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In recent years, mechanochemistry has become an
innovative and sustainable alternative to traditional solvent-based
synthesis. Mechanochemistry rapidly expanded across a wide range of
chemistry fields, including diverse organic compounds and active
pharmaceutical ingredients, coordination compounds, organometallic
complexes, main group frameworks, and technologically relevant
materials. This Review aims to highlight recent advancements and
accomplishments in mechanochemistry, underscoring its potential as a
viable and eco-friendly alternative to conventional solution-based

methods in the field of synthetic chemistry.

Mechanochemistry, ball milling, green chemistry, solid-state reactions, catalysis, organic chemistry, inorganic chemistry,
main group, organocatalysis, organometallic chemistry

The need for cleaner, safer chemical processes drives the push
for greener synthetic methods." Reducing or eliminating Mortar and pestle
solvents is a key strategy with solid-state mechanochemistry
leading the way to solvent-free synthesis. Although solvents
facilitate reactant interactions, reaction control, and thermal Scale: up to 5.0 gr
management, their roles in extraction and purification remains

critical. Nonetheless, the merits of minimal solvent use are
Planetary Mills

.

LR
=2

gaining recognition, even among sceptics in synthetic
chemistry. >’

Mechanochemistry involves reactions triggered by mechan-
ical forces like compression and friction, commonly executed
through techniques such as ball milling. Traditional methods,
such as manual grinding, face variable human and environ-
mental influences. However, modern milling technologies, such
as shaker and planetary mills, provide enclosed, controlled
environments for more consistent results. These mills are
widely used in laboratories for organic and inorganic synthesis
due to their efficiency and adaptability. Mechanochemical
processes are broadly categorized into batch and continuous
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methods.” Batch processing ranges from hand grinding to
advanced mills like Simoloyer, which are suitable for laboratory Figure 1. Mechanochemical tools commonly used for synthesis at
to large-scale operations. Continuous processes utilizing twin- different scales. Adapted with permission from ref 3. Copyright 2021
screw or single-screw extrusion offer scalable throughputs with Elsevier.
minimal equipment expansion Figure 1.
It is worth noting that ultrasound (US) technologies and January 4, 2024
resonant acoustic mixing (RAM) are will not be discussed in July 15, 2024
this review. In addition, mechanochemical reactions with July 17, 2024
gases,4 characterization techniques,z’s_8 and large-scale reac- August 7, 2024

tions’ will not be addressed here.
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Over the past two decades, mechanochemistry has significantly
increased as a field to complement classic synthetic routes
carried out in solution. This rise in popularity has resulted in
the application of mechanochemistry across various areas of
modern chemical and materials synthesis.”'*~"°

Due to space constraints, our review will focus on selected
examples of mechanochemical syntheses. We illustrate
mechanochemistry as a powerful synthetic tool from organic,
inorganic, organometallic, and main group molecular com-
pounds through mechanocatalytic reactions to technological
materials (i.e, metal—organic frameworks and perovskites).

In this section, we explore the utilization of mechanochemistry
in synthesizing molecular solids. Initially, we will cover its
applications in main group chemistry, focusing on s-block
elements such as hydrides, alkaline metals, and alkaline-earth
metals, as well as p-block molecular compounds. Subsequently,
the section reviews significant advancements in applying
mechanochemistry for preparing transition metal compounds
from d- and f-blocks.

Main Group Mechanochemistry. Main group com-
pounds, frameworks, and materials constitute an important
category, encompassing a diverse array of technological
materials and widely used chemical reagents. As research on
main group elements expands, the development of sustainable
methodologies for synthesizing main-group-based compounds
and materials still needs to catch up to that of their organic
counterparts. However, mechanochemistry has recently
emerged as a versatile approach for the development of s-
and p-block main group elements. This Review includes some
key examples of mechanochemical main group reactions;
nevertheless, several comprehensive reviews have recently been
published.”"”"®

Group 1. Among s-block molecular compounds, hydrides
are widely used in both organic and inorganic synthesis due to
their strong reducing power.'” However, these compounds
often require handling in an inert atmosphere and nonreactive
or nonprotic solvents, which limits the scope and scalability of
reactions. Mechanochemical synthesis ofters a compelling
solution for hydrides, as it circumvents limitations such as
solvent compatibility. Notably, the mechanochemical prepara-
tion of metal borohydrides has been documented since 1953,
exemplified by synthesizin§ sodium borohydride from boric
oxide and sodium hydride.”’

More recently, ball milling has been employed for the in situ
preparation of LiBH,, utilizing NaBH, and LiCl as starting
materials for the solvent-free reduction of esters, as shown in
Scheme 1.*' Additionally, mechanochemistry has been applied
to synthesize other reactive hydride species. For instance,
Gupta, Pruskid, Pecharsky and colleagues developed a
mechanochemical process to synthesize alane (AlH;), a
promising material for hydrogen and energy storage and a
reducing agent in alkali batteries and as a hydrogen source for
low-temperature fuel cells, using lithium hydride (LiH) and
aluminum chloride (AICl,) as the starting materials.”

Electride compounds are ionic compounds in which the
anion is a free electron; for this reason, electrides are highly
reactive (reductive) species that can be difficult to prepare and
handle.”* Very recently, Lu and co-workers have reported a
mechanochemical, scalable method for the preparation of a
novel electride species of formula K*[Li(N(SiMe;),]e”
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Scheme 1. Mechanochemical Generation of LiBH,, Its Use
in Reducing Esters, and Comparison with a Representative
Solution-Based Method™*
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(Scheme 2). The electride is stable at room temperature,
and it has been tested mechanically for reactions such as arene

Scheme 2. Mechanochemical Preparation of
K*[Li(N(SiMe,),]e”, Synthetic Applications, and
Comparison with a Representative Solution-Based
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C—H activation (a) and C—C bond formation and Birch
reactions (b), with the latter being the first mechanochemical
example of this reaction.”> Moreover, this reagent demon-
strated the ability to mechanochemically reduce Li* and K* to
their elemental form, thus demonstrating the versatility of
solid-state chemistry (c).”
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Recently, Ito, Kubota et al. reported a mechanochemical
Birch reduction. Traditionally, Birch reductions, which convert
arenes into 1,4-cyclohexadiene derivatives, require complex,
inert, and cold conditions in liquid ammonia. Their methods
are ammonia-free and utilize lithium metal, which is activated
by ball milling. Their method covers a broad substrate range
and takes less than a minute. Its utility is underscored by the
successful reduction of bioactive molecules and its adaptability
for gram-scale synthesis.””

Another example of the distinct reactivity within group 1
elements, achieved through mechanochemistry, was reported
by Hanusa.”” This study explored a novel halide metathesis
reaction between K[A’] and Csl, resulting in a compound with
the simplified formula CsKA"2 (Scheme 3a).

Scheme 3. Mechanochemical Halide Metathesis of K[A’]
Csl (a); Mechanochemical Reaction of K[A’] with BeCl, (b)
and MgCl, (c); Comparison with a Representative Solution-
Based Method®’
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Group 2. One method to enhance properties such as
stability and reactivity of group 2 element compounds involves
designing new sugg)orting ligands or modifying their
coordination modes.” In this context, allyl moieties represent
a versatile class of ligands for group 2 species. Hanusa et al.
successfully synthesized a bis(trimethylsilyl)propylberyllate
complex in quantitative yield. This was achieved by milling
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BeCl, with the potassium salt of 1,3-bis(trimethylsilyl)propene
(K[Me,;SiCH,CHCH,SiMe;] or K[A’]) for 15 min (see
Scheme 3b). Regarding Mg, the mechanochemical reaction
between K[A’] and MgCl, shows divergent reactivity
compared to the same reaction in solution. While these
ligands typically exhibit an #1 coordination mode with Mg, an
alternative #3 mode was observed when the reaction was
conducted via ball milling (see Scheme 3¢).!

Indenyl main group complexes, larger analogues of the
classic cyclopentadienyl counterparts, have been known and
studied for a long time. However, despite beryllocene (BeCp,)
being known for several decades now,”” its indenyl derivative
could not be prepared or isolated using traditional solution-
based synthetic routes. Addressing this, Hanusa’s group
recently developed a mechanochemical method for the first-
ever preparation of Be(Indenyl),. This was accomplished by
milling the indenyl potassium salt with BeBr, for 15 min (see
Scheme 4).%

Scheme 4. Mechanochemical Preparation of Be(Indenyl),

O @ + BeBr;
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One of the most versatile reagents in organic chemistry is
the Grignard reagent, with the general formula RMgX (where
X = halogen, and R = alkyl or aryl), playing a crucial role in the
formation of C—C bonds in organic synthesis.””** However,
Grignard reagents are typically highly air- and moisture-
sensitive and incompatible with protic solvents, making
solvent-free synthetic routes highly desirable. In this context,
the mechanochemical reaction of magnesium with naphthalene
halides produced Grignard reagents that retained their activity
for 10 weeks at room temperature under an inert atmosphere,
and even for several months at 4 °C.>> Mechanochemical
preparation of Grignard reagents can also yield reactivity that is
not observed in solution-based methods. For instance, the
strong C—F bond has historically hindered the creation of
Grignard species from organic fluorides and magnesium.
However, Hanusa’s group described a mechanochemical
method for preparing binaphthalenes by milling fluoronaph-
thalene with an excess of magnesium metal for 2 h, followed by
FeCl, for 1 h (Scheme $), although the fluoro-based Grignard
reagent could not be isolated.*

Mg(I) species make up an exciting class of compounds.
Monovalent radical Mg species, previously only detected in
space or low-temperature matrix experiments, became more
accessible after Jones and Stash’s groups prepared the first

https://doi.org/10.1021/acsorginorgau.4c00001
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Scheme 5. Example of the Mechanochemical Preparation
and Synthetic Application of Fluoro-Based Grignard
Reagent and Comparison with a Representative Solution-
Based Method®’
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stable and isolable Mg(I) compound.*® Following this seminal
study, mechanochemistry has proven to be an effective tool for
the preparation and reactivity of these highly reactive
compounds. For example, the Harder group developed a
protocol for mechamcally preparing dimerized Mg(I) com-
pounds (Scheme 6a).”” These species were so reactive that
they activated benzene to yield a bridging dianionic
dearomatised derivative. The same group also successfully
prepared and isolated a monomeric Mg(I) radical species
stabal(i)zed by a cyclic(alkyl)aminocarbonyl (CAAC, Scheme
6b).

In 2021, Ito et al. described a general synthesis of
magnesium-based Grignard reagents (in paste form) in air by
mechanochemical means. Moreover, these species can be used
directly for the one-pot nucleophilic addition reactions with
various electrophiles and nickel-catalyzed cross-coupling
reactions under solvent-free conditions (Scheme 7a).*' More
recently, the same group made another breakthrough in the
mechanochemical preparation of calcium-based heavy
Grignard reagents with the formula RCaX. Traditionally, Ca-
based Grignard reagents have been poorly explored due to the
lack of accessible synthetic routes under mild solvent-based
conditions. The developed air-stable process from aryl halides

Scheme 7. Preparation of Grignard Reagents under Air and
Broad Scope Reactivity (a); Preparation and Application of
Heavier Ca-Based Grignard Reagent (b); Representative
Solution-Based Method for Comparison™
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and commercially available calcium metal, without any
preactivation steps, enabled the rapid development of novel
cross-electrophile-coupling reactions mediated by arylcalcium
reagents (b).* Interestingly, the in situ generated Ca-based
Grignard, obtained using tetrahydropyran (THP) as a LAG
additive, displayed increased reactivity with some nucleophiles,
such as ethyl iodide, compared with the classic Mg-based
Grignard, under the same conditions. The increased reactivity
is attributed to the elimination of the solvent effects, which
stabilize reaction intermediates that reduce Grignard reactivity.
In addition, the increased surface area and more efficient

Scheme 6. Mechanochemical Preparation of Highly Reactive Mg(I) Dimers (a); Solid State Preparation of CAAC Stabilized

Mg(1) Compounds (b)
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mixing under mechanochemical conditions lead to a more
uniform reaction environment, which reduces diffusion
limitations (Scheme 7b).

The use of mechanochemistry to prepare nonsolvated main
group compounds has led to the observation of transient,
previously unknown species. For example, the milling of K[A']
with Cal, led to the formation of a K[CaA’;] intermediate.
This species is proposed to have a mixture of ¢ and 7 bound
allyl ligands as it can be clearly distinguished in '"H NMR
(benzene-dg) from the isolable fully #°-bound allyl structure
(Scheme 8).**

Scheme 8. Mechanochemical Reaction of K[A’] with Cal,
and Representative Solution-Based Method for
Comparison46
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Regarding heavier group 2 compounds, it is worth
mentioning that LAG techniques have been used to prepare
strontium-based semiconductor precursors of formula Sr-
(Cp*),. This compound is generally obtained via a salt
metathesis reaction between alkali cyclopentadienides (i.e.,
KCp’) and metal halides (eg., Srl,) in solution. However, this
reaction suffers from both the low solubility of strontium
iodide and the formation of stable adducts with SrCp, with
polar solvents, such as dimethyl ether and tetrahydrofuran
(THF), which ultimately compromise the semiconducting
properties.

Group 13. These elements, characterized by their p-block
electron configuration, play significant roles in various fields,
ranging from semiconductor technology and aerospace
engineering to medicinal applications, reflecting their diverse
chemical reactivities and physical characteristics.

Functional layers featuring aluminum tris(8-hydroxyquino-
line) (AlQ;) constitute a commonly used electron-transport
and emlttlng layers in the field of electroluminescent
materials.””** To this end, a simple and scalable synthesis of
AlQ; AcOH can be achieved by milling the aluminum(III)
complex [Al(OAc),(OH)] and 8-hydroxyquinoline (Q) in a
1:3 M ratio. Remarkably, this complex can be transformed into
AlQ; by heating the mixture to 200 °C for 2 h.**°

Attempts to prepare and isolate nonsolvated tris(allyl)-
aluminum species have been unsuccessful, with only THEF,
OPPh3, and pyridine adducts successfully characterized using
traditional solvent-based methods. However, milling AIX; (X =
Cl, Br) with potassium 1,3-bis(trimethylsilyl)allyl (A’) anion
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species yielded AI(A’), efficiently.”’ Employing a tube

disperser apparatus, up to 150 mg of the complex can be
generated with an 85% yield, and using a planetary mill, the
reaction can be scaled up to 1.3 g with an 88% yield (Scheme
9).

Scheme 9. Preparation of Nonsolvated Al(A’), by
Mechanochemical Means and Comparison with Solution-
Based Methods>*
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oil.

Besides the possibility of preparing species that traditional
solution-based methods cannot prepare, mechanochemistry
also enables the scale-up reactions to levels difficult to achieve
otherwise.”> For instance, the preparation of AI(III) and
In(III) complexes bearing salen and salophen ligands at
kilogram scales has been demonstrated.”® Using a planetary
mill, the salen and salophen ligands could be prepared by
mechanochemical condensation of o-phenylenediamine with
the corresponding aromatic hydroxy aldehyde (Scheme 10a).
Noteworthy, these high-scale syntheses displayed lower green
metrics (E-Factor, PMI and RME) in all the cases compared
with the solution-based methods. The same group recently
reported a mechanochemical method for preparing structurally
related ‘Bu salen and salophen Al and In complexes with
tunab}g emissive properties with up to 85% yield (Scheme
10b).>>

Continuing with indium(III) complexes, they have attracted
significant attention due to their low toxicity, water stablhty,
and catalytic activity in various organic reactions.’® When
combined with suitable ligands, these indium species can
undergo metal-to-ligand charge transfer and potentially serve
as efficient photosensitizers with long-lived excited states.’

Bis(arylamino)acenaphthene ligands (Ar-BIAN) are essen-
tial ligands in the main-group complexes arena.”® These ligands
are typically obtained through condensation reactions between
acenaphthoquinone and the corresponding aniline derivative
under acidic conditions, althou%h a transition metal templating
agent is commonly required.”” However, the acid-catalyzed
ball-milling of acenaphthoquinone with aniline derivatives
gives the desired Ar-BIAN ligands in good yields. Moreover,
In(III) complexes In(BIAN)CI; and [In(BIAN),CL][InCl,],
can then be obtained by further milling equimolar quantities of
the respective BIAN ligand with indium trichloride (the
starting materlals we loaded into the milling jars using a
glovebox).”” Remarkably, these compounds can also be

https://doi.org/10.1021/acsorginorgau.4c00001
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Scheme 10. (a) Large-Scale Mechanochemical Preparation of Al and In Complexes Bearing Salen and Salophen Ligands; (b)
Mechanochemical Preparation of Al and in Luminophores Based on Bulky Salen and Salophen Ligands; Representative

Solution-Based Method>?
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Scheme 11. Ar-BIAN Ligands and Indium(III) Complex Synthesis by Mechanochemistry; Representative Solution-Based

Method*®
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obtained by milling the ligand starting materials and InCl; in a
one-pot fashion, although the yield using this route is lower
(Scheme 11).

Group 14. Regarding group 14, besides C and Si
compounds, there are a few examples of mechanochemically
prepared group 14 molecular compounds. Germanium
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compounds are critical due to their increasing demand and
low concentration in the earth’s crust. The purification of
crude germanium ores usually involves using strong oxidants
(and highly toxic) such as HCl or Cl, to obtain the
corresponding metal chlorides.”’ Additionally, the traditionally
generated GeCl, can be challenging to handle due to its air and

https://doi.org/10.1021/acsorginorgau.4c00001
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moisture sensitivity, and it is a poor reagent for substitution
reactions.”” To this end, Fris¢i¢ et al. developed a novel
protocol for the mechanochemical preparation of highly pure
and bench-stable organogermanium compounds from metallic
germanium or germanium oxide using benzoquinones or
catecholates, respectively (Scheme 12).°° Interestingly, both
starting materials led to similar yields after grinding the
reagents using the LAG technique (LAG) in the presence of
pyridine as a coordinating ligand.

Scheme 12. Mechanochemical Purification of Ge(0) and
GeO, via Catecholates Preparation and Comparison with a
Representative Solution-Based Method®*
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Descending in the group, allylstannane compounds of
formula SnA’3K-THF have been previously prepared using
solution-based methods.®* However, the nonsolvated counter-
parts were unknown until the group of Hanusa described the
mechanochemical preparation of SnA’3K. To this end, the
milling of K[A’] with SnCl, for only S min produced SnA’3K
(Scheme 13).%° Interestingly, a longer milling time from the

Scheme 13. Preparation of Nonsolvated SnA’;K and SnA’,

Mechanochemically and Comparison with a Representative
Solution-Based Method®®
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starting materials led to homoleptic Sn(IV)A’4, constituting
the first example of mechanochemically produced organo-
metallic disproportionation without external oxidant.

Another versatile class of group 14-based compounds is
heavier tetrylenes (HTs). These carbene analogues have
attracted much attention due not only to their activating and
catalytic activity®”®® but also to their use as ligands.”” Although
the synthesis of tetrylenes of general formula E{N(SiMe;),},
(E = Ge, Sn, Pb) was described as early as 1974 by Lappert,7o
and has been optimized over time,’' it would be highly
desirable to develop a greener and more efficient methodology.

To this end, Garcia-Alvarez et al. very recently described the
preparation of Lappert’s HTs mechanochemically.”” Interest-
ingly, not only were the reaction times shorter than those
described for solution-based methods but the yields were
higher in all the cases (Scheme 14).

Scheme 14. Mechanochemical Preparation of Lappert’s
Heavier Tetrylenes (a); Rheology of the Crude Reaction
and Sublimed Products (Reproduced with Permission from
ref 72. Copyright 2023 Royal Society of Chemistry) (b);
and Comparison with Representative Solution-Based
Reaction”"
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Group 15. Wittig reagents constitute a broadly used tool
for preparing olefins via metathesis. These reagents are
commonly prepared by deprotonating alkylphosphonium
salts with strong bases such as ‘BuONa, ‘BuOK or
KHDMS.”® Pecharsky described a simple mechanochemical
preparation of Wittig reagents by milling the corresponding
alkylphosphonium salts with K,CO; with yields up to 99%
(Scheme 15).”*

Developing orthogonal mechanochemical reactions in which
several reactants are ground together can be a powerful and
efficient strategy to obtain a desired product selectively. Such
orthogonal syntheses are rare, especially those involving main
group elements. Cyclophoph(V)azanes constitute an exciting
class of compounds that have displayed ap7plications in many
areas such as coordination chemistry,”” supramolecular
chemistry,”® polymers,”” medicinal chemistry,”® and catalysis.*’
Traditional solution-based preparation of these species often
requires two steps: (i) nucleophilic addition to the starting
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Scheme 15. Mechanochemical Preparation of Wittig
Reagents and Comparison with Representative Solution-
Based Method”’
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dichlorocyclophosphazane and (ii) oxidation of the substituted
derivative (Scheme 16, left a).”” Notably, the direct formation
of air- and moisture-stable cyclophoph(V)azanes enabled by an
orthogonal one-pot mechanochemical process revealed the
long-term stability of these compounds (Scheme 16, left b).*’

Also related to mechanoxidations from P(III) to P(V),
Balakrishna’sroup has also reported the mechanochemical
oxidation of a wide variety of phosphines containing different
functional groups with good to quantitative yields.*> The
methodology proved to be compatible with amines, hetero-
cycles, or alkynes, which highlights the versatility of this
mechanochemical approach (Scheme 17).

Mechanochemistry has also unlocked the synthesis of main
group compounds previously described as being unattainable.
Thus, back in the ’80s, the Scherer’s group reported the
preparation of an adamantoid phosphazane of formula
P,(N'Pr)s by heating the isomeric cyclic dimeric cyclo-
phosphazane for 12 days at 160 °C (Scheme 16, right a).**

Scheme 17. Solid State Oxidation of Several Substituted
Phosphines (Selected Examples) And Comparison with
Representative Solution-Based Methods®’
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Since then, the Pr substituted adamantoid derivative was
considered the bulkiest achievable structure of this type.

However, more recently, the first synthesis of the adamatoid
phosphazane P,(N'Bu) has been demonstrated by a solvent-
free mechanochemical approach based on ball milling,
highlighting the importance of mechanochemical reaction
environments in (re)evaluating the chemical reactivity.
Furthermore, they achieved by the same technique the
reduction of the reaction time and temperature conditions
for the synthesis of the previously described P,(N'Pr), from 12
days at 160 °C to 90 min at ambient temperature (Scheme 16,
right b).%

Transition elements (termed transition metals) are metallic
elements with incomplete d or f shells. These elements are
classified into d-block metals, consisting of 3d elements from
Sc to Cu, 4d elements from Y to Ag, and 5d elements from Hf

Scheme 16. (a) Comparison between Solution-Based and Mechanochemical Preparation of Cyclophoph(V/V)azanes; (b)
Comparison between Previously Reported Approach (a) and Mechanochemical Preparation of Adamantoid Phosphazanes
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to Au, and f-block metals, consisting of lanthanoid elements
from La to Lu and actinoid elements from Ac to Lr.°
Although the use of mechanochemistry for synthesizing
transition metals has already been covered in previous
reviews, %% we will highlight some key mechanochemical
transformations involving d-block and f-block transition
metals.

d-Block metals, in their different forms, display excellent
thermal, electrical, chemical and catalytic properties, and many
are considered critical elements due to their low natural
abundance in the Earth’s crust.*’

The mechanochemical synthesis of scandium and yttrium
(group 3) has been much less explored than most of their
transition metal counterparts. The lack of investigation of these
metal complexes is mainly due to several crucial limitations,
such as the limited number of accessible oxidation states,
which makes group 3 metal complexes often tedious to
synthesize and isolate, and the high cost of starting materials
due to their low natural abundance. Nevertheless, Rightmire,
Hanusa and Rheingold developed a tris(allyl)scandium
complex using a planetary ball mill. In this case, milling
potassium 1,3-bis-TMS-allyl anion species 24 with ScCl; for 10
min at 600 rpm afforded the target complex with 48% yield
and isolating a product that could not be achieved in solution
(Scheme 18).°"

Scheme 18. Mechanochemical Synthesis of Tris(allyl)
scandium Complex and Comparison with a Representative
Solution-Based Method”’
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Another family of versatile ligands includes p-diketones,
which exhibit distinctive electronic properties. Being out-
standing weak-field ligands, they provide pronounced z-acid
character. Their potential to form stable complexes with a wide
range of metals has allowed them to play an exceptional role in
different fields, such as catalysts’ and photoluminescence
materials.”” The mechanosynthesis of vanadium(III) -
diketonates from the reaction of vanadium chloride with a
slight excess of a series of f-diketonates has been reported by
Makhaev and Petrova (Scheme 19).”° They managed to
synthesize a family of vanadium complexes obtaining yields
between 43 and 85% without using any solvent, even in the
purification step, which was performed by sublimation.
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Scheme 19. Mechanochemical Synthesis of Vanadium
Diketonates and Comparison with a Representative
Solution-Based Method”*
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Mechanochemistry has also been successfully applied to the
synthesis of rhenium complexes with the general formula fac-
Re(CO);(L), where (L); = Br; or (CI)(N—N) (N—N = 1,10-
phenanthroline). These complexes are promising for the
development of new model radiopharmaceuticals due to the
Re-186 and Re-188 radiochemical properties, the stable
coordination chemistry and the versatile ligand framework
such as the fac-Re(CO);(Cl)(phen) that can enhance the
complex’s ability to tar§_et specific biological molecules or
structures (e.g, tumors).”

These complexes can be easily obtained in high yields by
grinding the precursor [Re,(CO),,] with tetraethylammonium
bromide (TEAB) and Oxone for 3 h, as proposed by
Hernandez and co-workers (Scheme 20a).”° Additionally,
they demonstrated that the fac-Re(CO);(Cl)(N—N) complex
can be obtained by reacting NaCl, Oxone, and phenanthroline
from the same precursor.

Re(I) complexes have also been studied by Hernandez,
Friscic et al, who developed a simple solvent-free mecha-
nochemical oxidative halogenation of model organometallic
Re(I) compounds with excellent yields and tunable stereo-
selectivity, showing that mechanochemistry can advance and
simplify fundamental organometallic transformations (Scheme
20b).”

The mechanochemical synthesis of group 9 elements was
mainly focused on iron and ruthenium. Iron complexes have a
wide range of applications in analysis, pigments, pharmacology,
and catalysis, inter alia.”® Moreover, iron is the third most
abundant metal on the earth’s crust, making it especially
important for large-scale industrial applications.””” Ferrocene
species were first prepared mechanically by milling potassium
cyclopentadienide (KCp) and anhydrous FeCl, for 15 min,
followed by sublimation, achieving conversions to up to 90%
(Scheme 21).'%°

Other authors used [C,BgH,,] ligand instead of cyclo-
pentadienyl to synthesize iron complexes, allowing good
reactivity and selectivity.'”® Ferra(IIT)bis(dicarbollide) species
are versatile agents for the incorporation of iron(IIl) into
organic molecules, such as DNA-dinucleotides. The complex
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Scheme 20. Mechanochemical Synthesis of Rhenium Complexes and Comparison with a Representative Solution-Based

Method""!
a)
B:.,)j (co _ TEAB, Oxone coog “‘co
0 & 0 CO OC o ©oxone, NaCl
b) R R R
Rﬁﬁ MRy e %R ; iai‘
o A “co L & o v S J\'("co
9] o] O
R=H, Me; X=CL, Br, I; M= Na, Cu
UNDERAIR
Yield (%) Time Conditions Technical details
Milli
Mechanochemical route b alirslg Milling jars Mill
85 3 hours 30 Hz, RT Tungsten carbide tungsten carbide Retsch MM 400
Solution-based route
90 22 hours Reflux in methanol

Scheme 21. Mechanochemical Synthesis of Ferrocene and
Comparison with a Representative Solution-Based
Method'”*
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[Fe(C,BoH,;),][Me,N] containing bisdicarbollyl ligands, a
versatile agent in organic molecules such as DNA-nucleotides,
can be prepared by milling FeCl; and T1,C,BoH,; for 30 min,
followed by treatment with tetramethylammonium hydrogen
sulfate.'**

Moving down to the group, only a handful of reported
mechanochemical examples of Ruthenium complexes exist. For
instance, Tan and co-workers synthesized the [Ru(Hbiim),]
(H,biim = 2,2'-biimidazole) complex quantitatively and
rapidly via a LAG mechanochemical approach in just few
minutes of reaction mixing [Ru(H,biim);](PF), and
NH,OAc with a few drops of H,0O, as an oxidant and solvent
(Scheme 22a), concomitant with color changes.'”

A different type of ruthenium complexes are the Noels-type
NHC species, which are used in ring-opening metathesis
(ROM) as a catalyst.'”® In 2020, Lamaty, Bantreil and co-
workers performed a transmetalation with ruthenium via
mechanochemistry that allowed rapid access (1.5 min to 1 h)

as

to the corresponding complexes having a structure similar to
Noels-type precatalysts (Scheme 22b).'”” Evaluation of the
complexes in the ring-opening metathesis polymerization of
norbornene in different solvents, including nontoxic ones,
showed high catalytic activity for one of them, comparable to
that of the Noels catalyst.

Other noble metals, such as Pd and Au, are of critical
interest due to their chemical, thermal, catalytic, and other
properties.' """ However, due to their inert nature the
preparation of reactive precursors from the zerovalent reserves
found on the earth crust is a highly challenging issue which
often requires the use of very strong acids, toxic gases, and
heat.'"’

To this end, a highly relevant study by Friscic’s group
described the preparation of Pd and Au precursors from
elementary metals by mild, mechanochemical conditions.''”
Moreover, the obtained metal precursors could be further
functionalized by reaction with appropriate ligands to generate
highly valuable catalytic species (Scheme 23a). Another study
by Deak, Colacino, and co-workers reported a mechanochem-
ical method to Au(diphos)X complexes comprising diphos-
phine ligands and halide ions. Their work showcased the
effectiveness of mechanochemistry in a fast (4 min reaction
time), efficient (up to 98% vyield), and eco-friendly route to
luminescent and stimuli-responsive gold(I) complexes
(Scheme 23b).""* Finally, the same team also introduced an
innovative and eco-friendly mechanochemical approach to
oligomeric glutathione-based gold nanocluster species, which
are already being utilized in the biomedical field as effective
radiosensitizers for cancer radiotherapy (Scheme 23c).""*

Continuing with Pd complexes, a recent work by the Ito
group describes the mechanochemical synthesis of Pd
complexes.”® In this work, the oxidative addition of aryl
halides to Pd(0) species, which usually requires glovebox or
Schlenk techniques, could be carried out under air with high
yields (Scheme 24).

Another remarkable application of mechanochemistry is
preparing species that are not thermally achievable in solution.
For instance, Yan and co-workers have recently described the
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Scheme 22. (a) Mechanochemical Synthesis of Ru(biim); complex; (b) Mechanochemical Preparation of Ru Complexes by
Transmetallation and Comparison with a Representative Solution-Based Method'*®
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Scheme 23. Mechanochemical Preparation of Au and Pd Salts and Complexes from Their Elemental Metallic Form and
Comparison with a Representative Solution-Based Method'"”
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Scheme 24. Mechanochemical Preparation of Pd Complexes
via Oxidative Additions Of Aryl Halides And Comparison
With A Comparative Solution-Based Method''®
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preparation of previously unreported “rectangular” Pd,L,
dimers."'” In this work, the milling of the Pd precursor
(tmeda)Pd(X,) with bipyridine as a linker yielded the known
Pd,L, and PdiL; cycles''® together with the previously
unknown Pd,L,, which was detected by NMR and mass
spectrometry techniques (Scheme 2S5). Using a similar
approach, Yan and co-workers used the same self-assembly
mechanochemical approach to prepare and isolate several
unstable Pd cages and their intermediates.''”

Regarding N,N-diary]l NHC metal complexes, mechano-
chemistry has proven to be a handy tool for preparing these
types of compounds, which usually require prolonged reactions
in reflux conditions to achieve metalation.'”® To this end,
Lamaty’s group described a very convenient preparation of Cu,
Au, and Pd NHC complexes under mechanochemical
conditions. In this work, milling the imidazolium precursor
with Ag,O led to the corresponding Ag-NHC complexes in
high yields (Scheme 26a). Moreover, the obtained Ag
complexes could undergo further transmetalation with Cu,
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Scheme 25. Mechanochemical Preparation of Short-Lived

Cyclic Pd Dimer
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Au and Pd precursors in a one-pot two-step fashion to yield the
NHC complexes with excellent yields.'*'

The same group also developed a mechanochemical route
for preparing Cu-NHC complexes by directly reacting the
imidazolium salts with Cu (0) (Scheme 26b). Interestingly,
both the yields and the reaction times were significantly
improved with respect to the corresponding solution-based
method."*

A family of N-Oxy-Heterocyclic Carbenes (NOHC)
complexes has been prepared with high yields following a
similar approach.'”> Moreover, the starting N-alkoxy imidazo-
lium was also prepared using mechanochemistry from the
corresponding diketones and alkoxyamines

Regarding salen-type ligands, in a comparable manner to
what was described for main group salen and salophen
complexes, James et al. described the quantitative mechano-

chemical preparation of salen-type ligands and their corre-
sponding Zn, Ni, and Cu complexes.124 Interestingly, the
complexes could be prepared both by one-pot two-step
procedure and by all in one-pot way in quantitative yields.

Finally, regarding other late transition metals as well as main
group metals, it is relevant to mention the large-scale
preparation of Ni, Zn, and Al metal—organic frameworks
(MOFs) by James et al., where the preparation of these MOFs
by twin and single screw extrusion was accomplished at rates
up to kg h™1.'*°

In terms of zinc'*® complexes, Lewinski et al. have
performed several studies in the area.'”” For instance, they
conducted a comparative study on the reactions of TEMPO
with organozinc compounds,'*® specifically ditest-duty zinc
and diphenylzinc, using mechanochemical, slow-chemistry, and
solution methods. They found that the tBu,Zn/TEMPO
reaction yields a dimeric diamagnetic complex [tBuZn(u-
TEMPO*)], with varying results based on the chosen method.
In contrast, mixing TEMPO with diphenylzinc in a 2:1 molar
ratio results in a high-yield, novel paramagnetic Lewis acid—
base adduct [[Ph,Zn(5'-TEMPO)]TEMPO], irrespective of
the method (Scheme 27). This adduct is also produced in the
slow-chemistry process when TEMPO and Ph,Zn are mixed in
a I:1 ratio and left at ambient temperature for 2 weeks,
eventually yielding a diamagnetic dinuclear compound [PhZn-
(u-TEMPO*)][PhZn(u,-n":n'-TEMPO*)] and biphenyl. The
same reaction in toluene showed a lower conversion rate. The
group also explored reactions involving bis(pentafluorophenyl)
zinc ((C¢Fs),Zn) and TEMPO to study the kinetics and
thermodynamics of wet and solvent-free solid-state pro-
cesses.'””

6

f-Block element chemistry, including scandium and yttrium,
lanthanides, and actinides, has been a thriving area of research
for many years. The primarily ionic and Lewis acidic character
of lanthanide metals allows for a wide range of structural
features supported by numerous ligands."**"’

Scheme 26. (a) Mechanochemical Preparation of Au, Cu, and Pd NHC Complexes; (b) Synthesis of Cu NHC Complexes
Using Air As the Oxidising Agent; Comparison with a Representative Solution-Based Method
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Scheme 27. Comparative Study (i.e., Mechanochemistry, Slow Reaction and Solution) of Zinc Organometallic Species with
TEMPO and Representative Solution-Based Method for Comparison'**
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The lanthanides are generally more like one another than
any ordinary transition metal series members. They typically
exhibit only one stable oxidation state, and their chemistry
provides an excellent opportunity to examine the effects of
small changes in size and nuclear charge along a series of
otherwise similar elements. In contrast, the chemistry of
actinides is more complex due to both the existence of a wide
range of oxidation states and their radioactive nature.'>

The complexity of working with f-block elements has
resulted in a limited number of investigations compared with
those involving d-block elements. However, mechanochemistry
has enabled the synthesis of lanthanide and actinide complexes.
In 2001, Lee and co-workers synthesized lanthanum oxy-
chloride (LaOCl), oxybromide (LaOBr), and their solid
solutions, LaOCl1-xBrx (0 < x < 1, Ax = 0.25), by reacting
a mixture of lanthanum oxide (La,0;), chloride (LaCl;), and
bromide (LaBr3) in a planetary ball mill."*’

A few years later, Fetrow and co-workers developed a series
of borohydride ligands, particularly aminodiboranates
(H;BNR,BH?") and phosphinodiboranates (H;BPR,BH?"),
for synthesizing trivalent f-element borohydride complexes of
uranium, cerium, neodymium, lanthanum, and praseodymium
using ball milling,"**"**'%°

In 2018, Salazar-Zertuche and colleagues successfully
synthesized and characterized Ln,Zr;O;, (Ln = yttrium,
holmium, erbium, and ytterbium) zirconates by mechano-
chemistry.>* Their electrical properties were studied for
potential applications as solid electrolytes in solid oxide fuel
cells (SOFCs)."**

Mechanochemistry has also facilitated the synthesis of f-
metal complexes that were not accessible via solution-based
methodologies. For instance, Woen and colleagues reported
the synthesis of various tris(pentamethylcyclopentadienyl)
complexes of late lanthanides ((C5SMeS)3Ln), such as terbium,
dysprosium, holmium, and erbium (Scheme 28). These
complexes and the yttrium analogue could be synthesized by
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Scheme 28. Mechanochemical Preparation Lanthanides
Triscyclopentadienyl Complexes and Comparison with a
Representative Solution-Based Method"**
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a solvent-free mechanochemical method, avoiding the reaction
of the products with solvents through C—H activation.'”’

Mechanochemistry is revolutionizing the way chemists
approach molecular construction. This technique has shown
remarkable efficacy in synthesizing a variety of organic
compounds. Its environmentally friendly nature, stemming
from reduced solvent use, aligns with the principles of green
chemistry. Its ability to yield products with high purity and its
scalability—as well as the ability to facilitate reactions that are
challenging in traditional solution-based methods - presents a
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Scheme 29. (a) First Reported Mechanochemical Pinacol Rearrangement Finalised to the Preparation Phenytoin (API);
Mechanochemical Beckmann Rearrangement for the Synthesis of (b) e-Caprolactame and (c) Paracetamol; Comparison with

a Representative Solution-Based Method'**
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promising avenue for developing sustainable synthetic method-
ologies in organic chemistry.””~'*!

In chemistry, a rearrangement reaction occurs when the carbon
skeleton of a molecule is reorganized to yield a structural
isomer of the original molecule. Alongside substitution and
addition reactions, rearrangements are crucial in both organic
and inorganic synthesis since they enable the transformation of
molecules into more stable, functional, or desirable structures
with diverse applications. For instance, the pinacol rearrange-
ment is used to prepare the antiepileptic phenytoin (Scheme
29a). Molecular rearrangements serve as a powerful tool for
creating complex structures in an atom- and step-economic
manner, transforming multistep processes into more viable and
sustainable alternatives.'**

Mechanochemical molecular rearrangements, which have
already been reached in previous reviews,'*” are becoming an
increasingly attractive green synthetic approach, particularly in
preparing active pharmaceutical ingredients (APIs) and natural
products.””'** Despite being a relatively new method,
mechanochemical rearrangements offer promising avenues
for scientists to merge molecular diversity with green chemistry
principles, achieving greater efficiency and higher selectivity in
environmentally friendly reactions.'*> Mechanochemical re-
arrangements have proven to be a powerful approach to value-
added compounds. For example, the Beckmann mechano-
rearrangement reported by Mocci and co-workers for the
synthesis of e-caprolactam, use in the industry of nylon-6,6 or
the obtention of an API and World Health Organization
(WHO) essential medicines such as paracetamol.*> They
reported on a sustainable mechanochemical process that allows
the design of new amide frameworks via an eco-efficient “cut-
and-paste” process of C—C and C—N bonds on the oxime
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backbone using cheap and sustainable reagents such as p-tosyl
imidazole (p-Ts-Im) and oxalic acid. To obtain &-caprolactam,
they performed the mechanochemical Beckmann rearrange-
ment of cyclohexanone with p-Ts-Im and oxalic acid using a
zirconia jar and balls of 15 mL and 8 mm, respectively, at 30
Hz for 30 min (Scheme 29b), obtaining excellent yields (93%)
and opening promising perspectives for its industrialization as
a precursor for the production of nylon-6,6. Using the same
reaction conditions, they achieved the preparation of para-
cetamol in a two-step procedure via the rearrangement of the
oxime, by using 4’-hydroxyacethophenone, which is a crucial
intermediate in its synthesis, obtaining an excellent yield of
84% (Scheme 29c), displaying the great potential of this
approach for industrial applications.

The pinacol rearrangement, a pioneering solid-state
rearrangement, was first demonstrated by Toda et al, who
achieved high yields and selectivity through the reaction of
powdered 1,1,2-ethan-1,2-diol with dry HCI gas or p-
toluenesulfonic acid under specific conditions. This method
presented faster kinetics compared to solution-based processes
and yielded a ketone product with 90% efficiency.'*° Later, in
1995, Kaupp et al. furthered this approach by synthesizing
triphenylacetophenone via a proton-catalyzed pinacol rear-
rangement of benzopinacol, marking an advancement in
solvent-free synthesis.'*” In 2000, Sekiya et al. expanded the
scope of pinacol rearrangements by inducing a 1,4-migration in
thienothienyl-substituted-9,10-dihydroxy-9,10-dihydroanthra-
cenes, leading to significant crystal structure changes.'** These
studies laid the foundation for various promising mechano-
chemical pinacol rearrangements."*’

The Achmatowicz rearrangement, involving the conversion
of 2-furyl carbinols to pyranoses, has become a valuable tool in
synthesizing nitrogen and oxygen heterocycles including a wide

https://doi.org/10.1021/acsorginorgau.4c00001
ACS Org. Inorg. Au 2024, 4, 432—-470


https://pubs.acs.org/doi/10.1021/acsorginorgau.4c00001?fig=sch29&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.4c00001?fig=sch29&ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.4c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

range of natural products. This reaction’s versatility in
stereodifferentiation and its application in organic synthesis
has given it a unique position in recent decades.'*”""
Mechanochemical methods have been developed to enhance
the environmental friendliness and stereochemical control of
the Achmatowicz rearrangement. Notably, in 2015, Falenczyk
et al. reported the first solvent-free mechanochemical
Achmatowicz rearrangements, converting furfurals to furfuryl
alcohols.”" Zhao and Tong introduced an innovative approach
using magnetically stirred chromatographic alumina (ALO;),
which allowed for the solvent-free rearrangement and easy
scalability from milligrams to grams, along with the integration
of multiple reactions in a single process.”” These advance-
ments underscore the evolving landscape of mechanochemical
synthesis in organic chemistry (Scheme 30).

Scheme 30. Solvent-Free Protocol for the Achmatowicz
Rearrangement Using Al,O; and Representative Solution-
Based Method (a) for Comparison'>*
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In addition to the molecular organic rearrangements
described above and despite not being as extensively studied,
the main group compound rearrangement has also been
studied via mechanochemistry. For example, as already
mentioned, Shi and co-workers performed the synthesis of
Phosphazane- Based frameworks through mechanochemical
rearrangement

In 2020, Ardila-Fierro and colleagues implemented in situ
monitoring of a mechanochemical benzil—benzilic acid
molecular rearrangement using synchrotron powder X-ray
diffraction, Raman spectroscopy, and real-time temperature
sensing. This approach aimed to understand the mechanisms
of mechanochemical reactions facilitated by ball milling.">*
This study marked a pioneering use of in situ monitoring
techniques, providing a real-time visualization of molecular
rearrangements as they occur.

Additionally, the field has seen other mechanochemical
rearrangements, such as the Loosen rearrangement. Porch-
eddu, Colacino and co-workers developed a novel and
environmentally friendly mechanochemical method for synthe-
sizing unsymmetrical ureas and 3,5-disubstituted hydantoins.
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(Scheme 31).'>> This approach utilizes safer starting materials
instead of hazardous and toxic isocyanates, and for the first

Scheme 31. Mechanochemical Protocol for the Loosen

Rearrangement and Comparison with Representative
Derivatives in Solution-Based Methods'*>"*°
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time, the Lossen rearrangement has been successfully
employed to create a variety of medicinally relevant structures
through a one-pot mechanochemical process, eliminating the
use of organic solvents even during the workup. This
procedure proved effective for producing API ethotoin.

Catalysis plays a pivotal role in both chemistry and society. A
significant portion of chemicals used in academia and industry
are produced with the aid of catalysts at some point in their
manufacturing processes.'”'>” A large portion of the world’s
gross chemical production depends on catalytic processes, a
cornerstone of ‘green chemistry.” This is due to their ability to
reduce energy requirements and minimize waste generation in
synthetic processes.'>® Catalytic reactions are typically
classified based on the method of overcoming the activation
barrier, such as using photons in photocatalysis,">” electrical
potential in electrocatalysm, ' or thermal energy in conven-
tional thermal cataly51s. However, mechanical energy, an
often overlooked source, can also initiate chemical and
catalytic reactions.'®> During the last years, mechanochemistry
has extensively studied different catalytic reactions, and some
critical reviews have been wrltten involving metal mediated
and metal- catalyzed reactions,'®’ organometallics,"** catalytic
materials,"®® and zerovalent metals in synthe51s 166

Recent years have seen extensive exploration of catalytic
reactions in ball mills,'®” especially in organic synthe51s These
studies range from C—H bond functionalization,"®® C—C and
C-N couphn§ =171 and cross- coupling,'”>'”* to aromatic
substitution,’’* Lewis acid and base chemistry,

63

175176 and even
the synthesis of F porous carbon-based catalysts under solvent-
free conditions.'”’

In 2009, Fulmer and colleagues successfully executed the
archetypical Sonogashira coupling reaction using high-speed
ball milling. They synthesized a variety of para-substituted aryl
halides with trimethylsilylacetylene or phenylacetylene, using
both iodo- and bromo-substituted substrates.'”® Later, in 2011,
Su and co-workers utilized this technique for cross-
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dehydrogenative coupling reactions between tetrahydroisoqui-
nolines and various nucleophiles, including nitroalkanes,

alkynes, and indoles (Scheme 32).'”’

Scheme 32. Coupling Reaction of Tetrahydroisoquinolines
with Nitroalkanes, Indoles, and Alkynes by Ball Milling
Mechanochemistry and Comparison with Representative
Example (a) in a Solution-Based Method'**"*’
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The Negishi coupling is another highly versatile reaction for
forming C—C bonds. Cao and colleagues reported a Negishi
cross-coupling reaction facilitated by mechanochemistry,
demonstrating a broad substance scope for both C(sp;)—
C(sp,) and C(sp,)—C(sp,) bond formation (Scheme 33).
Notably, the required organozinc reagent was also prepared by
using mechanochemistry. This approach may open up
significant opportunities for the in situ generation of
organometallic compounds from base metals and their

Scheme 33. Mechanochemical Preparation of Organozinc
Reagents and Their Use in Negishi Reactions and
Comparison with Representative Examples in the
Literature'**

subsequent involvement in synthetic reactions via mechano-
chemical methods.'*

A mechanochemical Pd-catalyzed cross-coupling reaction
involving aryl halides and organozinc pivalates, which can be
conducted at ambient temperature and atmosphere, has been
recently reported. This straightforward procedure yields a
diverse array of biaryl and aryl-heteroaryl derivatives in high
yields and within short timeframes."®”

Asymmetric organocatalytic reactions have become of great
interest due to their ability to activate inert substrates and their
success in photocatalysis and electrocatalytic reactions.
However, their practical application is still in its early stages,
often hindered by extreme reaction conditions and the need
for large amounts of solvents.'®® For instance, the alkaloid-
mediated asymmetric opening of cyclic meso anhydrides
typically requires low temperatures (—60 °C) and organic
solvents like toluene or tetrachloride mixtures.'® Addressing
this challenge, Rodriguez and colleagues conducted this
reaction in a solvent-free mechanochemical manner, achieving
very high yields."*® Furthermore, this catalysis process is
tolerant to air and moisture, does not require purification of
the reagents, and thus reduces experimental setup and costs."*’

An asymmetric organocatalytic domino Mannich addition
was also performed via diastereoselective fluorination. The
Mannich reactions involving pyrazolones and, to a lesser
degree, isoxazolones demonstrated effectiveness under solvent-
free ball-milling conditions. This method, coupled with a chiral
squaramide catalyst, yielded products with high yields and
enantiomeric purities reaching up to 99:1 e.r. and as a singular
diastereomer. **

In 2011, Hernandez and Juaristi expanded upon previous
studies by achieving asymmetric aldol reactions via ball milling.
They combined cyclohexanone and acetone with various
aromatic aldehydes, successfully forming aldol products
(Scheme 34). Notably, these reactions exhibited higher
diastero- and enantioselectivity compared to their solution-
based counterparts.'”’

Mechanochemistry has also become vital for enhancing the
reactivity of insoluble or poorly soluble substances, opening
new avenues for catalysis. For instance, FrisCic’s group

Scheme 34. Solid State Enantioselective Aldol Reaction
Catalyzed by (S)-Proline and Comparison with Solution
Based-Methods'®’
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Scheme 35. Mechanochemical Catalytic Reactions for Cross Metathesis (a) and Ring-Closing Metathesis (b) and Comparison

with Solution-Based Method for (a)'**
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Scheme 36. Mechanochemical Alkynylations of Indoles Using Rh and Au Catalysts and Comparison with Solution-Based

Method'”*
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performed a screening for cross metathesis (Scheme 35a) and
ring-closing metathesis (Scheme 3S5b) using a second
generation Hoveyda-Grubbs catalyst. They achieved excellent
yields with minimal or no solvent.'”"

In 2008, Bolm et al. developed a mechanocatalytic process
for alkynylation reactions using Rh(III) and Au(I) catalysts.
These reactions demonstrated excellent functional group
tolerance and better yields than their solution-based analogues
(Scheme 36)."7>'*

Palladium complexes, important in catalytic transformations
like the Heck reaction'””'”® and the Buchwald-Hartwig
amination reactions'*”**’ have seen further advancements
due to mechanochemistry.””" For instance, Tullberg and co-
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workers performed the Heck reaction using Palladium(II)
acetate in a mechanochemical, solvent-free method, efficiently
synthesizing substituted dehydroalanines (Scheme 37).***

Continuing with the Heck reaction, in 2019, Yu and
colleagues presented an efficient mechanochemical method for
chemo-, regio-, and stereoselective Heck coupling. They used
Palladium(II) acetate to catalyze reactions between arylboron/
heteroaromatics and cyclic or acyclic olefins, achieving
excellent yields and selectivity even on a gram scale (Scheme
38, left).””

On a related note, Browne et al. devised a mechanochemical
method for the Pd-catalyzed Buchwald-Hartwig amination of
arylhalides with secondary amines. They utilized a Palladium
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Scheme 37. Mechanochemical Pd-Catalyzed Heck Reaction
and Comparison with Solution-Based Methods'”*
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pyridine-enhanced precatalyst preparation stabilization and
initiation (Pd-PEPPSI) catalyst system. This method, applied
to over 30 solid and liquid substrates, showed higher reaction
rates and slower catalyst deactivation compared with solution-
based methods (Scheme 38, right).

Continuing with C—N bond formation reactions, a
significant development was reported by Friscic and co-
workers. They achieved the mechanochemical synthesis of N-
sulfonylguanidines by coupling sulfonamides and carbodii-
mides (Scheme 39)."”° These compounds are highly relevant
in the pharmaceutical and agrochemical industries. Still, their
solution-based reactions often failed or yielded very low
conversions, underscoring the importance of mechanochemis-
try for this synthetic approach.

More recently, Friscic and co-workers developed a copper-
catalyzed C—N coupling of amides with cyclohexyl isocyanate
(CyNCO) into carbamoyl isatins and benzamides using
mechanochemistry (Scheme 40). These conditions resulted
in higher yields than solution-based methods, which either did

Scheme 39. Mechanochemical Cu Catalyzed Preparation of
N-Sulfonylguanidines and Comparative Solution-Based
Method***
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not occur or required high temperatures and energetic
conditions."”"

A notable example of “click” chemistry is the copper-
catalyzed azide/alkyne cycloaddition reaction (CuAAC).”” In
2013, Mack et al. reported the first CuAAC reaction under
solvent-free mechanochemical conditions, achieving the
isolated triazole product in just 15 min without further
purification (Scheme 41).”'® Furthermore, this is the first
example of a mechanocatalysis reaction induced by grinding
media with a copper vial.

Continuing with C—N bond formation reactions, Bolm’s
study on the mechanochemical C—H bond amidation of
arenes is also noteworthy.”'" This work involved the direct
mechanochemical Rh(III)-catalyzed amidation of benzamides
using dioxazolones as the nitrogen source. Remarkably, the
reaction was compatible with arenes bearing both electron-
donating and withdrawing groups, as well as with various

Scheme 38. Mechanochemical Pd- Catalyzed Oxidative Heck Reaction (Left), Buchwald-Hartwig Reaction (Right), and

05

Representative Solution-Based Reaction”
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Br—Ar + &
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S —— x r
r r r - 31 examples
. % Vi
- 11 examples -2 examples up to 92% yield
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UNDER AIR
Yield (%) Time Conditions Technical details
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Upto 85 30 min DDQ (ox), silica gel Stainless steel Stainless steel Retsch MM400
Solution-based route
Upto 77 72h DME, 70°C
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Scheme 40. Mechanochemical C—N Coupling of Amides
and Isocyanates and Comparison with Solution-Based
Method’°
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-17 examples
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- 8 examples

W cuCl

Q= Ak, Ar - up to 81% yield
§ '
- 2 examples
-up to 56% yield
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Milli Milli
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Upto 4k CH:iNO2 Stainless Stainless Retsch
96 LAG s steel steel MM400
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Upto . )
7 1h  Thionyl chloride, reflux

Scheme 41. Mechanochemical CuAAC Reaction and
Comparison with a Representative Solution-Based
Method 5427

o™ o AP

Q=1 Cl, NO;, OMe
@ =Ph, (CH)sCH3, CH,0H, H(CH;3)OH

- 12 examples
- up to 99% yield
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, 8000M
Cu milling
Upto 15 ) . . Spex
) jar as the Copper Copper .
99 min Certiprep
catalyst i i
Mixer/Mill
Solution-based route
Upt
99]?15; 12h  Toluene, reflux

substituents on both the arene and the dioxazolones (Scheme
42)

Regarding cycloaddition reactions, in 2016, Mack and co-
workers developed an innovative solvent-free, nickel-catalyzed
[2 + 2+2 + 2] cycloaddition of alkynes to synthesize
substituted cyclooctatetraene (COT) derivatives via high-
speed ball milling (Scheme 43). This mechanochemical
method leverages the frictional energy created by reusable

450

Scheme 42. Mechanochemical C—H Amidation of Arenes

and Comparison with Solution-Based Methods

[(CP*RhCI3)1,

156,208

o]

AgShFg
AgOAc
H * L H
& H
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Q@=H,Br, C'I. F, CF3 - 15 examples
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99 cryo mill.
Solution-based route
Upto
gol1s6] 12h DCE, AgNTE

nickel pellets, which also act as the catalyst. Notably, it
predominantly yields cyclooctatetraene isomers rather than
substituted benzenes typically obtained in solution.”"?

Mechanochemical methods have also enabled the direct
observation and the occasional isolation of reactive inter-
mediates. The Ito group showcased this by reporting the
straightforward synthesis and solid-state isolation of organo-
palladium halides, which are known intermediates in Suzuki-
Miyaura and Heck-type coupling reactions (Scheme 44).""

Mechanochemical techniques can modify the chemical
reactivity and selectivity compared to analogous solution-
based procedures. As a result, solvent-free milling can lead to
product mixtures or equilibrium compositions different from
those obtained in solution.”'* In 2010, Lamaty and co-workers
conducted a Horner—Wadsworth—Emmons reaction using a
mild carbonate base under mechanochemical conditions.
Starting from a phosphonate-substituted glycine, this method
yielded tert-butoxycarbonyl-protected unsaturated amino
esters with outstanding yield and selectivity.”'> Parallel to
these efforts, Zhang and colleagues developed a Diels—Alder
cycloaddition of cyclopentadiene with maleic anhydride and
maleimide derivatives via mechanochemistry.”'® They success-
fully obtained endonorbornenes in quantitative yield at
ambient temperature without using any organic solvent or
catalyst, simplifying the purification process. In this context,
selective carbon—hydrogen (C—H) arylation of arenes via
mechanochemistry has been extensively studied in recent
years.”"’

For example, Lou and co-workers achieved rapid and
selective biaryl synthesis through dehydrogenative C—H/C-H
arylation in a ball mill, generating C—C bonds between various
arenes and both electron-rich and electron-poor oximes in
good to excellent yields (Scheme 45a). They also successfully
applied this approach to the arylation of anilides (Scheme
45b).2"*

Colacino and co-workers recently investigated the Kabach-
nik-Fields domino reaction by mechanochemistry for the first
time, preparing a-aminophosphonate derivatives with very
high yields and total selectivity compared to solution
methods.””” @-Aminophosphonates are biologically active
compounds garnering significant interest in medicinal chem-
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Scheme 43. Mechanochemical CuAAC Reaction and Comparison with a Solution-Based Representative Method”"?
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Scheme 44. Mechanochemical Palladium-Based Oxidative
Addition Complexes Air-Sensitive Pd(0) Intermediates and
Comparison with a Solution-Based Method'®
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- 15 examples
UNDER AIR
Yield
- Time Conditions Technical details
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Milling
Mechanochemical route Milling jars Mill
balls
Upto . i ) Stainless Stainless Retsch
30min - Millingin air
92 steel steel MM400
Solation-based route
Upto 5
&5 15h degassed solvents, glove-box or Schlenk-line technique

istry due to their potential to inhibit enzymes in amino acid
metabolism.

Another intriguing aspect of mechanochemistry 1s usmg
milling media (i, jars and/or balls) as catalysts.””" The
grinding surfaces and leaching metallic particles can exhibit
catalytic activity, especially when M(0) species act as catalysts
or precatalysts. For example, Borchardt and colleagues
conducted a Suzuki polymerization reaction using Pd solid
balls as both milling media and catalyst, achieving the highest
degree of polymerization reported to date (199) (Scheme
46).”** Subsequently, they enhanced the reaction by using
copper alloys as milling tools, increasing yield and reducing
abrasion while improving catalyst stability and reusability.”**

Similarly, Jiang’s group described the cross-dehydrogenative
coupling of 2- phenyltetrahydrmsoqulnolme with nitromethane,
alkynes, and indoles.'”” Here, copper milling balls were used
directly as catalysts, with 2,3-dichloro-5,6-dicyanoquinone
(DDQ) as the oxidant (Scheme 47).

In addition, Mack and co-workers also discovered that silver
and copper foil are effective, practical, versatile, and selective
heterogeneous catalysts for cyclopropenation of terminal and
internal alkynes under mild mechanochemical conditions.**®
They also pioneered one-pot palladium(II)/silver foil-
catalyzed Sonogashira-cyclopropenation reactions for complex
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Scheme 45. Mechanochemical C—C Bond Formation with
Oximes and Anilides and Solution-Based Method for
Comparison for (a)*"’

a) ?,O
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NayS,0;

&

- 34 examples
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-6 examples
- up to 92% yield

Q = NMe,, Me
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Fritsch
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cyclopropene formation by mechanochemistry (Scheme
48).2%°

Lastly, the Borchard group made a notable contribution by
introducing the term “mechanocatalysis”, which is defined as
solvent-free catalytic reactions initiated by mechanical forces in
mechanochemical reactors like ball mills. A distinctive feature
is that the milling materials, such as the milling balls

themselves, act as the catalyst of the reaction.””®
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Scheme 46. Mechanochemical Suzuki Polymerization of 4-
Bromophenylboronic Acid***
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Asymmetric catalytic synthesis, using nature-inspired methods
instead of transition metals, has transformed organic chemistry
by enabling access to diverse chiral compounds.”*”~**
Enzymes serve as highly effective and adaptable catalysts
extensively utilized in both industry and academia.”** Over the
past three decades, significant research has focused on their
application in stereoselective chemical transformations. This
journey began with early achievements like the synthesis of
antibiotic analogues234 {ref} and has evolved to include
- : . . 235
sophisticated protein engineering techniques.” Biocatalysts
possess unique attributes such as resilience to extreme
236 237 238,239
temperatures,” pH ranges,”" and nonaqueous solvents,
making them increasingly valuable in organic synthesis.”****!
They are particularly instrumental in conducting asymmetric
reactions that yield biologically active compounds with
. . 2422244 :
exceptional enantiopurity. In a groundbreaking advance,

Scheme 48. One-Pot Mechanochemical Sonogashira
Coupling/Cyclopropenation and Comparison with a
Solution-Based Method' %%’
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Hernandez et al. introduced a novel approach that integrates
biocatalysis with mechanical force (Scheme 49). They devised
a mechanochemical method using immobilized lipase B from
Candida antarctica (CALB, Novozym 435) to resolve a racemic
mixture of secondary alcohols through an enantioselective
acylation reaction.”* Since then, several articles have been
published, but it is still a field in development.”**~**>
Polyethylene terephthalate (PET) is the most recycled
plastic, but traditional recycling reduces the quality of the
recycled material. Breaking PET into its building blocks can
create high-quality PET, yet this chemical depolymerization

Scheme 47. C(;pper Ball Catalyzed Cross Dehydrogenative Coupling Reactions and Representative Solution-Based Method for
22

Comparison
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Scheme 49. Mechanochemical Enzymatic Resolution of
Secondary Alcohols
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This reaction is not reported in solution

needs hazardous conditions. Enzymes are safer and work under
mild conditions. While some enzymes can depolymerize low-
crystallinity PET, they struggle with highly crystalline PET
found in consumer products. Frisci¢, Auclair et al. reveals that
the cutinase enzyme from Humicola insolens (HIC, Novozym
51032) can efficiently break down highly crystalline PET to
terephthalic acid (TPA) with a 50% yield, without pretreat-
ment (Scheme 50).>%

Scheme 50. General Reaction Scheme of the
Mechanoenzymatic Hydrolysis of PET using HiC
(Novozym 51032) by Ball-Milling and Comparison with
Other Enzymatic-Based Method™*
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enzyme

Organocatalysis focused on stereoselectivity is now gaining a
lot of strength, being at the same level as transition-metal and
enzymatic methods in this field. The Nobel Prize in Chemistry
2021 recognized Benjamin List and David MacMillan for their
pioneering work on enamine” and iminium activation,{ref}
advancing from covalent to noncovalent catalytic approaches
such as carbene,”***” phosphine,”***** hydrogen bonding
(HB),****°" jon-pairing,”*>** phase-transfer,”*>*** and other
reactions that lead to valuable transformations.
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In recent years, mixing organocatalysis with mechanochem-
istry has attracted the interest of organic seeking more efficient
and sustainable processes to obtain biologically active
compounds and APIs.”***°~>%° For example, one of the first
uses of mechanochemistry to synthesize cocrystals of bio-
logically significant molecules was reported by the Etter group.
They manually ground 1-methylthymine and 9-methyladenine
to create a cocrystal, where the complementary bases were
connected by Hoogsteen-type hydrogen bonds.””’ In 2006,
Trask et al. conducted the first systematic study using neat
grinding and liquid-assisted grinding (LAG) to screen for salt
forms of APIs. They examined the reactions of two structurally
similar APIs, trimethoprim and pyrimethamine, with pharma-
ceutically acceptable carboxylic acids.””" In the Bolm’s group
successfully combined mechanochemistry with asymmetric
organocatalysis, performing an enantioselective (S)-proline-
catalyzed aldol reaction under ball-milling conditions.'**"*’
This landmark report demonstrated that solvent-free organo-
catalytic reactions can be carried out in a ball mill while
maintaining both yield and enantioselectivity with up to 99%
of enantiomeric excess (ee) (Scheme 51)

Scheme 51. Enantioselective (S)-Proline-Catalyzed Aldol

Reaction under Ball-Milling Conditions and Representative
Solution-Based Method for Comparison””
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Inspired by this work, researchers have since developed
various asymmetric organocatalytic transformations using both
covalent and noncovalent activation strategies under mecha-
nochemical conditions.”*’

For ease of discussion, we will divide the organocatalytic
reactions into two groups: (i) transformations that require
covalent bond formation between catalysts and substrates and
(ii) transformations where catalysts interact with reagents
through weak noncovalent interactions (NCI).

Covalent organocatalysis involves covalently driven trans-
formations, such as enamine and iminium activation of
carbonyl compounds with primary and secondary amines.
The concept later expanded to include carbene and phosphine
catalysts, forming covalently bonded intermediates.

Following this initial report by Bolm and co-workers, Juaristi
et al. published several reports on dipeptide-catalyzed aldol
reactions under mechanochemical conditions.””>~*>’® Notably
three of these reports utilize a dental amalgamator (used in
dentistry to prepare amalgams for cavity treatment) to perform
their experiments. The first of these used an (S)-proline-(S)-
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phenylalanine dipeptide catalyst, achieving high yields and
stereoselectivities in just 4 h.'”

Michael/1,4-addition reactions, well-established in solution
chemistry, can also be effectively mediated by organocatalysts.
For instance, enolizable aldehydes can be readily transformed
into nitroalkenes using ball milling techniques using the
Jorgensen-Hayashi secondary amine as a catalyst.”*”

Other examples of this type of reactions include, a-
aminoxylation and a-hydrazination of aldehydes with nitro-
sobenzene and dibenzyl azodicarboxylate, respectively, cata-
lyzed by an O-silylated-(S)-proline was reported,””* In 2014,
Goldfuss and co-workers developed ten new hydrogen-
bonding catalysts derived from open-chain PV-amides of
BINOL and cinchona alkaloids were tested in the asymmetric
Michael addition of 2-hydroxynaphthoquinone to S-nitro-
styrene. The open-chain 9-epi-amino-cinchona-based phos-
phorus amides demonstrated high catalytic activity, achievin
nearly quantitative yields of up to 98% and ee of up to 51%.”’
In 2019, Kowalczyk et al. performed the stereoselective
addition of nitrometane to conjugated en-ynones by ball
milling achieving 1,4-addition products with 91% conversion
and 88% of ee.””®

In terms of organocatalytic processes occurring via weak
NCI, over the past decade, this type of reaction has
significantly advanced beyond HB and other concepts such
as ion-pairing, halogen bonding, and phase-transfer catalysis
have been described in a wide range of valuable trans-
formations.””” Mechanochemistry has been primarily used for
hydrogen-bonding catalysis, mainly involving thioureas and
squaramides, with mechanochemical conditions yielding
notable improvements in these organocatalytic transforma-
tions.”*’

These types of reactions posed interesting questions under
ball milling conditions since it might be expected that their
performance would suffer in solvent-free or ball-milling setups.
However, Xu et al. demonstrated that the Michael addition of
diverse 2,4-dicarbonyls to nitroalkenes can be efliciently
achieved in a ball mill using cinchona alkaloid-derived
squaramide catalysts, with reaction times as short as 5 min
and a catalyst loading of just 0.5 mol % (Scheme 52).*'*

Bolm and co-workers subsequently described thiourea-
catalyzed Michael addition of a-nitrocyclohexanone to differ-
ent nitroalkenes under ball-milling conditions. Using optimized
parameters, they achieved Michael addition products with
yields up to 95%, an enantiomeric excess (ee) of 98% and an
anti/syn ratio of 98:2, completing the reaction in 30 min.**’

More recently, Sebesta et al. reported a squaramide
catalyzed asymmetric domino Mannich-fluorination process
under ball-milling conditions. They discovered that mechanical
activation significantly accelerated the organocatalyzed domino
Mannich reaction/fluorination with just 50 uL of CH,Cl, as a
liquid-assisted grinding (LAG) agent A bifunctional squar-
amide catalyst facilitated the initial asymmetric Mannich
reaction of enolizable pyrazolones with oxindole imines.
Complete conversion of starting materials was achieved within
five minutes of milling, and the intermediate was used directly
in the next step without further purification. The second step,
diastereoselective fluorination, typically took 20—25 min under
ball-milling conditions, yielding a variety of fluorinated
oxindole derivatives."

Mack and Shumba reported a ball-milling-enabled Morita-
Baylis-Hillman (MBH) reaction between aryl aldehydes and
methyl acrylate, catalyzed by diazabicyclo[2.2.2]octane
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Scheme 52. Squaramide Catalyzed Michael Addition of
Aldehydes to Nitroalkenes by Ball-Milling and
Representative Solution-Based Method for Comparison
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“Conducted by authors of mechanochemical study.

(DABCO).”*” They achieved product yields of up to 98% in
just 30 min when using p-nitrobenzaldehyde (Scheme $3).

Scheme 53. Tertiary Amine (DABCO)-Catalyzed MBH
Reaction by Mechanochemistry and Representative
Solution-Based Method for Comparison™®’
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Inspired by the work of Mack and Shumba, Browne and
colleagues recently reported an aza-Morita-Baylis-Hillman
(aza-MBH) reaction under ball-milling conditions, involving
imines and a,f-unsaturated compounds.'”® They demonstra-
ted that 3-hydroxyquinuclidine could effectively catalyze the
reaction in just 99 min, using toluene in LAG quantities and
sodium chloride as a grinding auxiliary, achieving the desired
products in moderate to excellent yields.

Acyl anions, activated carbonyls with umpolung reactivity,
enable previously inaccessible functionalizations. This reac-
tivity, accessed using N-heterocyclic carbenes (NHCs), was
pioneered by Breslow.”®* Notable transformations using acyl
anion chemistry include the benzoin and Stetter reactions,
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where benzaldehyde derivatives react with carbonyls or a,f-
unsaturated carbonyls, respectively. Browne and co-workers
recently reported the first acyl anion NHC organocatalysis
under ball-milling conditions.”*" They demonstrated inter- and
intramolecular benzoin and Stetter reactions with a notable
rate enhancement compared with solution-phase methods.
Their approach utilized sand as a grinding auxiliary and a LAG
agent, employing triazolium or thiazolium pre-NHC catalysts
and cesium carbonate as a base.

Finally, Lamaty and co-workers reported the asymmetric a-
alkylation of imines with alkyl bromides, catalyzed by a
cinchonidine-derived ammonium salt and potassium hydroxide

as a base, under ball-milling conditions.”®®

Photoredox chemistry has emerged as a significant develop-
ment in synthetic chemistry. In these reactions, a photoexcited
catalyst can either be a reductant by donating an excited
electron or an oxidant by filling the generated hole.**’
Regarding mechanochemistry, executing photomechanochem-
ical reactions remains a considerable challenge. First, the
required light sources must be attached to machines with high-
speed moving parts. Second, the milling jars must be made
from materials transparent to the needed wavelength (such as
plastic, glass, or quartz) and robust enough to withstand the
high-speed impacts essential for mechanochemical processes.
While there have been successful reports of photomechano-
chemical reactors,”® numerous limitations still need to be
addressed.”™

In this context, Strukil described the first example of
photomechanochemical catalysis in 2017.”* This proof-of-
concept study successfully demonstrates the first transition-
metal-free photocatalysis in the solid state, achieved through
the combination of visible light irradiation and mechanochem-
ical ball milling (Scheme 54). In the same year, Hernandez and
co-workers also reported a photomechanochemical borylation
of aryldiazonium salts, studying the role of eosin Y.**°

In this context, MacGillivray’s group has described the solid-
state photodimerization of a hydrogen-bonded adduct between
4,6-dichlororesorcinol and trans-1,2-bis(4- pyridyl)ethylene.*”*
The initial hydrogen-bonded adduct was obtained through

Scheme 54. First Example of Photomechanochemical
Catalysis and Representative Solution-Based Method for

Comparison””'
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manual grinding and then exposed to UV light in the solid
state to induce dimerization (Scheme 55). Interestingly, this

Scheme 55. Supramolecular Solid-State Photodimerization
and Mechanochemical Depolymerization Steps
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dimer could be reverted to the original adduct upon further
grinding. In a similar vein, the same group reported the [2 + 2]
solid-state photodimerization of p-di[2-(4-pyridyl)ethenyl]-
benzene to produce [2.2]paracyclophane.””

Kubota, Ito and co-workers developed an alternative
mechanoredox system based on piezoelectric materials. In
this seminal work, they exploited the ability of piezoelectric
materials to generate charge separation and transient species
under mechanical stress. These transient polarized species
could then donate an excited electron to a suitable acceptor,
functioning analogously to classic catalysts. Utilizing BaTiOj; as
a piezocatalyst, they successfully reduced aryl diazonium salts,
generating radical aryl groups that underwent radical
borylation and arylation reactions (Scheme 56).>”> This
breakthrough opens new avenues for solid-state redox
chemistry.

Expanding upon these applications, the same group carried
out the mechanoredox reduction of trifluoromethyl sulfonium
salts (Umemoto’s reagent), achieving the trifluoromethylation
of various arenes (Scheme 57).%°

The formation and regeneration of active copper(I) are
crucial mechanistic steps in copper-catalyzed atom transfer
radical cyclizations (ATRC). Conventionally, ensuring the
presence of catalytically active Cu(I) species involves high
copper(I) catalyst loadings or the addition of complementary
reducing agents. In 2020, Bolm and colleagues demonstrated
how the piezoelectric properties of BaTiO3 enabled the
mechanoredox reduction of a copper(II) precatalyst into the
active copper(I) species for copper-catalyzed, mechanochem-
ical, solvent-free ATRC reactions (Scheme 58).>"

More recently, the same group has described the
mechanoredox radical addition of sulfoximidoyl chlorides to
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Scheme 56. Mechanoredox Reduction of Azonium Salts Mediated by Piezoelectric Materials and Comparison with a

Representative Solution-Based Method™”®
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Scheme 57. Solid State Reduction of Umemoto’s Reagent
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allenes.””” In this work, the piezoelectric material was also used
to activate the Cu(Il) precatalyst to yield the Cu(I) active
species (Scheme 59).

Finally, in 2021, Wang and colleagues employed BaTiO; as
the piezoelectric material in the mechanochemical-induced
synthesis of 1,2-diketoindolizine derivatives from indolizines
and epoxides.’® This method provided a simple and efficient
alternative to transition-metal-catalyzed or visible-light-induced
methods. It offers a novel approach to synthesizing these
products using solvent-free processes with scalable potential
and high conversion efficiency (Scheme 60).
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Scheme 58. Mechanoredox Generation of Catalytically

Active Cu(I) Species
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In materials science, mechanochemistry has emerged as a
powerful tool for synthesizing a wide range of materials,
enabling the creation of novel materials with unique properties
that may not be attainable through conventional synthetic
routes.

Mechanochemistry offers a unique approach to chemical
synthesis and material processing, which differs from tradi-
tional methods that often rely on solvents or high temper-
atures. The appeal of mechanochemistry lies in its simplicity,
energy efficiency, and environmentally friendly nature.

Mechanochemistry is an increasingly represented method-
ology in the design of new energy-efficient and low-cost routes
to new and existing materials with applications in energy
storage,’”*%> OLED materials,’® textiles,**> nanocryst-
als,'?730%3%5 piezoelectric materials,”””*°° metal hy-
drides,”*’~*'* nanomaterials,”’' hydrogen storage materials,”"”
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Scheme 59. Mechanoredox Addition of Sulfoximidoyl
Chlorides to Allenes
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Scheme 60. Mechanoredox Preparation of 1,2-
Diketoindolizine and Comparison with a Representative
Solution-Based Method™"
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MOFS, and perovskites."’13 Also, several authors have

published review articles focused on mechanochemistry and
materials.' ?'*?

The ability of mechanochemistry to produce unique,
technologically relevant materials is illustrated in the synthesis
of MOFs and perovskite material, which have been extensively
studied over the past few years. Some selected examples are
discussed in this section. In addition, further examples can be
obtained in reviews focused on MOFs*'®™*'® and Perovskite
materials.” "~

A versatile class of materials are metal—organic frameworks
(MOFs).>**~*** Highly microporous and tunable functional
materials are used in gas storage, catalytic separation,
etc.>>73*" For example, the encapsulation and confinement
of fullerene hosts in metal—organic frameworks (MOFs) leads
to a new class of fullerene crystalline materials with unique
physicochemical properties and a plethora of potential
applications.””® However, the main limitation is their low
solubility and the competition between the solvents and the
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guest to occupy framework voids - which can be prevented
using mechanochemistry.*”” In 2020, Uzarevi¢ et al. developed
a fast, green, efficient, and stoichiometry-controlled ion- and
liquid-assisted grinding®*’ (ILAG) route to four Cgy-zeolitic
imidazolate frameworks 8 (ZIF-8) containing different mol %
of Cgy (Scheme 61).%%!

Current routes to MOFs are based on nonscalable
solvothermal synthesis, which generally display high energy
consumption, low yields, and use of toxic solvents. 332333 1
this regard, mechanochemical approaches have been shown to
be capable of addressing the above-mentioned drawbacks of
solvothermal routes.””* In 2010, Emmerling et al. used a
mechanochemical synthesis to obtain metal—organic frame-
works (MOFS) with high surface areas for two model
systems.””> The compounds HKUST-1 (Cus(BTC),, BTC =
1,3,5-benzenetricarboxylate), and MOF-14 (Cuy(BTB),, BTB
= 4,4/4-benzenetribenzoate) were synthesized by ball milling
and characterized by powder X-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), and
thermal analysis (DTA/DTG/MS).

Also, in 2010, James and co-workers studied the
mechanochemical formation and resulting properties of the
Cu;(BTC), (BTC = 1,3,5-benzenetricarboxylate) MOF. They
reported that appreciable surface areas (>1300 m* g!) can be
obtained if the product is washed prior to activation, yielding a
material with the same essential functionality as the one
prepared using solution-based preparations.**®

Thanks to their physical and chemical properties, such as
porosity, crystallinity, rich structural diversity, and exceptional
chemical and thermal stability, zeolitic imidazolate frameworks
(ZIFs) show signiﬁcant potential applications for gas storage,
catalysis, etc.>®” However, the transition metals that can form
ZIFs are limited (mainly Zn(1I) and Co(1I)), limiting their
applications. However, the development of high-entropy ZIFs
(HE-ZIFs) allows obtaining ZIFs that contain different
transition metals.

High-entropy materials are compounds with five or more
metal species incorporated into a single lattice with a random
occupancy. Although the concept of high-entropy is well-
known in inorganic hard materials such as alloys (HEAs).***®
However, the temperature needed to provide the energy
required for the synthesis is challenging because it is crucial to
choose a temperature that makes the reaction possible without
destroying the HE-ZIF. To solve this issue problem, Xu et al.
developed a mechanochemical synthesis of HE-ZIFs at
ambient temperature in which five ions were dispersed in the
ZIF lattices, employing 2-methylimidazole (MIM) linkers
(Scheme 62).This is in stark contrast with solvothermal
methods, where only Zn(II) and Co(II) HE-ZIFs ions could
be obtained.”’

Uzarevic et al. designed a series of zirconium (Zr) MOFs
composed of Zr4 cluster nodes, UiO-66, UiO-66-NH,, MOF-
801, and MOF-804, using a water-assisted mechanochemical
approach.™” The authors achieved high-quality MOFs using
nonconventional zirconium dodecanuclear acetate cluster, and
minute amounts of water, in less than 60 min of milling,
avoiding solvents such as dimethylformamide. Furthermore,
the synthesis was also scaled up using twin single-screw
extrusion to produce more than 100 g.

Previous to this work, James, Crawford and co-workers
employed continuous twin- and single-screw extrusion for the
synthesis of different Ni(salen) complexes and commercial
MOFs such as Cuy(BTC), (HKUST-1), Zn(2-methylimida-
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Scheme 61. ILAG Procedure for the Encapsulation of C60 Fullerene into Cavities of ZIF-8
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Scheme 62. Mechanochemical Synthesis of HE-ZIF (Adapted with Permission from Ref 337. Copyright 2019 Wiley)
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zolate), (ZIF-8), and Al(fumarate)(OH), achieving a max-
imum rate of 4 kg per hour of ZIF-8.'*

The growing demand and public interest in nanomaterials
are hindered by the risks associated with the use of hazardous
chemicals during their synthesis and stabilization.”** Most
high-purity metal nanoparticles reported to date have been
obtained by using hazardous chemicals and toxic surfactants.
During the last years, different mechanochemical techniques
have been used to produce nanomaterials comprising

343,344 345 .
For instance,

cooper,341 nickel,*** iron, and silver.
Rak and co-workers reported the solvent-free synthesis of silver
nanoparticles from a simple silver salt (i.e., AgNO;) using
lignin as a biodegradable reducer and polyacrylamide polymer
as support, obtaining a very effective antimicrobial filter for

both Gram-positive and Gram-negative bacteria.>*®
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Organic—inorganic halide perovskite materials have been
extensively explored due to their unique optoelectronic
properties and wide range of applications (photovoltaic solar
cells,>*7348 lighting,""w’350 photodetectors,”l"?’52 and Ila-
sers”>>?°*). These materials display tunable bandgaps and
can be deposited quickly and inexpensively from low-cost
precursors, making them ideal candidate materials for solar
cells, either by themselves as the wide-bandgap top cell
material paired with low-bandgap silicon or copper indium
diselenide bottom cells or by using both wide- and small-
bandgap perovskite semiconductors to produce all-perovskite
solar cells.*>**® Among the top six certified best energy
conversion efficiencies reported by the National Renewable
Energy Laboratory on perovskite-based solar cells, five are
based on mixed perovskites such as MAPbI,_,Br,,
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Scheme 63. Mechanochemical Preparation of FA-MHPs Together with Their Crystal Structure Diagram, Underlining the
[PbX X's_,]*" Octahedral Configuration and the Normalized Reflectance Spectra for FAPbX; and MHPs Performed by Hand
Grinding (HG-FAPb(Cl, (Br,);) and Ball Milling (BM-FAPb(Brl,s);
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Figure 2. Representative luminescence photographs of MAPbX; perovskite solutions under a 365 nm UV lamp irradiation. Reproduced with

permission from ref 368. Copyright 2019 ACS.

FAq 3sMAO ;sPbl, sBro4s, and Csg FAg7sMAg 5Pl 4oBrg s,
(MA = methylammonium, FA = formamidinium).**’

Over the past decade, mechanochemical approaches have
become versatile routes for preparing a range of hybrid
perovskites.’>?**73%* They provide a high degree of
stoichiometric control and allow for the growth of relatively
large crystalline grains, making the mechanosynthesised
perovskites exhibit lower hysteretic behavior, slow charge
recombination and low trap density in comparison to the
conventional solvothermal synthesis.”*"**®

In 2016, Jodlowski and co-workers developed an efficient,
simple, and reproducible method for preparing four types of
hybrid perovskites. These were obtained in large quantities of
high-purity polycrystalline powders, which displayed excellent
optoelectronic properties.”"” Later, in 2018, Karmakar and co-
workers prepared seven mixed-halide lead perovskites (MHPs)
using a solvent-free mechanochemical method. The obtained
materials displayed solid-solution behavior identical to that of
traditional solvent-based synthesis. However, mechano-perov-
skites showed superior stoichiometry control and higher

reproducibility, stability, and material phase purity, which is
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essential for device engineering. These results were later
supported by Michaelis and co-workers, who demonstrated
that mechanochemistry efliciently allows the formation of
various phase pure hybrid lead and lead-free halide perovskite
compositions that show the same benefits.**°

Moreover, as demonstrated by Michaelis and co-workers,
mechanochemistry has even enabled the formation of some
perovskite materials with compositions never achieved in
solution, such as certain formamidinium-based mixed halide
perovskites (FA-MHPs). The authors reported the one-pot
mechanochemical synthesis of FAPBX; (X = Cl, Br, [,
respectively) by both hand grinding and ball milling,
comparing their normalized reflectance spectra (Scheme
63).366

In 2019, Chen and co-workers demonstrated that a
mechanosynthesized family of APbX; (A = MA, FA AND
Cs; X = Cl, Br, and I) perovskites comprising halogen-rich
surfaces yield visible full-spectral emissions with maximal
photoluminescence quantum yield up to 92% (Figure 2). The
authors also synthesized Mn?*-doped CsPbCl; nanocrystals
showing dual-modal emissions of both dopants and excitons,
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demonstrating their application as blue/green/red color
converters in UV-excitable white-light-emitting diodes.**”*%®
Finally, and with a view to their future industrialization,
Leupold and co-workers demonstrated that mechanochemi-
cally synthesized lead halide perovskites such as MAPbI;
display higher thermal stability than the ones obtained by
conventional thin-films methods with no degradation after
more than two years and only a meaningless degradation after
heat treatment at 220 °C for 14 h. This work established the
potential of mechanochemically synthesized halide perovskite
powders for long-time storage and upscaling, leading the way
to commercializing perovskite-based optoelectronic devices.*®”

We hope this Review illustrates some relevant mechanochem-
ical reactions in both organic and inorganic chemistry by
covering main group and transition metal molecular com-
pounds, organic and catalytic reactions, and the preparation of
materials.

The wide variety of applications in virtually all areas of
modern chemistry showcases the increasing importance of
mechanochemistry. Beyond the initial perception of “yet
another technique”, mechanochemistry has demonstrated
that it constitutes an all-new branch of chemistry—since it
has displayed divergent reactivity with respect to solution-
based methods

Another advantage of mechanochemistry is its environ-
mentally benign nature. The absence of solvent (or minute
amounts of it) constitutes a drastic decrease in chemical waste
generation. Moreover, shorter reaction times or lower
temperatures are often required when using mechanochemistry
methods, which implies a reduction in energy consumption.
These advantages are especially appealing for industrial
applications where any decrease in waste, time or energy can
constitute drastically cheaper processes.”””’

Despite all of the highlighted advantages, the study of
mechanochemical processes remains outnumbered by its
solution-based counterparts. However, the increasing number
of scientific studies, together with new technical advances (e.g.,
newly developed mechanochemical milling and grinding
apparatus, control temperature devices, and monitoring
setups), strongly supports an even faster expansion of the
field of mechanochemistry in the following years.

The data underlying this study are available in the published
article.
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