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Mechanochemistry, as an enabling technology, harnesses
mechanical force to drive chemical reactions, presenting
compelling advantages in organic synthesis within the
principles of green chemistry. This review explores how its
unique advantages and alignment with sustainable practices
have been widely developed in different scientific fields in
Italy. As a transformative strategy for organic synthesis,
mechanochemistry has been portrayed in this review as a
valuable synthetic alternative due to the various advantages,

1. Introduction

The global recognition of sustainability’s critical importance has
catalyzed the formation of a distinct discipline within chemistry
and chemical engineering.” Pioneered by a dedicated com-
munity of chemists and chemical engineers, this innovative field
focuses on minimizing or completely eradicating the produc-
tion of toxic substances and environmental pollutants.”’ This
commitment represents a profound paradigm shift towards
practices that prioritize environmental stewardship. The roots of
this movement for sustainability go back to the 1930s with the
creation of chemurgy, which laid the foundations for environ-
mentally conscious chemical innovation. The concept of
chemurgy was first raised by George Washington Carverword
due to his research on plant products, which earned him the
title ‘father of chemurgy'® The term ‘chemurgy, instead, was
later coined by chemist William J. Hale whom reported it in his
1934 book ‘The Farm Chemurgic' ™ This discipline was essentially
based on preparing industrial products from agricultural raw
materials and proved its value in the industrial production of
automobiles, rubber, and military life jackets.” Despite its initial
success, in the 1950s, chemurgy began to undergo a rapid
decline that led to its almost complete disappearance in the
1970s.”" There are various reasons for this, but probably one of
the most significant was the introduction of fossil fuels, which
were cheaper and more adaptable to different processes on an
industrial scale.”” It was not until 1991 that Professor Paul
Anastas reconsidered the possible role of natural products in
industrial processes and the need to control the impact of
humanity on the environment by formally introducing and
defining the concept of green chemistry.® Anchored by twelve
guiding principles developed by Anastas and Warner in 1998,
Green Chemistry endeavours to redefine chemical processes to
be inherently safer and more aligned with ecological principles
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such as solvent reduction and new reaction pathways, that
its use brings. Nonetheless, the improvements brought about
by its use have also been crucial in other fields of chemistry
described by lItalian scientists. In this whole context, Italian
researchers have analysed both already optimised processes
and new feasible pathways, paving the way for new avenues
previously hampered by all the limitations that belong to in-
solution chemistry.

(Figure 1).! This vision has sparked a transformative revaluation
and rejuvenation of conventional chemical methodologies,
propelling the development and integration of novel ap-
proaches such as electrochemical processes, flow chemistry,
and photochemical methods."” Each of these innovations
marks a pivotal advancement in the quest for sustainable
chemical practices, demonstrating a collective stride toward
integrating eco-efficiency and safety into the core of chemical
engineering and chemistry.""

Within the array of groundbreaking techniques that have
emerged, mechanochemistry distinguishes itself through its
extraordinary ability to facilitate reactions devoid of solvents. Its
simplicity in setup and remarkable efficiency has propelled its
widespread adoption across the scientific community, making it
a favored approach for conducting chemical reactions."? The
International Union of Pure and Applied Chemistry (IUPAC) has
recognized mechanochemistry as one of the most significant
emerging technologies in 2021, underscoring its transformative
potential in steering chemical synthesis towards a more
sustainable and environmentally friendly direction.™ This
endorsement highlights mechanochemistry’s role in reshaping
the landscape of chemical research, offering a cleaner, greener
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Figure 1. Green Chemistry principles.
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alternative to traditional synthesis methods. As mechanochem-
istry advances, it is set to become a cornerstone in pursuing
more sustainable and eco-conscious scientific practices, em-
bodying the principles of green chemistry and driving innova-
tion towards minimizing the environmental impact of chemical
processes."¥

Mechanochemical experiments involve the use of special-
ized equipment called the ball-grinding device."®™ This
innovative device utilizes the kinetic energy of balls of varying
sizes within a jar to drive chemical transformations in solid-state
conditions. The machine can operate in various dynamic modes,
including vertical, horizontal, and planetary movements or even
patterns that mimic the shape of a figure-eight."® These diverse
motions force the balls to apply grinding and shredding
pressures on the reactant materials, facilitating various chemical
transformations."”

The choice of materials for the grinding balls and the
vessels profoundly influences the efficacy and nature of these
transformations. Commonly used materials for grinding balls
and jars include stainless steel, zirconia, and Teflon, as well as
less conventional choices like tungsten carbide, Erthalyte®, and
polyacrylamide (PAM)."® Each material presents unique den-
sities and properties, providing the flexibility to tailor the
mechanochemical process to meet specific experimental setups’
nuanced demands (Figure 2)."" This adaptability underscores
the versatility of mechanochemistry in facilitating diverse
chemical synthesis, paving the way for innovative discoveries
and advancements in the field.

A hallmark of mechanochemical reactions is their execution
at ambient temperature, obviating the need for external
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Figure 2. Typical instruments used in mechanochemistry with the descrip-
tion of a typical mechanochemical set-up. The reagents will be added once
the chosen jar is loaded with the desired number and type of balls. Then,
the jar will be closed, and the grinding process will be run. As it is
completed, the ground material can be recovered as itself or employed for
further processes.

heating or cooling typically requisite in conventional chemical
reactions."*?” This characteristic drastically reduces the energy
consumption of maintaining specific reaction conditions, such
as temperature or pressure. Furthermore, eliminating solvents
diminishes the thermal energy required for heating and circum-
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vents the energy-intensive processes of solvent recovery and
purification.?"

By bolstering energy efficiency, mechanochemistry aligns
with the Green Chemistry principle of minimizing energy usage
and curtailing the carbon footprint of chemical
manufacturing.”?

Ensuring safety in chemical processes is crucial, as tradi-
tional methods often involve using toxic solvents, reagents, and
conditions that pose significant risks to human health and the
environment. Mechanochemistry provides a safer alternative by
enabling reactions without solvents, eliminating the associated
risks. Adopting mechanochemical methods enhances laboratory
safety for researchers and extends to industrial applications
where robust safety measures are crucial. This shift towards
solvent-free reactions signifies a move toward safer chemical
manufacturing practices. It aligns with green chemistry princi-
ples, promoting more sustainable and health-conscious scien-
tific practices.

Mechanochemistry unlocks innovative avenues for synthe-
sizing compounds and overcoming challenges or inefficiencies
inherent in conventional solution-based methodologies."*? This
field thrives on the unique reaction environments created by
mechanical forces, which catalyze distinct reaction dynamics,
intermediates, and outcomes not typically observed in tradi-
tional chemical processes."” Such a distinctive approach has
been crucial in developing novel materials and compounds,
including advanced polymers, metal-organic frameworks
(MOFs), and co-crystals, thus broadening the horizons of
materials science and pharmaceutical research.

These innovative synthetic methods have led to the
development of advanced materials with improved properties
and pharmaceuticals with enhanced therapeutic effects.”®
Mechanochemistry, which allows the direct manipulation of
molecular and material structures without relying on solvent-
based reactions,”**¥ facilitates the design of compounds with
specific functionalities, higher stability, and increased
biocompatibility.?

Mechanochemical reactions are typically more efficient,
offer reduced reaction times, and improve selectivity,?® facilitat-
ing the targeted synthesis of desired products with minimal
waste."®?” Delving into mechanochemical procedures reveals a
rich tapestry of parameters distinctly different from those
encountered in traditional solution-based chemistry. This com-
plexity includes variables such as the frequency of oscillations
(measured in hertz), the specific type of motion enacted by the
milling device, how much of the jar is occupied by materials,
and the intrinsic physical properties of the powder reactants
(Figure 3).%®

An incredibly nuanced aspect of mechanochemistry is the
potential integration of liquid additives into the process, a
technique referred to as liquid-assisted grinding (LAG).2%>**
Liquid-assisted grinding employs a minimal volume of liquid
(n=upL/mg) to enhance reaction rates and facilitate trans-
formations that cannot occur through dry grinding alone. LAG
can profoundly impact the reaction’s trajectory, enabling
modifications in the reaction environment to enhance out-
comes (Figure 4),12062930)
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Figure 3. In-solution parameters compared with the mechanochemical ones.

This advanced approach significantly broadens the scope
and adaptability of mechanochemical methods, highlighting a
delicate equilibrium between conducting reactions in solid
states and the strategic incorporation of liquid components.
Such integration refines the process, allowing for precise
adjustments to reaction conditions that can lead to the tailored
synthesis of compounds with specific characteristics or proper-
ties.

The ability to fine-tune mechanochemical reactions through
these variables demonstrates the field's sophistication and
potential for innovation, providing a versatile toolkit for
scientists aiming to design and execute chemical transforma-
tions with increased precision, efficiency, and environmental
consideration.®"

2. Mechanochemistry in Italy

Mechanochemistry has experienced remarkable growth and
contributions in Italy, reflecting the country’s strong chemical
research and innovation tradition.®? Italian scientists and
research groups have been at the forefront of exploring and
applying mechanochemical methods across various domains of
chemistry, contributing significantly to the global understand-
ing and development of this field. The interest in mechano-
chemistry within the Italian scientific community is driven by

Eta factor description

n<0.1

0.1<n<1
W Neat grinding
LAG
1<n<10 Slurry

Solution

n>10

Figure 4. The definition of LAG is based on how the mechanochemical
reactivity is dependent on the liquid additive’s ratio to the reactants’ weight
(n=total amount of liquids in pL/total amount of solids in mg). A value of
1n=0 corresponds to pure grinding, whereas when n is between 0.1 and

1 uL/mg, the process can be described as liquid-assisted grinding (LAG).
Finally, when n> 1 ul/mg, the reaction takes place in a slurry state and then
can be described as a typical solution approach when n>10 pL/mg.
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pursuing more sustainable, efficient, and environmentally
friendly chemical processes.®?

The emergence of mechanochemistry in ltaly can be
traced back to seminal research in 1988, spearheaded by
Schiffini and Cocco, whose pioneering efforts set the stage
for subsequent developments in this field.*¥ Their innovative
work applied mechanochemical principles to delve into the
properties of the Ni—Ti system, explicitly examining residual
crystallinity, crystallite size, and strain content, all of which
were elucidated through mechanical alloying. These initial
forays primarily concentrated on inorganic systems, with a
particular emphasis on metals and metal alloys, thereby
establishing a solid foundation for the expansive research
that would follow.

This early exploration demonstrated mechanochemistry’s
potential to unlock new insights into material properties and
highlighted its applicability in understanding and manipulating
the structural characteristics of various inorganic systems. By
pioneering the use of mechanochemical methods to investigate
such fundamental aspects of materials science, Schiffini and
Cocco’s work in ltaly has contributed significantly to the
broader acceptance and application of mechanochemistry,
paving the way for its integration into diverse fields of study
and its role in advancing our understanding of material
behaviours and properties.

Schiffini and Cocco'’s exploration of mechanochemistry took
a significant turn in 1995 when they expanded their research to
encompass organic synthesis.®*® This new direction focused on
the catalytic hydrogenation of carbon monoxide, graphite, and
ethylene - a venture that marked a notable departure from
their previous work. The innovation lay in their application of
mechanochemical processes for synthesizing the metal catalyst
(Figure 5), followed by the meticulous analysis of the resultant
reduced products through a gas chromatographic system
intricately connected to specific vessels designed for this
purpose.

This innovative approach has turned mechanochemical jars
into batch chemical reactors, creating a unique and controlled
environment for hydrogenation processes. More importantly, it
has allowed for a detailed study of gas-solid interactions in a
solvent-free context, providing insights into reaction dynamics
that were previously difficult to observe under traditional
solvent-based conditions. The work of Schiffini and Cocco in
this field highlights the versatility of mechanochemical methods
in facilitating organic synthesis. It demonstrates their potential
to contribute significantly to the catalysis and reaction
engineering field. Their groundbreaking research has opened
new avenues for applying mechanochemistry, enriching the
scientific community’s understanding of chemical processes
and interactions.

This significant shift towards applying mechanochemistry in
organic synthesis underscored the technique’s versatility and
potential to revolutionize traditional chemical processes. By
eliminating the need for solvents, this approach offered a
greener alternative to conventional methods, setting a prece-
dent for future research in mechanochemical organic synthesis
within Italy and beyond. Through these pioneering efforts, Italy

Eur. J. Org. Chem. 2024, 27, €202400425 (5 of 25)
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Figure 5. Structural transformation of Ni,Zrs, amorphous powders mechan-
ically activated under CO/H, atmosphere. Reproduced from ref. [36] from J-
Stage (free access).

has contributed significantly to the broader narrative of
mechanochemistry, demonstrating its utility in both inorganic
and organic contexts and paving the way for its application in
sustainable chemical processes.

In the years following Schiffini and Cocco’s groundbreaking
work, applying organic chemistry under ball milling conditions
gained significant momentum. This burgeoning interest in
mechanochemistry within the organic chemistry community
can be attributed to its numerous advantages, including
reducing or eliminating solvent use, enhanced reaction rates,
and the potential for increased selectivity. As a result, organic
chemistry was substantially enriched, marking the beginning of
an era focused on developing synthetic procedures tailored to
constructing complex molecular scaffolds through mechano-
chemical means.

The 1996 study by Cocco etal. showed that mechanical
treatment could trigger dehalogenation in chlorinated organic
compounds when a reactive substrate is present, resulting in
distinct reaction products.®?” Using the ball milling technique at
low temperatures and atmospheric pressure, the researchers
successfully dechlorinated up to 100% of liquid and solid-
chlorinated compounds.

The experiments focused on hexachlorobenzene, and
chlorobenzene primarily produced benzene and chloride salts.
The use of calcium hydride (CaH,) as a hydrogen source was
found to markedly improve both the specificity and the rate of
the reaction, offering a significant advantage over calcium oxide
(Ca0) and magnesium oxide (MgO) substrates in a hydrogen
atmosphere (Scheme 1).

The process’s effectiveness was closely linked to the amount
of mechanical energy introduced and the frequency of
collisions. Notably, an explosive-type reaction was observed
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Scheme 1. Mechanochemical conversion of chlorobenzene was observed at
different ball collision energies over CaH (squares), CaO (full circles), and
MgO (open circles) substrates. Conversion values refer to a constant milling
time of 12 h. Powder load, 11.2 g; impact frequency, 29 hits/s; ball mass, 1-
18 g. Adapted from ref. [37] with permission from the American Chemical
Society.

with hexachlorobenzene at specific milling intervals, directly
related to the kinetic energy applied.

These innovative synthetic strategies, often inspired by
traditional solution chemistry methods, aim to replicate and
enhance the efficiency and sustainability of chemical
processes.”® By adopting mechanochemistry, researchers began
to explore new possibilities for synthesizing compounds that
were previously challenging or inefficient to produce using
conventional methods.

Integrating mechanochemistry into organic synthesis
opened up many opportunities for creating complex molecules
with precision and environmental consciousness.”

This shift towards mechanochemical methods in organic
chemistry underlines a broader commitment within the
scientific community to adopt practices that are not only
technologically advanced but also aligned with the principles of
sustainability and environmental stewardship. As mechano-
chemistry continues to evolve and expand its applications, it
promises to revolutionize the field of organic chemistry further,
driving the development of novel synthetic procedures that are
both innovative and eco-friendly.

Italian scientific research has been a driving force behind
the advancement of mechanochemical methodologies, lead-
ing to groundbreaking applications that have significantly
impacted the field. One such milestone was the synthesis of
hydroxamic acids using carbonyl diimidazole (CDI) as a
carboxylic acid activator, a pioneering achievement by
Porcheddu in 2016 (Scheme 2)."” This method employed ball
milling techniques to facilitate the use of compounds like
hydroxylamine hydrochloride, known for their poor solubility
in traditional solvent-based reactions.*” The approach made
these reactions feasible and streamlined the purification
process, offering a simpler and more efficient alternative to
established methods.

Eur. J. Org. Chem. 2024, 27, 202400425 (6 of 25)
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Simultaneously, Cravotto’s work on synthesizing cyclodex-
trins (CDs) showcased the economic and environmental
benefits of using a planetary ball mill (Scheme 3).#? This
innovative strategy enabled the production of synthetic thio-
cyclodextrins 3a, 3b, 5a, 5b, and 6 without aprotic polar
solvents, a common requirement in conventional synthesis that
often leads to challenging by-products and impurities.”® By
eliminating these solvents, the mechanochemical approach
simplified the synthetic process and significantly reduced the
potential environmental impact associated with solvent dis-
posal.

These developments highlight the versatility and poten-
tial of mechanochemistry to transform organic synthesis,
making it possible to conduct complex reactions more
sustainably and cost-effectively. The work of Porcheddu and
Cravotto exemplifies the capacity of mechanochemical
techniques to overcome traditional chemical synthesis limi-
tations, paving the way for future innovations in the field. As
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Scheme 2. Standard route to synthesizing hydroxamic acids by using
hydroxylamine hydrochloride along with the mechanism of the mechano-
chemical procedure based on CDI. Adapted from ref. [40] with permission
from Wiley.
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Scheme 3. Synthesis of per-6-derivatized CDs. Ball milling conditions:

1500 steel balls of 1 mm diameter and 50 steel balls of 5 mm diameter, sun
wheel speed 650 min, 2 h grinding. Reproduced from ref. [42] from Beilstein
Journal of Organic Chemistry (open access).
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mechanochemistry continues to evolve, its applications in
organic chemistry are poised to expand further, offering new
pathways for developing environmentally friendly and eco-
nomically viable synthetic methods.

The elimination of solvents in these processes streamlined
the synthesis and significantly simplified the isolation and
purification phases, marking a leap towards more efficient and
environmentally friendly chemical synthesis. These advance-
ments underscore the potential of mechanochemistry to
revolutionize traditional chemical processes, offering a sustain-
able alternative that aligns with the principles of green
chemistry. Through these examples, Italian researchers have
showcased the versatility and efficiency of mechanochemical
approaches, contributing to their growing prominence in the
global scientific community.**

De Luca’s 2017 research marks a significant leap in organic
chemistry, highlighting the transformation of primary amines
into their aldehyde and ketone counterparts or their direct
oxidation to nitriles through C—N bond reactivity.*” Traditional
approaches, typically dependent on metal catalysts or harmful
oxidants, have paved the way for a greener alternative utilizing
N-chlorosuccinimide (NCS). This innovation offers a more
environmentally friendly method for oxidizing these substrates
(Scheme 4).

In this innovative approach, the authors treated a benzylic
amine with the oxidant, forming the corresponding N, N-
dichloramine. Afterward, the process was divided into two
paths, depending on the use of triethylamine (Scheme 5). This
split allowed for the creation of either a nitrile or the N-
chloroimine. The halo-derivative could then be separated using
a diluted HCl solution to obtain the desired carbonyl derivative,
demonstrating the method’s adaptability in producing diverse
chemical compounds.

Studying the kinetics of organic reactions is pivotal in
deepening our comprehension of the mechanisms through
which these chemical processes occur. This area of
research has been extensively explored, with one of the
significant contributions being the detailed review by Delogu
in 2018.%7 This review meticulously examined the synthesis
of 2,3-diphenyl quinazoline and a Knovenagel condensation
to elucidate these reactions’ underlying kinetics and dynam-
ics (Scheme 6).“® One of the key insights derived from this
analysis was the critical role of grinding frequency in
mechanochemical reactions, a parameter that profoundly
affects the outcome of the reactions.

The significance of grinding frequency as a mechanochem-
ical parameter stems from its direct impact on the energy
transferred to the reactant powders.”* The forces of impact
and crushing generated within the milling jar, facilitated by the

R : N
NG (I)NCS, 10 min R =
| NH; (2) NEt3, 20 min |\\

——————eeeeeeee
g & -
_0A0,
R=0Me, CN, Cl, F, CF;, Me 69-96%
(11 examples)

Scheme 4. Oxidation of amines to nitriles.
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grinding action, are responsible for this energy transfer.”® These
mechanical forces not only initiate the reaction by breaking
down the reactant materials but also influence the rate and
extent of the reaction, thereby affecting the overall efficiency
and selectivity of the process. This discovery underscores the
importance of optimizing mechanochemical conditions, such as
grinding frequency, to achieve desired reaction outcomes,
offering valuable insights into the design and execution of
efficient mechanochemical syntheses.

©/\"“2 NCS, 10 min rlrc'
& ~UJ 1

path a path b

NEt; (1.5 equiv.)
ball mill, 10 min

NEt; (3.0 equiv.)
ball mill, 20 min

Et;N N Et;N N
2
Cl
N N~
( | ( |
Cl Cl
:: A \\ Cl EY3N N
H
aqueous }N /E
hydrolysis

Scheme 5. Proposed mechanism for the formation of the carbonyl com-
pounds and nitriles. Adapted from ref. [45] with permission from Wiley.

NH; O, O
Cr:
NH, O O

Various mlllmg C[

frequencies
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2,3-diphenylquinoxaline

Relative Spectral Contributi

30 40 50 60
Time (minute)

Scheme 6. Analysis of the kinetics of the 2,3-diphenyl quinazoline formation
under various reaction frequencies. Adapted from ref. [47] from the
American Chemical Society (open access).
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The findings from this comprehensive analysis illuminate
the substantial influence that mechanochemical parameters
exert on the trajectory and efficiency of chemical reactions.
Similarly, comparing the efficacy of liquid-assisted grinding
(LAG) and conventional dry grinding in synthesizing non-
symmetrical disulfides further accentuates the critical role of
mechanochemical conditions.”” The decision to employ LAG or
dry grinding has implications for the reaction mechanism and
significantly impacts the yield and purity of the resulting
product. These observations highlight the intricate interplay of
mechanochemical techniques in driving chemical transforma-
tions, underscoring the capacity to fine-tune reaction conditions
toward achieving more efficient and sustainable outcomes.

Through such rigorous investigations, the scientific
community is progressively demystifying the complexities
inherent in mechanochemistry, thereby expanding its utility
in organic synthesis. This exploration into the nuanced
effects of mechanochemical parameters is instrumental in
optimizing synthetic pathways, offering a promising avenue
for enhancing reaction selectivity, yield, and environmental
compatibility. As research in this field advances, the potential
for incorporating mechanochemical strategies into a more
comprehensive array of chemical processes grows, signalling
a significant stride toward realizing greener and more
efficient synthetic methodologies.

The transformation of nitrobenzene derivatives into anilines
is a cornerstone process in organic chemistry. It is typically
realized through catalytic hydrogenation or within an acidic
environment to temper the high reactivity of intermediates.”?
In 2018, Cravotto introduced a groundbreaking methodology
that utilizes the mechanical force provided by a planetary ball
mill to achieve this conversion.*”® This innovative approach
enables the reduction of nitrobenzene and azides under basic
conditions, representing a significant shift from traditional
methods (Scheme 7).54

Adopting mechanochemistry for this reaction circumvents
the need for external solvents and harsh chemical conditions
and presents a more environmentally friendly and potentially
safer alternative. By harnessing the energy of mechanical
milling, this technique offers a direct, efficient pathway to
achieve the desired transformation, opening new avenues for
sustainable chemical synthesis. This method exemplifies the
evolving landscape of organic chemistry, where mechano-
chemical processes are increasingly recognized for facilitating
complex reactions more sustainably and straightforwardly.

Employing a planetary ball mill eliminates the need for
external solvents, typically required in catalytic hydrogenation,
thereby reducing the process’s environmental footprint. Fur-
thermore, the ability to conduct the reaction in a basic setting
opens new avenues for synthesizing anilines, offering enhanced
control over the reaction conditions and selectivity.*™ To gain a
deeper understanding of the reaction parameters, both the
reaction time and the rotation frequency of the planetary ball
mill (rpm, minutes) were adjusted (refer to Figure 1). The model
reaction underwent testing at speeds of 650, 500, 400, and
200 rpm for durations of 10 minutes, achieving complete
conversion at 650 rom. This outcome supports the idea that

Eur. J. Org. Chem. 2024, 27, €202400425 (8 of 25)
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NO, NH,
w 9

30 eq. HCOONa
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Planetary mill
650 rpm, 30-60 min
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— 650 rpm, 60-90 min
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1500 SS balls (@= 2 mm)
48 SS balls (@= 5 mm)

Scheme 7. Nitrobenzene and alkyl/aryl azide reduction in stainless steel jars
without catalyst addition.

increasing kinetic energy facilitates the reduction process and
that a higher rotational speed improves conversion rates.
Milling durations of 10, 20, and 30 minutes were explored, with
complete conversion of nitrobenzene to aniline after 30 mi-
nutes. (Figure 6).

Cravotto’'s work exemplifies the ongoing evolution of
synthetic methodologies in organic chemistry, driven by the
pursuit of more efficient, greener, and more adaptable reaction
processes. This study was innovatively designed to explore the
in-situ hydrogen generation through the mechanochemical
grinding process, enabling the necessary gaseous-solid inter-
action for the reduction step without a catalyst.

Initially, they used hydrazine monohydrate as a hydrogen
source, which was then compared with safer alternatives,
such as ammonium and sodium formate, in search of less
toxic options (Scheme 7a). A significant breakthrough was
achieved when the reduction process was conducted only in
stainless-steel vessels. This discovery highlighted the dual
role of stainless-steel vessels in serving as mechanical
enclosures and actively contributing to chemical reactions as
batch reactors.

This revelation broadens the scope of mechanochemistry,
showcasing the potential of specific vessel materials to
influence and drive chemical transformations. By acting as an
integral component of the reaction, stainless-steel vessels
facilitate the reduction of complex organic compounds, indicat-
ing a promising avenue for conducting sophisticated organic
transformations under mechanochemical conditions.*®

This advancement builds upon and extends Cocco’s founda-
tional work, opening new possibilities for applying mechano-
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Figure 6. The influence of rotation frequency (top) and milling time (bottom)
on conversion to aniline. Reaction conditions: nitrobenzene (0.5 mmol),
hydrate hydrazine (30 eq.), KOH (1 mmol), alumina (1 g), stainless steel jar,
1500 balls (@ =2 mm), and 48 balls (=5 mm); rpm and reaction time were
varied as described in the graphs. Reproduced from ref. [53] with permission
from the Royal Chemical Society.

chemistry in organic synthesis. It signifies a step forward in
understanding how reaction vessels’ physical properties and
materials can play a critical role in the outcome of mechano-
chemical processes, potentially leading to more efficient and
environmentally friendly synthetic pathways.

Further examination into the mechanics of the mechano-
chemical process revealed a nuanced understanding of the role
played by the grinding spheres. It was observed that a
synergistic effect arises from using a combination of spheres
with small (@=2 mm) and medium (@ =5 mm) diameters. This
optimal arrangement surpassed the efficiency of using spheres
of a single size, attributing the enhanced outcome to the
strategic management of the jar's dead volume and the
resultant homogeneity of the reaction mixture. Such findings
underscore the critical influence of the grinding medium’s
characteristics on the reaction’s success, highlighting the
complexity and adaptability of mechanochemical methodolo-
gies in organic synthesis.

In 2021, Farinola’s research offered a comprehensive
analysis that juxtaposed traditional chemical synthesis methods
against modern approaches, including mechanochemistry,
solvent-free thermal heating, and infrared (IR) light activation.””
The study specifically scrutinized the synthesis of indoline-
based croconaines and squaraines, molecules recognized for
their utility across various applications (Scheme 8, top).®¥ This
investigation highlighted the efficacy of the mechanochemical
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Scheme 8. Solvent-free reactions for synthesizing indolenine-based squar-
aines and crocodiles: comparison of thermal heating, mechanochemical
milling, and IR irradiation. Adapted from ref. [57] with permission from Wiley.

approach in producing indoline-based croconaines, achieving
results that were on par with those reported in the existing
literature (Scheme 8, bottom).®”

A significant revelation from this study was the mechano-
chemical method’s ability to streamline the synthesis process,
eliminating the need for additional reagents or catalysts
typically required in solution-phase reactions. This simplification
is credited to using ball milling techniques, which facilitate
chemical transformations through mechanical energy, thereby
offering a greener, more efficient alternative to conventional
synthesis methods. Farinola’s work underscores the potential of
mechanochemical synthesis to match and potentially surpass
traditional methods in efficiency while also contributing to the
advancement of sustainable chemical practices.

Nonetheless, the study also uncovered a limitation of the
mechanochemical method in synthesizing squaraines, high-
lighting the intricate nuances of mechanochemical reactions
(Scheme 8, bottom). In contrast, IR light activation emerged
as a remarkably successful method for squaraine synthesis,
underscoring the pivotal role that IR irradiation can play in
influencing reaction dynamics under solvent-free conditions.
This divergence in outcomes between the different techni-
ques emphasizes the importance of selecting an appropriate
synthetic approach based on the specific chemical structure
and desired reaction pathway. Farinola’s work significantly
contributes to the broader understanding of how novel
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synthetic methodologies, like mechanochemistry and IR
activation, can be harnessed to optimize the production of
complex organic molecules, thereby advancing the field of
chemical synthesis.

In 2022, D'Auria et al. significantly contributed to medicinal
chemistry by introducing a novel approach to synthesizing
various indoles and indole-like derivatives (Scheme 9).°” This
initiative was driven by the objective of exploiting the bioactive
capabilities of these compounds. Indoles, renowned for their
pivotal role as heterocyclic structures, boast an extensive range
of biological activities. These compounds are integral to various
biomolecules, including tryptophan, an essential amino acid,
and serotonin, a critical neurotransmitter.®”

Beyond their occurrence in these biomolecules, indoles and
their structural relatives, indolines, are fundamental constituents
of a myriad of alkaloids (Scheme 10). This marks them as up-
and-coming candidates among azaheterocycles for developing
drugs and bio-based products.”?

The strategic focus on synthesizing indoles and their
derivatives underscores the ongoing efforts to unlock the
therapeutic potential inherent in these molecules. By tapping
into their vast bioactive properties, D'Auria’s work aims to pave
new pathways for drug discovery and the creation of innovative
bio-based products, highlighting the indole motif's versatility
and its significant promise in advancing medicinal chemistry
and pharmaceutical sciences.

R

Oxalic acid/DMU .
O\ ® C(? /U\/Rz LAG (acetic acid) N R‘—/ ] N\ g
~NHs 7 & 100-300 min, 30 Hz NN
R R
R =H, Me (38 examples, up to 99%)
R'=H, OMe, Cl, Me, F
R?, R = Alkyl

Scheme 9. Mechanochemical Fischer indole synthesis. Reaction conditions:
R'ArNH(R)NH;CI (1.0 mmol), ketone (1.1 mmol), oxalic acid (3.5 mmol),
dimethylurea (1.5 mmol), and acetic acid (0=0.1 uLmg~") were ball-milled in
a 15 mL ZrO, milling jar with 20 milling balls (6 =3 mm, m,, 6.5 g) of the
same material for the given time.

R2 R?

il T o o oxalic acid/DMU R® R
NS WX krk, LAG (acetic acid) R‘_/ NaBH, i |
3 —_— —_—
- X
,100 min, 30 Hz 100 min, N
R® & &)30 Hz H
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Scheme 10. Mechanochemical interrupted Fischer indole synthesis. Reaction
conditions: R'NHNH,CI (1.0 mmol), aldehyde (1.1 mmol), oxalic acid

(3.5 mmol), dimethylurea (1.5 mmol), and acetic acid (n=0.1 uLmg™") were
ball-milled in a 15 mL ZrO, milling jar with 20 milling ball (¢ =3 mm, m,,

6.5 g) of the same material for the given time. Afterward, the jar was opened,
and the sodium borohydride (2.0 mmol) was added to the resulting reaction
mixture that was further ball-milled for 60 minutes.
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A striking feature of D'Auria’s approach is the simplified
and environmentally friendly purification process, which
mainly involves the straightforward precipitation of the
product in water. This method streamlines the synthesis of
these valuable compounds and significantly reduces the
environmental impact associated with traditional purification
techniques. Indoles, being a privileged motif, find widespread
application across a vast array of bioactive compounds,
including alkaloids like Ergot and bisindole alkaloids, known
for their potent medicinal and cytotoxic properties.”””
Through this innovative synthesis approach, D’Auria explores
and develops new, sustainable pathways for producing
complex molecules with high biological and therapeutic
relevance, further enriching the toolkit available for drug
discovery and development (Scheme 10).

In 2022, Cravotto introduced an innovative study showcas-
ing Reactive Extrusion (REX) as a transformative tool for
analyzing various chemical processes on a larger scale, moving
beyond the traditional confines of ball milling.*” The essence of
REX lies in its ability to synergize heat and mass transfer with
chemical reactions, all occurring within the extruder. This
multifaceted approach enables real-time modification of the
reacting materials’ properties, providing a unique platform for
conducting complex chemical transformations. The study paid
particular attention to the reactivity of dibenzothiophene and a
lignin-like methoxylated substrate, focusing on their oxidation
using Oxone® as the oxidizing agent in a solvent-free environ-
ment (Scheme 11).

This exploration highlighted the method’s efficacy in
degrading lignin derivatives and facilitating oxidative
desulfurization.?'™* Such achievements draw attention to the
versatility and environmental benefits of the REX methodology,
presenting it as a valuable asset in sustainable chemistry. By
offering a cleaner, more efficient pathway for the synthesis and
modification of chemical compounds, Cravotto’s work on REX
represents a significant leap forward in the quest for greener,
more scalable chemical processes, potentially revolutionizing
the way industrial chemistry addresses environmental chal-
lenges and efficiency.

(Anastas etal 2013 |
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Scheme 11. Reactivity of lignin-like methoxylated substrate and dibenzothio-
phene under in-solution, ball-milling, and single-screw extruder (SSE)
conditions. Adapted from ref. [64] from MDPI (open access).
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A vyear after Cravotto’s pioneering work, Selva further
expanded the utility of extrusion technology by demonstrating
its application in catalysis.*® The research introduced a novel
methodology for synthesizing palladium nanoparticles anch-
ored on an N-doped mesoporous carbon matrix through a Pd-
based process. This innovative approach commenced with Pd
acetate, ethylene glycol, and chitin, followed by a reaction set
at 200°C. After being recovered and dried, the resulting
material proved highly effective as a catalyst in a subsequent
Suzuki-Miyaura coupling reaction between iodobenzene and
phenylboronic acid (Figure 7). A stoichiometric amount of
Na,CO; was incorporated into the reaction medium to enhance
the catalytic system’s efficiency, forming a Pd-chitin-Na,CO,
complex designed to optimize the catalyst’s performance in this
cross-coupling process.

Intriguingly, their study revealed that calcined catalysts
exhibited marginally superior performance compared to their
non-calcined counterparts, suggesting that the calcination
process could enhance the catalyst's effectiveness. However,
including the base within the catalyst matrix did not prevent
the need to add a specific quantity of K,CO; to the reaction
mixture to complete the process efficiently (Table 1).

This insight highlights the nuanced interplay between
catalyst composition, preparation, and the reaction environ-
ment, underscoring the potential of extrusion technology in
synthesizing advanced catalytic materials and facilitating their
application in complex chemical reactions. Through Selva’s
work, extrusion technology reaffirms its versatility and potential

X
OH
I\ ¢ 0
©<) YH o e kat

Figure 7. Extruder set-up for the Suzuki coupling. Reproduced from ref. [66].

Table 1. Conversion rate of the Suzuki coupling with different reaction
conditions. Adapted from ref. [66].
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Scheme 12. Comparison between traditional solvent-based procedures and
mechanochemical methodology. Reproduced from ref. [67] (open access).

as a valuable tool in developing efficient, sustainable catalytic
processes.

As mechanochemistry reached the zenith of its evolution, it
began to intertwine with diverse scientific domains, shedding
light on how its distinct attributes can profoundly affect
chemical reactions. A notable exploration into this domain was
conducted by Porcheddu in 2023, focusing on the synthesis of
nitroso derivatives (Scheme 12).”' Notoriously, nitroso com-
pounds, especially nitrosamines, have been linked to high
mutagenicity, halting numerous pharmaceutical batches glob-
ally due to their unintended presence as impurities.® This
research aimed to examine their formation in the solid state,
offering insights potentially contrasting with those reported by
the European Medicines Agency (EMA) for solution-based
processes.® The experiments demonstrated the formation of
nitrous acid and its subsequent decomposition into “nitrosating”
agents under solvent-free conditions, paving the way for the
synthesis of N-nitrosamines, as well as alkyl nitrites, nitro-
samides, and nitrosoureas (Scheme 12).7

Pharmaceutically, the synthesis of nitroso-synephrine stood
out, incorporating the pharmacophore of Short-Acting Beta-
Agonists (SABA) and Long-Acting Beta-Agonists (LABA) within
its structure, marking a significant contribution to medicinal
chemistry.”"

To evaluate the sustainability of the mechanochemical
procedure, the authors quantified and compared several key
metrics: chemical yield (CY), atom economy (AE), environmental
factor (E-factor), and reaction mass efficiency (RME) for com-
pound 12 (depicted in Figure 8).

Furthermore, Porcheddu’s study delved into how ball mill-
ing characteristics influence chemical reactions, mainly focusing
on the interaction between liquid or solid and a gaseous
reactant like hydrogen (Scheme 13).' By varying the milling
conditions, including the presence or absence of balls and
altering their diameters, their study underscored the pivotal
role of mechanical deformation in enhancing the selectivity and
speed of such reactions. This was particularly evident in the
catalytic hydrogenation of liquid and solid olefins, where
grinding action was shown to be crucial (Scheme 14). The
authors gave a detailed kinetic analysis further illuminating the
significant impact of mechanochemical conditions on reaction
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ref. [67] (open access).
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Scheme 13. Similarities and differences between the reported protocol in
solution and Porcheddu’s solid-state procedure. Reproduced from ref. [12a]
with permission from The Royal Society of Chemistry.
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Scheme 14. The control experiments and kinetics for the starting materials
of liquid (above) and solid (below). Reproduced from ref. [12a] with
permission from The Royal Society of Chemistry.
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outcomes, highlighting the intersection of mechanochemistry
with other fields and its potential to revolutionize traditional
chemical processes.

From the comparative analysis conducted, a hypothesis
emerged explaining why the physical state of the starting
material significantly impacts the redox process. This influence
stems from two main factors: firstly, the varying capacity of
hydrogen gas to diffuse through and be adsorbed by the
reactant mass, and secondly, the development of a cohesive
structure between the reducing agent and the solid starting
material. The latter was convincingly demonstrated through
Scanning Electron Microscopy (SEM) analysis, which provided
visual evidence of the intimate interactions and structural
integration between the reactants.

This phenomenon suggests that the physical form of the
starting materials dictates how effectively hydrogen gas can
interact and react, highlighting the importance of surface area,
porosity, and the physical arrangement of molecules in
facilitating or hindering chemical reactions. The formation of a
cohesive structure further indicates that mechanical forces,
such as those applied during ball milling, can induce changes
not only on the surface but also in the internal architecture of
the materials involved, thereby affecting the overall reaction
pathway and efficiency.

This insight illuminates the intricate relationship between
reactants’ physical states and the dynamics of redox processes,
offering valuable considerations for optimizing reaction con-
ditions in mechanochemical syntheses.

3. APIs Synthesis in Italy

Active Pharmaceutical Ingredients (APIs) are the cornerstone of
pharmaceutical products, acting as the primary agents respon-
sible for their therapeutic effects.”” For Contract Manufacturing
Organizations (CMOs) and pharmaceutical companies alike, the
ultimate goal is to develop a manufacturing process that
facilitates the rapid and secure introduction of APIs into the
marketplace and adheres to the highest safety, robustness, and
efficiency standards. An ideal APl production process is
characterized by its scalability, safety, and the consistent
attainment of high yield and purity levels.” These attributes
are fundamental to ensuring the API's effectiveness and safety
for patient use, which, in turn, guarantees that the resulting
pharmaceutical products are both efficacious and safe for
consumption. The pharmaceutical industry’'s commitment to
refining and upholding superior production methodologies
underscores its unwavering dedication to enhancing patient
health and well-being, thereby highlighting the pivotal role of
APIs in healthcare and medical treatments.”*

Despite the broad spectrum of available techniques for
synthesizing APIs on an industrial scale, sustainability and
operational performance challenges persist. One of the most
critical issues is the management of organic solvents within
the reaction mixture, particularly their removal and
disposal.”” This process frequently necessitates energy-
demanding distillation techniques, and the presence of
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impurities often compromises the potential for solvent
recovery.”® Given that solvents seldom offer therapeutic
advantages and may, in some instances, provoke adverse
reactions, their usage has been scrutinized and regulated.
The International Council for Harmonisation (ICH) Q3C(R6)
has categorized solvents based on their toxicity, establishing
defined limits for the allowable content of residual solvents
in pharmaceutical products.”” This regulatory framework
underscores the industry’s move towards more sustainable
and patient-safe manufacturing practices, mirroring the
broader push for environmental responsibility and minimiz-
ing adverse health impacts in pharmaceutical production.

Challenges also arise from the insolubility of specific
reagents in the reaction medium and the necessity for costly
heating systems to facilitate reactions. Given these constraints,
the quest for new synthetic methodologies for APl production,
particularly those that can be applied on a large scale, is
relentless.”® Mechanochemistry has emerged as a promising
alternative, offering a solvent-free approach to synthesis.” This
method has gained traction in Italy, among other places, for
synthesizing APIs and their precursors across various classes,
including antibiotics, muscle relaxants, histone deacetylase
inhibitors, and non-opioid analgesic agents. Adopting mecha-
nochemistry represents a significant stride towards more
sustainable, efficient, and safer pharmaceutical manufacturing
processes, addressing both environmental and safety concerns
associated with conventional methods.

3.1. Antibiotics

Antibiotics are pivotal in the arsenal against bacterial and
certain protozoan infections.®™ They prevent bacterial repro-
duction (bacteriostatic) or destroy bacteria (bactericidal).®"
While the human immune system, mainly white blood cells and
antibodies, form the first line of defense against these
pathogens, antibiotics are crucial when the immune response
alone is insufficient (Figure 9).

Focusing on specific classes, Sulfamethoxazole (SMZ) and
Nitrofurantoin stand out for their unique mechanisms of action
and therapeutic applications. SMZ, a sulphonamide, inhibits
folic acid synthesis by competitively inhibiting dihydropteroate
synthase. Often combined with trimethoprim (TMP) to enhance

o Decrease of
o N o H
O bacteria population ),
0 N+
a"‘e . I PO -
o 0 N
A1 °

HNT

Suffamethoxazole (SMZ)

Nitrofurantoin

No increase of
bacteria population

Figure 9. Bactericidal and bacteriostatic action on a population of bacteria.
On the right, sulfamethoxazole (bacteriostatic) and nitrofurantoin (bacterio-
static for concentrations <32 ug/mL and bactericidal for concentrations
>100 pg/mL).
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its efficacy by blocking dihydrofolate reductase, SMZ/TMP is
effective against many bacteria.®?

The synthesis of sulfonamides traditionally involves chal-
lenges related to the use of potentially hazardous reagents.®
However, a safer, more efficient mechanochemical method
using NaOCI'5H,0 as the oxidizing and halogenating agent has
been proposed, significantly reducing the environmental
impact of the synthesis process (Scheme 15).2% This mechano-
chemical approach, culminating in a one-pot procedure, high-
lights a green methodology with a low environmental factor
(EF), showcasing the synthesis of SMZ precursors with notable
efficiency and sustainability.

Nitrofurantoin, belonging to the nitrofurans class, operates
through a mechanism believed to involve the alteration of
bacterial DNA, possibly through the formation of reactive by-
products or reactive oxygen species upon reduction of its nitro
moiety.®

This antibiotic is typically employed in treating urinary tract
infections, with traditional production methods involving
rigorous conditions. Remarkably, mechanochemical synthesis
offers a room-temperature alternative, enabling rapid produc-
tion of nitrofurantoin on a gram scale within minutes using
milling equipment like the SPEX 8000 mill (Table 2)."® This
method significantly advances antibiotic synthesis, streamlining
production while minimizing environmental impact and safety
hazards.

H
NaHS0, (10 mol%), N -~ 0
s e NaOCl (6.00 mmol ()\s//o MgO (4.00 mmol).o/ 20} (2.20 mmol) (/\//s//\N/O
O s 2 ZrO; balls (2 = 8 mm) J ¢l 2 ZrO, balls (2 = 8 mm) o O
15 mL ZrO, jar, 30 Hz, 40-180 min 15 mL ZrO, jar, 30 Hz, 120 min
o -0~ 60 examples

(39-99%)
© Aryl, alkyl and heteroaryl
@ Aryl, alkyl and heteroaryl

Scheme 15. One-pot, two-step sulfonamide mechanosynthesis, including
aromatic, aliphatic, secondary, and cyclic amines.

osolvent and metal-free nscalable o telescopic protocol

o aromatic, aliphatic and heteroaromatic tolerance

Table 2. Comparative results for the preparation of nitrofurantoin 13.”!
Adapted from ref. [19].

(o]

o
H H (I(NH
=0 N
(o] \N/
N o] o]
O,N \ Cl H3N \< ].h 2h \ 13+
NO WASTE || 02N—X_* (H,0 + HCI

Type of Mill Vibrating®] Planetary'” Spex @
Reaction time 30 120 15
Reaction scale (mmol) 0.84x 1073 13.2 6.6
Yield (%) 85 87 95
Quantity 13 (g) 0.169 2.73 1.49
Jar/ball material Sstl Zr0, ZrO,
Jar volume (mL) 5 12 50
[a] Reaction conditions: 1-Amino hydantoin hydrochloride (1.0 equiv.) and
5-nitro-2-furfural (1.0 equiv.) were ground as follows: [b] 30 Hz, 2 balls
(5 mm @). [c] 600 rpm, 25 zirconium oxide balls (5 mm @). [d] 2 zirconium
oxide balls (12 mm @). [e] SS stands for stainless steel.
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Both examples underline the growing importance of
mechanochemistry in pharmaceutical synthesis, providing safer,
more sustainable pathways to essential medications. These
developments not only enhance the efficiency of drug
production but also align with broader environmental and
safety goals within the pharmaceutical industry.

3.2. Muscle Relaxants

Muscle relaxants are critical in medical treatment by acting on
skeletal muscle function to reduce muscle tone, offering relief
from muscle spasms, pain, and hyperreflexia.®® These therapeu-
tic agents are categorized into two primary groups: neuro-
muscular blockers and spasmolytics. Neuromuscular blockers,
which inhibit transmission at the neuromuscular endplate
without affecting the central nervous system (CNS), are
predominantly utilized in surgical settings to facilitate tempo-
rary paralysis. Conversely, spasmolytics are more commonly
recognized as muscle relaxants due to their action on the CNS,
where they alleviate musculoskeletal pain and spasticity,
making them essential for non-surgical interventions.®”

Dantrolene, a spasmolytic, is notable for its unique mecha-
nism of action.®® It involves inhibiting calcium ion release from
the sarcoplasmic reticulum by antagonizing ryanodine recep-
tors (Figure 10). This process is crucial for muscle contraction,
and by modulating it, dantrolene effectively reduces muscle
spasticity and pain.®”

Axon Terminal

Action
potential

Sarcoplasmatic
;9 Reticulum
o o H
——— o E]
° e — ., 88
35
i Ca? release
Dihydropyridine
receptor (DHPR) \
Ryanodine
Receptor (RyR)
. o OH,
b) ' ‘( >
N-N NH
B o Non®
o OH\ o7 N
Axon Terminal
ON
Dantroiene Ryanodine

Action
potential

Sarcoplasmatic
Reticulum

Absence of
—

Ca’ release

Muscle
Relaxation

Dihydropyridine
receptor (DHPR)

Ryanodine
o PR

Figure 10. (a) Under normal conditions, the Dihydropyridine Receptor
(DHPR) interacts with the Ryanodine Receptor (RyR), causing calcium to be
released from the sarcoplasmic reticulum. This event makes muscle
contraction possible. (b) Due to the presence of dantrolene bound to RyR
subunits, DHPR cannot interact with it, resulting in blocked calcium release.
This event blocks myofibril contraction and leads to muscle relaxation.
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The synthesis of dantrolene involves a condensation step
similar to that used in the production of nitrofurantoin (see
Scheme in Table 2). However, leveraging mechanochemistry for
this step has shown a path toward a more cost-effective and
environmentally  friendly  approach  to  synthesizing
dantrolene." This method aligns with sustainable pharmaceut-
ical manufacturing practices and underscores the broader
potential of mechanochemical techniques in drug synthesis,
offering a more sustainable alternative to traditional chemical
processes. Through such advancements, mechanochemistry is
poised to play a significant role in developing safer, more
efficient pathways for producing vital medications like muscle
relaxants.

3.3. Histone Deacetylase Inhibitors

Histone deacetylases (HDACs) are crucial enzymes in regulating
gene expression, primarily functioning by removing acetyl
groups from histones.”™ This action results in the tighter
wrapping of DNA around histones, typically suppressing gene
expression. Among the various HDACs, HDAC6 is distinguished
by its unique structural attributes, which include two deacety-
lase domains, a C-terminal zinc finger domain capable of
binding ubiquitin (ZnF-UBP), and an N-terminal domain that
binds to microtubules.®™ The enzyme’s predominant cytosolic
presence and its regulatory effect on specific non-histone
cytosolic proteins, such as a-tubulin, highlight its critical role in
microtubule-mediated intracellular trafficking and signaling
processes, especially within neuronal cells. Thus, HDAC6 has
emerged as a crucial target in developing innovative treatments
for various neurological conditions.*”

Tubastatin A, recognized as a potent inhibitor of HDACES, is
a derivative of tetrahydro-y-carboline. It is synthesized through
a series of reactions that traditionally involve the use of
environmentally and health-damaging reagents, such as H,SO,
in dioxane solutions (Scheme 16).°

Dioxane, identified as a potential carcinogen, presents
significant risks to the central nervous system, while using
strong acids like H,SO, raises concerns regarding safety and
waste disposal.””

In response to these challenges, the synthesis route for
Tubastatin A’s heterocyclic ring was reimagined through a more
sustainable lens. This innovative approach leveraged liquid-
assisted grinding (LAG) with acetic acid and a deep eutectic
solvent made from oxalic acid and dimethyl urea to forge a
greener synthetic pathway (Scheme 17).”

Hydrophobic Interactions Zn?* coordinating group

(hydrophobic side-chains) \ ° __—" (monodentate fashion)

Tubastatin-A P
KA

-OH .
oL N
1 j / g
a0 v /%

T~ Solventuich environment ¢ - )
(5 surrounding H,0 molecules) aé :

Hydrophobic Interactions
(L1-Loop pocket)

Scheme 16. Tubastatin A scaffold with the description of its pharmacophore.
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Scheme 17. A greener synthetic approach to Tubastatin A.

This method significantly reduces the reliance on hazardous
chemicals and embodies the principles of green chemistry,
which emphasizes minimizing the environmental footprint of
chemical manufacturing. By adopting such eco-friendly practi-
ces, the production of Tubastatin A and analogous compounds
becomes more benign, ensuring safer conditions for researchers
and minimizing ecological impact. This shift towards sustainable
synthesis methods opens new avenues for creating therapeutics
and offers promising strategies for reducing the environmental
burden of drug development.

3.4. Analgesic Agents

Analgesics, the heart of pain management, are categorized into
three principal groups: opioid, non-opioid, and compound
analgesics.”™ The accessibility of these medications varies
significantly across jurisdictions, with non-opioid analgesics and
compound analgesics generally available over the counter. At
the same time, opioids and their derivatives are tightly
controlled due to their high addiction and overdose risks.*
Among the non-opioid class, paracetamol (acetaminophen) is a
widely used analgesic and antipyretic agent, prized for its
efficacy in alleviating fever and mild to moderate pain. Its
analgesic mechanism, while not entirely elucidated, is believed
to involve selective action on the cyclooxygenases (COX) within
the brain and enhancement of endocannabinoid pathways,
distinguishing it from other non-steroidal anti-inflammatory
drugs (NSAIDs) by its reduced risk of gastrointestinal bleeding,
making it a preferred option for managing chronic pain
(Figure 11).*”

+ Lower reuptake of endocannabinoids

+ Blockof fever mechanism PGs-mediated

+ Selective block of a specific COX celebralisoform
+ No action on peripheral tissues

2

N
H

Paracetamol

Figure 11. Paracetamol scaffold with its typical effect on the human body.
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The synthesis of paracetamol has been the subject of
considerable research. Traditionally, it employed the acetyla-
tion of 4-amino phenol with acetic anhydride or leveraged
the Beckmann rearrangement of 4-hydroxyacetophenone
oxime.®

However, these methods encounter challenges, including
the low solubility of starting materials and the reaction’s poor
selectivity. Innovative solvent-free approaches have been
developed to enhance the process in response to these issues.
One notable strategy involves using N-acetyl saccharin as a
safer, non-flammable surrogate for acetic anhydride in acetyla-
tion, achieving high selectivity while mitigating safety risks.*”
Similarly, the Beckmann rearrangement has been refined by
substituting p-tosylimidazole for hazardous reagents like
sulfuric acid or halogens, offering a more environmentally
benign alternative (Scheme 18)."%"

These advancements in the synthesis of paracetamol under-
score a broader shift towards more sustainable, safer chemical
processes in pharmaceutical manufacturing. By optimizing
traditional reactions and employing greener alternatives, the
production of widely used medications like paracetamol can
become more efficient, reducing environmental impact and
enhancing safety for both manufacturers and consumers. This
evolution in drug synthesis aligns with the growing emphasis
on green chemistry principles across the pharmaceutical
industry, paving the way for developing next-generation
analgesics with minimized ecological footprints.

4. Mechanochemistry in Other Chemical Fields
in Italy

Mechanochemistry, characterized by its solvent-free approach,
has significantly expanded its influence across various fields of
chemistry in recent years.'*»?*¢7%1% This surge in interest is
mainly due to the environmental and operational advantages it
offers. Below is a brief overview of how mechanochemistry is
applied across different domains.
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Scheme 18. Paracetamol typical in-solution synthesis compared with the
mechanochemical approaches.
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The widespread adoption of mechanochemistry across
these fields underscores its potential to revolutionize traditional
chemical processes. By eliminating the need for solvents,
mechanochemistry reduces the environmental impact of chem-
ical syntheses. It offers the possibility of exploring new chemical
landscapes, leading to the discovery of innovative materials and
reactions. As research in this area continues to grow, mecha-
nochemistry is expected to play an increasingly prominent role
in the future of sustainable chemistry.!**'%?

4.1. Kinetics and Pure Solid-State Studies

Mechanochemistry offers unique insights into reaction kinetics
by enabling reactions to occur under solvent-free conditions.
This characteristic opens doors to discovering novel reaction
pathways often inaccessible in traditional solution-based
chemistry, enhancing our understanding of reaction mecha-
nisms and rates."*®*”

The investigation into mechanochemical setups reveals a
complex interplay of variables, such as the composition of the
milling jar and the grinding frequency, each exerting a distinct
influence on the progression of chemical reactions.

The seminal research conducted by Delogu in 2004
represents a pivotal advancement in our comprehension of the
structural and chemical transformations induced by
mechanochemistry.'® By integrating experimental data with
theoretical models, Delogu uncovered the underlying kinetics
of mechanochemical processes, revealing that they could be
briefly represented through asymptotic trends and sigmoidal
curves.

This groundbreaking finding significantly enhances the
predictability of mechanochemical reactions and lays the
foundation for devising more efficient and selective mechano-
chemical protocols. An insightful aspect of Delogu’s work
involved the analysis of the physical states of reactants during
mechanochemical reactions, particularly how they relate to the
enthalpy of mixing. This led to the formulation of “mechano-
chemical activation energy,” which is especially relevant for
immiscible systems characterized by a positive enthalpy of
mixing.

Traditionally, such systems pose challenges due to their
inherent resistance to mixing."* However, Delogu’s research
demonstrated that these systems could undergo significant
transformations when subjected to mechanochemical en-
ergy, highlighting mechanochemistry’s ability to facilitate
and catalyze reactions among typically incompatible sub-
stances.

By establishing the concept of mechanochemical activation
energy and elucidating the kinetic models governing mecha-
nochemical reactions, Delogu’s contributions provide a solid
foundation for the predictive optimization of mechanochemical
processes. This research significantly enriches the field’s under-
standing of mechanochemistry, suggesting that researchers can
leverage this methodology to achieve specific chemical trans-
formations with enhanced efficiency and precision through
precise control of mechanochemical conditions. As such,
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Delogu’s work heralds new possibilities for applying mechano-
chemistry across a broad spectrum of chemical disciplines,
highlighting its potential as a transformative tool for modern
chemistry.

The study of ball milling reactions has dramatically
improved thanks to innovative strategies by Paolo Mazzeo
et al"™ Their approach includes optimized data collection
techniques, advanced processing algorithms, and miniaturized
milling jars.

These advancements have eliminated the limitations and
complexities previously associated with in situ diffraction
investigations, enabling the acquisition of high-quality in situ
diffraction data that accurately represents mechanochemical
experiments under typical conditions (Figure 12). Sophisti-
cated Rietveld refinements, incorporating innovative func-
tions for peak displacement and shape, have unveiled excep-
tional details about the reactions under study. This includes
the capability to monitor the microstructural evolution of
materials undergoing different milling processes with re-
markable accuracy, offering unprecedented insights into
mechanochemical transformations.

Furthermore, these advancements open new pathways in X-
ray-based TRIS methodology, reshaping the future of mecha-
nochemistry and catalyzing novel research directions in this
dynamically evolving field."*®

4.2. Mechanosynthesis of Co-Crystals

Co-crystals are a fascinating area of materials science and
pharmaceutical research. They offer a way to improve or modify
the physical properties of compounds while maintaining their
molecular integrity."*” These crystalline structures contain two
or more distinct molecular entities in a specific ratio and have
been found to have better solubility, stability, and mechanical
properties than their components. This makes them valuable
for developing new materials and refining active pharmaceut-
ical ingredients (APIs), resulting in improved drug delivery,
stability, and solubility profiles."*
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Figure 12., Schematic representation of the milling setup. Reproduced from
ref. [105] (open access).
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Mechanochemical synthesis is an effective and adaptable
technique for producing co-crystals, mainly ionic co-crystals
(ICCs)." This process allows the solvent-free mixing of
different components, even reactants with completely differ-
ent solubilities, to create innovative crystalline structures
with a hybrid nature. One of the main benefits of mechano-
chemical synthesis is its precise control over the stoichiom-
etry and polymorphism of the co-crystals produced.'"” More-
over, it is a critical strategy for creating pharmaceutical co-
crystals by significantly improving pharmaceutical solubility
and membrane diffusivity.""" Therefore, mechanochemical
synthesis is undeniably a promising avenue for co-crystal
engineering, offering an efficient, green, and straightforward
pathway for material and pharmaceutical development. As
the field continues to grow, mechanochemistry is poised to
impact the future of co-crystal research significantly, expand-
ing the potential within materials science and pharmaceutical
chemistry.

In a recent study, Braga and colleagues have shown that
proflavine co-crystals with silver, copper, zinc, and gallium
metal complexes exhibit selective efficacy against various
bacterial strains and growth states."'? They explored a series of
complexes created through mechanochemical and solution-
based co-crystallization of copper and silver salts with the
amino acids arginine and histidine, forming novel coordination
polymers (Figure 13). Their antibacterial activity was then
assessed against prevalent bacterial strains, examining the
effects of enantiopure versus racemic amino acids in polymer
formation.

The study also investigated the existence of a “chiral
preference” in the interaction between the polymers and
bacteria. Although chirality introduced subtle differences in
antibacterial effectiveness, the key finding was that arginine
and histidine form coordination polymers with silver and
copper that exhibit antimicrobial activities that vary mainly with
the type of metal involved.

In the view of studying the interaction between metals
and organic derivatives, Grepioni et al. conducted a study on
the solid-state reactivity between dicyandiamide (DCD) and
CuX, salts (X=CI-, NO;") to explore their agrochemical
potential and nitrification challenges."® Their research
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Figure 13. (a) Polymeric chains in L—Arg-Cu (left) and DL—Arg-Cu (right).
(b) Polymeric chains in L—His-Cu form Il (left) and DL—His-Cu (right).
Reproduced from ref. [112].
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illuminated the influence of milling conditions (such as wet
grinding water volume and milling frequency) on the
reaction trajectories and the formation of various products
(Figure 14), resulting in the identification of two novel
crystalline forms: the neutral complexes [Cu(DCD),(OH,),
(NOs),] (15) and [Cu(DCD),(OH,)Cl,]-H,0 (17). The research
also highlighted the formation of the salt [Cu(DCD),(OH,),]
(NO,),-2H,0 (14) and, significantly, the compound 16 from
the reaction between DCD and CuCl,-2H,0, showcasing
unique hydrogen-bonded wavy chains stabilized by interac-
tions between chloride anions and coordinated water mole-
cules. By proving the sensitivity of the reactions to water
content and milling conditions, this research demonstrates
the advantages of the mechanochemical method over tradi-
tional solution-based synthesis, setting the stage for applying
these findings to broader hydrate metal systems.

Within this framework, investigations into solid formulations
of metal complexes with active ingredients were analyzed for
antimicrobial applications."' This specific co-crystallization
process combines organic active molecules such as active
pharmaceutical ingredients (APIs) or natural antimicrobials with
inorganic metals and complexes. Emerging as a successful
strategy for generating diverse new derivatives, these com-
pounds can supplement or replace current antimicrobials that
are becoming ineffective due to resistance.!'"”

Despite the growing understanding of the macroscopic
effects of grinding in forming co-crystals, the microscopic
fundamentals driving mechanochemical co-crystallization still
need to be discovered. In a pioneering study by Mazzeo et al.,
the co-crystallization of thymol and hexamethylenetetramine
was explored, showcasing a remarkable mechanochemical
reaction that progresses solvent-free through an essential
metastable low melting eutectic phase (Scheme 19).'¢

The team meticulously tracked this process by employing
time-resolved in situ powder X-ray diffraction (PXRD) with a
specialized ball-milling setup at the pSpot beamline of the
BESSY-II synchrotron facility. Upon mixing, the coformers rapidly
initiate a low-melting eutectic phase, as evidenced by changes
in the pXRD patterns recorded at half-second intervals. These
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Figure 14. Schematic representation of the neutral complex and salt
obtained and reproduced from ref. [113] (open access).
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Scheme 19. Corresponding crystalline structures show the assembling of
thymol and hexamethylenetetramine. Adapted from ref. [116] (open access).

patterns illustrated a continuous decrease in the coformers’
peak intensities alongside an escalating background, signaling
the emergence of the liquid phase. Remarkably, the transition
from this metastable eutectic state to complete cocrystallization
occurs in less than five seconds.,

Naphthalenediimide derivatives, a notable class of n-con-
jugated molecules, have been extensively studied for their
utility as components in metal-organic frameworks (MOFs) and
as coformers in hydrogen-bond-based cocrystals."'” Despite
their broad application, exploring their potential to form
halogen-bond interactions has been notably limited. Utilizing a
crystal engineering methodology, this study unveils four novel
cocrystals comprising N, N'-di(4-pyridyl)-naphthalene-1,4,5,8-
tetracarboxidiimide and diiodo-substituted coformers, synthe-
sized through an efficient mechanochemical process. This
detailed analysis, bolstered by energy framework calculations,
aimed to elucidate the intricate balance between halogen-bond
and n-m interactions in stabilizing these frameworks. Bacchi and
Pelagatti's work has decisively demonstrated that N, N'-di(4-
pyridyl)-naphthalenediimmide, despite its poor solubility, can
be adeptly integrated into XB-based cocrystals with various
iodo-containing XB donors through a mechanochemical ap-
proach (Figure 15).®

In-depth structural analysis, complemented by in-silico
studies, revealed that n-n solid interactions between stacked
molecules of the naphthalenediimmide derivative predomi-
nantly stabilize the solid-state frameworks of the newly

Figure 15. Ability of N,N"-di(4-pyridyl)-naphthalene-1,4,5,8-tetracarboxydii-
mide as an XB acceptor in cocrystal formation. The experiments were
performed between 1 and several diiodo-substituted organic molecules,
namely molecular iodine (l,), 1,4-diiodotetrafluorobenzene (DITFB), 4,4"-
diiodobiphenylene (DIBPH), 1,4-diiodobenzene (DIB). Simplified energy
framework and molecular electrostatic potential (MEP) plotted on the
electron density surface in 1-1, (a), 1-DITFB (b), 1-DIBPH (c), 1-DIB (d) are
reported for 1 in all cocrystals. Blue lines represent the dispersive
contribution to the energy framework, while dashed purple lines represent
the halogen bonds. Stabilizing contributions are reported in kJ/mol.
Reproduced from ref. [118] (open access).

Eur. J. Org. Chem. 2024, 27, 202400425 (18 of 25)

RIGHTS L1 N Hig

synthesized compounds. These interactions, characterized by
significant dispersive and Coulombic forces, contribute most
substantially to the framework’s stability, surpassing the XB
interactions’ energy contributions. This research advances the
understanding of halogen bonding in naphthalene diimide
derivatives, laying the ground for further explorations into the
design and synthesis of novel crystalline materials with tailored
properties.

4.3. Materials

Among the various fields of its application, ball-milling has even
been proposed for the preparation of different classes of
materials, such as functional composite materials.*®*'" Com-
pared with traditional liquid phase blending, the mechano-
chemical reactions are based on the kinetic energy generated
during milling. This promotes the wear, fracture, and refinement
of the microstructure of a chemical system, allowing better
blending, coating, and dispersibility.

Carbon black has extensive application across diverse
industrial activities, with its chemical and physical traits
modifiable through precise functionalization. Especially when
used as a filler in nanocomposites, overcoming the hurdles of
even dispersion and enhancing its contribution to the nano-
composite’s characteristics are achieved via specific modifica-
tions to its surface. Acocella’s commendable study delves
into the capacity of carbon black to form ionic bonds with
quaternary phosphonium salts employing a dry ball milling
method, thereby creating a distinctive filler endowed with
both  flame-retardant and  anti-bacterial  qualities
(Scheme 20).'*

This pioneering mechanochemical technique facilitates
chemical alterations in the solid phase, eliminating the need for
solvents and marking a significant step towards adopting green
chemistry principles and meeting environmental sustainability
goals.""21 This method is faster, more effective, and more
economical compared to traditional methods that use solutions.
The outcomes indicate that this technique can generate new
fillers designed to meet particular demands, providing a
straightforward and flexible avenue for producing new materi-
als with specific attributes.

Black phosphorus (BP) is the thermodynamically stable
form of phosphorus at room temperature and pressure. It is
usually synthesized by treating red or white phosphorus
under high pressures and heating cycles or recrystallizing it

oBB/TPPBr

Scheme 20. lonic functionalization of oCB with TPPBr promoted by ball
milling under solvent-free conditions.
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with toxic or expensive metals. BP can exist in different by a higher number of spheres, implied the palladium to be
crystalline phases, and sensors based on this material exhibit  enclosed within the ceria (Figure 17).

several superior qualities compared to traditional materials This event resulted in less methane activation, finally
used in piezoelectric or resistive sensors.'?? Due to its unique  allowing an in-depth description of the best reaction conditions
lattice structure, its properties ensure high sensitivity and
mechanical resilience, making it an attractive candidate for
sensor technology.

Mustarelli et al. proposed a possible mechanochemical syn-
thesis of BP in 2019 using a planetary mill to perform a high-
energy ball milling (HEBM) approach on commercial red ;
phosphorus.> The process was optimized under mechano- 4 ‘ T .ﬂ | ceo, (112)
chemical conditions, demonstrating that the most relevant .
factor for BP synthesis was the ratio of balls to powder (BtPw
ratio). The physical laws underlying a reaction conducted in the
planetary ball mill showed how a high BtPw ratio enables
quantitative BP synthesis even in short times, such as
15 minutes (Figure 16).

Furthermore, the comparison between the XRD, NMR, and
Raman spectroscopy showed how NMR data, less influenced by
experimental aspects such as grain size and orientation or
degree of crystallinity, can better estimate the overall BP
content.

In the same year, Colussi et al. analyzed the activation of
methane with a solvent-free catalytic process. Methane is a
potent greenhouse gas, so numerous efforts are underway to
reduce its presence in the atmosphere. In this case, a D
mechanically prepared Pd-CeO, catalyst was proposed. During
the various tests, it became evident that specific mechano-
chemical parameters heavily influenced the decomposition of
methane. Running the reactions with a Spex8000 mill made it
possible to assess the relevance of the number of grinding balls.
Being governed by the kinetic energy of the spheres rather
than the almost absent kinetic force of the jar walls, this
mechanochemical reaction demonstrated the critical role
played by the impacts between spheres. Furthermore, HRTEM
analyses showed how these higher energy conditions, caused

100 + i E

= 80 : 1
> %
— 60} b4 1
O 4
b 1 v
'9 = o v‘a
40 + 1
a i PdO (110) | CeO, (111)
m
20 ® Raman Figure 17. (A, B) HRTEM images of the Pd—CeO, catalyst synthesized with a
= XRD Pulverisette 23 Minimill (P23 Minimill) in 10 minutes at a frequency of 15 Hz
ol P ¢ NMR | without loading the jar with any balls. The slight shaking of the powders
results in the appearance of Pd aggregates in weak contact with the ceria.
0 20 40 60 80 100 120 (C( D). Formation 9f an amorphpus Iaygr with embedded Pd when the
grinding process is performed in 10 minutes at a frequency of 15 Hz and a
BtPw ratio BtPw ratio of 10 in a P23 Minimill (Figure C) or when a mortar is used (Figure
D). (E, F) Well-defined Pd particles in a flattened form or partially embedded
Figure 16. Quantity of total BP as determined using Raman (circle), XRD in the crystal lattice of CeO, when the high-energy ball milling process is
(square), and NMR (diamond) as a function of the BtPw ratio for a series of exercised for 5 minutes with a Spex8000. (G, H) Breakage of CeO, crystallites
samples with a fixed milling time (15 min) and rotation speed (500 rpm). and oxidation of Pd to PdO when the high-energy ball milling process is
Reproduced from ref. [123] with the permission of the American Chemical exerted for 8 hours with a Spex8000. Reproduced from ref. [124] with the
Society. permission of the Royal Chemical Society.
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for the simple and direct synthesis of a Pd—CeO, catalyst for
methane activation under mild solvent-free conditions.

4.4. Supramolecular Mechanochemistry

The fusion of supramolecular chemistry and mechanochemistry
marks a significant breakthrough in chemical sciences, paving
the way for groundbreaking discoveries and innovations across
numerous scientific fields."?” Supramolecular chemistry involves
assembling molecular units into complex entities through non-
covalent forces, such as hydrogen bonds, van der Waals forces,
and electrostatic interactions. This exploration extends beyond
molecular considerations to create materials and systems with
bespoke functionalities, from self-healing materials to highly
selective sensors and sophisticated drug delivery systems,
thereby transforming materials science and
pharmaceuticals.'*?

Mechanochemistry complements supramolecular chemistry
by introducing a solvent-free methodology for triggering
chemical reactions via mechanical force. This collaborative effort
between these two is expected to lead to significant techno-
logical advancements, potentially redefining industries ranging
from pharmaceuticals to materials science, showcasing the
transformative power of modern chemistry.

A particularly captivating domain within this synergy is the
study of complex topologies in co-crystals. They are known for
their unique properties and their considerable challenges in
design, preparation, and control over self-assembly processes.
The innovative work by Metrangolo and colleagues exemplifies
this by employing a novel, solvent-free strategy through ball
milling to influence the supramolecular trajectory of a three-
component crystalline adduct (Figure 18)."* Their study on a
halogen-bonded ionic co-crystal, composed of potassium iodide
(KI), 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
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Figure 18. a,b. (a) Real-time in situ monitoring of Kl, DIPFO, and Crypt-222
reaction by milling with two stainless-steel balls (1.38 g). This approach
implied the formation of the non-interpenetrated halogen-bonded deriva-
tive. (b) Real-time in situ monitoring of the KI, DIPFO, and Crypt-222 reaction
by milling with a single stainless-steel ball (2.9 g). This approach allowed the
formation of the desired Borromean network product. They were reproduced
from ref. [126].
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(crypt-222), and 1,8-diiodohexadecafluorooctane (DIPFO), dem-
onstrates how minor tweaks in mechanochemical conditions
can significantly shift the topologies of resulting supramolecular
architectures, enabling transitions between non-interpenetrated
structures and Borromean-type entanglements.

This revelation not only showcases the adaptability of
mechanochemical synthesis in achieving selective topologies
but also emphasizes the importance of finely tuning mechano-
chemical parameters to master solid-state reactivity and
polymorph selection.

Additionally, the pioneering use of synchrotron pXRD for
in situ reaction monitoring unveils the dynamic evolution of
Zeolitic Imidazolate Frameworks (ZIFs), marking a significant
methodological advancement. This convergence expands the
boundaries of chemical synthesis and material design by
offering a straightforward, sustainable, and cost-effective path-
way to discovering novel materials and phenomena, heralding
an era of enhanced scientific exploration and technological
innovation.

4.5. Mechanosynthesis of Polymers

Mechanochemical treatment emerges as a pioneering green
technology with a pivotal role in sustainable biofuels, fine
chemicals, and food production. Biopolymers, integral to
these processes, aid in the isolation, derivation, and mod-
ification of natural compounds. However, mechanochemical
processing’s inadvertent alteration of biopolymers can in-
troduce subtle yet significant challenges that might not be
readily apparent.l'?”

In the groundbreaking work by Pedrazzo etal, a novel,
environmentally sustainable method for synthesizing cyclo-
dextrin nanosponges (CD—NS) is presented, leveraging the
principles of mechanochemistry."?® Cyclodextrins, with their
reactive hydroxy groups capable of acting as multifunctional
monomers, traditionally required organic polar aprotic solvents
like N,N-dimethylformamide, or dimethyl sulfoxide for cross-
linking. This conventional method posed potential limitations
for biomedical applications due to solvent-associated
concerns.? The study introduced a green synthetic pathway
using ball milling, with 1,1-carbonyldiimidazole as the cross-
linker, producing polymers that retain the characteristics of CD-
based carbonate NS synthesized in solvents.

The post-synthesis modification involves the nucleophilic
reaction of the polymer's carboxylic group with organic dyes
such as fluorescein, methyl red, and rhodamine B, utilizing the
imidazoyl carbonyl group of the NS for additional chemical
transformations. The research demonstrates the method’s
flexibility by exploring various cyclodextrins (a, 8, and y) and
adjusting the molar ratios between the cyclodextrin and the
crosslinker (1:2, 1:4, and 1:8). Moreover, nanoparticles
achieved through ball milling and high-pressure homogeniza-
tion were characterized by a mean diameter of less than
200 nm and displayed a negative {-potential (Figure 19).

This pioneering study by Pedrazzo et al. shows a significant
advancement in the synthesis and functionalization of cyclo-
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(mV). Reproduced from ref. [128] (open access).

dextrin-based nanosponges. It offers a green, efficient, and
versatile approach that could revolutionize the production and
application of these polymers in various fields, especially in
biomedical applications.

Vincamine (VIC) is a significant indole alkaloid obtained
from Vinca Minor L. it is used to help treat brain sclerosis and
aid in the recovery of the central nervous system after
surgery.™ However, its oral bioavailability is limited due to its
highly crystalline nature when recrystallized from solvents such
as acetone or methanol.”*" Furthermore, VIC's solubility
decreases in intestinal fluids, challenging enhancing oral
absorption. To address these challenges, Voinovich explored
the application of a high mechanical energy to induce physical
modifications in VIC."*? The process disrupts the crystal lattice,
yielding disordered structures such as nanocrystalline or
amorphous phases or molecular drug dispersion within a
carrier. The stabilization of these metastable structures, crucial
for improving VIC's bioavailability, was achieved by introducing
crosslinked polymers like AcDiSol® and PVP—CI during the
mechanochemical activation.

Detailed characterizations confirmed the intimate mixing of
the drug and polymers in the ground mixtures, demonstrating
significant improvements in VIC's in vitro and in vivo bioavail-
ability when activated in the presence of these polymers.
Systems based on AcDiSol® emerged as superior, showing
enhanced drug dissolution rates and physical stability. Among
the co-ground samples, two stood out based on dissolution
performance analyses (Figure 20). In-depth physicochemical
characterization and in vivo studies further delineated the Cog
180 min VIC: AcDiSol® 1:7 wt sample as superior (Formulation
number 15 in Figure 20). Conversely, the optimal system for
PVP—CI was identified as the Cog 180 min VIC:PVP—Cl 1:4 wt,
with higher concentrations of PVP—Cl adversely affecting
performance.

Despite enhancing oral bioavailability, they exhibited dis-
tinct plasma profiles. Concerning their stability, the nanocrystal-
line state of VIC in the AcDiSol® co-ground remained
unchanged for one year under ambient conditions, in contrast
to the VIC:PVP—CI systems, which showed signs of recrystalliza-
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Figure 20. Solubilization kinetics of pure vincamine (¢), Cog formulation
number 13 (4), Cog formulation number 14 (A), Cog formulation number 10
(m), and Cog formulation number 15 (). PMs vincamine:PVP—K30 1:4 wt
ratio (+) and 1:7 wt ratio (o) showed superimposable solubilisation kinetics.

Pure vincamine solubility at equilibrium (Cs) is indicated by a dotted line.
Reproduced from ref. [132] with permission from Elsevier.

tion and consequent dissolution performance variability. This
research highlights the potential of mechanochemical activa-
tion combined with suitable polymers for improving vinc-
amine’s solubility, bioavailability, and stability, offering a
promising avenue for optimizing oral drug formulations.

5. Summary and Outlook

In conclusion, mechanochemistry is a promising method within
green chemistry that can potentially transform the industry."*
It provides a way to conduct chemical reactions that are both
environmentally friendly, safer, and more efficient. However
advantageous in different scientific fields, it still needs to
overcome challenges that prevent its widespread
adoption."""*% These include scaling up reactions for industrial
applications and developing a comprehensive understanding of
the mechanisms behind mechanochemically driven transforma-
tions. If researchers can overcome these challenges, it could
lead to breakthroughs that make it a fundamental part of
sustainable industrial chemistry. Its potential to significantly
reduce the impact of industrial processes aligns perfectly with
sustainability and environmental protection goals, which are
becoming increasingly important in today's global context."*
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The engagement with mechanochemistry in Italy showcases a
vibrant and forward-thinking research community dedicated to
pushing the boundaries of what is achievable in chemical
synthesis. With their deep commitment to innovation, sustain-
ability, and cross-disciplinary collaboration, Italian researchers
have made notable strides in advancing mechanochemistry.
Their work deepens our comprehension of the underlying
chemical phenomena and spearheads the development of
novel technologies and methodologies to address some of our
time’s most pressing environmental issues.

As mechanochemistry continues to grow and mature, Italy’s
contributions are recognized as significant and impactful,
marking the country as a critical player in future green
chemistry developments. The ongoing evolution of this field
promises advancements in chemical synthesis and a broader
movement toward sustainable scientific practices that respect
and preserve our environment. With continued research and
innovation, the potential for mechanochemistry to contribute
to a more sustainable future is immense, making it an exciting
area of study and application in the years ahead.
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