainability of demical processes by exploiting the mechanical energy

. typically genersted from grinding, milling, and extrusion, to promots feactions. The mest
Fctivtcd 20 e 2023 common techniques make use of planetary ball mills, mixer mills, drum milk, or eryomills

h:’fx:fm that areLimited to batch conditions. Althosgh these procedues s efficient n conductin

§ Ly assisted ions, L [1] and i accurate on the

Peblishuck § Augt 2023 trol, pef. [19-21], th bi of mechanical and thermal
enargy inputs are often hasdly diffenntisted

B Par o prcvs ithi s . o s B (CF) mchanoce vl ks

Copyright © %2 by S st Which n0t enly allow a better control of the raction parameters compared to conventional
Lt MO, ], Swimertams Datch systems but as excellent in designing scalable applications. Extrusion is particularly
This artick i an cpn wowse articke  Suitable to this scope since, i a typical process, solid reactants, fed and confined under high
Gstd ke e sres and pressure, ane constantly subjected to shear foraes originated by one or mar: screws, which
cenditions of the Creatiw Commees. induce the and of surface species throughout the
Asniutiin (O 1Y) levne: (el passage in the CF mactor [22]. Under such conditions, the misisg of different components,

w0 the temp of the mixture, the solid-state diffusion, and, finally, the physical and

anr)

(hemistry 2023, §, 17601764 hitpec’ f dok o 103390 chiemnistey 050120 hngec oo ve e com fournal chemsstry

hemiztry 3023, 3 1761

chemical changes in magmls, ane tuned by the sc'ew sp&d and the residence time, so that

both the product’s distrib and the be optimized |2'5 24].
Extrusion alse provides a platform for the synthesis of h i ith
tailosed functionalities, whe s different g or addi ane d into each
u!he{ dun:nE the jextrusion) process, to achieve mnnmmpoeures and hybnd materials with
hanical strength and enh d surface 'y it ples have
been deserihed in the preparation of the supported metal nanaparticles used to catahyzed C-
C bond forming and pling eactions vi ion [25]. Among the most fencw ned

strategies for C-C bond formation, the Suzuld-Miyaura crosscoupling reaction has gained
significant atkention in secent years for its environmentally friendly nature. The sustain-
ability of the feaction can indeed be optimized through several key considerations. One
approach is based on the use of geeen and senewable solvents such as water, ethanol, and

bic-based d of, ively, on sohem—lesspn..oedm Thelaﬂ'm; for instance,
caﬂbead\.wedl.hmush h hemical metheds such Additionally, the
of lable and reusable h atalysts can greatly reduce the carbon

footprint of the reaction and u:npwvethe cost eﬂucmw Promising results have aleady
been reported with cheap and non-toxic catalysts based on non-endangered metals such
as nickel and copper [26-3]. However, Pd-based catalysts continue to be recognized as
SOme o.E the muel pupu]al systems for the Suzuki-Miyausa cross-coupling [31-34]. Herein,
a h through i as designed through the preparation of
such catalytic materials by using palladium acetate as a metal precursos, ethy lene glycol
as a green reducing agent, and chitin for the synthesis of the catalyst support [35]. Chitin
was selected not only for its natural abundance, but also for its high content of nitrogen,
which made it an excelent candudate to produoe N-doped carbons [‘56—38| Notably, such
(N-doped) carb seive Ives, for b lyzed reactions and/or
Em]alare the incorporation and dispersion of metal entities, mostly thanks to the presence
of py ridinic surface groups.

1 Materials and Methods

Materials md equi Todobs phenylboronic acid, KaC04, NayCOy, ethylene
plycel, ethanal, }prupanul. chitin, and Pd(Ac};_ wen commerdally available compounds
sousced from Sigma-Aldrich. If not otherwise specified, magems and solvents were enr
ployed without further p son. Gas Ch h ¥ (GC-MS)

lenizati {E[J. Tl eV} analyses wene pedarmedon a HPS-MS capillary column

(L=30m, © =032 mm, film = 0.25 mm). GC (fame ionization detector; FID) analyses
wen performed with an Elite-624 capillary column (L = 30 m, 0 = 0.32 mum, flm = 1.8 o).
All actions were performed in duplicate louerily reproducibility.

Synthesis of suppwmf ;wﬂadmm an ch E’ derived N-doped car
mutterials. The d fellenwi: hemical trough
approach employing ch:lm (5 glwith a PA{Ac); (05 mmel) and ethylens glycol (15 mL).
The msture was extruded at 200 "C and at 50 rpm. The resulting material was oven
dried at 100 °C under vacuum ovemight and further employed in the cataly tic tests. In
addition, a thermal treatment at 500 “C (heating rate was 5 “C/min) for 1 h under Nz
Henar tlﬂ anl min") for Th was carried oul aﬂd the pesulting material was alse ested for

The

hy wese perf d, also adding NayCO4 (.5 mmel) under the
conditions p{evimnsly deseribed.
Material Chars izalion. The erystalline structure of the samples was investigated

by X-ray Diffraction (XRD) in the DB Advance diffractometer of Bruker® AXS (Berlin,
Germany), using the X-ray source of the Cu Ka radiation, coupled to a Lynxeye detector,
and menitoring the 20 within 5807 at a rate of 0.08” min—1. The xtural properties, ie.,
surface area, the volume of the pore, and pone size were deh rmmed from N phy sisorption
atT7K, din ASAP 2000 equi from N (’Norc«m. GA, USA).
Thesamphawem oubgassed at 120 “Cor2h Then, ad: e
recorded at —196 °C. The specific surface aneas wem caleulated by the BET method; the
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pore volumes were calculated from ad: th and the pore size distributions
we estimated using the Barrett, Joynes and Halenda (BJH) algorithm available as a built-
in softwane from Micromeritics. ICP—OIS analysis was carried out in the Avio 550 Max

ICP-OES Optical Emission
Typical CF-Mechanochemical Sz k- M:wum cross-coupling reaction. The pecformance
of the catalysts luated under mech flow itions in the

ZE 12 HMI extruder from Three Tec. In a ty pical reaction, iodoberzene (2 mmol); PhB(OH),
(3 mmol); K;CO5 (4 mmol), and the selected cahlysh (40 mb) were extruded at 80 °C,
50 rpm, with a residence time of 1 h. C and ity were ined by
GC-FID and the product structures were assigned by GC-MS. Characterization data are
available in the SI Section, Figutes 51-S4

3. Results and Discussion
The preparation of the catalysts through extrusion was carried out according to the
procedure schematized in Figure 1. The experimental parameters were chosen based
on the previous experience of our m-.-earch group on the mechanochemical synthesis of
ials [1,30,40]. A susg of palladium acetate (0.50 mmol, 112 myg), ethylene
glycol (15 ml, 0.26 mol), and chitin (Sb)was fed to a mini-extruder (ZE 12 HMI extruder
from Theee Tec., Seon, Switzerland) heated to 200 °C, whose conveying screws were set to
50 rpm at a torque of 2 Nm. At the end of the extrusion segment, a matesial in the form of
small ¢y lindrical pieces (ca 1 mm di was d and used either as such or aftera
thermal treatment at 500 “C under N; atmosphere, to catalyze C-C bond forming neactions
as Suzuki-Miyaura cross-couplings (see below). A variation of this procedun: was designed
by adding Na>COs (53 mg, 0.5 mmol) to the reacting mixtuse in order to enhance the basic
properties of the sample. Overall, the four prepared materials were labelled as: Pd-chitin
and Pd-chitin-500, in order to describe the catalysts achieved without and with calcination
in the absence of a base, respectively, and Pd-chitin-NaxCO; and Pd-chitin-NaxCO3-500,
in order to describe the catalysts obtained without and with calcination in the presence of
Na;CO;, espectively.

Figure L i ion of the i assisted synthesis of catalytic materials.

The crystal structuse and arrangement of the samples wene evaluated by XRD analysis.
Figuse 2A depicts the XRD patterns of the samples before the thermal treatment, while
Figune 2B shows the results for the calcined samples. The Pd-chitin and Pd-chitin-Na,CO,

ials displayed the typical diffraction peaks of chitin at ca. 10, 20, 21, 23, and 26°,
alated to the (020), (110), (120), (101), and (130) 1 hic planes, respectively [41,42].
The overlapping of a wide peak observed in the negion between 20 and 30° was most likely
due to the presence of amorphous carbon formed during the mechanochemical synthesis
of 200 °C. In addition, the pa:sence of a signal at 39" indicated the (suceessful) reduction of
palladium (11) and the f ion PA(0) particles. In Figune 2B, instead, the complete

a3

disappearance of the ty pical chitin peaks, and the simul! f a wide signal
ateca 247, were consistent with the decomposition of chitin into ammphmns carben due to
the thermal treatment at 500 “C. The sharp and well-defined erystallographic peaks at 39,
47, and 68" were attributed to the (111), (200}, and (220) erystallographic planes of PA{0),
respectively [43-45].
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Figure 2 XRD patiern of the catalytic materials (A} before and (B afier caldnation.

For i the: ST section nep XRD data for in, while the XRD
diffraction patterns of palladium acetate and NapTOy ane available in the literature [46,.47].

The two calnned samples with and without the base, which presented consistent
and elearer Py on signals, further ch, ized. The mesults am
Table 1. From the XRD diffraction patterns, metal particle sizes of (67 + 0.5) and (9.7 1:05}
num for Pd-chitin-500 and Pd-chitin-NayCO5-500, lespediuely wene caleulated using the
Scherser equation [48,49]. The palladium loading, de ined by ICP-MS, was around
4 myg M,‘l for both samples The textural properties induding surface area, pone
volume, and pore size were investigated by Nz—physnsnrphm Fxgme Jdasp]aysth fesult
for Pd-chitin-500. A type IV isotherm and type 11 ad:
of the formation of a mesoporous material. The same held true for Pddulm Na;OD;—Sm
Both samples exhibited a semarkably high surface area of 452498 m?g ", while the range
of pone diameter (4.9-5.3 nm) further proved the cccurmence of mesoporous solids.

Table 1 Textural properties, particke size, and palladium content of the catalytic materials.

Material

SgerIm’g '1*  Dginm)® Ve lem¥gl®  Pdconc/mgg 'Y Pd Particle Size inm) ©

Pd-chitin-500

458 49 06l 43 97

Po-chitin-Nay 00500

452 53 053 as 67

Sme @ﬂmm‘wmmmwmmwmmﬂmm *Digys mwcans

¥ + Ve pose
mhukhdmﬂu&a&k—lwml{n.lrﬂn [BIH) wquation. Pd i e by 4 ICPOES

ande P g Iy plaien the 5 Equas.n
T‘h smallel size of p&]lad.mm particles in Pd-chitin-NayC05-500 was correlated to an

in il matrix, which plausibly led to a higher mean

pore diameter and ashghﬂy lowelsudace afea, mcmnp&ﬁsm with the Pd-chitin amlogug

Owerall, the ch stud.nes itability of the h
ically assisted protocol for the ¢ of supp ‘melal particles on a meso-
perous N-doped carbonbase matric 150,51)

A welkknown C-C bond-forming reaction, such as Suzuki-Miyaura cross-coupling,
was selected as a model to kest the ackivity n{lhePd—hased mateﬁah The same appmach
used for the synthesis of the catalysts, ie., mech based on was
considered to carry out the reactions. Figume 4 summarizes the design of the experiments.
A mixtuse of phenyl boronic acid (366 mg, 3 mmol), iodobenzene (408 mg, ? mmol), and the
Pd-based catalyst (40 mg) was fed to a mini-extruder heated to 80 °C, the conveying screws
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of whichwere set bo 50 rpm at a torque of 2 Nim. The residence time was 1 h Other tests
wete performed by adding K200 (53 mg, 0.5 mmol). The use of an extra base maclant
is eeported by most, if not all, p ls for the Suzuki-Mi process. Th
was collected in the form of a solid. A portion of this mareml (100 myg) was rinsed with
ethanol as a solvent (5 mL). The resulting selution was analyzed by GC-FID and GC-MS to
evaluate the conve rsion and the selectivity, and to assign the structure of the products. The
most representative fesulls ane reported in Table 2.
50
40
@
FE »0
S
w04
[
a 02 [ o [ i
PIPQ
Figure & N, physisorption isotherm of Pd-chitin-500 sampl
x +
o,k
f:] L R S
— OO
Figure 4. The design of the ically assisted catalytic Suzuki-Miy pling
meaction.
Table2 Th i Mi pling under hemis ditions based
Entry Catalyst Base Conversion (%) * Selectivity (%) ®
1 Pd-chitin-500 I <10 el
2 Pd-chitin-NaxC0y ’ <10 el
3 Pe-chitin-NaxCO:-500 ! <10 =05
4 Pd-chitin KpC0s 73 el
5 Pd~chitin-500 K003 81 >09
& Pd-chitin-NaxCOs-500 KpC0s 7B el
Faeaction conditions: Im.l.uhﬂuﬂu(! m.d;, }’thDHT, {3 masal); K,CD, 14 snencl); c.mvm .m.mt dum.;,
80 5, 500 sp, esisheree time 1 b selectivity bo bipbeny]
T Thee bt catalytic resalt 3 w an bu”.
Chemistry 2023, 5 wes

All reactions provided the ex pected product, biphenyl, with »9% se lectivity (setails on
the characterization of the p{oducl are in the 51 section], though the conve rsion was hrgelv
affected by the exg 1 conditions. The meaction outcome was not sati ithout
an added base (entries 1-3); regardless of the use of calcined or not calcined. catalysts
and the presence /absence of NayCOy incorporated in the samples, the cross-coupling
proceeded 1o a very limited extent, with a conversion not exceeding 10%. The catalyst
preparation was modified using K005 in place of NayCOy. This change, however, did
not impact on the raction cutcome; the activity of the newly prepaned sample was as low
as that of Pd-chitin- NapOO5-500. I.n ﬂ\e p(emn:e of Kz005 as an extra base, however, the

of iodob wproved to 73 and 1% using Pd-chitin and Pd-
chitin-500, respectively, with anauemllb\phenvl productivity of up to 41 mmol 5.,_,—1 b 1
{entries 4 and 5). This clearly confi d the role of {fres) base for the pling

process. According to the most accepted mechanistic hypothesis, the base assists the
activation of boronic acid, enabling a Pd-B transme tallation step which is critical for the
C-C bond formation. Although these ane shill uncertainties about the occurmence of such
a s&p a p]ausible parhwa\-' has been proposed wheneby the reaction of the base with

d an ardonic b * hich, in turn,
pedorms a nud.eoplhlnc attack ona Pd-halide interme diate 52, E‘Sl

Owerall, our findings not only proved the suitability of the extrusion-assisted protocol
to perform the reaction, but it demenstrated that: (i) the base fundamental for the reaction
was effective only when added as such and could in no way be made available by incorpo-
rating it in the solid catalyst; (ii) the basic sites on the N-doped carbon used as a support
were moderately, if at all, involved in the investigated cross-coupling process; and (i) the
caleined catalysts pedformed slightly belhr than non-calcined ones. This was h.EhL\bhhd
once the reaction took place at a sub ion (=700%) and -
by the behavior of Pd-chitin-NayCOO05-500 (calcined) sample, of which a 78% conversion
was neached (entry &), thereby suggesting that the thermal activation used to prepare the
former (calcined) samples made the metal particles di d on them mose ible
and active for catalysis. An additional test was carried out bv employing PA{0Ac) (4 mg)
as a catalyst in place of Pd-chitin-500, though the iodobenzene:Pd molar ratio was kept
unaltered. Other conditions can be seen in Table 2 (zw C, 50 rpm, sesidence time 1 h). The
seaction p ded with both and sl ity, theneby indicating (as
ex peck: d} that the availability of the active sites on the acetate complex was superior to that
uﬂ]\e heterogenous system. The use of PA{0AC);, however, suffered from the well-known

iated to b catalysts including the very difficult separation
Erom the pmdurl and the virtually impossible reuse for subsequenl reactions. For compari-
son, this last aspect (catalyst recycle) was exploned with the heterogenous Pd-chitin-500
system. Under the conditions of entry 5 in Table 2 once the reaction was complete, the
catalyst was washed, dried, and seused without any further teatment, and a second reac-
tion was fun in exactly the same way as the first one {entry 5). The recycle st confirmed
that Pd-chitin-500 preserved its original activity yielding an iodobenzene conversion and
a biphenyl selectivity of 79% and =99%, respectively. Moseover, the stability of the used
catalyst was examined by comparing its Pd content to that of the fresh catalyst ICP-OES
analyses proved that a negligible metal leaching (<5%) occurred (41 and 43 mgpy g, for
the used and the fresh catalyst, espectively).

Pd-chitin-500 was also tested using bromoberzene and chloroberzene in place of
iodobenzene as a reactant. Under the conditions of entry 5, however, the reactions showed
a negligible conversion (ca. 5%) consistent with the general effect of the halide as a
I.eavu\E proup in the Suzuki-Miyaura cross-coupling reactions [52]. Themafter, to gather
further ion on the general applicability of the protocel, the ergancborane reaction
pen:ner was changed. An additional expeﬁmtwas run by coupling iodobenzene with

cid in place of phenylboronic acid. The test was sucoessful; the conversion
was 75% and the selectivity towards the desired product, 3-methyl-1,1"biphenyl, was
95% (details on the charackerization of the product are in the SI section). This proved
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that, under the feactive extrusion conditions, the onset of secondary feactions, such as the
homocoupling of aryl boronic acids, was not significant.

An additional ex periment was designed to test the activity of Pd-chitin-500 also under
conw entional batch conditions. Accordingly, the same feactants mixbuie used in Table 2
[phenyl boronic acid (43 mg, 0.35 mmol), iodobenzene (51 myg, 0.25 mmol), KOOy 70 myg,
0.50 imemel), and the cataly st {10 mg)] was seb to seact in a 10 mL glass lask, at 80 °C for
1h, using ethanol (3 ml) as the solvent The reaction procesded with complete selactivity
to biphenyl, but the maction conversion was only 58%, ca. 25% lower than that achieved
under the peactive extrusion conditions of entry 5 in Table 2. This fesult, plausibly due
to a solvation,/ dilution effect, highlighted the higher efficiency of the mechanochemical
approach compaed to traditional procedures in a solution

4. Conclusions

Mechanochemistry is among the strategies working towards the innov ative design
of sustainable and cost-efficient synthetic processes. This contribution provides a proof
ulcmmpt aimed at expanding the applications in this field, using the feactive extusion
that the p ial of mechanochemistey with the benefits of continuous-flow
processes. Albeit at anearl\-' stage, the pesearch communication proposed hete offers the
reliability and s producibility that demoenstrate the suitability of extrusion methods for
both the preparation of nanostructured catalysts and the implementation of remarkable
cataly tic processes for the C-C bond-fnmuns reactions Su-ppmed Pd-based nanoparti-
cles with excellent textural properties (surface area up to 498 m’ 5‘1} wefe prepared via
mechanochemistry, in the absence of solvents. Such materials have proven active for the
Suzuki-Miyaura eross-coupling of aryl boronic acid with iodobenzens, achieving conves
sion and selectivity values of up to 81% and 99%, mspectively, and a productivity on the
desired coupling products of up to 41 mmel g~ h), making them amenable for Farther
scaled up studies of the process.

Supplementary Materials: The following supporting information can be downloaded at htps:
# fwrvewe dpi.com/ article/ 103350/ chemistry5030120//s1, Materials and methods, Figare 51: XRD
of commercial chitin, Figure 52 'H NME of bipheny|, Figure S3 ™C NMR of biphenyl,
Figume 54 MS spectra (EL 70 &V} of 3-Methyl-1, 1-biphenyl, Video S1: Mechanochemnical synthesis of
the catalytic material.
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