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ABSTRACT: The extraordinary impact of metal-based complexes on synthetic
methods is still recognized nowadays, and attempts are currently undertaken to
further extend the use of metal-assisted chemistry to environmentally friendly
processes within the strongly invoked green chemistry paradigm. In recent years,
mechanochemistry seems to provide attractive responses with processing methods
having origins lost in the mists of time. Focusing on the panorama of organic
synthesis, this Review highlights some recently developed metal-assisted
mechanochemical reactions to introduce the reader into the fascinating, quite
unexplored world of mechanochemistry.

KEYWORDS: mechanochemistry, green chemistry, no-solvent reactions, ball-mill, C−H bond activation, C−C bond formation,
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1. INTRODUCTION

Since time immemorial, man has pondered the nature, the
origins, and the properties of matter, spontaneously compelled
to understand its secrets and manipulate it at will. Starting
from knowledge inherited from the early, obscure days lost in
the mists of time, the slow, albeit inexorable, succession of
discoveries and findings gradually formed a single thread
unfolding across ages. Eventually materializing into a unique
combination of spiritual elevation and skilled craftsmanship,
shards of erudition were wisely handed down from masters to
pupils. Not surprisingly, metals and their spirits lay at the heart
of the arcane.
There are straightforward reasons behind the relevance of

metals for ancient scholars and philosophers. Metals have had
the terrible and majestic power of overthrowing fortunes,
literally determining the rise, decline, and fall of ancient
peoples and empires. Initially, it was the consequence of
achievements in physical metallurgy, which resulted in
improved mechanical properties of metal artifacts. The brute
force of more efficient weapons has decided the destinies of
ancient civilizations, and the resistance of engineering
constructions has made their grandness. Then, something
else was added: something related to a more elevated need for
human beings, something on soul and matter. Basic tenets
belonged to separated levels of knowledge that were combined
into complex, elusive disciplines for initiates. Alchemy is,
probably, the most popular example.

The dream of transmutation thrust alchemists into their
Icarian flight overages. Closer to high spirituality, wrongly
accused of heresy, doomed to face Inquisition, alchemists have
left an invaluable legacy.1 Undeniably, their aspiration to
obtain the philosopher’s stone to control chemical trans-
formations and transmute metals has changed the life of
humankind. Chemical sciences are deeply indebted to the first,
scattered studies carried out by the most brilliant minds of
antiquity and the Middle Ages and to the yet unexplored corpus
of knowledge that has been accumulated. Metals were a
primary subject, and metals catalyzed the development of
scientific thought.
The extraordinary influence of metals on chemistry can be

even better appreciated today because their revolutionary
potential in activating and driving otherwise unfeasible
reactions has been consistently explored.2 Emphasis has
gradually shifted from elemental metals and metal alloys to
be used in heterogeneous catalytic processes to more
complicated chemical species with metal cations at the center
of a mostly distorted geometric arrangement of ligands. These
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metal complexes share with metal solids one of the most
remarkable and useful chemical properties, namely the
capability of facilitating alternative reaction pathways with
lower activation energies, thus enabling the reduction of
reaction temperatures.3 Study in the field has been ceaseless,
and many organic reactions initially catalyzed by expensive
metal complexes containing Rh, Ir, and similar noble and rare
metals can be currently carried out using abundant and
cheaper elements such as Fe, Cu, Mn, and Ni.4

The 12 principles of green chemistry have given further
thrust to the fundamental and applied research on the subject.
Indeed, even chemical processes catalyzed by metals
extensively use organic solvents.5 This is no longer compatible
with the formidable challenges that chemistry is called upon to
meet in the attempt of reversing climate changes and playing a
pivotal role in the design, planning, and organization of
sustainable development.6 In this regard, the solvent conun-
drum is crucial.
In a typical chemical process, the solvent constitutes nearly

90% of the total reactive system, thus raising serious concerns
about its impact on public health and the environment.7

Moreover, solvent preparation requires cumbersome synthetic
steps, with further negative effects on its sustainability due to
energy consumption and waste generation.8 Although green
solvents prepared from biomasses are attracting significant
interest from both academia and industry with their promise of
reducing CO2 gaseous emissions, high costs and technical
issues still prevent their use on a large scale.
A possible way out of this problem is performing metal-

catalyzed reactions under solvent-free conditions, according to
the green chemistry motto that the best solvent is no solvent.
Unfortunately, the thermal activation of highly concentrated
reactive systems often leads to the formation of too many
byproducts, which imposes solvent-based purification incon-
sistent with the target initially set.9 Thus, alternative strategies
likely to scale-up from laboratory to industrial production are,
at present, actively sought.
In this respect, methodologies based on the mechanical

activation of solids, possibly in the presence of catalytic
amounts of liquid, are currently attracting considerable
interest.10

2. MECHANOCHEMISTRY FOR SOLVENTLESS
REACTIONS

Mechanochemistry is the branch of chemistry that investigates
the chemical transformations activated by the application of
anisotropic mechanical stresses to solids.11 Its apparently
simple practices are deeply rooted in the dark ages related to
the origins of man. Our ancestors soon learned how to
hammer, crush, rub, and grind metals, minerals, wood, herbs,
and several other solid and granular substances to obtain
shards and powders as well as blends and mixtures.
Compressing, shearing, and folding operations underlying the
undisputable success of mortars and pestles over the centuries
still offer, with their simplicity, valuable processing solutions at
the cutting edge of advanced research in materials science and
inorganic and organic synthesis.
2.1. The Devices. Although the ancient device for milling

continues to find use in chemical laboratories and pharmacy,
scholars and scientists interested in mechanochemistry no
longer pound the particulates in a mortar with the pestle.
Starting from the beginning of the 19th century, more efficient
grinding equipment became available to research in the field of

mineral crushing and rubber processing. Today, chemical
compounds are mostly processed in ball mills.12

The most widely used, commercially available ball mills fit
into one of the three main classes that can be distinguished in
terms of compressive and shear forces exerted by milling tools
on the processed powder.13

Low compressive and high shear forces characterize
planetary and attritor ball mills. In a planetary ball mill (Figure
1), the cylindrical jars spin around their main axis while

rotating eccentrically about the sun wheel axis. The device
reproduces the motion of spinning earth moving along its orbit
around the Sun. Accordingly, two centrifugal forces combine
inside the vessels, allowing the milling balls to exhibit a
disordered dynamic involving powders in frictional and
impulsive processes.
Most popular planetary ball mills are released by Fritsch

GmbH14 and Retsch GmbH.15 They offer several solutions in
terms of processing conditions and materials utilized to
fabricated jars and balls, allowing capacities roughly between
10 and 500 mL and rotational speeds up to 1100 rpm. Attritor
ball mills with vertical geometry consist of a rotating shaft
equipped with impellers placed inside a cylindrical container
filled with small balls and powder. The shaft rotation induces
the vigorous stirring of balls and powders. Szegvari attritors
such as those released by Union Process and the Simoloyer
released by Zoz GmbH can allow very intensive mechanical
processing of large powder charges.16

In contrast with the planetary and attritor ball mills, shaker
ball mills are characterized by high compressive and low shear
forces. Jars undergo a simple back-and-forth oscillation
combined with some lateral swing (Figure 2). Impact modes
prevail on attrition ones, and the balls are subject to a relatively
ordered dynamics, particularly under processing conditions
allowing quasi-one-dimensional confinement.
Typical examples of shaker ball mills are the devices

introduced on the market by Retsch GmbH and, more
recently, by InSolido17 Technologies and Form-Tech Scien-
tific.18 These ball mills allow processing sample volumes
between 1 and 50 mL, and the milling frequency can be
between approximately between 3 and 36 Hz. Larger samples
can be processed using the Super Misuni ball mill, fabricated
by Nissin Giken Co. Ltd.19

The more complicated three-dimensional swing of its milling
vial characterizes the SPEX Mixer/Mill 8000 (Figure 3).20 The

Figure 1. Fritsch-pulverisette 5, a planetary ball mill.
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vial is swung along a complex three-dimensional trajectory
stemming from the combination of the partial reactor rotation
with a synchronous back-and-forth oscillation on the vertical
place.
In principle, the intensity and the efficiency of the

mechanical treatment in impulsive and attrition modes can
be suitably adjusted in every ball mill by varying the processing
parameters. The most important ones include the materials
composing jars and balls, the number and size of milling balls,
the milling frequency, the ball impact energy, and the amount
of powder charge.21 Because of the complex ball and powder
dynamics, these parameters are often intertwined, and detailed
characterization of the milling dynamics is needed to untangle
their effects.
This no longer holds for ball mills characterized by low

compressive and low shear forces. Within this class fall, the
classical rotary ball mills often referred to as pebble ball mills.22

These devices have horizontal geometry. A horizontal drum
partially filled with relatively small balls and powder rotates
around its axis. As the drum rotates, the balls experience
centrifugal forces that, initially, push them against the drum
wall and, then, make them drop due to gravity.23 Other ball
mills provide alternative solutions to industrial needs.24

While the devices mentioned so far are utilized in common
research practice, other possible solutions are used or have
been developed for the mechanical activation in the absence of
balls. Typical examples are rod and pan mills. The former
consists of a cylindrical reactor containing vertical rods as
milling tools. Powders undergo a frictional dynamic com-

parable with that of low-energy attritors. In pan mills, a moving
pan rolls over a stationary pan allowing the processed material
to experience shear stresses due to the weight of the moving
pan.
Finally, it is worth mentioning the opportunities offered by

screw extrusion. It is a mechanical process based on the forced
flow of two or more substances through a die or an orifice to
produce semifinished or finished composite materials.
Typically used to produce thermoplastic products, it has
been recently successfully used to scale-up mechanochemical
transformations.25

2.2. Fundamentals. In a mechanically activated process,
chemical reactions are initiated by the transfer of mechanical
energy from the grinding media to solids.26 Whenever an
impact occurs between two balls or between a ball and the
reactor wall, the impacting surfaces trap a fraction of the
powder charge, and powder particles undergo dynamic
compaction at relatively high rates. Initially, the increasing
confinement reduces their movements until a disordered close
packing is attained. Then, mechanical stresses arise at the
points of contact between particles, eventually forming force
chains characterized by geometries and intensities at different
times.27

It is the nature of powders and the particle size to determine
the mechanical response of the packed particles in connection
with the intensity of local mechanical loading. For instance, a
brittle fracture immediately occurs when local mechanical
stresses overcome hardness in the case of brittle metals such as
Mo and W.11 In contrast, plastic deformation and related cold-
welding processes predominate, initially, in the case of ductile
metals such as Al and Cu.11 Indeed, the continuous generation
of lattice defects caused by plastic deformation induces the
gradual hardening and stiffening of the metal, eventually
favoring fracture.11

Quite different, at least on a quantitative basis, is the
mechanical behavior of molecular crystals. Much softer than
metals and minerals, they can easily undergo plastic
deformation even at small mechanical loadings. Therefore, it
is reasonable to expect extensive grinding and blending
processes accompanied by considerable codeformation in the
case of mixtures, eventually leading to the formation of
extended interface areas and mixing on the molecular scale.
The complex interplay of factors characterizing the

mechanical activation of solids is complicated further by the
fact that mechanochemical transformations are not limited
solely to solids but can also involve liquid reagents. These can
be adsorbed onto inert materials such as NaCl, PEG, and silica
gel and can act as process control agents or auxiliary phases.28

It has been shown that the solvent can contribute significantly
to enhance the reaction rate. It can be added to the solid
mixture in micromolar quantities or, in any case, in amounts
comparable with those of reagents, which allows performing
liquid-assisted grinding (LAG).29 This allows overcoming all
the tedious issues related to the incomplete solubility and/or
conversion observed in reactions that occur in a single liquid
phase under homogeneous conditions.
The evidence that chemical transformations can be driven

by mechanical work done on granular solids, or particulates
wet with minimal amounts of liquids, challenge beliefs deeply
rooted in culture. Aristotle’s famous claim no corpora nisi f luida
has lost, somehow, its strength. Similarly, empirical observa-
tions traditionally considered to be true have run into evident
paradoxes, although they are still invoked.30

Figure 2. Form-Tech Scientific (left, panel a) and InSolido
Technologies (right, panel b) ball mills.

Figure 3. SPEX Mixer/Mill 8000 ball mill.
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Admittedly, mechanochemistry exhibits unique features and
can have a revolutionary impact on well-established practices
related to the fabrication of novel materials and the production
of fine chemicals. It has been already shown that the
mechanical processing of powders has unprecedented ease to
form nanostructured and amorphous metals that cannot be
obtained by conventional metallurgical methods based on
high-temperature treatments.11 Along the same line, chemical
processes triggered by mechanical activation can lead to a
broad spectrum of molecules inaccessible by traditional
solution routes.31 Within this context, chemical knowledge
accumulated in centuries of careful investigation is seemingly
unable to provide a satisfactory explanation of experimental
findings. While its validity is not questioned, a revisitation of its
theoretical framework is needed to suit the incontrovertible
evidence that mechanochemical processes require a new way of
thinking chemistry.
2.3. Similarities and Differences between Thermo-

chemistry and Mechanochemistry. Experience gained so
far shows that, undeniably, mechanochemistry has a unique-
ness profile.32 There are so many differences in terms of kinetic
and thermodynamic scenarios between the classical chemical
reactivity in liquid solution and the chemical behavior in
mechanically activated powders that the validity of even the
most elementary common assumptions is questioned. It is
precisely here that formidable challenges to the correct
understanding of mechanochemical transformations originate.
To clear the field of ambiguous interpretations, it should be

clarified first that there exist two broad classes of chemical
transformations initiated by the application of mechanical
forces. On the one hand, local mechanical stresses can directly
involve chemical bonds. This is the case of mechanochemistry
mediated by bond breakage and formation in single
molecules33 and polymers34 as well as in ionic crystals35 and
metals.11 On the other hand, mechanical activation can result
in the intimate mixing of molecular species without the
breakage of chemical bonds.36 In this second case, molecular
crystals are severely codeformed, and the individual molecules
are displaced from their original position and exposed to
different chemical surroundings. Chemical transformation can
still occur because of the intimate contact between the
different chemical species, but no direct activation of covalent
systems can be ascribed to mechanical forces.
In this work, we restrict our analysis to this latter class of

mechanochemical transformations. Although it may appear less
general, it is, by far, the most relevant and influential case for
the present burgeoning of the field. It is also best suited for
pointing out similarities and differences between solution
thermochemistry and mechanochemistry.
First and foremost, the mechanochemical transformations

that fall into this class involve two distinct elementary
processes, namely the intimate mixing of the chemical species
in the solid-state and the chemical reaction between their
functional groups. Concerning the chemical reactivity of
functional groups in itself, there is, in principle, no difference
with common reactions in a liquid solution. The functional
groups have to be brought into contact, and we can expect that
they exhibit their usual chemistry to a first approximation.
Additional factors related to the effects of mechanical stresses
on molecular configurations, and, thus, on functional groups,
can be easily hypothesized. Nevertheless, in the absence of
direct activation of covalent systems, they can also be expected
to be less critical. Therefore, differences between thermochem-

ical reactions in a liquid solution and mechanochemical
processes in the solid-state can be primarily ascribed to the way
the chemical species are brought into intimate contact.
In this respect, the contrast between thermochemical and

mechanochemical scenarios emerges in all its strength. In
liquid solution, reactants come into contact after several
diffusive steps mediated by the solvent and governed by
thermal motion.37 Similarly, concentration in the liquid phase
and persistence of solvent cages determine the frequency of
reactive events together with the activation energy and the
steric contributions of the molecules involved in the formation
of the activated complex.34 In the solid-state, particularly at low
homologous temperatures, diffusion is remarkably slower, and
it ceases to have the crucial role typically played in the liquid
and gaseous phases. Chemical species belonging to different
solid particles can come into contact only at the interfaces
between the particles.38 Thus, it is the codeformation of solid
reactants that underlies mechanochemical transformations and
controls their rates.12

The physics of codeformation marks the peculiarity of
mechanically activated processes. Local mechanical stresses
beyond the yield strength determine the plastic deformation of
molecular crystals,39 which results in the generation of
interfaces that allow the molecules on the opposite sides of
the interface to face each other. The more “bulk modulus” the
solid phases, the larger the interface area that can be obtained
by codeformation. Similarly, the smaller the particle size, the
larger the interface area that can be generated during dynamic
compaction events.
Codeformation is assisted by other processes. Any difference

in density between the molecular crystals can give rise to so-
called Kelvin−Helmholtz instabilities,40 which determine the
roughening of interfaces and a further increase of the contact
area between the different chemical species. Finally, shearing
effects at interfaces can induce the fine mixing of chemical
species because of local vorticity related to turbulent plastic
flows.41

The evidence mentioned above clearly indicates that the
volume density of contacts between different chemical species
at interfaces can be extremely high. Depending on the
mechanical properties of the solid phases, the extension of
interface area and the diffuse character of interfaces can result
in a frequency of potentially reactive events unusually high
compared with the one typical of liquid solution phases.
This is not all. The initial rearrangement of loose powders

makes neighboring particles slide against each other.
Irrespective of the particle size and shape, sliding gives rise
to frictional processes involving the points of contact between
the particles. Mechanical energy is dissipated by plastic
deformation in the bulk solid closer to the real contact area
and, especially, in a few atomic layers below the sliding
surfaces.42 The resulting frictional heating can cause a
significant increase in temperature that, in turn, can affect
the mechanical response of the solids.43

Deformation processes also involve dynamic energy storage
in the deformed solids, which can lead to significant
temperature changes upon energy dissipation.44 For instance,
adiabatic shear bands are associated with a dramatic increase of
local temperature, and shear localization can take place because
of dynamic recrystallization.45

The localized generation of heat, mostly concentrated in
relatively small volumes that have been referred to as hot
spots,41 can be reasonably expected to give rise to transient

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c00142
ACS Catal. 2020, 10, 8344−8394

8347

pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00142?ref=pdf


local softening and melting processes. Particularly in the case
of molecular crystals, surface and subsurface regions can readily
exhibit liquid-like behavior. Under mechanical loading
conditions, softening facilitates the formation of roughened
interfaces, and the rapid interface rearrangements can be
equated to melting. The localized dissipation of mechanical
energy can also result in true melting and, because of the
mechanical stresses operating deformation, in the forced
mixing of different chemical species in the liquid phase. In
this latter case, codeformation no longer leads to a diffuse
interface but rather to highly energetic regions, where reactants
are mixed on the molecular scale. In principle, in these regions,
reactive processes can be highly intensified compared with
those taking place in a dilute liquid solution phase.
2.4. Challenges. On the basis of the general considerations

reported above, it appears that chemical processes taking place
under typical solution chemistry conditions and chemical
transformations occurring under the effects of mechanical
activation can hardly be compared. Conventional engineering
approaches based on the rough comparison of reaction yields
and conversion rates are neither satisfactory nor helpful. First,
it is easy to make mistakes or to draw poorly meaningful
conclusions in the absence of a detailed life-cycle analysis.
Second, a rough comparison does not allow more-in-depth
insight into the real mechanochemical conundrum.
For instance, let us focus on time. Time is a process variable

to be carefully considered in the case of mechanically activated
reactions, particularly when mechanical activation is carried
out by ball milling. Balls spend most of their time traveling
between different positions inside the vial, but it is only when
impacts take place that mechanical activation occurs.11 Also, it
is only the material subjected to impacts that can undergo
transformation.11 However, impact duration is remarkably
shorter compared with the time interval between consecutive
impacts.46 How can we really compare the results of
mechanical activation with those obtained under thermal
activation? The latter involves a homogeneous and uniform
distribution of temperature over the reaction time.
Similar considerations can be made for temperature. While

thermochemical reactions take place at a definite temperature,
what is the real temperature at which mechanochemical
transformations occur? What is the role of hot spots? What is
their lifetime?
Along the same line, other questions arise in connection

with the number of reactants involved in reaction during
mechanical activation. While the whole volume of the liquid
solution is involved in reactive events at any given time, only a
small fraction of powders is engaged in the case of mechanical
processing. What is such an amount?
The questions mentioned above and similar ones that can be

effortlessly proposed here concerning the most diverse aspects
of mechanical activation pose terrible challenges to current
scientific understanding and analytical methods. Apart from a
few theoretical studies and computational investigations,
information regarding the microscopic processes underlying
mechanochemical transformations is lacking. Much worse, it
appears that the direct analysis and characterization of local
processes are out of reach presently.
Under these circumstances, a systematic analysis of literature

data and their critical discussion is probably the best option to
gain insight into the chemical processes activated and driven
by mechanical forces. Although such analysis can only result in

indirect information, it can still be instrumental in addressing
future research and stimulating the advancement of knowledge.

2.5. Mechanochemical Reactions Catalyzed by Met-
als. In this Review, we carry out a detailed analysis of the
available literature on a particular class of mechanochemical
transformations that, for long time, attracted little interest. This
class includes the mechanochemical reactions catalyzed by
metals, which are currently the subject of intense research
activities.
Until a few years ago, it was believed that these reactions,

with only a few exceptions, could not be replicated in a ball
mill. The deleterious effects of moisture, sufficient to
decompose metal complexes and any organometallic com-
pound in general, were typically invoked to justify such
expectation. However, recent literature has demonstrated that
mechanochemical processes involving metal catalysts can be
even more efficient than those carried out in the liquid phase
both in terms of final yield and reaction duration.47

Paradoxically, it has been suggested that the reason for the
observed success is that the water content in solid organic
reagents is much lower than the most anhydrous solvent
commercially available.
In the following, we examine the most recent literature on

metal-catalyzed mechanochemical reactions. We have selected
the discussed cases among the most important in the
panorama of organic synthesis with the aim of introducing
the reader into this yet relatively unexplored area of
investigation in mechanochemistry.

3. MECHANOCHEMISTRY FOR CLASSICAL C−C
BOND-FORMING REACTIONS
3.1. Mechanochemical Assisted Suzuki−Miyaura

Reaction. Suzuki−Miyaura reaction is a metal-catalyzed
cross-coupling reaction, typically with palladium (0), between
boronic acid derivatives and organohalides and is one of the
most powerful tools for producing conjugated systems of
alkenes, styrenes, or biaryl compounds (Scheme 1).48 The
reaction takes place in the presence of a base, which is crucial
to promote the activation of the organoboron species and
proceeds under very mild conditions.

Due to the significant simplicity, versatility, and wide
availability of common boronic acids, Suzuki−Miyaura
reactions have garnered substantial attention in recent years,
particularly for the synthesis of intermediates for pharmaceut-
icals, fine chemicals, and complex natural products.49 Never-
theless, Suzuki−Miyaura couplings are a highly topical field of
study, which received, and are still undergoing, a huge amount
of attention intending to develop new, more environmentally
friendly reaction conditions. Working in this direction, some
teams investigated the role played by solvents and investigated
solvent-f ree strategies intended to maximize yields and simplify
the experimental procedure.50 Su et al. studied the effect of
liquid-assisted grinding on reaction performance using
mechanical Suzuki−Miyaura reaction of p-chloroacetophenone

Scheme 1. Classical Suzuki−Miyaura reaction
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1a1 and phenylboronic acid 2b1 as the model reaction.51 At
first, the authors tested different kinds of ligands (dppf, dppe,
dppp, dppb, PCy3, and PPh3), but considering the low
reactivity of aryl chlorides, only bidentate ligand Davephos
gave acceptable results (Scheme 2).

Su et al. hypothesized that the solvents commonly used in
the coupling of Suzuki could play a significant role in
determining the outcomes of these mechanochemical
processes. Once again, the model reaction was evaluated
using DMF, CH3CN, dioxane, and THF as additives (η =
0.045 μL/mg) and DavePhos and PCy3 as referral ligands
under the previously optimized conditions (Table 1, entries 1−
5). The sharp fluctuation of yields pointed out the strong
dependence of the coupling reaction with solvents and
phosphine ligands also in the solventless environment. Further
examination of LAG additives highlighted that aprotic solvents
(hexane, CHCl3, CH2Cl2) had a moderate positive effect for
both ligands, while ethyl ether gave positive result only in
combination with PCy3 (Table 1, entry 6). These fluctuating
results radically changed for the better, switching to polar
solvents such as protic solvents (methanol, ethanol, and H2O),
which gave the desired product in almost quantitative yields
(Table 1, entries 7−9). Sterically hindered alcohols such as i-
PrOH and t-BuOH turned out to be less efficient, suggesting

Scheme 2. Investigation of Ligands in the Mechanochemical
Suzuki−Miyaura Reaction. Adapted with Permission from
Ref 51. Copyright 2016 American Chemical Society

Table 1. Examination of LAG Additivesa

aYield based on 1a1, average of three runs. bDeviation of yield from neat conditions. Adapted with permission from ref 51. Copyright 2016
American Chemical Society.
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they take part in the catalytic cycle (Table1, entries 10−11).
During the grinding process, the use of CsF and KF in place of
carbonates drastically depressed the yields (71% and 70%,
respectively), while alkoxides boosted the procedure instead
(MeOK: 95%, MeONa: 88%). The activity of catalyst
remained unchanged even after adjusting for the amount of
catalyst loading of Pd(OAc)2/PCy3 from 5 to 2 mol % in the
presence of methanol (η = 0.045 μL/mg).
The scope of the mechanical Suzuki−Miyaura reaction was

successfully explored toward the synthesis of different 22
biaryls by coupling 13 aryl halides (1a1-1a13) with 9 boronic
acids (2b1-2b9) in high yields, as depicted in Scheme 3. In all
probability, cross-coupling reactions have been investigated in
a screw-capped vessel under air, but the authors did not
mention anything explicitly.

In 2017, Borchardt et al. developed a solvent-free Suzuki
polycondensation procedure for the synthesis of linear and
hyperbranched polyphenylenes under mechanochemical con-
ditions (Scheme 4).52 The reaction, which operates under an
inert atmosphere (N2 or Ar), does not require any additional
ligand for the palladium catalyst. Once again, K2CO3 proved to
be the best base to adopt for the mechanosynthesis of linear to
hyperbranched polyphenylenes. Aryl bromides and iodides
exhibited high reactivity in the coupling reactions leading to
the formation of the titled polymers in as little as 30 min,
compared with 12 to 24 h for similar results in a solution.
In 2019, Ito53 and Ananikov,54 starting from the

considerations just discussed above, resume the study of the
Suzuki reactions focusing their attention on the “solid−solid
coupling” of aryl halides with organoboron reagents. These
feature articles investigate one of the most noteworthy
reactions in the panorama of organic synthesis so that they
could be considered a masterpiece of scientific culture. As
expected, Ito points out that the mechanochemical Suzuki−

Miyaura cross-coupling reaction of liquid 1-bromobenzene
(1a7) and solid 4-bromo-1,10-biphenyl (1a14) with 4-dimethyl-
aminophenylboronic acid (2b10) in the presence of Pd(OAc)2/
DavePhos proceeded smoothly under mild conditions and
gave the corresponding coupling product (3a7b10) in excellent
yield (92%; Scheme 5, pathway a). In contrast, the cross-
coupling of solid 4-bromobiphenyl 1a14 under the same
reaction conditions resulted in only 26% of product 3a14b10
(Scheme 5, pathway b).
The results emphasized a very significant difference in terms

of reactivity between liquids and solids substrates, probably
because of the decreased mixing efficiency of solid reactants
and catalyst, even under mechanochemical conditions. The
performance of the mechanical Suzuki reaction improved
significantly by adding a liquid additive (0.12 μL/mg of
reactant). Liquid-assisted grinding (LAG) reactions dramati-
cally accelerated in the presence of 1,5-cyclooctadiene (1,5-
COD) affording the coupling product 3a14b10 in almost
quantitative yield (97%; Table 2). Among all the ligands
examined, DavePhos (4.5 mol %), in combination with
Pd(AcO)2 (3 mol %), led to the best results (97%), also
suggesting that phosphine ligands are crucial for this solid-state
cross-coupling reaction. To further explore the substrate scope
of this reaction, the optimized conditions were successfully
extended to a variety of structurally different solid aryl halides,
including also unactivated aryl chlorides (Scheme 6). This

Scheme 3. Examination of Substrate Scope under High-
Speed Ball-Milling Conditions. Adapted with Permission
from Ref 51. Copyright 2016 American Chemical Society

Scheme 4. Suzuki Cross-Coupling Reaction of Different
Systems Conducted in a Planetary Ball Mill. Adapted with
Permission from Ref 52. Copyright 2017 The Royal Society
of Chemistry
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solid-state Suzuki cross-coupling reaction was particularly
useful for the construction of complex molecular architectures,
especially in the case of poorly soluble substrates such as large
polyaromatic hydrocarbons. Unlike classical Suzuki cross-
coupling in solution, the mechanochemical version of insoluble
aromatic substrates did not require dry solvents, inert
atmosphere, hugely expensive equipment, or special opera-
tional skills and could also be extended to large-scale. After the
addition of olefin, TEM images of the crude reaction mixture
clearly showed the presence of palladium nanoparticles
(approximate size: 3−5 nm).
The absence of 1,5-cod led to the aggregation of palladium

nanoparticles into dense particles, suggesting that olefin
additives might act as dispersants. Solid-state (SS) 31P NMR
spectra of the crude reaction mixtures of 2-bromonaphthalene
(1a16) and p-methoxyboronic acid (2b3) after grinding in the
presence of 1,5-cod showed the absence of any known peaks
corresponding to DavePhos and the formation of a new
distinct signal attributable to the in situ generation of

DavePhos-ligated monomeric palladium species. ESI mass
spectrometry studies provided evidence of the presence of
DavePhos-Pd(0)−(1,5-cod) in the crude reaction, confirming
the SS 31P NMR analysis. In contrast to solution-phase, where
a Pd(0) complex is known to be unstable, in a Suzuki solid-
state reaction mixture, the longevity of this Pd(0) specie is
probably due to the low diffusion efficiency of gaseous oxygen.
Another non-negligible aspect to be considered is the
temperature inside the milling jar after grinding for 99 min
at 25 Hz. The thermographic analysis showed that the surface
had an average temperature of 35 °C, suggesting that the
reaction temperature did not significantly increase under
mechanochemical conditions.
According to the data collected so far, the reaction should

only take place at points of impact (hotspots) where very high
temperatures can be reached for a fraction of a second. How
did the reagents behave during impacts? Did they melt,
sublimate? Did the different phases spread over each other?
Borrowing a crime term, the reaction works very well, but the
investigation would not yet be finalized entirely. A recent and
interesting paper by Ananikov54 provides further valuable
insights on solvent-free Suzuki−Miyaura reaction showing that
solid arylboronic acids and aryl halides can also react in the
absence of a solvent and any added liquids. From the literature,
it is known that cost-effective metal cross-coupling reactions in
solution promote leaching of the metal catalyst, which in turn
contributes to the contamination of the final products,
drastically reducing the catalyst turnover. Solid-state reactions
could represent an innovative approach to these complex
problems with both chemical and environmental implications.
It is now well-established that in Suzuki protocols conducted in
the presence of liquid reagents, the reaction takes place in a
melt. In the literature, there are a very limited number of
investigations regarding real solid-phase solvent-free Suzuki−
Miyaura reactions and mechanistic understanding of these
solid-state catalytic reactions are still today a challenge. In this
regard, Ananikov et al. investigated a solid-phase Pd/C-
catalyzed Suzuki−Miyaura reaction under conventional heat-
ing without using special equipment to identify the most
critical and key parameters that influence the occurrence of
these solvent-free processes.

Scheme 5. Mechanochemical Suzuki−Miyaura Cross-
Coupling Reactions: (a) under Neat Liquid Conditions and
(b) in the Solid-State Conditions. Adapted with Permission
from Ref 53. Copyright 2019 The Royal Society of
Chemistry

Table 2. Mechanochemical Suzuki−Miyaura Cross-Coupling under Liquid-Assisted Grinding (LAG) Conditions. Adapted with
Permission from Ref 53. Copyright 2019 The Royal Society of Chemistry
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The model reaction has been fine-tuned by reacting solid 1-
iodo-4-nitrobenzene (171−173 °C) and 1-bromo-4-nitro-
benzene (124−126 °C), which can be heated to relatively
high temperatures without melting (Scheme 7). Therefore, the
reaction mixture was heated at 95 °C for 6 h, excluding the
possibility of reaction in the molten crude. A composite of
palladium nanoparticles supported on multiwalled carbon
nanotubes (PdNPs/MWCNT, 0.5 mol %) in the presence of
K2CO3 as a base was used to catalyze the model reaction with
quantitative conversion (97% yield). In contrast to Ito’s
procedure, the conversions were almost quantitative in the

presence of potassium (99%) and cesium (96%) carbonates or
potassium hydroxide (97%). At the same time, the reaction
nearly did not proceed with the addition of potassium fluoride
and sodium acetate. The authors once again question whether
the cross-coupling really proceeded solvent-free or other side
reactions released “liquids” in the reaction medium. More in-
depth investigation revealed that the formation of H2O, as a
byproduct of arylboronic acid trimerization, enhanced the mass
transfer promoting the formation of the corresponding
biphenyl product.
In fact, under the same experimental conditions, the usage of

nontrimerizable borate salts (potassium phenyltrifluoroborate
and tetraphenylborate) or phenylboronic and tolylboronic
acids calcinated at 150 °C for the elimination of any trace of
water completely suppressed the Suzuki−Miyaura process.
Ananikov assumes that the water can play several critical roles
in the route of the reaction mechanism providing as a medium,
diffusion, mass transfer, and mobility of the interacting
hydrophilic species. Moreover, hydroxide anions generated
by the interaction of water with carbonate base could take part
in many complex dynamic reaction pathways, especially in the
transmetalation step leading to the formation of organo-
palladium specie as depicted in Scheme 8.
Regardless of the path, the transmetalation stage generates

the boric acid, which in turn converted to tetraborate and
water in basic media (Scheme 8, green arrow), closing the
catalytic cycle with no water consumption. This solid-phase
Suzuki−Miyaura coupling protocol was successfully applied to
a wide range of differently decorated arylboronic acids and aryl
halides. Notably, the absence of a liquid phase avoids metal
leaching during the solid-phase Suzuki−Miyaura reaction, and
the PdNPs/MWCNT catalyst can be reused multiple times
without loss of efficiency.

3.2. Mechanochemical-Assisted Negishi Reaction.
Browne and co-workers, in a relevant paper from both a
scientific and educational point of view, has recently high-
lighted the advantages of Negishi reaction carried out under
mechanochemistry conditions.55 The Negishi coupling, first
published in 1977, is a widely employed nickel- or palladium-
catalyzed cross-coupling reaction (Scheme 9), which involves
the addition of nucleophilic organozinc compounds to
organohalides, forming new C−C bonds in good yields.56

The reaction has a broad scope and is more versatile than
Suzuki or Stille couplings because the organozinc represents a

Scheme 6. Substrate Scope of the Olefin-Accelerated Solid-
State Organoboron Cross-Coupling. Adapted with
Permission from Ref 53. Copyright 2019 The Royal Society
of Chemistry

Scheme 7. Solid-Phase Suzuki−miyaura Reaction. Adapted
with Permission from Ref 54. Copyright 2019 Wiley-VCH
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class of organometallic compounds with broad functional
group tolerance and require milder reaction conditions.57

Nevertheless, this procedure has a variety of shortcomings
which have limited its widespread. Compared with boronic
derivatives, organozinc species are not commercially available
and must be in situ generated as necessary following tedious
procedures.
Organozinc compounds can be prepared following well-

established transmetalation procedures with organomagnesium
or organolithium, which unfortunately limit the scope of the
method. An alternative source of organozinc compounds for
cross-coupling is the metalation of C−X bonds followed by a
metal−halogen exchange, but again this approach leads to a
substantial loss of the broad functional group tolerance caused
by organozinc reagents. An alternative tactic involves the use of
activated zinc metal generated by chemical treatments under
an inert atmosphere for removing zinc oxide layers on the
metal surface. Within this context, Browne group developed an
interesting mechanochemical procedure to prepare and
subsequently use organozinc reagents, avoiding the need for
strictly dry solvents and specific physical metal forms. The
model reaction was fine-tuned by grinding ethyl-4-bromobu-
tanoate with dimethylacetamide (DMA, 1.5 equiv) in the
presence of granular zinc (1.1 equiv, 20−30 mesh, Table 3,
entry 1).
After 4 h, the acidic quench of the jar contents gave

ethylbutanoate in 76% yield (4a32H, scheme in Table 3). The

optimized procedure was then extended to 11 commercially
available zinc forms, which vary in their particle size and,
consequently, also in zinc oxide to zinc metal ratio (Table 3,
entries 2−12). As expected, zinc forms (puriss >99%, shot,
mossy), with a lower surface-area-to-volume ratio performed
better. Negishi reaction was next studied in a one-pot fashion
using bromobenzene as the coupling partner in the presence of
Pd-PEPPSI-i-Pent catalyst (1 mol %), which possess high air
stabilities and exhibits good applicability for the Negishi
coupling (Scheme 10). The addition of tetrabutylammonium
bromide (TBAB, 1.5 equiv) as an additive improved the
isolated yields slightly up to 74% (Scheme 10, compound
3a32a7). The optimized mechanochemical Negishi procedure
exhibited a broad substrate scope and widely tolerant to many
important functional groups when applied for both C(sp3)−
C(sp2) and C(sp2)−C(sp2) couplings.

3.3. Mechanochemical-Assisted Mizoroki−Heck Re-
actions. The palladium-catalyzed cross-coupling of an aryl or
vinyl halide and an alkene in the presence of a base, known as
the Mizoroki−Heck reaction, is one of the most useful and
versatile strategies for the construction of a new carbon−
carbon bond in a target molecule.58 This procedure has been
successfully applied in different academic and industrial
applications for the manufacturing of fine chemicals and
pharmaceuticals.59 In 2006, Frejd reported for the first time, a
modified Heck reaction under mechanochemical conditions.60

These first synthetic protocols allowed the cross-coupling of
electron-rich unsubstituted and monosubstituted aryl halides
(1a53−61) with protected amino acrylate (5b1) in the presence
of Pd(OAc)2 (5 mol %) to give Z olefins (6a53−61b1) in 29−
85% yields (Scheme 11). The addition of NaCl (5 mg/mg aryl
halide) as grinding auxiliary was critical for having a good final
conversion yield.
In general, this optimized mechanical Heck−Jeffery protocol

performs considerably better in comparison to analogous
procedures in solution affording unnatural amino acids (6anb1)
and indoles (7anb1) in good yields (Scheme 11). Many of
these procedures have been discussed and comprehensively
summarized in several useful review articles and a recent
chapter book by Davor Margetic and Vjekoslav Štrukil.61 The
synthetic procedures described in the literature in recent years
have been developed, preferably using aryl iodides, which are
both the most efficient but also the most expensive substrates.
Therefore, the couplings of bromo and chlorine substrates with
unactivated alkenes remain challenging today for many
industrial applications. However, their utility is limited as
they faced the problem of dehalogenations especially under
metal-catalyzed reactions and in the presence of a base.62 In
2018, Su et al. developed a solvent-free, chemoselective Heck
cross-coupling protocol for the synthesis of 3-vinylindazoles by
tuning of the chemical and mechanical parameters under ball-
milling conditions.63 A thorough study of the experimental
parameters of the model reaction between 3-bromo-1-methyl-
1H-indazole (1a62) and n-butyl acrylate (5b2) emphasized that
the bromide salts not only suppressed the dehalogenation of 3-
bromoindazoles but also assisted in grinding (Scheme 12).
NaBr, as grinding auxiliary, exhibited the most efficiency, while
other solid auxiliaries such as γ-Al2O3 and sand yielded poor
results in terms of yield and selectivity of 6a62b2. A catalytic
amount of tetrabutylammonium bromide (TBAB), as
dehalogenation restrained, was also sufficient to stabilize
Pd(0) and to promote this mechanically activated chemo-
selective Heck protocol. The methodology has a broad scope

Scheme 8. Schematic Representation of Water and
Hydroxide Anion Transformations. Adapted with
Permission from Ref 54. Copyright 2019 Wiley-VCH

Scheme 9. Negishi Coupling Reaction
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and the procedure was successfully extended to a series of
olefins and nonactivated indazoles affording the corresponding
coupling products (6a63b2-6a66b5) in high yields and excellent
selectivity (Scheme 12). Notably, the application of this
protocol for preparing axitinib in short reaction time and high
efficiency following a two-step mechanochemical Heck/Migita
cross-coupling (Scheme 12).
3.4. Mechanochemical-Assisted Cross-Metathesis Re-

actions. The alkene metathesis is a catalyzed reaction that
proceeds by interchange of substituents of two reacting olefins
in an equilibrium reaction to form two new compounds
(Scheme 13).64

Evolution of ethylene or propylene is favored entropically
and drives the cross-metathesis to completeness.65 Discovered
almost 50 years ago,66 the development of olefin metathesis
procedures has introduced a breakthrough in C−C bond
formation, leading to remarkable achievements in organic and
polymer chemistry.67 Ruthenium-based olefin metathesis
catalysts have opened new routes to design olefins with
desirable structures for improved performance in applications
ranging from medicinal chemistry to material science68

catalysts generally exhibit broad functional group tolerance
and are relatively stable toward air and water.69 In 2015, Frisčǐc ́
et al. focused their attention on some relevant cross-metathesis

and ring-cross metathesis reactions by using a mechanochem-
ical approach.70 The model protocol was set up using three
different types of olefins: styrene (5b6, liquid), methyl 4-
vinylbenzoate (5b7, a low-melting solid: 37 °C), 4-vinylbenzoic
acid (5b8, a high-melting solid: 144 °C) (Table 4). Since steel
jars gave irreproducible results, olefins were milled at 30 Hz in
a 14 mL Teflon milling jar containing one stainless steel ball
(10 mm diameter). The procedure was developed by
comparing the performance of Grubbs (A, B, and C) and
Hoveyda−Grubbs catalysts (D), among the best performing
for similar reactions in solution. As expected, the reaction with
liquid olefin proceeded smoothly and was completed in 30 min
(Table 4, entries 2−4), while low melting (LM) alkene 5b7
provided poor conversions (about 30%, after 1.5 h, Table 4,
entries 6, and 8). In contrast, the high melting (HM) olefin 5b8
did not exhibit any significant reactivity even after 5 h of
milling (Table 4, entries 9−12). Overall, the second generation
Hoveyda−Grubbs catalyst (D) proved to be the most reliable
and efficient of the explored catalysts (Table 4, entry 8). The
addition of a substoichiometric amount of a liquid (LAG, η =
0.1−1 μL/mg) significantly improved the yield of 9b7b7, also
enabling the metathesis of 5b8 (Table 4, entries 13 and 14).
Moreover, the use of an inert, water-soluble grinding

auxiliary avoided the formation of a thick shell around the

Table 3. Mechanochemical Preparation of Organozinc Reagents. Adapted with Permission from Ref 55. Copyright 2019
Wiley-VCH
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ball and led to a considerable increase in terms of yield and
reproducibly of 9b7b7 (>90%, Table 5, entries 2−6) and 9b8b8
(>70%, Table 5, entries 7−11), independent of the choice of
the auxiliary.
Once established the optimal conditions for cross-metathesis

of solid olefins, Frisčǐc ́ et al. extended the protocol to ring-
closing-metathesis reactions. In this context, a non-negligible
aspect has to be considered; most of the examples described in
the literature run in a noncoordinating solvent (CH2Cl2) and
at a concentration of <0.1 M.66b Interestingly, the
mechanochemical reaction proceed smoothly with the liquid
5b9 (product 9b9b9 in Scheme 14), while with solid olefins, it
required a further fine-tuning of the process parameters, such
as catalytic liquids and solid auxiliaries (Table 6).
Again, combining propylene carbonate (PC, LAG) with

different water-soluble salts (NaCl, KCl, NaBr, NaI, and
K2SO4) as solid auxiliary (150% by weight) ring-closing

metathesis resulted in almost quantitative yield of 9b12b12
(Table 7). Notably, the amount of grinding auxiliary is
comparable to that of reactant, in contrast to conventional
solution procedures, which run diluted and generally need a
10- or 100-fold excess of bulk solvent.

3.5. Mechanochemical-Assisted Friedel−Crafts Reac-
tions. Friedel−Crafts reaction is probably one of the oldest
reactions and widely used procedure for the construction of
carbon−carbon bonds involving an aromatic moiety (Scheme
15). Still today, it is an attractive methodology for the synthesis
of aromatic ketones loading acyl substituents directly onto
aromatic rings.71 In recent years, Friedel−Crafts reactions have
found increasingly widespread industrial and academic
application in the design of targeted complex bioactive
molecules and the preparation of fine chemicals.72

The rising public awareness of the tremendous impact of
chemical contaminants on human health and the environment

Scheme 10. Scope of the Mechanochemical Negishi Reaction. Adapted with Permission from Ref 55. Copyright 2019 Wiley-
VCH
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prompts chemists to design new improvements to reduce
waste generation, reactant materials, and save energy
consumption. In this regard, Davor Margetic ́ et al., developed
at room temperature a solvent-less Friedel−Crafts protocol
improving the eco-friendliness of the reaction.73 The
hygroscopic nature of the aluminum trichloride catalyst,
when exposed to air humidity, has been a significant factor

limiting the application of this methodology to solid-state
reactions. The use of an automated ball milling combined with
a closed jar can not only help to overcome this problem but
also to cut the reaction times, improving the reaction yields,
too. The mechanochemical Friedel−Crafts process parameters
have been optimized milling together pyrene (10a1) and

Scheme 11. Mizoroki−Heck Coupling Reactions under Ball-Milling Conditions. Adapted with Permission from Ref 60.
Copyright 2006 Thieme

Scheme 12. Optimization of the Reaction Conditions for the Olefination of 3-Bromoindazoles and Examination of the
Substrate Scopea. Adapted with Permission from Ref 63. Copyright 2018 Beilstein Institute

adMB = milling ball diameter, ΦMB = milling ball filling degree.
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phthalic anhydride (11b1) in the presence of AlCl3; all reagents
and catalyst are solids (Scheme 16).
In solution, this reaction proceeds well, affording the

corresponding 1-(o-carboxybenzoyl)pyrene (12a1b1) in quan-
titative yield, in general. The mechanochemical reaction
involving an equimolar amount of pyrene (10a1) and phthalic
anhydride (11b1) in the presence of 2.5 equiv of AlCl3
performed best and gave product 12a1b1 in 79% isolated
yield. The addition of various grinding auxiliaries (silica gel,
NaCl, Na2SO4) to improve mass transfer and prevent pasting
of the reaction mixture as well as the use of a small amount of
solvents (LAG: THF, CH2Cl2) turned out to be detrimental to
the reaction yields. Lewis acid catalysts (FeCl3, ZnCl2, ZnBr2,
ZnI2, CuBr2, CuI2) other than AlCl3 were of no synthetic use
whatsoever. With optimized conditions established, the scope
of the reaction with respect to a series of acylation reagents in
conjunction with pyrene and a variety of aromatic substrates
was assessed (Scheme 17). This screening revealed that
differences in chemical structures led to different chemical
reactivities with final yields ranging from quantitative to low

(Scheme 17). In situ Raman and ex situ IR spectroscopy
analyses of the solid-state reaction of phthalic anhydride with
p-xylene pointed out that the process was promoted by the
initial formation of a complex between the carbonyl group of
the acylation reagent with AlCl3.
In the same context, Borchardt described the utility of the

mechanochemical method in the synthesis of porous covalent
triazine frameworks (CTFs).74 Friedel−Crafts alkylation of
cyanuric chloride with carbazole under mechanochemical
condition gave easy access to different porous polymers in
almost quantitatively yields after only 60 min (Scheme 18).
Chiral indole scaffolds, particularly, 3-decorated ones,

constitute a central building block in the design of bioactive
natural products, active pharmaceutical ingredients (APIs), and
synthetic chemicals.75 The asymmetric Friedel−Crafts alkyla-
tion of indoles represents a valuable and widely used strategy
to prepare enantioenriched derivatives.76 To date, the reaction
of indole with arylidene malonates in the presence of chiral
copper(II) complexes constitutes one of the most promising
procedures for preparing 3-decorated indoles being available in
the literature, and there are still several unresolved issues to be
addressed.77 The strong dependence of the catalytic activity of
the metal complex on the nature of the solvent significantly
restricts the widespread use of this technique. Moreover, the
need for an inert atmosphere, strictly anhydrous conditions,
and prolonged cooling periods render these synthetic
procedures tedious and time-consuming. The removal of the
solvent could significantly reduce the cost and simplify the

Scheme 13. Olefin Metathesis Processes

Table 4. Performance of the First- (A) and Second-Generation (B) Grubbs Catalysts, a Fast-Initiating Catalyst (C), and the
Second-Generation Hoveyda−grubbs Catalyst (D) in the Mechanochemical Ruthenium-Catalyzed Olefin Metathesis. Adapted
with Permission from Ref 70. Copyright 2015 American Chemical Society
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procedure by opening up unexplored paths toward chiral 3-
substituted indole derivatives. In 2019, Bolm et al. have
developed a valuable mechanochemical copper-catalyzed
asymmetric alkylation of indoles with arylidene malonates
under the ambient atmosphere.78 For fine-tuning all the
parameters, a mixture of indole (10a12) and benzylidene
malonate (5b13) was ground in the presence of a chiral
bis(oxazoline)-copper catalyst (CuXmLn) by using a mixer mill
apparatus (Table 8).
The CuCl/AgNTf2/L6 combination (5.0 mol %, Table 8,

entry 11) has been proven to be the best catalytic system for
this mechanochemical asymmetric Michael-type Friedel−
Crafts alkylation of indoles, while the addition of penta-
fluorophenol (PFP, 1.0 equiv, 20 Hz, Table 8, entry 12) led to
an almost complete conversion of the starting materials. The
optimized conditions were extended to various structurally
diverse indoles (10a12-10a17) and arylidene malonates (5b13-
5b26) affording products 12a12−17b13−26 in excellent yields (up
to 98%) and good enantioselectivities regardless of the steric
hindrance and electronic properties (Scheme 19).
It is important to emphasize that the reaction times were

shorter compared with analogous couplings in solution.

3.6. Other Mechanochemical-Assisted Processes:
Hydroformylation and Multicomponent Reactions.
3.6.1. Hydroformylation Reaction. The hydroformylation
reaction is still today one of the most efficient and promising
routes to convert olefins into aldehydes with concomitant
homologation of one additional carbon atom (Scheme 20).
In the past, especially during the Second World War, this

procedure allowed Germany to develop chemical technologies
based on coal and alternatives to oil-based chemistry.79 By a

Table 5. Mechanochemical Ruthenium-Catalyzed Olefin Metathesis in the Presence of Solid Auxiliary Using Catalyst D.
Adapted with Permission from Ref 70. Copyright 2015 American Chemical Society

Scheme 14. Mechanochemical Ruthenium-Catalyzed Ring-
Closing Metathesis by Using Liquid Olefin, and Hoveyda−
Grubbs Catalyst (D, 0.5 mol %). Adapted with Permission
from Ref 70. Copyright 2015 American Chemical Society

Table 6. Mechanochemical Ruthenium-Catalyzed Ring-
Closing Metathesis by Using 0.5 mol % D. Adapted with
Permission from Ref 70. Copyright 2015 American
Chemical Society
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strange twist of fate, the hydroformylation reaction is among
the most prominent and useful in the panorama of organic
green chemistry in addition to being perfectly in agreement
with the 12 principles.80 Over the years, researchers have
developed an increasingly efficient number of transition-metal
catalysts and specialized ligands able to improve chemo-,
regio-, and enantioselectivities.81 Several papers in the
literature have recently highlighted that supramolecular
interactions, such as hydrogen bonding between substrate
and ligand, could give rise to a noncovalent substrate
preorganization around the active catalytic site.82 Cyclo-
dextrins and bidentate ligands cooperate with each other via
supramolecular interactions promoting the regioselective
formation of linear aldehydes.83 In 2017, Hapiot reported for
the first time a Rh-catalyzed hydroformylation of alkenes under
ball-milling conditions.84 In the presence of an in situ-
generated HRh(CO)(PPh3)3 complex, the mechanochemical
hydroformylation protocol was set up on 2-vinylnaphtalene
(5b27, 64−68 °C) as a model substrate and then extended to

an array of aromatics substituted alkenes (5b28-5b31, Scheme
21). Olefins were exposed to syngas (CO/H2: 1/1) under
pressure (220 psi) and in a planetary ball mill (850 rpm) for 4
h (Scheme 21).

1H and 31P NMR spectroscopy confirmed the formation the
hydrido-Rh precursor by milling Rh(CO)2(acac) (acac =
acetylacetonate) with 5 equiv of PPh3 under 220 psi CO/H2
(1:1) pressure in the presence of saccharide as additives. A
careful choice of the saccharide among methyl-α-D-glucopyr-
anoside (Add-1, Scheme 21), acyclic dextrins (Add-2, Scheme
21), or cyclodextrins [CDs, cyclic oligosaccharides, (Add-3)−
(Add-5), Scheme 21] assured an adequate dispersion of the
substrate molecules and the Rh-catalyst into the grinding jar.
Moreover, saccharides controlled the activity and selectivity of
Rh-catalyzed hydroformylation of vinyl derivatives providing
exclusively the corresponding aldehydes whatever the nature of
the saccharide. However, acyclic saccharides significantly
promote the diffusion of the components within the solid
mixture leading to high and chemoselective conversions of
alkenes into α-aldehyde products during the course of the
reaction. The steric hindrance exerted by the cyclic
saccharides, such as CDs, on the primary coordination sphere
of the metal modify the regioselectivity via through-space
control and favor hydroformylation at the less-hindered
position of the vinyl function so that the β-aldehydes were

Table 7. Mechanochemical Ruthenium-Catalyzed Ring-
Closing Metathesis of 5b12 by Using 2 mol % D. Adapted
with Permission from Ref 70. Copyright 2015 American
Chemical Society

Scheme 15. Friedel−Crafts Acylation Reactions

Scheme 16. Mechanochemical Friedel−Crafts Reaction of Pyrene and Phthalic Anhydride. Adapted with Permission from Ref
73. Copyright 2019 Beilstein Institute

Scheme 17. Scope of the Reaction with Respect to a Series
of Aromatic Reagents under Mechanochemical Activation
Conditions. Adapted with Permission from Ref 73.
Copyright 2019 Beilstein Institute
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formed in non-negligible proportions. The use of bulkier
bidentate ligands, such as BIPHEPHOS (Figure 4) further
amplifies this effect paving the road to further developments of
catalytic hydroformylation processes in the solid-state.
3.6.2. Strecker Reaction. When and how life began on earth

has evolved remains wrapped in a mystery, even today. Along
with many other theories proposed for the early generation of
biogenic molecules, the formation of prebiotics such as amino
acids, etc., due to the physical impact of high-energy extra-
terrestrial bodies is not to be excluded a priori. Therefore, the
origin of life could also be the result of mechanical actions
among the primordial elements: impacts and frictions; theories
perfectly correlate to the field of mechanochemistry. In a
seminal paper by Hernandez et al., the authors studied the
formation of α-amino acids in a ball mill simulating the
scenario of early Earth conditions.85 Strecker reaction allows a
simple and direct access to α-amino acids; however, the
prebiotic source of HCN still needs to be identified (Scheme
22). Inspired by a recent discovery of Civis, Hernandez used
formamide as potential cyanide source in a mechanochemical
Strecker-type reaction with benzaldehyde (13a1) and benzyl-
amine (14b1) in the presence of SiO2 using a high-speed mixer
mill with a tungsten carbide (WC) jar and one WC ball (d=
15.6 gcm-3) at 30 Hz for 90 min (Table 9).
Despite the high temperatures inside the jar as a result of the

highly energetic impacts, only imine 16a1b1 and unreacted
amide were detected in the crude reaction mixture. The use of
cyanoferrate as alternative source for generating active CN−

specie (K4[Fe(CN)6]·3H2O or K3[Fe(CN)6]) gave α-amino-
nitrile 15a1b1 in low amounts, along with imine 16a1b1 as the
major product of the reaction (Table 9, entries 1−2).
Potassium ferricyanide (III) and Prussian blue milled (30

Hz, 90 min) in the presence of silica gel significantly improved
the multicomponent Strecker reaction generating preferentially
α-aminonitrile 15a1b1 with little imine 16a1b1 (95:5)
production (Table 9, entries 4 and 6). Powder X-ray diffraction
(PXRD) analysis of K3[Fe(CN)6] samples milled for 60 min
with and without SiO2 highlighted structural changes in the Fe-
complex, but no concrete evidence of KCN in the PXRD
patterns suggested a different biogenic CN− source. Further
studies highlighted the formation of gaseous HCN during the
grinding process in a high-energy mill. The authors conducted
further investigations to detect the formation of gaseous HCN

during the grinding process in a high-energy mill. When all
reaction conditions were unchanged, the use of a suitably
modified sealed jar allowed to bubble and trap the developed
gas inside an aqueous solution. After15 min of milling, the
formed gas was bubbled in an aqueous media, and a
commercially available paper test (Cyantesmo strip) sensitive
to the presence of HCN assessed the releasing of hydrogen
cyanide inside the jar, as depicted in Figure 5. In confirmation
of this hypothesis, the gas bubbled through the vial containing
a solution of 13a1 and 14b1 afforded α-aminonitrile 15a1b1.
The scope of this mechanochemical Strecker reaction was

further expanded to various aromatic and aliphatic aldehydes,
which were milled together with benzylamine (14b1) or aniline
(14b2) and K3[Fe(CN)6] to afford the expected α-amino-
nitriles 15a1−10b1−2 in good yields (Scheme 23).
A quick hydrolysis (30 min) of the resulting α-aminonitriles

in a ball-mill and under prebiotic condition (in the presence of
paraformaldehyde, PFA) led to the corresponding amino
amides in moderate yields. Aging reactions, under prebiotic
conditions, could promote the subsequent transformation of
these products into the corresponding amino acids.

3.6.3. Preparation of Propargylamines and Cumulenes.
The development of synthetic protocols involving one or more
gaseous reagents is one of the most important challenges facing
chemists from both the academy and industry.86 Among these
reagents, acetylene plays a key role, because it is an important
and widely used building block for the construction of even
more complex molecular architectures.87 Besides, it allows the
formation of new C−C and C−X (X = heteroatom) bonds,
and the economy of these molecular transformations, in terms
of atom economy and step economy, is particularly attractive
and of increasing importance nowadays. Acetylene gas is also
potentially hazardous and difficult-to-handle, and calcium
carbide (CaC2) has been extensively used as a safe, solid
replacement.88 Unfortunately, calcium carbide is almost
insoluble in most organic solvents, and current processes for
using CaC2 often need three-phase reaction mixtures, extreme
reaction media, high temperatures, and long reaction times.89

The use of solventless methodologies could help to overcome
these practical drawbacks beforehand, thereby also promoting
the valorization of CaC2 as a solid surrogate for acetylene. The
activation of CaC2 under mechanochemistry conditions not
only breaks its crystal structure, accelerating its availability for

Scheme 18. Mechanochemical Syntheses of Porous Covalent Triazine Frameworks by Friedel−Crafts Alkylation of Different
Aromatic Monomers with Cyanuric Chloride. Adapted with Permission from Ref 74. Copyright 2017 Wiley-VCH
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the reaction, but also provides new synthetic routes that differ
from those of their solution-based thermal counterpart. With
that as the premise, Bolm and Hernandez attempted to
develop a methodology for quick access to propargylamines by
grinding together benzaldehyde (13a1, Table 10), pyrrolidine
(14b3, Table 10), and calcium carbide in the presence of a
copper catalyst.90 In contrast to similar experiments performed
in a solution, 1H NMR analysis of the crude reaction mixture
revealed that the mechanochemical reaction afforded 1,4-
diamino-2-butyne (16a1b3) as the main product (Table 10).
The authors screened a wide selection of Cu(I) and Cu(II)
salts as a catalyst for this mechanochemical A3 coupling and

observed that copper(I) bromide (20 mol %) and CuI (20 mol
%) catalyze the reaction to a similar extent, providing 16a1b3 as
the major product after 90 min of milling at 25 Hz (16a1b3/
17a1b3: 85/10, Table 10, entry 3). The presence of water in
Cu(BF4)2·6H2O during the milling determined a remarkable
change in selectivity preferentially leading to the formation of
propargylamine 17a1b3 over 16a1b3 (16a1b3/17a1b3: 16/74;
Table 1, entry 6). Once all the parameters have been set as 90
min of milling at 25 Hz (Table 10, entry 9), the substrate
scope of the mechanochemical A3 coupling was extended to a
broad set of aldehydes and amines to afford the corresponding
bis substituted propargylic products 16a1−14b3−4 in good yield

Table 8. Screening of the Catalytic System for the Alkylation of Indole (10a12) with Benzylidene Malonate (5b13). Adapted
with Permission from Ref 78. Copyright 2019 Wiley-VCH
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after column chromatography (Scheme 24). In contrast to
previous solution procedures, the milling of calcium carbide
with 2-cyanobenzaldehyde (13a11) led to isoindolinone
18a11b3 instead of the expected product 16a11b3 suggesting
that intramolecular hydrolysis of the nitrile group proceed
faster than the addition of the carbide anion to the iminium ion
intermediate.
Conversely, the mechanochemical A3 coupling of primary

amines did not proceed beyond the formation of the
corresponding imines, whereas acyclic secondary amines
(e.g., diethylamine) provided the desired 1,4-diamino-2-
butynes in low yields. In this paper, the authors have
successfully demonstrated the ability of mechanochemistry to
alter established pathways in solution exploring otherwise
dormant chemical reactivity.
Nevertheless, there are still a few questions to be answered:

what happens when using solid acyclic or high boiling amines?
Why has Cu(BF4)2·6H2O not been investigated in detail for an

in-depth understanding of mechanochemistry processes for
preparing propargylamines?
Following this line of research, Bolm et al.91 have recently

established an efficient two-stage procedure for the synthesis of
tetraaryl[n]cumulenes (n = 3, 5) based on the mechanochem-
ical activation of ketones, calcium carbide, and potassium
hydroxide via an initial Favorskii alkynylation-type reaction in a
ball mill (Schemes 25 and 26).
The subsequent solventless and acid-free reductive elimi-

nation of propargylic diols 20a(1−10)a(1−10) in the presence of a
stoichiometric amount of SnCl2·2H2O is crucial for the
mechanosynthesis of the cumulenic carbon nanostructures
(Scheme 25). The authors also highlighted how the reductive
elimination of the alkynediol 20a1a1 (1 mmol) with
substoichiometric amounts of SnCl2 2H2O (0.5 mmol) led
to the formation of the corresponding [3]cumulene 22a1a1
together with the intermediate 1,1,4,4-tetra-phenyl-2-chloro-
buta-2,3-dien-1-ol, which allowed the team to gain significant
insights on the reaction mechanism. This mechanochemical
protocol was further applied to the synthesis of the illustrative
tetraphenyl[5]cumulene (24a1a1). Once the propargyl alcohols
21a1 have been prepared, the reaction proceeds through two
further steps: a mechanochemical copper-assisted oxidative
coupling of propargylic alcohols 21a1 (Scheme 26, step 2)
followed by reductive elimination of diyne diol 23a1a1 with
SnCl2·2H2O (Scheme 26, step 3).

Scheme 19. Mechanochemical Cu-Catalyzed Asymmetric Friedel−Crafts Alkylations of Indoles with Various Arylidene
Malonates. Adapted with Permission from Ref 78. Copyright 2019 Wiley-VCH

Scheme 20. Hydroformylation, Also Known as Oxo
Synthesis or Oxo Process
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Such studies could contribute to further development in the
mechanosynthesis of carbon-based materials from CaC2; for
example, in supramolecular chemistry for preparing conjugated
polycyclic hydrocarbons and cumulenes starting from poorly
soluble reagents or acid-labile precursors.

4. MECHANOCHEMISTRY FOR C−H BOND
ACTIVATION
4.1. Mechanochemistry for C−N Bond Formation.

The development of new synthetic strategies aimed at
promoting the formation of new carbon−nitrogen bonds
plays a central role in organic synthesis and represents one of
the most challenging topics in modern organic synthesis.92

Although many studies on this topic are available in the
literature, the discovering of new routes could pave the way to
design new complex synthetic targets that cannot be
synthesized following classical pathways.93 Over the years,
direct metal-catalyzed C−H functionalization of unactivated
aromatic compounds has emerged as a general, powerful, and
attractive strategy for constructing a wider variety of C−C, C−

N bonds.94 Within this overall context, Chang et al., have
developed a direct amidation of arene C−H bonds where
sulfonyl azides have been used as the amino source releasing
N2 as the only byproduct.95 Iridium(III) complexes are
particularly effective catalysts for the activation of the C−H
bond in the aromatic ring bearing weakly coordinating
directing groups in the ortho position.96 While these
procedures represent a huge step forward compared to
classical SNAr reactions, most of the current protocols require
substantial amounts of solvents, which significantly reduce
their environmental sustainability. In 2016, Bolm et al., for the
first time, reported an iridium(III)-catalyzed mechanochemical
C−H bond functionalization process for the ortho-selective
amidation of benzamides by using sulfonyl azides as the
nitrogen source in a mixer mill.97a With the aim of optimizing
the mechanochemical process, N-(tert-butyl)benzamide (25a1)
and phenylmethanesulfonyl azide (26b1) were ground together
(one milling balls, 1.0 cm diameter) with [{Cp*IrCl2}2] (2.5
mol %) and AgBF4 (10 mol %) as the catalyst and AgOAc (10
mol %) as an additive for 99 min at 30 Hz to give the amidated
product 27a1b1 in high yields (Scheme 27).
Then, this Ir(III)-catalyzed mechanochemical protocol was

extended to various sulfonyl azides providing the correspond-
ing derivatives 27a1−12b1−6 in yields ranging from 49% to 97%
(Scheme 27). The reaction proceeds under solvent-free
conditions without external heating, the active catalyst is
formed in situ, and the amidated products were obtained after
shorter reaction times than in solution. In general, this
mechanochemical iridium(III)-catalyzed process constitutes an
efficient and environmentally benign alternative to the
conventional solvent-based procedures.

Scheme 21. Optimization of the Reaction Conditions. Adapted with Permission from Ref 84. Copyright 2017 Wiley-VCH

Figure 4. BIPHEPHOS structure.

Scheme 22. Mechanochemical α-Aminonitrile Synthesis with Prebiotic Sources of Cyanide. Adapted with Permission from Ref
85. Copyright 2018 Wiley-VCH
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Along these lines, Bolm et al. reported a procedure for the
direct mechanochemical rhodium(III)-catalyzed C−H bond
amidation of arenes using 1,4,2-dioxazol-5-ones (dioxazolones)
as the amidation reagents, where carbon dioxide is being
formed as the sole byproduct.97b As a starting point, N-(tert-
butyl)benzamide (25a1) and methyl-1,4,2-dioxazol-5-one
(28b1) were milled for 99 min at 30 Hz with a combination
of [{Cp*RhCl2}2] (2.5 mol %) and AgSbF6 (10 mol %) as the

catalyst and AgOAc (10 mol %) as an additive in a mixer mill
to provide the amidated product 29a1b1 in 76% yield (Scheme
28). This mechanochemical protocol has been optimized by
varying several experimental parameters such as the nature
and/or the amount of the active catalyst as well as the additive
and reaction time. The use of 5 mol % of the Rh(III) catalyst
in combination with AgSbF6 (20 mol %) and AgOAc (20 mol
%) afforded the amidated product 29a1b1 in 97% yield. The

Table 9. Alternative Source for Generating Active CN− Specie. Adapted with Permission from Ref 85. Copyright 2018 Wiley-
VCH

Figure 5. Grinding of K3[Fe(CN)6] with SiO2 by ball milling and formation of HCN. Adapted with permission from ref 85. Copyright 2018 Wiley-
VCH.

Scheme 23. Scope of This Mechanochemical Strecker Reaction. Adapted with Permission from Ref 85. Copyright 2018 Wiley-
VCH
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substrate scope of this mechanochemical protocol was
investigated under optimized conditions by using various
substrates bearing different substituents in para or meta
position of the arene, and the results are illustrated in Scheme
28. To study the influence of the directing moiety group, the
scope of the mechanochemical C−H amidation has been
broadened significantly.
Generally, the desired ortho amidated products were

isolated in good to moderate yields and in shorter reaction
times than in solution. It is important to recognize that
although the last two mechanochemical C−H bond function-
alizations are efficient and complement classic methods for the
C−N bond formation, the rhodium- and iridium-based
complexes are rather expensive, especially when used on a
macro scale. With the aim of replacing precious metal catalysts,
Bolm et al. focused their attention on widely abundant and
cost-effective first-row cobalt complexes having a high
mechanical stress tolerance.98 The overall design of the
synthetic process is divided into two steps where the first
process involves the in situ preparation of pentamethylcyclo-
pentadienyl cobalt complex Cp*Co(CO)I2 [Cp* = η5-
C5(CH3)5], the catalyst and, second, the use of this organo-
cobalt catalyst in mechanochemical C−H bond functionaliza-
tions (Scheme 29). Specifically, [Cp*Co(CO)I2] was applied
in indol amidations with 1,4,2-dioxazol-5-ones as the nitrogen
source under neat grinding in a mixer ball mill (Scheme 29).
[Cp*Co(CO)I2] was prepared by milling together a mixture of
dicobalt octacarbonyl and pentamethylcyclopentadiene
(Cp*H, under argon for 60 min at 25 Hz to provide the

intermediate [Cp*Co(CO)3]. The milling jar was opened
under argon, iodine was added, and grinding continued for an
additional hour. 1H NMR analysis confirmed the formation of
[Cp*Co(CO)I2], which also highlighted that the cobalt
complex was stable under the ball-milling conditions.
With this stable catalyst in hand, the authors next explored

its utility in C−H mechanochemical amidation reactions. In
the pivotal reaction, 1-(pyrimidin-2-yl)-1H indole (10a18) and
3-phenyl-1,4,2-dioxazol-5-one (28b4) (in a ratio of 1.0:1.5)
were ball milled in the presence of 2.5 mol % of [Cp*Co-
(CO)I2], 5 mol % of silver hexafluoroantimonate (AgSbF6)
and NaOAc (5 mol %) as additive to afford 30a18b4 in 96%
yield after only 99 min of milling at 30 Hz (Scheme 30). At
ambient conditions, product 30a18b4 was isolated in
comparable yields proving that the protocol also works
under an aerobic atmosphere. After establishing the optimal
reaction conditions for the mechanochemical C−H bond
amidation, the substrate scope of indoles and dioxazolones was
investigated, and the results are shown in Scheme 30.
Interestingly, substantial differences were observed using
alkyl-substituted dioxazolones 28b1 and 28b3, which afforded
products 30a18b1 and 30a18b3 in low yields (Scheme 30),
which is probably due to lower stability of these dioxazolones
under the mechanochemical reaction conditions.

4.2. Mechanochemistry for C−C Bond Formation. In
recent years, transition-metal-catalyzed hydroarylations of
alkynes by innovative C−H bond activation have collected
considerable interest because of their potential applications in
the design of complex molecular architectures in a single run.99

Table 10. Optimization of the Reaction Conditions of the Copper-Catalyzed A3 Coupling. Adapted with Permission from Ref
90. Copyright 2018 Wiley-VCH

aDetermined by 1HNMR spectroscopy of the crude reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. bWater (1.2 equiv)
was added to the milling jar. cAfter 30 min of milling. dLAG reaction (MeCN); η = 0.25 μL mg−1.
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Ruthenium, rhodium, and cobalt complexes promote regio-
and stereoselective ortho-alkenylations of aromatic rings
bearing directing groups, in a simple and highly atom-
economical fashion. Unfortunately, the activation of these
catalytic systems, mainly with ruthenium-based catalysts, need
a stoichiometric amount or even an excess of an organic acid,
long reaction times, and high temperatures. To overcome all
these shortcomings, Bolm et al. developed a grinding
mechanochemical ruthenium-catalyzed hydroarylations of
acetanilides with alkynes to afford trisubstituted alkenes in
good to high yields and with high positional- and
diastereoselectivity (Scheme 31).100 The experimental con-
ditions for the mechanochemical reaction were optimized by
grinding for 99 min N-phenylacetamide (31a1, 0.60 mmol)
together with diphenylacetylene (32b1, 0.72 mmol) in the
presence of a mixture of [RuCl2(p-cymene)]2 (5.0 mol %),
pivalic acid (20 mol %) or copper acetate (20 mol %), and

AgSbF6 (20 mol %) as catalytic system (Scheme 31). In
contrast to a similar reaction in solution, the mechanochemical
hydroarylation occurs faster (99 min at 30 Hz vs iPrOH at 100
°C for 12 h), and oxidative cyclization toward indoles was
utterly negligible. The scope of the reaction was successfully
extended to a variety of electron-deficient and electron-rich
substituted anilides, to study the influence of the substituents
(Scheme 31). The optimized mechanochemical procedure
preserved its efficiency and selectivity working well also with
symmetric and nonsymmetrical alkynes, leading to good results
as summarized in Scheme 31.
The mechanochemically prepared hydroarylation products

were further converted into indoles through a palladium-
catalyzed intramolecular oxidative annulation in a mixer a mill
(Scheme 32).
In contrast to similar methods in the homogeneous phase,

most of the procedures developed under mechanochemical

Scheme 24. Substrate Scope for the Mechanochemical Synthesis of Symmetric 1,4-Diamino-2-butynes 16anbm. Adapted with
Permission from Ref 90. Copyright 2018 Wiley-VCH
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conditions drastically reduce or eliminate the use of organic
solvents significantly shorten reaction time, giving better
reaction yields. Nevertheless, the overall efficiency of the
catalytic system remains comparable both in solution and
mechanochemical protocols with, on average, the metal-
assisted procedures under mechanochemical conditions
requiring a higher load of metal complexes. Bolm et al.
working in this direction developed an interesting mechano-
chemical procedure catalyzed by Rh(III) and Au(I) for the
selectively C−H alkynylations of indoles at the C2- and C3-
position, respectively (Schemes 33 and 34).101 Both
mechanochemical processes showed excellent functional
group tolerance, were highly efficient, demanding significantly
smaller quantities of catalysts and shorter reaction times than

their solvent-based counterparts (Schemes 33 and 34). Also,
the optimized protocol does not necessitate additional heating
and works in mixer mills under an ambient atmosphere in
solvent less conditions resulting in high product yields.
The substrate scope of the gold-catalyzed mechanochemical

C−H alkynylation was also assessed by using unsubstituted
indole (10a12) in the coupling with 35b1 (Scheme 34). This
gold-catalyzed reaction provided 37a12b1 in 75% isolated yield
along with a small amount (6%) of an undefined side-product.
The optimized procedure has been successfully extended to
other substrates as shown in Scheme 34.
The 2-arylindole substructure is a prominent motif present

in a nearly ubiquitous range of biologically active compounds,
and many of them are used frequently in medicinal and

Scheme 25. Alkynylation-Type Reaction in a Ball Mill. Adapted with Permission from Ref 91. Copyright 2019 Wiley-VCH

Scheme 26. Mechanosynthesis of [5]cumulene 24a1a1. Adapted with Permission from Ref 91. Copyright 2019 Wiley-VCH
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pharmaceutical chemistry.102 The classical protocols for the
decoration of the indole nucleus at C-2 position provide for
the metal-catalyzed cross-coupling reaction between preacti-
vated electron-rich indoles with functionalized arene deriva-
tives such as aryl halides. However, most of the procedures
adopted for the C-2 arylation have significant limitations in
that they require capricious phosphine-based ligands, high
temperature, additional steps for the activation of the indolic
nucleus, and lack of selectivity (C-2 vs C-3) and atomic
economy.103 In two seminal papers, Sanford104 and Larrosa105

separately developed a phosphine ligand-free regioselective C-2
arylation of indoles in the presence of an acid, and under mild
conditions. However, these procedures still have several
drawbacks, and their scope, limiting their generalization, has
caused researchers to develop other innovative strategies. In a
work relevant not only from the significant results achieved but
also from an academic perspective to the problem, Chatterjee,
and Mainak Banerjee106 developed a mechanochemical
protocol for preparing synthetically useful 2-arylindoles by
using Pd(II) catalyst in the absence of phosphine ligands.
At the outset, the model reaction has been fine-tuned by

reacting N-methylindole (10a13), with iodobenzene (1a7) in
the presence of Pd(OAc)2 (5 mol %) as the catalyst in a
RETSCH mixer mill (MM 400) at 30 Hz (Scheme 35). The
oxidizing agent AgOAc (1.2 equiv), in combination with glacial
acetic acid (0.5 equiv), also assisted this mechanochemical

protocol. The reaction carried out in the presence of silica gel
as grinding auxiliary went to completion after 1 h of grinding.
Nevertheless, the recovery of the final indole 38a13a7 by
elution of silica with solvents, even polar ones, did not exceed
72%. The problem becomes even more problematic for the C-
2 arylation of unprotected indole (10a12), where the final
isolated yields fell to 53% since a part of the product gets
adhered to the solid matrix. The model reaction between 10a13
and 1a7 either under neat condition or using neutral Al2O3,
Na2SO4, NaCl, and KCl as the milling auxiliary in place of
silica gel did not go to completion even after prolonged
milling, and a lower yield of 38a13a7 was obtained. The use of
0.3 mL of PEG per mmol of indole derivative 10a13 allowed
the investigators to overcome the recovery problem, affording
the sole 2-phenyl-N-methylindole (38a13a7) in 91% yield with
exclusive C-2 selectivity within 1 h (Scheme 35). The scope of
the reaction was broad and the optimized mechanochemical
conditions were suitable with a broad set of functionalities
both in the indole and in the aryl iodide units, and the desired
2-arylindoles were achieved up to 99% yields (Scheme 35).
Direct C-2 selective arylation of indoles was possible in both
unprotected indoles and N-alkyl indoles, although with the
former substrate, the reaction rate was relatively slower, and
yields were a little less. Moreover, indoles with a deactivated
five-membered ring provided 2-arylindole derivatives in high

Scheme 27. Substrate Scope of the Mechanochemical Ir(III)-Catalyzed C−H Amidation. Adapted with Permission from Ref
97a. Copyright 2016 Wiley-VCH
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Scheme 28. Mechanochemical Rh(III)-Catalyzed C−H Bond Amidation of Benzamides. Adapted with Permission from Ref
97b. Copyright 2017 American Chemical Society

Scheme 29. Mechanosynthesis of [Cp*Co(CO)I2] and Its Use in C−H Bond Activation by Milling. Adapted with Permission
from Ref 98. Copyright 2018 Wiley-VCH
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yields. The present mechanochemical method can also be
successfully extended to gram-scale.
In this context, Su et al.107 developed a mechanochemically

induced synthesis of 3-acylindoles by a facile copper-catalyzed
decarboxylative acylation of N-free indoles with α-ketonates via
a liquid-assisted grinding (LAG) approach (Scheme 36). The
addition of a catalytic amount of Cu(OAc)2·H2O in the
presence of O2 as the terminal oxidant promotes the
mechanosynthesis of various 3-acylindoles in high yields.

Additionally, this mechanochemical protocol, which tolerates a
wide range of functional groups, was also applicable to a gram-
scale synthesis.
Boronic acids are among the most versatile, efficient, and

widely used building blocks involved in the synthesis of
relevant pharmaceutical scaffolds and new materials.108

Although the synthetic routes for this class of compounds
are well established, these protocols present serious concerns
in terms of their environmental impact. Most of the procedures

Scheme 30. Substrate Scope of Indoles and Dioxazolones in the Mechanochemical Amidation Process. Adapted with
Permission from Ref 98. Copyright 2018 Wiley-VCH

Scheme 31. Mechanochemical Ruthenium-Catalyzed Hydroarylations of Alkynes with Acetanilides. Adapted with Permission
from Ref 100. Copyright 2017 American Chemical Society
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described in the literature require significant amounts of dry
and degassed organic solvents, and they are carried out in
anhydrous conditions under a nitrogen atmosphere, which are
still important limiting factors. Compared with traditional
solvent-based protocols, mechanochemistry allow avoiding
harmful organic solvents, significantly shorten reaction time,
and does not require external heating, opening new routes to
different product compositions. In an important paper, Ito et
al.109 have applied mechanochemistry to iridium(I)-catalyzed

C−H borylation reactions by using a diboron reagent (Scheme
37). This mechanochemical protocol was set up grinding
indole 10a12 (1 mmol) with bis(pina-colato)diboron [(pin)-B-
B-(pin), 0.6 mmol] in the presence of [Ir(OMe)cod]2 (0.75
mol %) and 4,4′-di-tert-butyl-2,2′-bipyridine (dtbpy; 1.5 mol
%) in a Retsch MM 400 mill in a stainless milling jar by using
one stainless steel ball (Scheme 37). The results depend on the
ratio of ball size/jar volume, and the borylation reaction
performed better (NMR yield: 84%, isolated yileld: 59%) using

Scheme 32. Mechanochemical Palladium-Assisted Synthesis of Indoles. Adapted with Permission from Ref 100. Copyright
2017 American Chemical Society

Scheme 33. Substrate Scope of the Mechanochemical Rh(III)-Catalyzed C−H Alkynylation. Adapted with Permission from
Ref 101. Copyright 2018 Wiley-VCH
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7.5 mm balls in a 5 mL jar and does not require the use of inert
gas. Compared with traditional solvent-based protocols, where
one or two of the boryl groups in the diboron reagent
[(pin)2B2] might be inserted into the substrates, depending on
the conditions applied, under the applied mechanochemical
conditions, both boryl groups in (pin)-B-B-(pin) were
available for inclusion in 10a12. This optimized mechanochem-
ical procedure was extended to a variety of heteroaromatic
compounds, giving the corresponding C2-borylated indoles in
moderate to good yield with excellent regioselectivity (Scheme
37).
7-Methyl-substituted indole, pyrroles bearing ester (42a1)

and ketone (42a2) moieties, did not provide the corresponding
borylated product 40a33, 45a1, and 45a2 due to drastic changes
in rheology that did not allow the efficient mixing of the
reactants and catalyst (Scheme 38). The use of LAG additive
as DCM and THF (25 μL/mg of reactants) changed the
resulting starting solid-state mixture to a viscous oil, allowing
to overcome these issues. A comparison of the kinetic data of
the model reaction conducted in solution or under
mechanochemical conditions shows extremely interesting
results. In THF solution, the reaction rate was initially high,
decreased after 20 min, and was almost complete in about 90
min. Under mechanochemical conditions, the C−H borylation
reaction did not proceed in the first 60 min but reached quick
completion within 70 min following a sigmoidal kinetic. The
reaction start was contemporary to the change of the physical
state (rheological change) of the reaction mixture from a solid
to a viscous oil of the reactive mixture. An induction period
(60 min) is required to promote the formation of the
catalytically active trisboryl iridium complex from the iridium
precursor under mechanochemical conditions, and this might
be another plausible explanation.

5. OTHER MECHANOCHEMICAL-ASSISTED
PROCESSES FOR C(sp2)−N BOND-FORMATION

Aromatic carbon−nitrogen bonds are among the most
ubiquitous in functional materials and C−N bonds can be
found in a plethora of molecules, which are key building blocks
for preparing valuable pharmaceutical agents, agrochemicals,
natural product, and polymers, among others. The Buchwald−
Hartwig amination is one of the most robust and versatile
oxidative coupling reactions for the formation of a carbon−
nitrogen bond.110 In recent years, numerous catalytic systems
have been developed, expanding the scope and the range of
amenable substrates. Despite the significant progress achieved
so far, most catalytic systems are sensitive to air, which limits
the reproducibility of the outcomes. The discovery and
subsequent development of the PEPPSI series of catalysts by
Organ et al. have represented a turning point to overcome the
mentioned limitations.111 Recently, automated ball-milling
techniques made it possible to conduct reactions with low
organic solvent content improving selectivity or differing
reaction outcomes over solution results. Moreover, ball-milling
procedures have allowed oxygen- and moisture-sensitive
reactions to be successfully achieved. In 2018, Browne and
co-workers merged with the Pd-catalyzed Buckwald−Hartwig
reaction with a ball-milling strategy, observing very interesting
results.112 The referral reaction was fine-tuned by evaluating
under ball-milling conditions the model coupling of morpho-
line (14b5) with chlorobenzene (1a7) in the presence of Pd-
PEPPSI-iPent (1% loading) as a catalyst and using KOtBu as a
base (Scheme 39). The reagents were weighed in the air,
added to the jar, and then milled for 3 h without special
precautions. The resulting cross-coupled product was obtained
in 56% yield. These results were further enhanced up to 91%,
improving the flowability and mixing of the reaction mixture by

Scheme 34. Substrate Scope of the Mechanochemical Au(I)-Catalyzed C−H Alkynylation. Adapted with Permission from Ref
101. Copyright 2018 Wiley-VCH
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using 3 mass equivalents of sand. No appreciable improvement
was observed by using other bases or catalysts, while halving
the catalyst loading the reaction yield remained almost
unchanged. However, a decrease in catalyst loading (up to
0.2 mol %) led to a significant increase in reaction times (up to
8 h). Once the author pointed-out the reaction, the procedure
was extended to 15 aryl halides affording the products in
moderate to excellent yield (32−91% isolated yields, Scheme
39). Afterward, a row of 14 secondary amines in place of
starting and highly nucleophilic morpholine highlighted the
robustness of the method (Scheme 40).
The amine scope of mechanochemical Buchwald−Hartwig

amination showed that the reaction yields were dependent on
the substrate evaluated. Conversely, this procedure failed with
primary amines, and any attempted cross-coupling of aniline or
octylamine with chlorobenzene 1a7 afforded the desired cross-
coupled product in less than 5% GC yield.
Notably, Browne and co-workers examined the performance

of the Buchwald−Hartwig reaction model carried out both
under ball-milling and traditional aerobic solution conditions
by comparing the experimental data. Among the tested
solvents (including THF, 1,4-dioxane, and toluene), THF
provided the best results affording the cross-coupled product
in only 37% yield (Scheme 41). The authors justified these
results hypothesizing that under milling conditions, the rate of

C−N bond formation is faster, or the rate of catalyst
degradation is slower relative to the solution phase.
In many cross-coupling processes described in the literature,

at least one of the substrates is a liquid and could also act as a
solvent for promoting reactions under neat conditions. The
benefits of these solution-based reactions are now well-
established, while solid-state palladium-catalyzed cross-cou-
pling reactions remain an opened and motivating challenge for
the research community. In this scenario, Ito et al. developed
an efficient and scalable solvent-free procedure for solid-state
palladium-catalyzed C−N cross-coupling reactions under
mechanochemistry conditions.113 Initially, the authors made
a comparative study between the reactivity of liquid 1-
bromonaphthalene (1a79) and solid 1-bromopyrene (1a24) in
the palladium-catalyzed cross-coupling amination reactions
with diphenylamine 14b18 using a solvent-free mechanochem-
ical approach (Scheme 42). The C−N coupling reaction of
liquid substrate 1a79 in the presence of the Pd(OAc)2/XPhos
(P1) catalyst system or the much more performing Pd(OAc)2/
t-Bu3P (P2) gave the desired tertiary amine 49a79b18 in a yield
of 41% and 95%, respectively (Scheme 42). Pd(OAc)2/

tBu3P
(P2) exhibited high catalytic activities for the coupling of
several other liquid aryl halides with diphenylamine 14b18,
providing high yields. The results changed dramatically
switching to a solid aryl halides such as 1-bromopyrene
(1a24) in the pivotal reaction by using either the Pd(OAc)2/

Scheme 35. Substrate Scope of the Mechanochemical Pd(II)-Catalyzed C−H Arylation. Adapted with Permission from Ref
106. Copyright 2019 American Chemical Society
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XPhos (P1) or the Pd(OAc)2/
tBu3P (P2) catalyst system

(49a24b18, 3% and 28% yield, respectively, Scheme 42).
Ito et al. pointed out that in mechanosynthesis, there was a

significant difference in terms of reactivity between liquid and
solid aryl halides. Higher-performance catalyst systems for
Hartwig C−N coupling in solution such as Ad3P (P3), Cy3P
(P4) provided poor results of 49b24b18, 18%, and 0%,
respectively. Increasing the amounts of the catalyst did not
bring significant improvements. The addition of substoichio-
metric liquid additives (toluene, benzene, THF) into the jar

slightly improved the reaction yield of 49b24b18 (20−55%).
Cycloalkanes, unlike hexane, prevent catalyst deactivation
because of the facile aggregation of the palladium catalyst in
the solid-state and promoted more effectively the cross-
coupling reaction (54% yield). The use of olefin additives (1,5-
cyclooctadiene, cyclohexene, 1-hexene, (E)-hex-3-ene, etc.) as
a dispersant for the palladium specie suppressed any
aggregation of catalyst in the solid-state (49b24b18, 96−99%
yield). Transmission electron microscopy (TEM) images of
the crude mixture with cycloocta-1,5-diene (1,5-cod) unequiv-
ocally showed the formation of palladium nanoparticles (3−5
nm) in the reaction mixture after 99 min of milling. Also, the
coordination of palladium with the olefins accelerated the
leaching rates for active monomeric Pd(0) specie from the
palladium nanoparticles. The dissociated Pd(0) species were
subsequently cached by tBu3P, releasing the olefin ligands to
generate [(t-Bu3P)Pd(0)], which subsequently induced the
activation of the C−X bond of aryl halides. Next, the scope of
the reaction was extended to a broad set of aryl halides
allowing the preparation of a wide range of functionalized
triarylamines having large polycyclic hydrocarbon cores
(Scheme 43).
The progress of the cross-coupling amination reaction

between 1a24 and 14b18 in the presence of 1,5-cod was
monitored in situ by the powder X-ray diffraction (PXRD)
analysis. The temperature inside the milling jar after the
grinding at 30 Hz for 60 min was about 30 °C, and only the

Scheme 36. Decarboxylative Acylation of N-Free Indoles. Adapted with Permission from Ref 107. Copyright 2019 The Royal
Society of Chemistry

Scheme 37. Substrate Scope of the Mechanochemical C−H
Borylation of Indoles. Adapted with Permission from Ref
109. Copyright 2019 Wiley-VCH
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diffraction peaks of the coupling product 49a24b18 and NaBr
were observed, clearly demonstrating that this reaction
proceeded via a solid-to-solid conversion without melting.
Notably, the debate between Ito and Mack on the
determination of the critical parameters that promote the
mechanosynthesis of some Buckwald−Hartwing reactions have
been taken into account. In-depth studies of the issue pointed

out that the model amination reaction, in the presence of 1,5-

cod, follows simple first-order kinetics without noting any

relevant changes in rheology. These results were confirmed by

TEM analysis, which showed and further corroborated the

formation of higher aggregates of dense palladium particles

after grinding for 30 min.

Scheme 38. Iridium(I)-Catalyzed C−H Borylation in Air by Using LAG Mechanochemistry. Adapted with Permission from
Ref 109. Copyright 2019 Wiley-VCH

Scheme 39. Aryl Halide Scope of Mechanochemical Buchwald−Hartwig Reaction. Adapted from Adapted with Permission
from Ref 112. Copyright 2019 The Royal Society of Chemistry
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Scheme 40. Amine Scope of Mechanochemical Buchwald−Hartwig Reaction. Adapted with Permission from Ref 112.
Copyright 2019 The Royal Society of Chemistry

Scheme 41. Buchwald−Hartwig Reaction, Milling Vs Solution. Adapted with Permission from Ref 112. Copyright 2019 The
Royal Society of Chemistry

Scheme 42. Comparison of the Reactivity of Liquid and Solid Aryl Bromides. Adapted with Permission from Ref 113.
Copyright 2019 Springer Nature
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6. MECHANOCHEMISTRY FOR METAL-ASSISTED
HETEROCYCLIC SYNTHESIS

Heterocycles play a key role in different sectors of chemistry,
an essential core in medicinal chemistry,114 and an essential
building block in the preparation of materials chemistry, etc.
Metal-assisted catalysis represents a powerful tool for designing
and developing heterocyclic structures, even very complex
ones. Nevertheless, the recovery of the metal complex,
especially for homogeneous catalysis, is still today an open
challenge. Heterogeneous catalysis in a solvent-free matrix is
unquestionably an ambitious goal from an environmental
impact point of view. James Mack et al., combining
heterogeneous catalysis and mechanochemistry, succeeded in
fully achieving this objective.115 They developed a solvent- and
ligand-free nickel-catalyzed [2+2+2+2] cycloaddition of
alkynes that led to the formation of substituted cyclo-

octatetraene (COT) derivatives (Scheme 44). The procedure
is simple, effective, versatile, inexpensive, and uses a recyclable
Ni(0) source. The reaction was fine-tuned using ethyl
propionate, and the best results were obtained milling the
alkyne in a steel jar filled with nickel pellets that work as
grinding balls. The conversion of 32a8 to cyclooctatetraenes
(COT) 51a8-51d8 was 54% within 1 h and reached a
maximum (94%) after 16 h (Scheme 44, entries 7 and 8).
Other combinations of both jar coating and grinding balls

material resulted in less effective in terms of conversions and
isolated yields (Scheme 44, entries 1−6 and 10−12). Unlike
what has been reported in previous studies on solution
chemistry, the major products are cyclooctatetraene isomers
rather than substituted benzenes. This mechanochemical
approach takes advantage of the ferromagnetic properties of
nickel (0) pellets, which were easily separated from the

Scheme 43. Olefin-Accelerated Solid-State C−N Cross-Coupling Reactions. Adapted with Permission from Ref 113. Copyright
2019 Springer Nature
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product mixture by using a strong neodymium magnet and
recycled for later use. The scope of the reaction was
successfully extended to a broader collection of terminal
alkynes, and the results are summarized in Scheme 45.
Continuing this line of research, Coleman and Mack found

that silver and copper foil inserted into a stainless steel (S.S)
jar could function as an efficient heterogeneous catalyst for the
cyclopropenation of terminal and internal alkynes under
mechanochemical reaction conditions.116 Despite the broad
usefulness of cyclopropenyl-containing compounds, the harsh
reaction conditions, nonrecoverable transition metal catalysts,
poor atom economy, large volumes of solvent required, and
slow syringe pump additions used in classical synthetic
procedures have severely restricted access to this class of

compounds. Mechanochemical heterogeneous transition
metal-catalyzed [2+1] cycloadditions of unsaturated hydro-
carbons (alkynes and alkenes) and diazoacetates into catalysts
represent a general, robust, and straightforward methodology
for the synthesis of these cycloadducts (Scheme 46).
The metal foil is switchable and can be recyclable at least 20

times without any appreciable drop in yield or diastereose-
lectivity without the need for fresh distilled solvent, inert gas to
preserve the catalytic activity, or heat. In the same batch
reactor, copper- and silver-foil were able to heterogeneously
catalyze the cyclopropenation of internal and terminal alkynes,
respectively, in excellent overall yields. The reactions occurred
at room temperature and were completed after 16 h of
grinding. This mechanochemical [2+1] cycloaddition has also

Scheme 44. Nickel Catalysis in a High-Speed Ball Mill. Adapted with Permission from Ref 115. Copyright 2016 American
Chemical Society
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effectively been used for cyclopropenation of unsaturated
substrates containing unprotected amino and silyl groups that
did not work in similar procedures in a homogeneous phase.
The authors have also developed a versatile one-pot domino
Sonogashira coupling/cyclopropenation solvent-free mechano-
chemical procedure as an organometallic-catalyzed three-
component coupling of an aryl halide, terminal acetylene,
and diazoacetate for the formation of complex cyclopropenes
(Scheme 47).
The quinoline core is an important heterocyclic core present

in many natural and synthetic compounds of pharmaceutical
and biological relevance. For this reason, there is a growing

interest in developing new synthetic protocols for preparing
quinoline derivatives bearing diverse substitution patterns.117

Although most of the procedures reported up to now in the
literature are effective and efficient enough, they still have
several limitations such as harsh reaction conditions, extended
reaction times, tedious workup, and often they require the use
of expensive catalysts or environmentally harmful solvents. In
this context, Zhang et al. proposed and developed a
straightforward methodology for the solvent-free synthesis of
2,4-diphenylquinolines via a one-pot reaction of anilines,
benzaldehydes, and phenylacetylenes in the presence of FeCl3
under solvent-free mechanochemical conditions.118 This

Scheme 45. Substrate Scope for Cycloaddition Reaction. Adapted with Permission from Ref 115. Copyright 2016 American
Chemical Society

Scheme 46. Metal Foil-Catalyzed Cycloaddition of Unsaturated Hydrocarbons with Methyl Phenyldiazoacetate. Adapted with
Permission from Ref 116. Copyright 2018 The Royal Society of Chemistry
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mechanochemical procedure allowed the synthesis of a series
of 2,4-diphenylquinolines in good to excellent yield (74−95%)
after a very easy workup avoiding any extraction or column
chromatography workup (Scheme 48).
The Cu(I)-catalyzed alkyne−azide click reaction (CuAAC)

is considered to be the “click chemistry” reaction par
excellence, and in 2001, Sharpless coined this term. Cravotto
et al. observed that the mechanochemical activation of metallic
copper powder promotes solvent-free alkyne−azide click
reactions (CuAAC).119 They investigated and tuned a broad
set of reaction parameters (i.e., milling time, revolutions/min,
size, and milling ball number) that affect the outcomes of this
mechanochemical click procedure significantly. Under opti-

mized conditions, this eco-friendly procedure has been proven
to be effective on a broad collection of different substrates,
affording the corresponding 1,4-disubstituted 1,2,3-triazole
derivatives in high yields and purities, after a simple filtration
(Scheme 49).
In the same line, Raic-́Malic ́ and Uzǎrevic ́ have successfully

applied mechanochemistry in the CuAAC click reaction to
prepare 6-phenyl-2-(trifluoromethyl) quinolines carrying p-
halogen-substituted and nonsubstituted phenyl-1,2,3-triazole
unit on the O-4 position of the quinoline core.120 In
comparison to the corresponding solution reactions, these
Cu(II)-, Cu(I)-, and Cu(0)-assisted milling protocols proved
to be significantly more efficient, with up to 15-fold gain in

Scheme 47. One-Pot Domino Sonogashira Coupling/Cyclopropenation Mechanochemical Reaction. Adapted with Permission
from Ref 116. Copyright 2018 The Royal Society of Chemistry

Scheme 48. Synthesis of 2,4-Diphenyl-quinolines 54anbm via Imino Diels−Alder and Aromatization of In Situ-Generated
Imine. Adapted with Permission from Ref 118. Copyright 2018 Wiley-VCH

Scheme 49. Copper-Catalyzed Azide−Alkyne Cycloaddition under Mechanochemical Activation. Adapted with Permission
from Ref 119. Copyright 2015 MDPI

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c00142
ACS Catal. 2020, 10, 8344−8394

8380

https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch47&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch47&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch48&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch48&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch49&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00142?fig=sch49&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00142?ref=pdf


yield (Scheme 50). In situ monitoring by Raman spectroscopy
of milling process in the presence of Cu(II) and Cu(I)
catalysts highlighted the direct involvement of the copper
species in the reaction and generation of highly luminescent
compounds. On the contrary, in situ monitoring of the
mechanochemical reaction by using Cu(0) catalysts in the
form of brass milling media showed that the catalysis is most
likely conducted on the surface of milling balls. The oxidation
and spin states of the respective copper catalysts were
determined by electron spin resonance spectroscopy.

7. MECHANOCHEMISTRY FOR REDOX REACTIONS

7.1. Mechanochemistry for Oxidation Reactions.
Redox reactions constitute the pillars of organic chemistry
knowledge, and, together with substitution and elimination
reactions, they also form the basis of the education of chemists.
In this context, aldehydes/ketones, which are the oxidized
forms of primary and secondary alcohols, likely are the most
important and versatile building blocks in organic synthesis.
Carbonyl compounds and alcohols represent the two sides of
the same coin, with aldehydes and ketones that are reactive but
unstable and toxic reagents. On the contrary, alcohols are
rather stable and widely diffused in nature (biomass) but
showed poor reactivity. Until a few decades ago, the selective
oxidation of primary alcohols to aldehydes and secondary
alcohols to ketones required the use of extremely toxic
reagents, hazardous, and expensive having an extremely
harmful environmental impact. The introduction of the stable
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) as the
catalytic oxidizing agent by Anelli and Montanari has radically
changed, from an environmental point of view, the synthetic
route to aldehydes and ketones.121 The classic Anelli−
Montanari oxidation involves eco-friendly aqueous NaOCl
(bleach) as a primary oxidant in a two-phase medium
(CH2Cl2/H2O) buffered at pH 8.5−9.5.122 Over the years,
bleach has been successfully replaced by many other co-
oxidants, including the oxygen present in the air. Although
these CuI/TEMPO-based procedures under ambient aerobic
conditions are operationally simple and extremely useful, they
require the use of considerable amounts of harmful solvents.123

To address these issues, Porcheddu et al. have established an
eco-friendly and cost-efficient TEMPO-based oxidative
procedure for the selective air oxidation of primary and
secondary benzyl alcohols to the corresponding aldehydes and
ketones under ball-milling conditions.124 In the control

experiment, the active copper catalyst species was prepared
by grinding together (1 min) 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO, 3 mol %), 2,2′-bipyridyl (3 mol %),
[Cu(CN)4]OTf (3 mol %) and 1-methylimidazole (NMI, 7
mol %) in a zirconia-milling beaker containing four balls (two
balls × 5 mm Ø, two balls × 12 mm Ø) of the same material
(Scheme 51). Then, 4-nitrobenzyl alcohol (57a1, 2 mmol) was

added, and the reaction mixture was subjected to two
additional grinding cycles of 5 min, each followed by a break
of 2 min leaving in the meantime the uncovered jar in open
(10 min overall).
Under mechanical activation conditions, the alcohol-to

aldehyde oxidation was faster (15 min overall) than that in
solution (1 h), and the absence of any solvent makes the
purification protocol easier. A library of common alcohols was
efficiently and selectively oxidized to the corresponding
carbonyl compounds in high yields and purities (Schemes 51
and 52). Aimed at eliminating or at least significantly reducing
the use of metal catalyst and solvents, Porcheddu et al. have
successfully used crystalline sodium hypochlorite (NaOCl·

Scheme 50. Synthetic Procedures for Preparation of p-Halogen-Substituted and Nonsubstituted Phenyl-1,2,3-triazole. Adapted
with Permission from Ref 120. Copyright 2017 Beilstein Institute

Scheme 51. Mechanical-Assisted Alcohol-to-Aldehyde
Oxidation. Adapted with Permission from Ref 124.
Copyright 2017 Beilstein Institute
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5H2O) in the presence of TEMPO or AZADO (2-
azaadamantane N-oxyl) to induce mechanochemical oxidative
processes on several structurally different primary and
secondary alcohols, without using any metal catalyst.125 The
proposed redox procedure is safe, inexpensive, and performed
effectively in an Ertalyte jar,126 whose material has never been
used before in mechanochemical processes. Benzylic and
aliphatic alcohols with different carbon chain lengths were
converted to the corresponding aldehydes or ketones in good
yields and no carboxylic acid derivatives were detected.
K2FeO4, that is, the hexavalent iron in the highest oxidation

state (+6), is known for its environmentally friendly features as
an oxidant agent. Ferrate (VI) has higher redox potentials than
those of more commonly used oxidants such as KMnO4,
K2Cr2O7, HNO3, Cl2, H2O2, O3. Still, unlike the latter, its
nontoxic reduction product Fe (III) is one of the most
abundant metal ions on earth. Although the chemistry of
ferrates (VI) has been known for over a century, its low
solubility and instability in common solvents have severely
hindered its applications. Ferrate (VI) salt remains stable for a
long time in the as-prepared solid-state. At the same time, in
the presence of a solvent, the outer surface will be gradually
passivated by the resultant Fe (III), drastically reducing its
oxidizing activity. Li et al. used mechanical milling to address
the above issues, thus circumventing the problem of
insolubility.127 Moreover, the continuously crushing of the
crystals generates new reactive fracture surface to expose into
redox reactions. Mechanical milling of primary benzylic
alcohols and aldehyde in the presence of a slight excess of
ferrate (VI) in its “dry” solid-state enabled within several hours
(2−18 h) their near quantitative oxidation to the correspond-
ing acids in high yields (Scheme 53). This is in contrast to
what is known in the literature regarding analogue reactions in
solution, where ferrate(VI) did not oxidize aldehydes into
acids. More significantly, the oxidation reaction of methyl-
substituted benzaldehydes gave rise to dicarboxylic products
(Scheme 54).
7.2. Mechanochemistry for Reduction Reactions. In

organic synthesis, metal-assisted hydrogenations are one of the
most effective and efficient classics reducing reactions from an
atom economy and environmental point of view. Nevertheless,
molecular hydrogen is derived from fossil fuels, and still today,
transport, handling, and storage of this gaseous reagent suffer
from safety concerns. The in situ generation of hydrogen gas in
the minimum amount required for the reaction makes it

possible to circumvent, at least partially, these problems.
Following this approach, Sawama and Sajiki discovered that
alkanes (e.g., n-pentane, n-hexane, etc.) and diethyl ether
(Et2O) generate the appropriate quantities of hydrogen gas by
mechanochemical activation using a planetary ball mill
stainless-steel (SUS304) equipped with stainless steel
(SUS304) balls.128 The in situ-generated H2 in a SUS304
ball milling jar has been used for the successful hydrogenation
of a variety of reducible functionalities (i.e., olefins, alkynes,
and ketones). In particular, the use of pentane as a replacement
hydrogen source promoted the reduction of the olefin
moieties, while Et2O was applicable as a pseudoreductant for
the arene hydrogenation. Stainless steel (SUS304) utilized for
the experiments were mainly composed of Fe (69%), Cr
(18%−20%), and Ni (8−10%), but only the metals chromium
and nickel play a key role in this process. Specifically, Cr
promotes the hydrogen generation from the alkanes and Et2O,
while Ni metal acts as a reducing catalyst (Scheme 55).
Few metal complexes, as well as the Wilkinson’s catalyst

[RhCl(PPh3)3] (WC), can claim such an important role in
catalytic studies leading to several advances in that field.
Historically, it has been the first catalyst used in the selective
hydrogenation of alkenes and alkynes in a homogeneous liquid
phase at room temperature and pressure. In 1965, Wilkinson et
al. have synthesized for the first time [RhCl(PPh3)3] as a red-
purple crystalline solid by treating rhodium(III) chloride
hydrate with an excess of triphenylphosphine in refluxing
ethanol.129 Single-crystal X-ray diffraction showed that the
Wilkinson’s catalyst adopts a slightly distorted square planar
structure.130 In the following, it was observed that the
reduction of the amount of solvent during the synthesis of
the catalyst led to the formation of a polymorphic orange form
of the Wilkinson’s catalyst 59 (Scheme 56). The thus-prepared
catalyst adopts a square planar geometry with a more
noticeable distortion toward tetrahedral coordination, in

Scheme 52. Mechanical-Assisted Alcohol-to-Ketone
Oxidation. Adapted with Permission from Ref 124.
Copyright 2017 Beilstein Institute

Scheme 53. A Solvent-Free Mechanochemical Way for
Versatile Green Oxidation. Adapted with Permission from
Ref 127. Copyright 2018 Wiley-VCH

Scheme 54. General Procedure for the Mechanochemical
Oxidation of Various Aromatic Aldehydes with Ferrate(VI).
Adapted with Permission from Ref 127. Copyright 2018
Wiley-VCH
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comparison to the red polymorph. In this contest, Hernandez
et al. explored the mechanosynthesis of Wilkinson’s catalyst
[RhCl(PPh3)3] employing both a net grinding and a LAG
approach.131 Grinding of a mixture of rhodium(III) chloride
hydrate (1 equiv), PPh3 (5.0 equiv), at 25 Hz for 90 min led to
the formation of a pale orange solid. Under liquid-assisted
grinding conditions [η = 0.25; η denotes the ratio of liquid
additive to solid sample (μL mg−1)], ethanol or other superior
alcohols afforded similar outcomes.
The removal of residual PPh3 and Ph3PO with a minimal

amount of Et2O gave an orange solid having 31P solid-state
NMR spectrum and X-ray analysis in agreement with
previously published data for the orange polymorph of the
Wilkinson’s catalyst 59. The mechanochemically prepared Rh-
complex efficiently catalyzed a solventless dehydrocoupling of
dimethylamine-borane (Me2N·BH3) in a ball mill (Scheme

56), which occurred faster than its related solution-based
counterpart. Under mechanochemical conditions, diborazane
[Me2N−BH2]2 in the presence of the Rh-complex 59 also
promoted one-pot hydrogenation of olefins, using close to
stoichiometric amounts of dihydrogen. The polymorph of the
Wilkinson’s catalyst used strongly affected the overall reaction
efficiency of this mechanochemical Rh-catalyzed hydrogena-
tion.

■ A FEW GENERAL REMARKS

The extensive review of the available literature on metal-
catalyzed mechanochemical transformations carried out so far
allows two main features to emerge. On the one hand, there is
great promise that mechanochemical methods show for
innovation within the framework of sustainable production of
fine chemicals. On the other hand, there is a remarkable wealth
of empirical information quickly built up during the recent and
current burgeoning developments in the field.
Precisely the enormous interest attracted by the mechano-

catalysis of metals and metal complexes is at the origin of the
most evident limits that the studies carried out current present,
that is, the general lack of a systematic approach to the
investigation of mechanochemical transformations. Data
scattered in several publications are obtained under different
experimental conditions for very different classes of com-
pounds, which significantly hinders proper comparison.
Thermodynamic and kinetic factors can hardly be disentangled
under these circumstances, and the same holds for truly
mechanochemical effects.
Therefore, at the end of this Review paper, the challenge for

readers can well be to become familiar with some of the most
critical features of the metal-catalyzed processes developed by a
mechanochemistry approach, sometimes overturning well-
established beliefs for similar solution-based reactions.
Mechanochemical synthesis using ball milling has some

indisputable advantages since the reactions occurred in the
absence of potentially harmful, degassed, and dry solvents
(neat or LAG milling), avoiding additional external heating
and using very simple devices that do not require special skills.
In contrast to a similar reaction with solvents, metal-assisted
mechanochemical processes do not require an inert atmos-
phere, bypassing the sensitivity of reactions to aerobic
conditions. Moisture does not compromise the final results,
and of course, the process is not affected by reagent-solubility

Scheme 55. Stainless Steel-Mediated Hydrogen Generation
from Alkanes and Diethyl Ether. Adapted with Permission
from Ref 128. Copyright 2018 American Chemical Society

Scheme 56. Mechanochemical Dehydrocoupling of Dimethylamine Borane and Hydrogenation Reactions Using Wilkinson’s
Catalyst. Adapted with Permission from Ref 131. Copyright 2018 The Royal Society of Chemistry
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issues.132 Also, mechanochemically assisted reactions provide
the desired products with yields comparable or even higher
than those previously reported in the literature for similar
systems in solution.
Intending to help the reader with the most convenient

perspective in the critical analysis of the available literature and
the planning of future research activities, we focus here on a
few examples that allow some comparison between chemical
reactivity under conventional and mechanical activation
conditions. Although not wholly satisfactory, these examples
will, hopefully, show the importance of deepening the insight
into the reasons underlying experimental observations.
Working in this direction, Kubota et al. have proven that

solvent-free mechanochemical synthetic techniques allow
drawing a wide range of highly moisture- and oxygen-sensitive
Buchwald-type phosphine-ligated palladium(II)-based oxida-
tive addition complexes in air under mild conditions (Scheme
57).133 In contrast to previously reported procedures for

similar systems in solution, this protocol is operationally
simple, scalable, and quick, avoiding the use of glovebox-and-
Schlenk-line (Scheme 57).
To probe the usefulness of this mechanochemical method-

ology for synthesizing palladium-based oxidative addition
complexes, Kubota initially has fine-tuned the reaction
between the palladium precursor 62 and 1-bromopyrene 1a24
in the presence of 2-dicyclohexylphosphino-2′,6′-diisopropox-
ybiphenyl (RuPhos), which is a routinely used Buchwald-type
ligand. 1H NMR analysis showed a conversion to the
corresponding oxidative addition complex 63a24 in moderate
yield (40%) upon grinding for 30 min in air (Table11, entry
1). The authors found that better results were obtained by
milling with a catalytic amount of liquid (LAG, Table 11,
entries 3−12). At the same time, the addition of 0.20 μL of
THF per mg of reactant drastically reduced the reaction time
to 10 min and significantly improved the yield of 63a24 (71%
yield, Table 11, entries 3 and 16).
The optimized conditions were successfully applied to

electron-rich (35−57%) and -poor aryl bromide (60−76%),
heteroaryl bromides such as indole (49%), thiophene (78%),
dibenzofuran (51%) derivatives, and polybrominated aromatics
(61−88%) for further evaluation of the substrate scope. The
authors also provide a comparative study of the performance of
solution-based and mechanochemical reactions (Scheme 58).

This framework can be used to demonstrate the efficiency and
enormous potentiality of mechanochemistry procedures. In
this regard, the oxidative solution-based addition of 1a22 under
a nitrogen atmosphere, using cyclohexane or THF as solvents,
gave 63a22 in 61% and 87% yield, respectively. However, when
the same reactions were realized, exposing the reagents to air
the reaction yields have dropped dramatically (8% and 46%,
respectively). On the contrary, the mechanochemical oxidative
addition of the model reaction, even in air, gave efficiently the
desired product 63a22 in high yields (92%). These and other
studies134 published in the literature allow assuming that
gaseous oxygen does not efficiently diffuse through crystalline
or amorphous solid-state reaction mixtures as a result of the
low impact of atmospheric oxygen on this moisture- and/or
oxygen-sensitive substrates.
For over a hundred years, Grignard reactions have been part

of the toolkit of both academic and industrial chemists in the
design of new molecular geometries. The classical and direct
procedure for preparing Grignard reagents involves the
reaction between elemental magnesium and an organic halide,
usually in a dry ethereal solvent. All commercial-grade
solvents135 were dried under nitrogen and over an alkali
metal (e.g., sodium or potassium) using benzophenone as a
dryness indicator and distilled prior to use.136 The drying
process of an organic solvent is an important topic in the first
years of study at university. However, as simple as the
procedure may seem, there are many examples of unfortunate
accidents, including fatal ones, in chemical laboratories around
the world. In this framework, Mack et al. have explored some
mechanochemical methods for preparing Grignard reagents
without special precautions to remove moisture in the air.137

The reaction between a 3 M ether solution of methyl Grignard
(MeMgBr) and 4-bromobenzophenone 58b9 in a stainless-
steel jar previously charged with a 1/8 in. stainless steel ball
gave 1-bromo-4-(1-phenylethenyl) benzene 57b9 (42% con-
version) and 1-(4-bromophenyl)-phenylethanol 5b32 (58%
conversion) after milling for 1 h (Scheme 59). In a separate
Grignard experiment, the same reaction was repeated using the
methyl Grignard obtained by evaporation of Et2O, which
results in a slurry. Interestingly, the 17 h milling of the
Grignard reagent with 4-bromobenzophenone (58b9) yielded
the 1-bromo-4-(1-phenylethenyl) benzene (5b32) as the major
product instead of being quenched by moisture in the air
(Scheme 59).138 Mack claims that the only water present in a 5
mL jar used during the milling reaction is contained in small
concentration both in the reactants and/or in the air before the
vial is sealed.
The authors estimate that the jar used for their reactions

contained a quantity of water altogether in the order of a few
ppm, that is, the same level water present in a dry solvent
commonly prepared in a laboratory. They assumed that during
mechanochemical impacts inside the reaction jar, the gaseous
elements (vaporous water and oxygen) simply slipping past the
ball and never react with any of the other components in the
reaction beaker as depicted in Figure 6 and Figure 7.
On the base of a recent study aimed at improving the

general preparation of Grignard reagents in a ball milling,
Harrofield et al. observed that a 4-fold excess of magnesium is
needed to obtain a manipulable solid, instead of an intractable
paste.139 There is at present still enormous research interest in
this topic and our understanding move at a considerable speed.
The strength of the C−F bond makes the direct preparation of
Grignard reagents extremely challenging by reacting elemental

Scheme 57. Synthesis of Palladium-Based Oxidative
Addition Complexes Involving Moisture- and/or Oxygen-
Sensitive Pd(0) Intermediates. Adapted with Permission
from Ref 133. Copyright 2019 The Royal Society of
Chemistry
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Table 11. Optimization of the Reaction Conditionsa

aConditions: 1 (0.05 mmol), 2a (0.05 mmol), RuPhos (0.05 mmol), and the LAG additive (0.2 μL mg−1) in a stainless-steel ball-milling jar (1.5
mL) with a stainless-steel ball (3 mm). bDetermined by 1H NMR analysis of the crude reaction mixture using an internal standard. cTwo stainless-
steel balls (3 mm) were used. dThree stainless-steel balls (3 mm) were used. eIsolated yield. Adapted with permission from ref 133. Copyright 2019
The Royal Society of Chemistry.

Scheme 58. A Comparative Study of the Performance of Solution-Based and Mechanochemical Reactions. Adapted with
Permission from Ref 133. Copyright 2019 The Royal Society of Chemistry
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magnesium with an organic fluoride, typically in an ethereal
solvent. In solution, the direct reaction of many organo-
fluorides with elemental magnesium yield no product, and any
other strategy is welcomed. In this regard, Hanusa et al. have
successfully developed a mechanochemical procedure to
activate the C−F bond and prepare fluoro-Grignard reagents
milling together elemental magnesium (8 equiv) with
fluoronapthalenes (Scheme 60).140 Despite these preliminary
encouraging results, much work remains to be done in this
area.

In recent years, visible light-photoredox catalysis as a means
to accelerate bond-forming reactions has become a topic of
considerable interest in contemporary organic chemistry.141 In
these processes, the photoexcited catalyst can behave like a
very efficient single-electron oxidant providing an electron to
an acceptor, effectively triggering the reaction (Scheme 61).
The following single-electron oxidation of a donor leads to the
formation of the final product, together with the concomitant
regeneration of the ground-state catalyst (Scheme 61).

In an extraordinary paper, Hito et al. have recently
highlighted how the mechanical action of balls on a
piezoelectric material could generate temporarily highly
polarized particles (Scheme 62).142 The mechanically activated

piezoelectric material transfers electrons to target organic
molecule promoting the selective formation of new bonds by
mimicking photoredox catalysts (Scheme 62). The model
reaction has been fine-tuned using the commercially available,
inexpensive, and easy-to-handle BaTiO3 nanoparticles as the
piezoelectric component.
To support this mechanistic hypothesis, the author

investigated the mechanoredox C−H arylation of aryl
diazonium salts 55b8 and furan 64 in the presence of
BaTiO3 (1.5 mL stainless steel milling jar with 5 mm diameter
stainless steel ball, Table 12). The mechanochemical agitation
(20 Hz for 1 h under air) of all components provided the
corresponding arylated product 65b8 in 40% yield (Table12,
entry 1). In contrast, when the same reaction was irradiated
with ultrasound in anhydrous dimethyl sulfoxide and under

Scheme 59. Comparison of a Grignard Reaction (under Air Condition) between Solution and Ball Milling. Adapted with
Permission from Ref 137. Copyright 2012 Elsevier

Figure 6. A collision between ball bearing and reagents A and B leads
to formation of product C. Adapted with permission from ref 137.
Copyright 2012 Elsevier.

Figure 7. A collision between the ball bearing, reactant A and
vaporous O2 or H2O leads to no reaction. Adapted with permission
from ref 137. Copyright 2012 Elsevier.

Scheme 60. Direct Mechanochemical Preparation of a
Fluoro Grignard Reagent. Adapted with Permission from
Ref 140. Copyright 2020 MDPI

Scheme 61. A Commonly Accepted Photoredox Oxidative
Quenching Cycle. Adapted with Permission from Ref 142.
Copyright 2019 American Association for the Advancement
of Science

Scheme 62. Proposed Mechanoredox Paradigm Using a Ball
Mill and a Piezoelectric Material. Adapted with Permission
from Ref 142. Copyright 2019 American Association for the
Advancement of Science
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nitrogen, the product 65b8 was detected only in trace amount
(<1%, Table 12, entry 3). The mechanochemical activation of
the model reaction with ceramic materials (TiO2, BaCO3,
Al2O3) did not proceed at all, while other piezolelectric items,
such as LiNbO3 and ZnO, provided 65b8 in lower yields (24%
and 15%, respectively, Table 12). Instead, an increase in the
grinding frequency (from 20 to 30 Hz) doubled the yield
(81%) of the reaction (Table 12, entry 8).
The scope of the optimized procedure was successfully

extended to a wider range of substrates to validate the
methodology. Successively, the authors probed the mecanor-
edox borylation of 55b8 using the same setup to broaden the
series, and the desired arylboronate (66b8) was recovered in
21% yield (Scheme 63). The addition of a stoichiometric
amount of CH3CN (0.12 μL) as a LAG liquid additive, as well
as the prolonging of the milling time to 3 h, led to higher yield
(61%).
The outcomes were thoroughly compared with the

analogous photoredox reactions reported in the literature,143

and the mechanochemical procedure provides better results
both in terms of overall reaction time and product yield
(Scheme 63). In this framework, coronene 67 was arylated in
43% yield under the optimized mechanoredox conditions
(67b12, Scheme 64), while the arylation of coronene 67 in
DMSO (König’s photoredox procedure)144 using eosin Y
failed to deliver the desired product (67b18, Scheme 64). The
low solubility of coronene 67 in the polar solvents commonly
used for photoredox reactions, could rationalize the lack of
reactivity. Scanning electron microscopy (SEM) and thermo-

Table 12. Optimization for Mechanoredox Arylation.
Adapted with Permission from Ref 142. Copyright 2019
American Association for the Advancement of Science

Scheme 63. Scope of Mechanoredox Borylation. Adapted with Permission from Ref 142. Copyright 2019 American
Association for the Advancement of Science
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graphic analyses proven that the reaction inside the jar takes
place exclusively via a mechanochemical activation.
Finally, the authors successfully validated the robustness of

this procedure by “hammering” the raw reaction 200 times.145

The sui generis mechanoredox borylation of 55b16 afforded the
product 66b16 in 43% yield (Scheme 65), as assessed by
nuclear magnetic resonance (NMR) integration.
Indisputably, Ito’s paper emphasizes the potentialities of

mechanochemistry that is a new frontier of research still to be
explored. Mechanochemistry is not a panacea for overcoming
all challenges. Nevertheless, similarly to other conventional
organic procedures, it is a powerful tool in the hands of
chemists to reduce the environmental impact of chemical
processes.

9. CONCLUSIONS
In the past few years, metal-assisted mechanochemical
reactions have become a topic of extreme interest, prompting
IUPAC to include mechanochemistry among the top 5
innovations that will change the world.146 The reactions
carried out inside a ball mill provided a new strategy to prepare
powerful catalysts and opened the door for synthesizing a more
extensive range of complex molecular targets. At this point, a
simple transfer of know-how from the homogeneous phase to
the jar of a ball mill is no longer the key. Over the next few
years, the interest of the scientific community has to focus on
to understand better what happens to reagents and catalysts
during the milling.147 Many kinetic and thermodynamic
aspects of mechanochemically activated reactions are still
poorly understood, as well as everything that happens in the jar
during a single mechanochemical impact. Currently, limited
information is available in the literature on the chemical
structure and surface of catalysts loaded into the volume of the

reaction throughout the reactive process. We hope that for any
future study on metal-assisted mechanochemical reactions, this
Review might significantly inspire and influence the modern
metal-assisted catalysis.
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(26) Frisčǐc,́ T.; Mottillo, C.; Titi, H. M. Mechanochemistry for
Synthesis. Angew. Chem. 2020, 132, 1030−1041.
(27) Crum, R. S.; Homel, M. A.; Pagan, D. C.; Herbold, E. B.;
Miller, D.; Lind, J.; Jensen, B. J.; Iverson, A. J.; Akin, M. C. In situ X-
ray imaging of heterogeneity in dynamic compaction of granular
media. J. Appl. Phys. 2019, 125, No. 025902.
(28) Awalt, J. K.; Scammells, P. J.; Singer, R. D. Liquid Assisted
Grinding for the N-Demethylation of Alkaloids. ACS Sustainable
Chem. Eng. 2018, 6, 10052−10057.
(29) Belenguer, A. M.; Lampronti, G. I.; Sanders, J. K. M. Reliable
Mechanochemistry: Protocols for Reproducible Outcomes of Neat
and Liquid Assisted Ball-mill Grinding Experiments. J. Visualized Exp.
2018, 131, 56824.
(30) Sentence quoted from: Tanaka, K.; Toda, F. Solvent-Free
Organic Synthesis. Chem. Rev. 2000, 100, 1025−1074.
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Zat́opkova,́ R.; Zemańkova,́ H.; Šustkova,́ A.; Cankar,̌ P. The Suzuki-
Miyaura Cross-Coupling Reaction of Halogenated Aminopyrazoles:
Method Development, Scope, and Mechanism of Dehalogenation
Side Reaction. J. Org. Chem. 2017, 82, 157−169.
(63) Yu, J.; Hong, Z.; Yang, X.; Jiang, Y.; Jiang, Z.; Su, W. Bromide-
assisted chemoselective Heck reaction of 3-bromoindazoles under
high-speed ball-milling conditions: Synthesis of axitinib. Beilstein J.
Org. Chem. 2018, 14, 786−795.
(64) (a) Grela, K. Progress in metathesis chemistry II. Beilstein J.
Org. Chem. 2015, 11, 1639−1640. (b) Sabatino, V.; Ward, T. R.
Aqueous olefin metathesis: Recent developments and applications.
Beilstein J. Org. Chem. 2019, 15, 445−468. (c) Müller, D. S.; Basle,́ O.;
Mauduit, M. A tutorial review of stereoretentive olefin metathesis
based on ruthenium dithiolate catalysts. Beilstein J. Org. Chem. 2018,
14, 2999−3010.
(65) Balcar, H.; C̆ejka, J. SBA-15 as a support for effective olefin
metathesis catalysts. Catalysts 2019, 9, 743.
(66) (a) Hoveyda, A. H.; Khan, R. K. M.; Torker, S.; Malcolmson, S.
J. in Handbook of Metathesis, Vol. 2; Grubbs, R. H., Ed.; Wiley-VCH:
Weinheim, 2015. (b) http://allthingsmetathesis.com/solvent-
considerations-in-ruthenium-catalyzed-metathesis-reactions/ (ac-
cessed March 22, 2020).

(67) Groso, E. J.; Schindler, C. S. Recent Advances in the
Application of Ring-Closing Metathesis for the Synthesis of
Unsaturated Nitrogen Heterocycles. Synthesis 2019, 51, 1100−1114.
(68) Song, K.; Kim, K.; Hong, D.; Kim, J.; Heo, C. E.; Kim, H. I.;
Hong, S. H. Highly active ruthenium metathesis catalysts enabling
ring-opening metathesis polymerization of cyclopentadiene at low
temperatures. Nat. Commun. 2019, 10, 1−9.
(69) (a) Pollini, J.; Pankau, W. M.; Gooßen, L. J. Isomerizing Olefin
Metathesis. Chem. - Eur. J. 2019, 25, 7416−7425. (b) Timmer, B. J. J.;
Ramström, O. Acid-Assisted Direct Olefin Metathesis of Unprotected
Carbohydrates in Water. Chem. - Eur. J. 2019, 25, 14408−14413.
(c) Mukherjee, N.; Marczyk, A.; Szczepaniak, G.; Sytniczuk, A.;
Kajetanowicz, A.; Grela, K. A Gentler Touch: Synthesis of Modern
Ruthenium Olefin Metathesis Catalysts Sustained by Mechanical
Force. ChemCatChem 2019, 11, 5362−5369. (d) Quintin, F.; Pinaud,
J.; Lamaty, F.; Bantreil, X. Mechanosynthesis of Noels-Type NHC-
Ruthenium Complexes and Applications in Ring-Opening Metathesis
Polymerization. Organometallics 2020, 39, 636.
(70) Do, J. L.; Mottillo, C.; Tan, D.; Štrukil, V.; Frisčǐc,́ T.
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(78) Staleva, P.; Hernańdez, J. G.; Bolm, C. Mechanochemical
Copper-Catalyzed Asymmetric Michael-Type Friedel−Crafts Alkyla-

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c00142
ACS Catal. 2020, 10, 8344−8394

8391

https://dx.doi.org/10.1002/anie.201806480
https://dx.doi.org/10.1002/anie.201806480
https://dx.doi.org/10.1021/acscatal.5b02718
https://dx.doi.org/10.1021/acscatal.5b02718
https://dx.doi.org/10.1039/C9CY00752K
https://dx.doi.org/10.1039/C9CY00752K
https://dx.doi.org/10.3390/catal9030213
https://dx.doi.org/10.3390/catal9030213
https://dx.doi.org/10.1021/jo00979a024
https://dx.doi.org/10.1021/jo00979a024
https://dx.doi.org/10.1021/jo00979a024
https://dx.doi.org/10.1021/cr9903048
https://dx.doi.org/10.1021/cr9903048
https://dx.doi.org/10.1039/C7GC02869E
https://dx.doi.org/10.1039/C7GC02869E
https://dx.doi.org/10.1021/acs.chemrev.7b00443
https://dx.doi.org/10.1021/acs.chemrev.7b00443
https://dx.doi.org/10.3390/catal8020090
https://dx.doi.org/10.3390/catal8020090
https://dx.doi.org/10.1016/j.trechm.2019.05.007
https://dx.doi.org/10.1055/s-0037-1611659
https://dx.doi.org/10.1055/s-0037-1611659
https://www.organic-chemistry.org/namedreactions/heck-reaction.shtm
https://www.organic-chemistry.org/namedreactions/heck-reaction.shtm
https://dx.doi.org/10.1055/s-2006-926371
https://dx.doi.org/10.1055/s-2006-926371
https://dx.doi.org/10.1055/s-2006-926371
https://dx.doi.org/10.1016/B978-0-12-802184-2.00002-9
https://dx.doi.org/10.1016/B978-0-12-802184-2.00002-9
https://dx.doi.org/10.1016/B978-0-12-802184-2.00002-9?ref=pdf
https://dx.doi.org/10.1016/B978-0-12-802184-2.00002-9?ref=pdf
https://dx.doi.org/10.1021/ol4018134
https://dx.doi.org/10.1021/ol4018134
https://dx.doi.org/10.1021/ol4018134
https://dx.doi.org/10.1021/acs.oprd.6b00076
https://dx.doi.org/10.1021/acs.oprd.6b00076
https://dx.doi.org/10.1021/acs.oprd.6b00076
https://dx.doi.org/10.1021/acs.joc.6b02306
https://dx.doi.org/10.1021/acs.joc.6b02306
https://dx.doi.org/10.1021/acs.joc.6b02306
https://dx.doi.org/10.1021/acs.joc.6b02306
https://dx.doi.org/10.3762/bjoc.14.66
https://dx.doi.org/10.3762/bjoc.14.66
https://dx.doi.org/10.3762/bjoc.14.66
https://dx.doi.org/10.3762/bjoc.11.179
https://dx.doi.org/10.3762/bjoc.15.39
https://dx.doi.org/10.3762/bjoc.14.279
https://dx.doi.org/10.3762/bjoc.14.279
https://dx.doi.org/10.3390/catal9090743
https://dx.doi.org/10.3390/catal9090743
http://allthingsmetathesis.com/solvent-considerations-in-ruthenium-catalyzed-metathesis-reactions/
http://allthingsmetathesis.com/solvent-considerations-in-ruthenium-catalyzed-metathesis-reactions/
https://dx.doi.org/10.1055/s-0037-1611651
https://dx.doi.org/10.1055/s-0037-1611651
https://dx.doi.org/10.1055/s-0037-1611651
https://dx.doi.org/10.1038/s41467-019-11806-5
https://dx.doi.org/10.1038/s41467-019-11806-5
https://dx.doi.org/10.1038/s41467-019-11806-5
https://dx.doi.org/10.1002/chem.201805940
https://dx.doi.org/10.1002/chem.201805940
https://dx.doi.org/10.1002/chem.201903155
https://dx.doi.org/10.1002/chem.201903155
https://dx.doi.org/10.1002/cctc.201901444
https://dx.doi.org/10.1002/cctc.201901444
https://dx.doi.org/10.1002/cctc.201901444
https://dx.doi.org/10.1021/acs.organomet.0c00013
https://dx.doi.org/10.1021/acs.organomet.0c00013
https://dx.doi.org/10.1021/acs.organomet.0c00013
https://dx.doi.org/10.1021/jacs.5b00151
https://dx.doi.org/10.1007/3-540-30031-7_107?ref=pdf
https://dx.doi.org/10.1021/cr50002a001
https://dx.doi.org/10.1021/cr50002a001
https://dx.doi.org/10.1021/cr50002a001
https://dx.doi.org/10.1002/0471238961.0618090515120108.a01
https://dx.doi.org/10.1002/0471238961.0618090515120108.a01
https://dx.doi.org/10.1002/0471238961.0618090515120108.a01?ref=pdf
https://dx.doi.org/10.1002/0471238961.0618090515120108.a01?ref=pdf
https://dx.doi.org/10.1201/9781420067934?ref=pdf
https://dx.doi.org/10.1201/9781420067934?ref=pdf
https://dx.doi.org/10.3762/bjoc.15.130
https://dx.doi.org/10.1002/anie.201702303
https://dx.doi.org/10.1002/anie.201702303
https://dx.doi.org/10.1039/B909987P
https://dx.doi.org/10.1039/B909987P
https://dx.doi.org/10.1039/B909987P
https://dx.doi.org/10.1021/cr900211p
https://dx.doi.org/10.1021/cr900211p
https://dx.doi.org/10.1039/C5NP00032G
https://dx.doi.org/10.1039/C5NP00032G
https://dx.doi.org/10.1021/acs.chemrev.7b00692
https://dx.doi.org/10.1021/acs.chemrev.7b00692
https://dx.doi.org/10.1021/acs.chemrev.7b00692
https://dx.doi.org/10.1002/9783527626977?ref=pdf
https://dx.doi.org/10.1002/9783527626977?ref=pdf
https://dx.doi.org/10.1002/anie.200901843
https://dx.doi.org/10.1002/anie.200901843
https://dx.doi.org/10.1002/chem.200802210
https://dx.doi.org/10.1002/chem.200802210
https://dx.doi.org/10.1002/chem.200802210
https://dx.doi.org/10.1016/j.tet.2011.09.106
https://dx.doi.org/10.1016/j.tet.2011.09.106
https://dx.doi.org/10.1016/j.tet.2011.09.106
https://dx.doi.org/10.1134/S1070428016120010
https://dx.doi.org/10.1134/S1070428016120010
https://dx.doi.org/10.1134/S1070428016120010
https://dx.doi.org/10.1002/chem.201901826
https://dx.doi.org/10.1002/chem.201901826
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00142?ref=pdf


tion of Indoles with Arylidene Malonates. Chem. - Eur. J. 2019, 25,
9202−9205.
(79) Franke, R.; Selent, D.; Börner, A. Applied hydroformylation.
Chem. Rev. 2012, 112, 5675−5732.
(80) Cornils, B.; Herrmann, W. A.; Rasch, M. Otto Roelen, Pioneer
in Industrial Homogeneous Catalysis. Angew. Chem., Int. Ed. Engl.
1994, 33, 2144−2163.
(81) (a) Fang, X.; Jackstell, R.; Franke, R.; Beller, M. Domino-
Hydroformylation/Aldol Condensation Catalysis: Highly Selective
Synthesis of α,β-Unsaturated Aldehydes from Olefins. Chem. - Eur. J.
2014, 20, 13210−13216. (b) Tan, G.; Wu, Y.; Shi, Y.; You, J. Syngas-
Free Highly Regioselective Rhodium-Catalyzed Transfer Hydro-
formylation of Alkynes to α,β-Unsaturated Aldehydes. Angew.
Chem., Int. Ed. 2019, 58, 7440−7444. (c) Peng, J. B.; Wu, F. P.;
Wu, X. F. First-Row Transition-Metal-Catalyzed Carbonylative
Transformations of Carbon Electrophiles. Chem. Rev. 2019, 119,
2090−2127.
(82) Cornils, B.; Börner, A.; Franke, R.; Zhang, B.; Wiebus, E.;
Schmid, K. Hydroformylation in Applied Homogeneous Catalysis with
Organometallic Compounds: A Comprehensive Handbook in Four
Volumes, 3rd ed.; Cornils, B., Herrmann, W. A., Beller, M.,
Pacciello, R., Eds.; Wiley-VCH: Weinheim, Germany, 2017, pp 23−
90.
(83) Leclercq, L.; Hapiot, F.; Tilloy, S.; Ramkisoensing, K.; Reek, J.
N. H.; Van Leeuwen, P. W. N. M.; Monflier, E. Sulfonated xantphos
ligand and methylated cyclodextrin: A winning combination for
rhodium-catalyzed hydroformylation of higher olefins in aqueous
medium. Organometallics 2005, 24, 2070−2075.
(84) Cousin, K.; Menuel, S.; Monflier, E.; Hapiot, F. Hydro-
formylation of Alkenes in a Planetary Ball Mill: From Additive-
Controlled Reactivity to Supramolecular Control of Regioselectivity.
Angew. Chem., Int. Ed. 2017, 56, 10564−10568.
(85) Bolm, C.; Mocci, R.; Schumacher, C.; Turberg, M.; Puccetti, F.;
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Hopkinson, A. C.; Organ, M. G. Amination with Pd-NHC complexes:
Rate and computational studies on the effects of the oxidative
addition partner. Chem. - Eur. J. 2011, 17, 3086−3090. (c) Pompeo,
M.; Farmer, J. L.; Froese, R. D. J.; Organ, M. G. Room-temperature
amination of deactivated aniline and aryl halide partners with
carbonate base using a Pd-PEPPSI-IPentCl-o-picoline catalyst.
Angew. Chem., Int. Ed. 2014, 53, 3223−3226.
(112) Cao, Q.; Nicholson, W. I.; Jones, A. C.; Browne, D. L. Robust
Buchwald-Hartwig amination enabled by ball-milling. Org. Biomol.
Chem. 2019, 17, 1722−1726.
(113) Kubota, K.; Seo, T.; Koide, K.; Hasegawa, Y.; Ito, H. Olefin-
accelerated solid-state C−N cross-coupling reactions using mecha-
nochemistry. Nat. Commun. 2019, 10, 1−11.
(114) Zhu, X.; Li, Z.; Shu, Q.; Zhou, C.; Su, W. Mechanically
Activated Solid-State Synthesis of Flavones by High-Speed Ball
Milling. Synth. Commun. 2009, 39, 4199−4211.
(115) Haley, R. A.; Zellner, A. R.; Krause, J. A.; Guan, H.; Mack, J.
Nickel Catalysis in a High Speed Ball Mill: A Recyclable
Mechanochemical Method for Producing Substituted Cyclooctate-
traene Compounds. ACS Sustainable Chem. Eng. 2016, 4, 2464−2469.
(116) Chen, L.; Leslie, D.; Coleman, M. G.; Mack, J. Recyclable
heterogeneous metal foil-catalyzed cyclopropenation of alkynes and
diazoacetates under solvent-free mechanochemical reaction con-
ditions. Chem. Sci. 2018, 9, 4650−4661.
(117) Chelucci, G.; Porcheddu, A. Synthesis of Quinolines via a
Metal-Catalyzed Dehydrogenative N-Heterocyclization. Chem. Rec.
2017, 17, 200−216.
(118) Tan, Y. J.; Wang, F. J.; Asirib, A. M.; Marwanib, H. M.; Zhang,
Z. FeCl3-Mediated One-Pot Cyclization−Aromatization of Anilines,
Benzaldehydes, and Phenylacetylenes under Ball Milling: A New
Alternative for the Synthesis of 2,4-Diphenylquinolines. J. Chin. Chem.
Soc. 2018, 65, 65−73.
(119) Rinaldi, L.; Martina, K.; Baricco, F.; Rotolo, L.; Cravotto, G.
Solvent-free copper-catalyzed azide-alkyne cycloaddition under
mechanochemical activation. Molecules 2015, 20, 2837−2849.
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