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Introduction

The pursuit of safer, efficient and more sustainable synthetic methodologies has led to a
growing interest in solvent-free chemical transformations. Mechanochemistry is one of
the leading technologies addressing these demands, that utilizes mechanical forces to
initiate and accelerate chemical transformations.™! Unlike conventional solution-phase
methods, mechanochemical processes avoid the use of bulk solvents, unlock new
reactivity pathways and offer operational simplicity.[>* Moreover, mechanochemistry is
well-aligned with the 12 principles of green chemistry, often showing significant
improvements in green chemistry metrics compared to benchmarking solution
methods.!>®!

One of the notable advantages of mechanochemistry is its ability to activate insoluble
materials including zero-valent metals, inorganic salts etc., under ambient temperature
conditions.”? The mechanical energy applied to metals during ball milling enhances metal
reactivity through removal of surface passivation layers, pulverization of bulk metals into
smaller particles, increasing the reactive surface area, and generates active sites necessary
for initiating chemical reactions. This approach opens new possibilities for generating
reactive polar organometallic species and carrying out reductive transformations
without the need for toxic chemicals, cryogenic temperatures, and inert atmosphere.

This doctoral thesis opens with an overview of mechanochemistry, highlighting its
significant potential and unique advantages. The subsequent sections of the literature
review focus on demonstrating the activation of zero-valent metals via ball milling and
its applications in the generation of polar organometallic reagents and dissolving-metal
reductions.

The primary objective of this doctoral work was to investigate the mechanochemical
activation of the two most abundant alkaline earth metals (Mg and Ca) which are
low-cost and non-toxic in their compounds, and hold high practical significance in organic
synthesis. First, we developed a mechanochemical equivalent of the Barbier-Grignard
reaction, in which organomagnesium reagents (R-MgX) are generated in situ by using
magnesium metal and various organic halides. This method offers a practical and
efficient alternative to the classical Grignard reaction, which typically requires anhydrous
solvents and an inert atmosphere. Subsequently, we developed a mechanochemical
method for the Birch reduction of aromatic systems by using calcium and magnesium
metals as reductants. These metals serve as safer and more sustainable alternative to
the traditional alkali metal reductants (Li, Na, K).

Through these studies, this thesis highlights the synthetic potential and practical
advantages of mechanochemical strategies, especially in the activation of zero-valent
metals (Ca, Mg) and inorganic salts (NH4Cl, K2HPOa) for performing arduous chemical
transformations.
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1 Literature Overview

1.1 Mechanochemistry

For a chemical reaction to take place, the energy input must be sufficient to overcome
the activation barrier for chemical transformation. Traditionally, this energy is delivered
by heating the reaction mixture. Besides heating, the advancement of enabling
technologies has led to the development of alternative energy input methods,
such as photochemical and electrochemical techniques, which are widely adopted as
greener methodologies in organic synthesis.’®? In contrast, historically well-known
mechanochemical techniques®® have been less explored until recently and were
primarily limited to fields such as crystallography and the manual grinding of
materials.[*%12]

Mechanochemical reactions are defined as “chemical reactions that are induced by
the direct absorption of mechanical energy” in the IUPAC Gold Book.[*3 This includes
techniques such as sonication, grinding, hammering, extrusion, and ball-milling. Over the
last two decades, interest in mechanochemistry for the synthesis of organic compounds
has grown substantially.>*'4  Because the required energy is provided through
mechanical forces rather than stirring in solution, it means the usage of bulk solvents can
be excluded. This directly resolves a major challenge in implementing green chemistry
practices within the chemical industry by solvent reduction, as highlighted by the ACS
Green Chemistry Pharmaceutical Roundtable in 2007.1*>81 |n addition, mechanochemistry
also offers an opportunity to explore chemical reactions in highly-concentrated
environment, which led to discovery of new reaction pathways.

1.1.1 Mechanochemical equipment and scalability

Early approaches to mechanochemical synthesis involved manual grinding with a mortar
and pestle.’”) However, this method was prone to variability caused by human error,
especially during longer grinding periods.[*® The introduction of automated equipment,
capable of delivering uniform and regulated energy input, effectively addressed these
inconsistencies. Mixer mills and planetary mills are very common ball mills in academic
laboratories, and there are now many different brands and models available. As a concept,
these two ball mills work in a similar way, through providing kinetic energy to one or
more milling balls (most commonly made of ZrO: or stainless steel), which can then
transfer the energy to initiate the chemical reaction via strong collisions with the reactant
material.l**!

In the case of a mixer mill (also known as a shaker mill or a vibratory ball mill), the
reaction jars (typically, 10-30 mL volume) are placed horizontally and vibrate rapidly in
a horizontal back-and-forth motion at the desired frequency (typically, maximum
30-50 Hz) (Figure 1). The main mechanical energy applied to the reaction mixture is
impact and compressive forces. Studies suggest that the majority of the energy is
transferred through the ball's direct impact with the chemical substance at the jar’s
end/walls®?®l. However, the balls do not move only a perfectly straight path and instead
move in a more variable manner. This results in additional energy transfer possibilities,
such as shearing or occasional glancing collisions along the jar's sides. In a typical mixer
mill reaction, one or two 10-mm milling balls are used, although sometimes several
smaller 5-mm balls can be added to improve mixing. Various jar sizes and materials are
available, with different levels of compatibility between jars and mixer mills.[

13



(A) Mixer mill (B) Schematic jar

A

Milling

Characteristics

Back-and-forth motion
Impact energy transfer
Typically 1-2 balls used
30 Hz max. frequency

Figure 1. Mixer-mill equipment used in this work. (A) Form-Tech scientific (FTS-1000) mixer mill
(https://formtechscientific.com/fts-1000-shaker-mill/products.html). (B) Schematic representation
of mixer mill. (C) 14 mL ZrO,-coated milling jars, 10 mm ZrO, milling balls.

In planetary mills, the milling jars are positioned vertically on a rotating platform, and
the operational principle differs from that of mixer mill (Figure 2, A). In this setup,
the platform rotates in clockwise direction, while the jars simultaneously rotate around
their own axes in the counterclockwise direction. The primary mode of mechanical
energy transfer in planetary mills is shear force.?Y Multi-gram syntheses can be performed
by using larger jars and milling balls.[?? However, both the mixer mill and planetary mill
have limited capacities on the reaction scale, which is approximately under 10 g for mixer
mills and under 100 g for planetary mills, when using most commonly available jars.
Reactions at these scales require careful attention to safety, as controlling thermal
dissipation becomes difficult due to the absence of a solvent to serve as a heat sink.
To address the limitations of ball milling technology, alternative methods such as
continuous synthesis via twin-screw extrusion (TSE) have been developed.?® In this
method, material is continuously processed between two parallel, counter-rotating
screws driven by motors. Throughout the system, the screws can be fitted with several
parts, including “conveying”, “reverse”, and “kneading” sections (Figure 2, B). TSE has
proven effective for large-scale organic reactions and has also shown advantages in the
synthesis of active pharmaceutical ingredients (APIs)?*?% and metal-organic frameworks
(MOFs).[2%1 The extruder’s design often allows to perform the reactions with precise control
of the reaction temperature, which can blur the distinction between mechanochemistry
and thermochemistry. Additionally, the screw design can be modified to enhance the
applied mechanical forces, using kneading and reverse screw configurations to introduce
extra shearing and compressive forces. Alternative mechanochemical instruments are
available, for example, resonance acoustic mixers (RAM) facilitate reactions without
milling media, relying instead on high-frequency acoustic vibrations to promote mixing
(Figure 2, C).27) Hybrid batch/continuous devices such as the Dyno®-mill further expand
the mechanochemical toolbox, allowing for scalable synthesis under controlled
conditions.[?8!
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(A) Planetary mill (B) Twin-screw extruder (C) Resonance acoustic mixer

Figure 2. (A) Planetary mill, Fritsch (B) Twin-Screw Extruder (TSE), Thermo Fisher Scientific.
(C) Resonance acoustic mixer. (images reproduced from the
https.//www.fritschinternational.com,www.thermofisher.com, https://resodyn.com/).

1.1.2 Key variables affecting chemical reactions in a ball mill

To maximize efficiency, it is important to understand and control the variables involved
in any chemical process. There are three key factors which influence on how mechanical
energy is transferred to the reactants: (i) the kinetic energy of the ball(s) before impact,
(ii) the efficiency of energy transfer to the reagents during collisions and (iii) the frequency
of the collisions.?%?°1 When using ball mills, it is challenging to control or even evaluate
these variables independently.

The maximum energy that can be transferred to the reagents during each collision is
determined by the kinetic energy of the ball(s) prior to impact. This energy depends on
both the mass and speed of the ball(s). While the mass of the ball(s) can be controlled,
their speed depends on conditions inside the milling jar, which are influenced by jar’s
dimensions and filling degree, the weight and number of milling balls, and the milling
speed (Hz).3031

In a collision, the way energy is transferred can influence significantly on the reaction
outcome. Energy can be delivered either through direct impact, which locally compresses
the material, or via shear forces. Studies have shown that different modes of energy
transfer can lead to different reaction outcomes.??! The ratio between impact and shear
forces varies across different types of ball mills. The amount of energy absorbed during
a collision also depends on how much of energy is lost due to the physical deformation
of the material. Therefore, it depends on the rheology of the reaction mixture,
particularly its Young’s modulus.333%

Another crucial factor is the frequency of collisions per second. Higher collision rate
allows more energy to be transferred, thus it enhances the rate of the reaction. Similarly
to kinetic energy mentioned above, the collision rate is also by milling speed, the size and
number of balls, and the filling degree of the jar.

Differences in mass transfer or mixing can also strongly affect the result of the
reaction. In solution-based reactions, mass transfer is usually not a concern, as all reactants
are dissolved and well mixed. However, in the solid-state reactions, mass transfer can
greatly impact the results and is harder to measure or control. Mass transfer could be
directly influenced by all the mechanochemical parameters which includes type of mill,
weight and number of balls, material of the jar, filling degree, volume of the jar, reactants
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volume, milling frequency, and the physical properties of the reactants. Fortunately,
most of these variables can be experimentally adjusted and controlled.

Finally, standard reaction variables such as temperature, milling time, and stoichiometry
of the reactants also play important role. Although cryo-mills offer external cooling,°!
the temperature control is not so easy as the reaction jar heats up during the repeated
collisions. This heat dissipation makes difficult to understand whether the reaction is
driven by heat or by mechanochemical forces. Among the several factors that influence
reaction outcomes, very few can be altered or controlled independently. However,
several variables can be managed, and they often work together to affect the overall
reactivity and efficiency of the process.

1.1.3 Operational parameters under direct control

One of the initial considerations in a mechanochemical reaction is selecting the appropriate
type of ball mill. As previously discussed, there are two main common options: either
a mixer mill or a planetary mill. While the choice of mill may depend on the reaction scale
—since planetary mills can accommodate larger-scale reactions than mixer mills — the key
differences between the two primarily relate to the motion of the grinding media within
the milling jar. This motion directly affects the ratio of impact to shear forces, the amount
of kinetic energy transferred, and the overall mixing efficiency. Although there have been
relatively few comparative studies and reported different outcomes while using different
mills.3%371 When multiple type of mills are available, it is often difficult to predict which
will lead to the best results. Therefore, early stages of process optimization may benefit
from testing several types of mills in parallel.

The next important parameter to consider is the filling degree, which refers to how
much volume of the milling jar is occupied by both the reactants and milling balls, relative
to the total jar’s volume. This factor significantly effects the trajectories of the balls,
thereby affecting energy transfer and mixing efficiency. For example, the impact of filling
degree has been studied in the Knoevenagel condensation of vanillin with barbituric acid
using a planetary mill, by varying the number of grinding balls in the jar.*8 At low filling
degrees, the limited number of balls resulted in poor mixing and reduced kinetic energy.
Conversely, when a greater number of balls is used, they restrict each other’s motion and
cannot move freely, which limits their velocities and, consequently, their kinetic energy.
Therefore, an optimal filling degree of both reactants and number of balls should be
maintained to ensure maximal mixing efficiency.

The size of the milling ball can be controlled and is typically choose based on the
volume of the milling jar to ensure optimal performance. Generally, larger balls may not
lead to good mixing and smaller balls can improve the mixing. This is because when the
ball diameter is large and approaches that of the jar, there is limited space for reagents
to circulate around the ball, which hinders effective mixing. In addition to size, the mass
of the milling ball is another crucial factor. The larger the mass, the more kinetic energy
can the ball possess before collision, resulting in higher energy transfer during collisions.
As larger balls tends to be greater mass, choosing the ball size involves a trade-off between
maximizing mixing efficiency and highest energy input. However, this compromise can
be addressed by varying the material of the balls. By selecting materials with different
densities, it is possible to adjust the mass of the ball without altering the size, allowing
for more precise control over the milling conditions.

Another important parameter in mechanochemical reactions is the material of the
grinding jars and balls. Physical properties such as density, hardness, abrasion resistance,
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and chemical stability can significantly influence the reaction outcome. Common
materials used for milling accessories include tungsten carbide, stainless steel, zirconium
oxide, sintered corundum, agate, and Teflon. Because of its high density and hardness,
tungsten carbide delivers the greatest energy input to the system (density 14.8 g/cm?,
Vickers hardness 1500-2600), followed by stainless steel (density 7.8—7.9 g/cm?3, Vickers
hardness 825). Zirconium oxide jars and balls, with moderate density and hardness
(density 5.9 g/cm3, Vickers hardness 1500), provides moderate energy input. Although
sintered corundum is very hard, but its relatively low density (3.9 g/cm?) results in lower
energy transfer. Finally, agate (density 2.7 g/cm3, Vickers hardness ~200) and Teflon
(density 2.1 g/cm?) are materials associated with minimal energy input during milling.5!
After choosing the right material according to its physical properties, chemical resistance
is yet another crucial factor to consider.

Stainless steel is not an ideal choice when aiming to avoid cross-contamination from
abraded iron oriron compounds leaching, especially when working with corrosive media.
Materials such as tungsten carbide and zirconium oxide are better choices due to their
lower abrasion. Additionally, their chemical resistance makes them well-suited for milling
corrosive substances frequently encountered in organic synthesis. !4

However, in some cases, the milling material is specifically selected to participate in
the reaction. Mechanochemistry offers a particularly unique approach to running
catalytic reactions by utilizing catalytically active sites on the surface of milling media,
a method known as direct mechanocatalysis. This methodology was pioneered by Mack
et al.[***2 and further developed by Borchardt group.!*

Milling speed is the parameter that is the most straightforward to understand and
the simplest to control, as it is selected directly through the mill’s control interface.
Increasing the milling frequency causes the grinding balls to move faster, thereby
increasing their kinetic energy.*¥ This offers an easy and effective method to adjust the
amount of mechanical energy introduced into the chemical system. Additionally, general
reaction conditions like the proportions of reactants (stoichiometry) and the duration of
milling are also easily managed, just as in traditional chemical reactions.*”

1.1.4 Liquid-assisted grinding

Liquid-assisted grinding (LAG), also known as solvent-drop grinding, is an extension of
traditional solvent-free mechanochemical techniques (neat grinding) in which a small
amount of liquid (referred as LAG additive or agent) is used as an additive to enhance or
control the reactivity.[***8 It is empirically characterized by the parameter (n), which
reflects how mechanochemical reactivity is influenced by the ratio of the volume of liquid
additive (pL) to the total weight of the solid reactants (mg). A value of n = 0 corresponds
to neat grinding without any liquid additive, and a value in the range of 0 < n <1
corresponds to LAG. Reaction mixtures with higher n values typically would form a slurry
(1 < n) or homogenous solutions (10 < n). These do not fall under the category of LAG
regime (Figure 3).
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n=0 neat grinding

o » 0<N =1 liquid assisted grinding (LAG)
Volume of liquid additive (uL)
LAG (n) =

Weight of solid reactants (mg) 1< <10slurry

N =10 homogenous dissolved solution
Figure 3. The definition of Liquid-Assisted Grinding (LAG).

LAG was initially applied in mechanochemical co-crystallization, where it was observed
to accelerate the co-crystallization process.[*¥ It has also been demonstrated that LAG
can yield different outcomes compared to slurry reactions, and that the results are not
necessarily dependent on the solubility of the starting materials in the liquid additive. "
The Browne group reported a LAG-controlled selective fluorination of B-diketones,
in which chemoselectivity could be switched by altering the LAGs or neat grinding
conditions.!*”! Although the mechanism of LAG remains not fully understood, recent
studies suggest that its effectiveness may be attributed to some physical factors such as
dissolution,® molecular mobility,®" and liquid polarity.l*? Despite these uncertainties,
LAG is widely considered as a key contributor to the success of mechanochemistry.

1.1.5 Grinding auxiliaries
The rheology of the reaction mixture plays an important role in determining how a
mechanochemical reaction proceeds.?® This is largely influenced by the physical state of
both the starting materials and products. For example, liquids are generally poor at
absorbing mechanical energy, as they tend to freely move away from the position of
impact, thereby reducing the efficiency of energy transfer. To overcome these challenges,
the reaction mixture can be supplemented with a grinding aid — usually an inert solid
such as silica, sand, alumina, or an inorganic salt like sodium chloride.>*->% Then, the liquid
reactants can then be adsorbed onto to the solids, which can restrict the motion of the
liquid and reduces its ability to move away from the position of an impact. The addition
of a grinding additive can enhance the transfer of mechanical energy to the liquid
reagents. Reaction mixtures that consists both solids and liquid components can also
form sticky solids or paste-like textures, which hinders effective mixing. In such cases,
grinding additives can improve not only energy transfer but also the homogeneity of the
reaction mixture. This strategy is widely used in pharmaceutical processing to facilitate
the flow of materials through an extruder, where these additives are referred to as
glidants or lubricants.® In practice, selecting a suitable grinding additive in order to
improve energy transfer and for effective mixing is not straightforward and typically
requires a trial-and-error approach. Importantly, not all the grinding additives have to be
innocent and sometimes those directly participate in the reaction.!'857

In addition, the most common important factors are to investigate the choice of
reagents, their stoichiometries, and the reaction times.["¥ However, once a reaction is
found to be proceeded via mechanochemistry, then further investigate the influence of
each variable separately and look for observable trends (Figure 4), which can guide the
identification of improved conditions through trial and error method. A more advanced
alternative way is to use the statistical tools, such as Design of Experiments (DoE),
to systematically explore variable effects and predict optimal conditions. These methods
are widely and successfully applied in industrial settings.l>®
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Factors affecting reactions Optimization Parameters

e number of balls @ size of jar

= Kinetic energy of the ball(s) ® size of balls ® filling degree
prior to collision ® bhall material ® milling frequency
® type of mill
m Efficient mixing e number of balls ® LAG
® size of balls ® grinding additive
® size of jar ® milling frequency

@ filling degree ® type of mill

= How energy is transferred to ¢ nymber of balls & LAG
the reagents @ size of balls ® grinding additive
® size of jar ® type of mill
® filling degree

= Frequency of collisions ® milling frequency e number of balls
m Reaction time ® milling time
= stochiometry, temperature ® stochiometry, reaction temperature

Figure 4. Summary of the key factors affecting chemical reactions in a ball mill and the respective
optimization parameters.

1.1.6 Established benefits of mechanochemistry in organic synthesis

One of the most immediate and obvious benefits of mechanochemical techniques is the
absence of bulk organic solvents. Usually, solvents contribute to 80-90% of PMI, and they
are major source of toxicity along with safety concerns.!® Mechanochemical approach
offers a more sustainable route for organic synthesis by significant reduction of PMI and
this leads to lower waste generation and overall environmental impact.l®%%Y In addition,
solvent-free or solvent-minimized environment eliminates solubility limitations and
boosts reaction rates through high concentration of reactants.

Beyond their green advantages, mechanochemical methods have several other
unique benefits. The energy input associated with mechanical force, combined with a
solvent-free or solvent-minimized environment, has enabled the discovery of various
advantages not typically observed in solution-based methods, 24142 as detailed below.

Enhanced reactivity: The reaction rates are increased, what reduces greatly
reaction times, improves yields, lowers catalyst loading and enables reactivity not
possible in solution. These advantages span across multiple areas of organic
synthesis, including complex formation,®3 cross-couplings,’®* C—H functionalisation,®
and organocatalysis.[*35%]

Alternate reactivity/selectivity: Mechanochemistry has a potential to offer unique
reactivity and provides selective products that are not achievable by conventional
methods.”67) In addition, there have been many examples reported where selectivity
can be controlled, often by selecting proper additives. 685
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Robust protocols/no need for air-sensitive techniques: Ball-milling is an accessible
enabling technology that requires little training and simple reaction setup. While some
protocols involve inert conditions using a glovebox or a nitrogen bag, most of the
ball-milling reactions are well tolerant to air, with reactants loaded directly into the jar
under ambient conditions.#®* This has been shown to be particularly advantageous for
sensitive metal-mediated organic reactions.®3!

Activation of zero-valent metals (Topic of this work): Mechanochemistry offers a
distinct advantage in activating zero-valent metals by promoting direct and efficient
metal-substrate interactions through mechanical force.”! These intense grinding
conditions can effectively remove the oxide layers and expose fresh reactive metal
surfaces, enhancing reactivity without the need for harsh conditions. This makes
mechanochemistry particularly valuable for metal-mediated transformations where
conventional activation methods are limited or inefficient.

Mechanochemistry “g%‘;

Practical advantages Topic of this work
® Solvent minimisation m Alternate selectivity = Activation of zero-valent
absence of (bulk) solvent unigue reaction patway metals

over solution methods .
simple/easy set-up

® Enhanced reactivity = Operationally simple reliable protocol
short reaction times easy set-up no harsh conditions
enabled reactivity no inert atmosphere

Figure 5. Overview of advantages of mechanochemistry.

1.2 Mechanochemical Generation of Polar Organometallic Reagents

Organic derivatives of alkali and alkaline earth metals, along with similarly reactive
organozinc and organoaluminium compounds, constitute an important class of polar
organometallic reagents. Characterized by a strongly polarized carbon—metal bond these
compounds function as powerful nucleophiles, enabling the formation of carbon—carbon
and carbon—heteroatom bonds through reactions with a wide range of electrophilic
partners. Since the discovery of dialkylzinc compounds by Frankland in 1849,7%
the reactions of alkyl halides with metals have played a central role in the generation of
polar organometallics, including the development of organomagnesium and organolithium
reagents.”*73 The industrial significance of polar organometallics is also profound.
Grignard reagents, organozinc and organolithium compounds have become the most
widely used reagents to access important pharmaceuticals, fine chemicals, polymers,
and advanced materials.”#7%l These reagents serve as key intermediates in the synthesis
of alcohols, ketones, acids, heterocycles, and other complex scaffolds. Reactions
involving Li and Mg organometallics rank among the top 20 most widely used
transformations in medicinal chemistry, with the Grignard reaction listed among the top
three C—C bond-forming methods in natural product synthesis.””.78] Despite the long
history, the synthesis of polar organometallic reagents continues to pose significant
practical challenges.
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1.2.1 Factors influencing the preparation of polar organometallics

The preparation of polar organometallics is governed by several factors that influence
reaction efficiency, stability of the product, and applicability in synthetic chemistry. First,
the reaction efficiency is governed by properties of a metal. Its reactivity is determined
by reductive properties (reduction potential), surface area (which increases as particle
size decreases) and surface characteristics, such as surface cleanliness (i.e., the absence
of a passive oxide layer) and physical defects important for initiation of a reaction
(so-called “active sites”).[””! Metal powders!®! (especially finely dispersed Rieke metals),
with their correspondingly large surface areas, 82! exhibit significantly higher reactivity
than other metal forms such as granules, wires, or turnings. However, unless prepared
under inert atmospheric conditions, these powders are often coated with a passive oxide
layer that must be removed to expose the highly reactive active sites.[®3 Activation is
traditionally achieved by the addition of chemical additives such as iodine,
1,2-dibromoethane, trimethylchlorosilane (TMSCI) and similar metal etching agents.[34-2¢)
In addition, heating, sonochemical treatment®”! or dry stirring!®® are also known to
disrupt the passive layer and increase the surface reactivity.

Second, the nature of the organic halide plays a crucial role. The two important
properties to be considered are carbon-halogen dipole moment and the respective bond
dissociation energies, that follow the order | < Br < Cl << F. So, metal insertion in the
C-F bond is particularly challenging due to its exceptional bond strength.[®°! Additionally,
the highest reactivity of C-I often leads to the formation of homocoupling (Wurtz
coupling) side products. Moreover, presence of electron-withdrawing groups or sterically
hindered groups adjacent to the halogens can be greatly influence the metal insertion.
The rate of Grignard reagent formation is influenced by the viscosity of the reaction
medium®2°% and the mixing efficiency,'®? as organic halides typically react with metals
at a transport-controlled rate,®>°! where the diffusion of the organic halide to the metal
surface becomes the rate-limiting step.

Third, the choice of the solvent is another important factor. For Grignard reagents,
coordinating solvents such as ethers (diethyl ether, THF) are crucial, acting as ligands to
stabilize the generated organometallics and enhance its solubility.’3' However, these
solvents present serious safety concerns, as they are volatile, flammable, and subject to
peroxide formation,'®? posing significant hazards during scale-up, particularly under
thermal activation.!®®! The exothermic nature of the reaction may result in thermal
runaway, posing a serious safety challenge.® Careful control of dosing rates, reaction
temperature and importantly minimizing solvent usage can be highly beneficial to avoid
accidents. Moreover, preparation of such highly reactive organometallic reagents is
incompatible with oxygen and moisture. It requires inert atmosphere (N2, argon)®> and
strictly dry and degassed solvent. Thus, the development of safer, operationally simpler
and more sustainable methods for the generation of polar organometallics attracts
considerable interest.[®®!
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Figure 6. Preparation of organometallic reagents through the reaction of organic halides with metals.

1.2.2 Mechanochemistry addresses challenges of organometallic chemistry

In recent years, there has been growing interest in harnessing mechanical forces,
particularly through ball milling and other mechanochemical techniques, to enhance the
reactivity of metals in organic reactions, including the generation of polar organometallic
reagents!”) and dissolved-metal-type reductive transformations.”””’ However, the origins
of this approach date back to earlier works, already hinting at the potential of mechanical
activation to influence the chemical reactivity of metals.

In 1962, Wittenberg and co-workers!®® reported the activation of aluminium in the
presence of aluminium chloride using mixer mill under inert conditions, which was required
to synthesize organoaluminium compounds. Zinc® and magnesium®® metals were
activated for the synthesis of organometallics by mortar and pestle grinding in 1991, but
this method has found a limited use because of its difficulty with handling and poor
reproducibility. Later, Komatsu!*® and Harrowfield!*°Yl pioneered the use of vibratory
mill for the activation of Zn and Mg, respectively. In 2003, Suzuki and co-workers!1%?
reported the bismuth-mediated Barbier-type allylation of aromatic aldehydes under
solvent-free conditions using ball mill. In 2016, Mack and co-workers'®! demonstrated
the activation of nickel in a mixer mill to achieve the tetracyclization of alkynes, yielding
non-aromatic cyclooctatetraenes.

Since 2018, the field has been expanding rapidly with numerous reports on the
mechanical activation of various metals like Zn,1%4 Lj,[195] Mg,[106] Cg,[107] Bg,1108] \n, [109]
etc., to generate organometallic reagents. A key driving force behind this progress is the
unique advantages offered by high-speed ball milling. Performing reactions in a ball mill
significantly enhances metal activation by mechanically pulverizing bulk metals into
micro- or even nanoscale particles,11%111 greatly increasing the available reactive surface
area and continuously removing passivating product layers. Mechanochemical activation
in the solvent-free or solvent-minimized environment eliminates solubility limitations
and boosts reaction rates through high concentration of reactants, besides significant
reduction of PMI. Mixing also facilitates the delivery of organic halides to the metal
surface, thereby intensifying the diffusion-limited synthesis of organometallics. In addition,
the absence of bulk solvents circumvents their incompatibility with reactive organometallic
intermediates, enabling the isolation of previously inaccessible species, what is important
for progress in coordination chemistry.[**?! As was already mentioned, mechanochemical
methods also exhibit reduced sensitivity to moisture and oxygen, allowing the generation
of organometallic reagents in air without the need for rigorous inert atmosphere
techniques. This robustness was attributed to the low levels of oxygen and water present
in the sealed reaction vessels, along with the decreased reactivity of gaseous components
under mechanochemical conditions.*3 The latter may result from the slow diffusion of
gases in the highly concentrated solid-state mixtures, which leads to slower reactions at
the solid—gas interface (Figure 7).114
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1. Activation of bulk metal 9
- Provides large metal surface area
- Removes passivation and continously providing fresh reactive metallic sites.
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Figure 7. Key factors that facilitate organometallic synthesis under ball milling conditions.

Some selected case studies on the mechanochemical generation of polar organometallic
reagents are highlighted below, underscoring the significant progress in this field and its
expanding role in sustainable synthetic methodologies.

1.2.3 Generation of organozinc reagents

As one of the earliest and most significant organometallic reagents in traditional
organic synthesis,”” organozinc compounds have also emerged at the forefront of
mechanochemical methodologies. In an early study by Toda and co-workers (1991),
solvent-free Reformatsky additions and Barbier-type allylations were achieved by
manually grinding a carbonyl compound (aldehyde or ketone) with an excess of organic
bromide (a-bromo ester or allylic bromide), zinc powder, and NH,4Cl in an agate mortar
and pestle.® Much later, in 2015, Kéning and co-workers applied a similar protocol in a
planetary ball mill to perform the Reformatsky reaction of furfural with ethyl
bromoacetate.'™ In 1996, Komatsu and co-workers reported the functionalization of
[60]fullerene by a zinc-mediated Reformatsky reaction in a vibrating mill.[*0%

Since 2018, the Browne group has made significant contributions to the
mechanochemical generation and application of organozinc compounds. In 2018,
they developed a mechanochemical protocol for the generation of organozinc reagents
and their direct use in palladium-catalysed Negishi cross-coupling reactions.**¥ Using
ball milling under ambient conditions with zinc metal and DMA as a liquid additive,
both alkyl and aryl organozinc species were efficiently formed within 4 hours, regardless
of the zinc form. These reagents were then directly subjected to Pd-catalysed
cross-coupling, producing a variety of products in good to excellent yields (Scheme 1, a).
Additionally, a one-pot, one-step protocol was demonstrated, in which all components
were milled together for 8 hours, eliminating the need to isolate or handle
organozinc intermediates. The group further expanded their work by developing robust
protocols for other key organic transformations involving organozinc compounds,
including the Reformatsky reaction (2019) (Scheme 1, b),['*®) Barbier-type allylation
(2020) (Scheme 1, ¢),!*'”! and the Simmons—Smith reaction (2023) (Scheme 1, d).[18]
Nickel-catalysed cross-electrophile coupling mediated by Zn(0) has also been
demonstrated, ™ where the in situ generation of organozinc intermediates may also
play a role.
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(a) Browne and co-workers (2018)
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(b) Browne and co-workers (2019)
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Scheme 1. Mechanochemical generation of organozinc reagents and their applications,[104116-118]

Very recently, Sebesta, Carny, and co-workers reported mechanochemical generation
of air-stable organozinc pivalates through transmetalation of organomagnesium reagents,
and their application in Pd-catalysed cross-coupling with thianthrenium salts.[*?%) Same
group also reported Pd-catalysed a-arylations of carbonyl compounds under
mechanochemical conditions through in situ generated Reformatsky Zn-enolates.*?"
Rueping and co-workers reported a method for Ni-catalysed C-N cross-coupling
reactions in a RAM and a mixer mill, in which Zn(0) serves as a reductant (Scheme 2).[122

Rueping and co-workers (2020)

R
Zn, DMSO r{]
X H NiBrodme "R’
+ RfN\R1 >
RAM or Mixer mill,
60 Hz or 30 Hz 45 examples
inert atm,90 min 32-97% yields

Scheme 2. Mechanochemical zinc-mediated cross-coupling amination.122
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1.2.4 Generation of organomagnesium reagents

Early work in the field was driven by the need to develop an efficient method for the
destruction of toxic halogenated organic pollutants. In 1994, Rowland and co-workers
reported a method for reductive dehalogenation of pollutants like DDT and PCBs through
milling with magnesium and calcium metals in a vibratory mill.[}%3! |n subsequent studies
by Birke in the 2000s, a similar method using magnesium and an organic amine as a
proton donor was investigated, providing evidence for the in situ generation of Grignard
intermediates from chlorinated benzenes.['?#1?! Ten vyears later, Dan, Yang, and
co-workers employed the reaction of polyhalogenated benzenes with magnesium
powder in a high-speed vibrating ball mill to achieve aromatic ring knitting, resulting in
the formation of polyaromatic conjugated porous networks.*?®! The transformation was
proposed to proceed either via Grignard reagent intermediates or through homocoupling
of aryl radicals.

The first preparation of an organomagnesium reagent under mechanochemical
conditions was reported in 2001 by Harrowfield and co-workers.[*°Y A mixture of
1-naphthyl bromide or chloride and an excess of magnesium powder (4 equiv.) was
milled in a mixer mill under an argon atmosphere for 1.5 or 2.5 hours, for the bromide
and chloride, respectively (Scheme 3). The resulting black powder, presumably containing
the 1-naphthyl Grignard reagent, was shown to react with dilute aqueous acid to produce
predominantly naphthalene. It also reacted with acetophenone or benzophenone 1,
affording the corresponding addition products in 74—80% vyields after aqueous work-up.
Due to the excess magnesium present in the reaction mixture, side products from pinacol
and McMurry couplings of the ketones were also observed (Scheme 3, a). The solid
reagent remained stable for at least 10 weeks when stored under an inert atmosphere,
retaining its Grignard reactivity. Later in 2019, Hanusa and co-workers!*?”) demonstrated
that, in addition to bromonaphthalenes, magnesium could also be inserted into the C—F
bonds of fluoro-naphthalenes. This transformation is particularly challenging due to the
lowest reactivity of fluorides among the organic halides. Using ball milling under inert
conditions with an excess of magnesium (8 equiv.), bromo- and fluoronaphthalenes
produced the respective organomagnesium halides, which yielded naphthalene 7 in
78-95% yield upon quenching with water, while milling with FeCls afforded binaphthyl 8
in 20-22% yield. Interestingly, the fluoro-Grignard reagents were found unreactive
toward aldehydes and ketones (Scheme 3, b).
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Scheme 3. The first examples of mechanochemical generation of organomagnesium reagents.!101.127]

In 2021, Ito, Kubota and co-workers*?®) reported the generation of various Grignard
reagents in a mixer mill under air, demonstrating their utility as versatile carbon
nucleophiles in reactions with diverse electrophilic partners. The method was broadly
applicable across various aryl and alkyl bromides, as well as a range of electrophiles,
including aldehydes, ketones, esters, nitriles, and Weinreb amides. Initially, the reaction
of magnesium turnings with bromobenzene 9, followed by nucleophilic addition to
benzaldehyde 11, yielded diphenylmethanol 12 in only 6%. The key to success was the
addition of ethereal solvents as additives, particularly THF (2 equiv.), which increased the
yield to 94% and highlighted the crucial role of ethereal solvents in promoting Grignard
reagent formation. Rapid addition of the electrophile, within 10 seconds after opening
the jar to air, was essential for achieving high yields (Scheme 4). Gram-scale preparation
of diphenylmethanol 12 was also demonstrated. Notably, performing the reaction under
a nitrogen atmosphere did not improve the outcome, suggesting that organomagnesium
compounds degrade relatively slowly upon short exposure to air, primarily due to
protonation by moisture. For example, the yield of diphenylmethanol 12 dropped from
75% to 41% after 10 minutes of air exposure.

Secondary alkyl bromides required higher magnesium loading (5 equiv.) to achieve
moderate to good vyields. For solid halide substrates with limited solubility, which
typically fail under conventional solution-phase conditions, the researchers employed
heating during the milling process. By positioning a heat gun over the milling jar
(set to 110 °C), internal temperatures of ~70 °C were achieved, enabling efficient
Grignard reactions even with poorly soluble substrates such as 4-bromobiphenyl or
phenyl-terphenyl derivatives. The synthetic utility was further demonstrated in
regioselective additions of Grignard reagents to enones, favouring 1,2-addition, and highly
selective 1,4-addition in the presence of copper(l) catalyst. Furthermore, the method
was applied to cross-coupling chemistry, successfully demonstrating Ni-catalysed
Kumada-Tamao—Corriu coupling between aryl Grignard reagents and aryl tosylates,
achieving vyields of up to 88%. Generation of organomagnesium compounds was
supported by a deuterium labelling experiment showing > 99% deuterium incorporation
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in 1,3-di-tert-butylbenzene 16 (86%), and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, which confirmed the presence of C-Mg bonds and Mg?* species
analogous to a Grignard reagent generated in solution.

ito, Kubota and co-workers (2021)

Br Mg MgBr j\ 1" OH
THF (3 equiv.) Ph” “H
s Ph
Mixer mill, 30 Hz Mixer mill, 30 Hz
in air, 1 hr in air, 1 hr 12
9 10 94% yield
Mg, THF rapid addition of
+ LiCl or LiBr electrophile (E*)
R—X —— = |[[R—umgx| ———— "= (R—E
Mixer mill, 30 Hz Mixer mill, 30 Hz
Alkyl/Alkyl inair, 1 hr ~ Organomagnesium  inajr, 1 hr 30 examples

bromides reagent 40-99% yield
E* = RCHO, RR'CO, RCN, R;SiCl, ArOTs

*heat (110°C) applied for solid Ar-Br and poorly soluble substrates

tBu Ph
OH OH
R e Wi
Ph H
tBu 13 Ph 14
75% 39%

Deuteration experiment:

tBu tBu
Mg, THF CD3;CO,D
Br - } - D
Mixer mill, 30 Hz 30l\l'}_I{XBfant;llll ]
tB in air, 1 hr z, 30 min
Y s heating (110°C) tBu 16

86% (>99% D)

Scheme 4. One-pot two-step protocol for the mechanochemical generation of organomagnesium
reagents and their applications towards various electrophiles. 128l

Nearly the same time, Bolm and co-workers*®! reported carboxylation of
mechanochemically-generated Grignard reagents with gaseous CO: or solid sodium
methyl carbonate (SMC). The reactions were carried out in a planetary mill as a
three-step process. In the first step, magnesium turnings were activated by ball milling
with lithium hydroxide (LiOH) under argon atmosphere. Under mechanochemical
conditions, LiOH outperformed the traditionally used LiCl in the generation of
Turbo-Grignard reagents. In the second step, an aryl or alkyl bromide was added along
with 2-MeTHF as an additive under an argon atmosphere. The choice of 2-MeTHF as a
LAG additive played a crucial role. As a bio-derived ether, 2-MeTHF matched the
performance of THF while offering better safety, reduced volatility, and greater
resistance to thermal runaway. Finally, the reaction vessel was filled with CO2 (4 bar) and
the content was milled for additional 45 minutes (Scheme 5). The developed protocol
was applied to the scope of various aryl and alkyl bromides, that delivered the
corresponding carboxylic acids in 25-82% yields. Furthermore, solid sodium methyl
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carbonate (SMC) was investigated as a convenient CO2 substitute, with Grignard reagents
generated in situ under Barbier conditions and without inert gas protection. Although
these reactions generally provided lower yields than gaseous CO2 (e.g., 40% vs. 63% for
4-tolyl bromide), the need for the specialized equipment typically required for handling
gases was avoided (Scheme 5).

Bolm and co-workers (2021)

R—Br
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9 —e —» | R— MgBr-LiOH
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Scheme 5. Mechanochemical generation of Turbo-Grignard reagents and their reactions with CO,
(or) NaOCO;Me.[106]

Mechanochemical activation of magnesium metal has also been applied in the
synthesis of low-valent Mg complexes,*?® to perform Minisci-type alkylation of pyridines
and pyrimidines,[*30131 Barbier-type synthesis of organosilicon(**? and organochalcogen
compounds,™3 as well as iron- and cobalt-catalysed C—H arylation of indoles.[*3%
Ni-catalysed reductive cross-coupling of aryl ethers and aryl fluorides was achieved in a
mixer mill with Mg(0) as reductant.[*3%!

1.2.5 Generation of organocalcium reagents
Calcium is the third most abundant metal in the Earth's crust, after iron and aluminium.
Organocalcium reagents are strong carbon nucleophiles and are therefore attractive as
more reactive analogues of Grignard reagents, owing to the greater electronegativity
difference between calcium and carbon compared to magnesium.!*3¢-138 The major
difference in reactivity can be attributed to the larger ionic radius of Ca?* (100 pm)
compared to Mg?* (72 pm).[*** This lower charge-to-size ratio in calcium results in a more
ionic character of the bonding, which in turn increases the kinetic lability of the
ligands.*%141 However, despite their promising reactivity, the generation of heaver
analogues of Grignard reagents are challenging and have been underexplored.*4?
Dialkylcalcium and alkylcalcium halides were first described by Beckman in 190514
and were subsequently studied by Gilman and co-workers from the mid-1920s through
the mid-1940s, with the aim of developing more reactive analogues of Grignard
reagents.'*3 These investigations were generally disappointing, as many of the compounds
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prepared were thermally unstable and either insoluble or only slightly soluble in organic
solvents. Moreover, their synthesis from organic halides was often accompanied by
significant Wurtz coupling.

Until 2022, the known applications of organocalcium nucleophiles in mechanochemistry
were limited to reactions involving calcium carbide (CaCz), a source of acetylide anions
(a C2-synthon).*4 However, in 2022, Ito, Kubota, and co-workers reported a breakthrough
mechanochemical method that overcame long-standing limitations of solution-phase
organocalcium chemistry. They demonstrated that aryl calcium compounds could be
generated directly by milling commercially available calcium granules with aryl iodides
(Scheme 6)1*97], This approach eliminated the need for previously arduous activation
methods, such as generating highly reactive calcium in liquid ammonia or preparing Rieke
calcium.

Similar to Grignard reagent chemistry, the use of ether additives (THF or THP) proved
crucial. Without these additives, the reactions proceeded with very low efficiency.
The generation of 1-naphthyl calcium reagent from 1-naphthyl iodide 20 was achieved
in up to 55% yield after ball milling at 30Hz for 1 hour at 60°C in the presence of THP
(4 equiv.), as confirmed by quenching with dilute aqueous HCl, which produced
naphthalene 7. However, deuterium quenching experiments of the same reaction with
DCl, performed in the presence of THF or THF-ds, resulted in only 13-18% deuterium
incorporation to naphthalene, suggesting protonation of the organocalcium species by
an unidentified protic source. Despite this, in situ trapping of the organocalcium
intermediate derived from 4-iodo-1,1’-biphenyl 21 with PhMe2SiCl 22 was successful,
affording the corresponding [1,1’-biphenyl]-4-yldimethyl(phenyl)silane 23 in 42% yield.
Attempts to use in situ generated organocalcium reagents in addition reactions with
aldehydes, ketones, or nitriles were unsuccessful due to predominant side reactions of
these electrophiles. Moreover, the generation of organocalcium compounds from
aliphatic iodides proved less efficient. For instance, milling 1-iodooctane afforded only
15% of n-octane upon quenching, with 64-72% of the corresponding Wurtz coupling
by-product.

Nevertheless, the distinct reactivity profiles of aryl and alkyl iodides enabled the
development of a calcium-mediated cross-electrophile coupling between them. This
reaction was proposed to proceed via formation of arylcalcium nucleophiles, followed by
nucleophilic substitution in the alkyl iodides. This mechanism was supported by a radical
clock experiment and DFT calculations. Control experiments using ZrO: jars gave
comparable results to those with stainless steel, ruling out transition metal
contamination as a catalytic factor. Using this method, a variety of aryl iodides were
successfully coupled with primary alkyl iodides, achieving yields of up to 60-80%.
The reaction showed good tolerance toward functional groups such as alkynes,
thioethers, amines, fluorides, and bromides.
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Scheme 6. Mechanochemical generation of the aryl calcium reagents and their applications under
Barbier conditions.!107]

Building on the success of their initial work, in 2024 Ito, Kubota, and co-workers
reported a transition-metal-free nucleophilic substitution of otherwise inert C(sp3)—F
bonds in fluoroalkanes using organocalcium species generated in situ from aryl
iodides.[**! Under optimized conditions (80°C, 30Hz, 1 hour), ball milling calcium metal
with aryl iodides and alkyl fluorides in the presence of tetrahydropyran (THP) yielded the
corresponding cross-electrophile coupling products in up to 86% yield, significantly
outperforming conventional Grignard reagents (Scheme 7). The method demonstrated
broad substrate scope, effectively transforming electron-rich and sterically hindered aryl
iodides, as well as primary alkyl fluorides bearing various functional groups. However,
reduced reactivity was observed with substrates containing methoxy or carbonyl groups
on the aryl ring, secondary fluorides, and benzyloxy- or thiophene-substituted compounds.
Mechanistic studies, supported by DFT calculations, suggested that tetrameric arylcalcium
species promote substitution by weakening the C—F bond via Lewis acid activation.
Control experiments confirmed the essential role of mechanochemical activation, as
comparable solution-phase reactions were unsuccessful. Additionally, the use of ZrO»
jars ruled out transition-metal catalysis as a contributing factor.

These pioneering studies highlight the significance of mechanochemically generated
organocalcium reagents as a sustainable and efficient approach to C—C bond formation.
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Scheme 7. Mechanochemical nucleophilic substitution of C(sp3)-F bond by using in situ generated
arylcalcium nucleophiles.143]

1.2.6 Generation of organobarium reagents

In 2024, Ito, Kubota and co-workers'® reported a mechanochemical method for
generating aryl barium reagents directly from unactivated barium metal and aryl iodides,
eliminating the need for highly reactive Rieke barium. By ball milling the reactants with
tetrahydrofuran (THF) as an additive at room temperature, they achieved efficient
formation of aryl barium species within just 30 minutes. These in situ generated arylbarium
reagents underwent successful reactions with hydrosilanes, affording organosilicon
products up to 91% vyields (Scheme 8). Compared to their magnesium and calcium
analogues, organobarium compounds exhibited superior reactivity in this transformation,
which was attributed to lower electronegativity of barium and more favourable redox
properties. Notably, the reaction with an enantiomerically pure (>99% ee) hydrosilane
proceeded with retention of configuration at the silicon stereocenter and only a slight
loss of enantiomeric purity in 29 (79% ee). However, chlorosilane 22 was less efficient in
this transformation (only 24% vyield), and (pin)B(OMe) failed to generate the desired
borylation product. Benzaldehyde 11 and an aliphatic aldehyde yielded complex mixtures
of carbonyl reduction products.

Nevertheless, the study reported the first example of successful nucleophilic additions
of organobarium reagents to carbonyl compounds. Several diaryl ketones reacted
smoothly with in situ generated aryl barium species, producing tertiary alcohols (e.g., 28)
in up to quantitative yields and without the reductive side products commonly observed
in analogous reactions with magnesium.
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Scheme 8. Mechanochemical generation of aryl barium reagents and their applications under
Barbier conditions.108]

1.2.7 Generation of organolithium reagents
Since their discovery in 1917 by Schlenk and Holtz, organolithium reagents have become
one of the most fundamental and valuable organometallic compounds in organic
synthesis.’214%1 Traditionally, the reaction of lithium metal with organic halides (typically
bromides or chlorides) requires the use of hazardous or environmentally harmful
solvents such as diethyl ether or hexane, along with strictly anhydrous, oxygen-free
conditions and low temperatures. These demands necessitate complex reaction setups
and careful handling due to the pyrophoric nature of organolithium compounds.*4”!

Very recently, Ito, Kubota, and co-workers*®! reported the first mechanochemical
method for synthesizing organolithium compounds by ball milling organic halides with
lithium wire at room temperature. The addition of diethyl ether significantly improved
yields, achieving up to 81% within just five minutes. This approach enabled the efficient
generation of aryllithium species from a variety of aryl halides, including those with poor
solubility. The method demonstrated broad applicability, supporting reactions with a wide
range of electrophiles such as ketones, aldehydes, and Weinreb amides, and enabling
transformations such as C—F bond activation and silylation. Notably, gram-scale reactions
were successfully performed under ambient air, eliminating the need for strict inert
conditions. A custom-designed milling vessel with a sealable port improved operational
safety by minimizing air exposure during the addition of electrophiles. Overall, this protocol
offers a practical and efficient alternative to conventional solvent-based organolithium
synthesis (Scheme 9).

Additionally, mechanochemically-activated lithium metal has found applications as a
powerful reductant,**®) as detailed in the next section.
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Scheme 9. Mechanochemical generation of organolithium reagents and their appilications.
*This picture is directly adapted from the original source. (105!

1.3 The Birch Reduction: Classical Approach and Recent Innovations

Discovered by Arthur J. Birch in 194414°, the Birch Reduction remains one of the most
iconic transformations in organic chemistry. The classic approach transforms benzene
derivatives into unconjugated cyclohexadienes by reduction with alkali metals (Li, Na or
K) dissolved in liquid ammonia with alcohol as a protic source at low temperatures
(below -33°C, the boiling point of ammonia) (Scheme 10). As a powerful dearomatization
approach, the reaction has found multiple applications in the synthesis of natural
products, pharmaceuticals, and fine industrial chemicals from readily available aromatic
feedstock.[150-152]

Birch (1944)
Li, Na or K,

R lig.NH3, ROH, THF g
R+ » R |
% argon atm, <-33°C

Scheme 10. The classic-Birch reduction.[249]

1.3.1 Mechanism and regioselectivity

A thorough understanding of the mechanism and the factors controlling product
selectivity is essential for synthetic applications. Alkali metals are soluble in liquid
ammonia and amine solvents, producing deep blue solutions that contain solvated
electrons, alkali metal anions (alkalides, e.g., Nae~), and electrides — complexes of alkali
metal cations with trapped electrons (e.g., [Na(NHz)s]*e"). All these species serve as the
key reducing agents in the reaction.!*>3 The core mechanistic pathway of the Birch
reduction involves a sequence events of single-electron transfer (SET) and protonation
steps: an initial electron transfer to the aromatic system is reversible and generates a
radical anion intermediate a, which is subsequently protonated (Scheme 11). This is
followed by a second electron transfer and a final protonation step, resulting in the
formation of the unconjugated diene product.
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The regioselectivity of the reaction is mostly influenced by the nature of substituents
attached to the aromatic ring. When electron-donating groups (EDGs), such as methoxy
or methyl, are attached to the benzene ring (pathway a), the initially formed radical anion
intermediate abstracts a proton from the alcoholic proton source in the reaction
medium, yielding a cyclohexadienyl radical bi. Mechanistic studies indicate that the
stabilization of the radical anion is a key factor, strongly influenced by electron density
distribution.[*>3 This makes protonation at the ortho position more favourable than at
the meta or para positions. Importantly, no second electron transfer occurs until after
the initial protonation step, which is considered rate-limiting. Following this, a second
electron is transferred to the cyclohexadienyl radical bi, generating a cyclohexadienyl
anion ci. Final protonation of this carbanion leads predominantly to the formation of the
1,4-diene product, the kinetically favoured isomer, rather than the thermodynamically
more stable conjugated 1,3-diene, which appears only as a minor by-product. The presence
of an alcohol is crucial, as it ensures rapid protonation of anionic intermediates, thereby
suppressing isomerization of the initially formed 1,4-diene into the more stable but
undesired 1,3-diene.

Conversely, with the electron-withdrawing groups (EWGs), such as carboxyl, ester,
amide, the regioselectivity of the Birch reduction is altered. In these cases, protonation
typically occurs after the addition of two electrons (pathway b), generating the dianion
bz. The carbanionic centres are located at the para and ipso positions relative to the EWG.
The dianion is basic enough to abstract the protons from ammonia or amine in the
reaction medium. This results in the formation of 2,5-cyclohexadiene product (Scheme 11).

Y, Y,
O
2 e Lz

radical-anion (a)

Y Y
. ROH
(a, Y = EDG): ROH or NH3
. rate
limiting
a 1,4-cyclohexadiene

cr ©’ ey O
(b, Y =EWG):
(ROH) H orH* (work-up)

2,5-cyclohexadiene

Scheme 11. Commonly accepted mechanism of the classic Birch reduction for electron-poor (pathway
a) and electron-rich (pathway b) arenes and the role of the protic additive.

1.3.2 History and recent advances

The use of pyrophoric alkali metals and hazardous liquid ammonia at cryogenic
temperatures makes the classical Birch method both dangerous and technically
challenging. In 1950-70s, Benkeser and co-workers made a seminal attempt to improve
the practicality of the Birch reduction by replacing liquid ammonia with low-molecular-
weight amines!*>**>3 (e.g., MeNH: or EtNH:) and substituting alkali metals with less
reactive calcium. Around the same time, Wender and co-workers!**®! reported the use of
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a lithium/ethylenediamine system. However, both approaches tended to cause
over-reduction to alkanes and alkenes, and presenting several practical limitations.
In 2000, the Dolby group introduced a modified method employing a mixed solvent
system consisting of n-propylamine/ethylenediamine, and tert-butanol as the proton
source. This approach improved selectivity in the formation of Birch-type products.[*>”

Over the past decade, a range of alternative strategies have been extensively
developed. For example, Baran and co-workers reported a practical electrochemical
reduction method inspired by lithium-ion batteries technology.**® In addition,
photochemical and enzymatic pathways have also been studies as innovative
alternatives.[*5%1%01 Fyrthermore, several ammonia-free modifications of alkali-metal-
mediated Birch reductions under ambient temperature conditions have been reported.

For example, several methods utilize sodium dispersions in anhydrous solvents
(typically, THF) with alcohols such as tert-butanol or 2-propanol serving as proton sources
at below 0 °C under inert atmosphere. These sodium dispersions possess a high surface
area, enabling efficient Birch reductions even in the absence of liquid ammonia. In 2005,
Dye and co-workers reported an ammonia-free method using sodium absorbed on silica
gel as the reductant in THF.'*Y The same group later introduced a modification
incorporating 15-crown ether as an additive.'®? More recently, Takai, Asako, and
co-workers disclosed that 1,3-dimethyl-2-imidazolidinone (DMI) can act as a ligand to
facilitate Birch reductions using sodium dispersion (Scheme 12, a).1*%3! Although these
advances are significant, the requirement to prepare sodium dispersions, combined with
their relatively short shelf life, remains a practical limitation.1%4

In 2021, Koide and co-workers'®® reported a convenient protocol for Birch reduction
with lithium/ethylenediamine system in THF with tert-butanol as a proton source,
enabling highly efficient Birch reductions of both electron-rich and electron-deficient
substrates within just one hour at ambient temperatures (Scheme 12, b).

(a) Dye (2005), An (2018) & Asako and Takai (2018)

Na dispersion
= 15-crown ether/ DMI
—R :

| | <R

Z inert atm
m  poor shelf stability (Na dispersion)
(b) Koide and co-workers (2021)
Li, NH; (CH5)oNH,

RS t-BuOH, THF :

I —R ' | R
r

15-60 min,10-20°C

Scheme 12. Recent advances in solvent-based ammonia-free Birch reduction with sodium and
lithium.1161-163,165]

Considering mechanochemistry as an efficient tool for activating bulk metals and
enabling solvent-free reactions, mechanochemically-based Birch reductions have
recently emerged. In 2023, the Erli Lu group!®® reported the first variant of the
mechanochemical Birch reduction using the room-temperature-stable electride
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K*(LIHMDS)e™ 32. This compound was prepared by ball milling potassium metal with
LIHMDS 31. Following its synthesis, the group demonstrated its reductive properties in
Birch reduction (Scheme 13). In this procedure, aryl substrates (10 examples) were milled
with the electride in a stainless-steel jar for 20—25 minutes at room temperature under
inert atmosphere, achieving 50-80% yields of the respective reduction products.
Notably, this electride-mediated Birch reduction did not require a protic source until the
quenching stage, a marked contrast to the classical Birch method.

Erli Lu, James A. Dawson and co-workers (2023)
32
3 Mixer mi
’LiN(SiMeg)z] K*[Li(N(SiMe3)2

e

30 Hz, 15 min
+ *

inert atm, r.t
K metal *

| :_R K+[Li(N(SiMe3)ZIe= O:—R

Mixer mill, 20 min
solvent-free, rt 10 examples

inert atm 50-80% yields
34 35
33,80% 58% unsuccessful

Scheme 13. Mechanochemical synthesis of potassium electride and its application in Birch
reduction. *This picture is directly adapted from the original source.156]

Nearly same time, Itami and co-workers!®”! reported the lithium-mediated
mechanochemical cyclodehydrogenation reaction, in which lithium wire was milled with
various binaphthyls using THF as an additive in a stainless-steel jar at room temperature.
The reaction afforded polycyclic aromatic hydrocarbons in high yields and proceeds
through radical-anion intermediates (Scheme 14, a).

Again in 2023, Ito, Kubota and co-workers®®! reported the mechanochemical
lithium-based Birch reduction. The reaction was carried out by milling an aromatic
substrate with ethylenediamine (EDA), tert-butanol as a proton source, and THF as an
additive at room temperature without inert atmospheric conditions in a stainless-steel
milling jar (Scheme 14, b). Notably, the reaction was extremely fast (< 1 min) and
applied to a broad range of aromatic substrates including carboxylic acids, ethers,
alcohols, polycyclic hydrocarbons, nitrogen heterocycles, natural and bioactive
compounds. A gram-scale reaction was also successfully performed, highlighting the
method’s synthetic utility.

Building on the success of their initial work, in 2024 the same group reported
mechanochemical sodium-mediated Birch reduction by using b-(+)-glucose as solid protic
source and 1,3-dimethyl-2-imidazolidinone (DMI) as an additive (Scheme 14, c).[168
The reaction was performed at room temperature in a 10 mL stainless-steel milling jar
without inert atmosphere and completed in 5-30 minutes. A broad range of aromatic
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and alkene substrates was successfully reduced, delivering the respective products in
34-99% vyield. Interestingly, classic protic sources such as tert-butanol and 2-propanol
were less effective than glucose. The solid protic source produces solid reaction mixture
after milling, facilitating transfer of mechanical energy in contrast to the reactions with
liquid additives. Control experiments showed that mechanical activation was crucial,
as the same reaction in solution gave <9% conversion, underscoring the role of
mechanochemistry in this transformation.

(a) ltami and co-workers (2023)

L| wire, THF II
30 min, 30 Hz
under air, rt

24 examples
7-95% yields
(b) /to, kubota and co-workers (2023)

Li, EDA, THF

O _tBUOH, 30Hz O
1-2 min m|II|ng
under air, rt 40 examples

37-98% yields

(c) Ito, kubota and co-workers (2024)

Na lumps, DMI
+)-Glucose
= ‘

Mlxer mill, 5-30 min
under air, r.t

21 examples
34-99% yields

Scheme 14. Recent advances in mechanochemical Birch reductions and related transformations
with Li®7 and Na.[168]

1.3.3 Alkaline earth metal-mediated Birch reductions

Birch reductions using alkaline earth metals such as calcium or magnesium offer a
potentially safer alternative to the classical method, which relies on pyrophoric and
hazardous alkali metals like sodium or potassium. Although lithium is the least reactive
among the alkali metals, its limited availability (crustal abundance of 0.0016%) raises
concerns about resource depletion in the coming decades. In comparison, calcium and
magnesium are significantly more abundant, with crustal abundances of 2.8% and 4.2%,
respectively.!16%

However, major limitation is the lower reactivity of calcium and magnesium
compared to alkali metals. While solutions of these metals in liquid ammonia or
low-molecular-weight amines can act as strong reductants,!*’%'7 their robust crystalline
lattices hinder reactivity. For example, calcium’s high atomization energy (178 k) mol™")142
significantly limits its solubility and requires pre-activation for effective electron transfer.
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As a result, the use of alkaline earth metals in Birch reductions and other reductive
transformations has been largely overlooked, and only a few examples have been
reported.!*’2717¢] Calcium-mediated Birch reductions in amine solvents have required
either large excess of metal,!’>! vigorous mechanical stirring with sand to remove
passivation layers (Scheme 15),[*8! or sonochemical activation!*””! to initiate efficient
electron transfer. These solution-phase methods often lead to complex product mixtures
and have been applied mainly to simple aromatic hydrocarbons. 272178

Benkser and co-workers (1983)
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Scheme 15. Calcium-based Birch reduction in solution.!175.176]

The first reported use of magnesium in a Birch reduction dates back to 1962,*7° when
Markov and lvanoff used 2-propanol as a proton source to reduce four aromatic
derivatives 42-45 of esters and amides in liquid ammonia, achieving modest yields of 32%
and 44% (Scheme 16). Despite this early contribution, there have been no significant
developments in improving or expanding this strategy.
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Markov, Ivanoff (1962)
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Scheme 16. Magnesium-based Birch reduction in solution.79]

1.4 Process Safety Considerations and Technological Challenges for
Scaling Up Metal-Mediated Mechanochemical Reactions

Scaling up chemical synthesis from the laboratory scale to industrial production is a
cornerstone of manufacturing pharmaceuticals, advanced materials, and fine chemicals.
The reduced reliance on solvents and the significantly lower PMI make mechanochemistry
highly appealing as method for industrial-scale production. However, scaling up
mechanochemical reactions remains a challenge, often requiring dedicated studies
independent of initial method development. So far, only a few examples of large-scale
synthesis of organic compounds (in the range of 50-100 mmol) have been
reported,?2189-1831 \ith most relying on continuous synthesis using TSE.

However, the challenge becomes even greater when it comes to the generation of
polar organometallic reagents and their reactions with electrophiles. The main concern
arises from the highly exothermic nature of these reactions, which, when combined with
high reaction rates and the pyrophoric properties of both the dispersed metals and the
organometallic intermediates, poses a significant safety risk. Unfortunately, these safety
issues are rarely addressed in studies focused on method development. The works of
Browne and co-workers*®! and Vilaivan!*}¥ represent two rare exceptions that analyse
the hazards.

At the laboratory scale, the heat release may not be a major issue for gram-scale
preparations, as it can dissipate efficiently. However, this becomes a critical factor when
scaling up to kilogram-scale processes, where proper heat management is essential for
both safety and efficiency. Without adequate thermal control and regulation of reaction
rates, scale-up efforts risk thermal runaway, pressure buildup, or uncontrolled side
reactions, all of which can compromise yield and safety. Therefore, scaling up is not
simply a matter of increasing batch size. It requires dedicated milling equipment and
process engineering, appropriate safety infrastructure, and real-time process monitoring.

Another major challenge is the air- and moisture-sensitivity of organometallic
compounds, which, although reduced under mechanochemical conditions, still persists
upon exposure to air. This sensitivity necessitates the rapid addition of the electrophilic
reactant immediately after opening the milling vessel. Combined with the exothermic
and potentially violent nature of these reactions, this significantly increases safety risks.
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One effective strategy to mitigate this issue is the in situ generation of organometallic
reagents, using them as short-lived intermediates. However, this approach is not
compatible with many electrophilic substrates. As alternatives, stabilizing additives!!
can be introduced to limit exposure to moisture and oxygen, or the milling equipment
must be adapted to maintain an inert atmosphere throughout the process.

One of the most pressing technological needs in the field is the development of
mechanochemical equipment suitable for scaling up exothermic processes involving
air-sensitive organometallic reagents. Whether in closed-batch or continuous-flow
configurations, such systems must support kilogram-scale synthesis while ensuring
uniform energy transfer and precise control over the reaction environment. First and
foremost, effective heat management (both heating and cooling) is essential. This not
only prevents thermal runaway but can also be used to drive selective transformations
and improve reaction efficiency. Equally important is the integration of pressure
monitoring to detect and manage pressure build-up within the reaction vessel. This is
particularly critical for reactions involving volatile intermediates or gas evolution, especially
at larger scales. To further enhance process control and safety, the incorporation of
real-time, in situ spectroscopic techniques such as near-infrared (NIR) spectroscopy
would be highly beneficial. These tools allow for monitoring the formation of reactive
organometallic intermediates, correlating this information with reaction kinetics and
thermal behaviour. They also provide insights into reaction mechanisms and the structure
of transient species, offering valuable data for process optimization and safe operation
under solid-state conditions. Additionally, the milling system should be equipped with
gas inlet and outlet ports to maintain an inert atmosphere. The inclusion of multiple feed
ports would allow precise control over the dosing rate of reactants or quenching agents
during or after milling. This not only improves safety but also enables better control of
stoichiometry, facilitates safer work-up, and may enhance yields while reducing waste.

With the right technological advancements, mechanochemical organometallic reactions
can evolve from laboratory-scale procedures into a robust, scalable platform suitable for
industrial applications, offering advantages in sustainability, efficiency, and operational
simplicity. This transformation would represent a significant milestone in modern chemical
process development by uniting green chemistry principles with efficient large-scale
synthesis.

1.5 Summary of the Literature Overview

Mechanochemistry has emerged in organic synthesis as a greener and more efficient
alternative to traditional solution-based methods. By using mechanical energy to induce
and drive chemical reactions in readily available equipment like ball mills, this technique
eliminates or significantly reduces the need for bulk solvents, enhances reaction rates,
and enables access to unique reactivity and simple operational conditions.
Mechanochemistry has shown great promise in organometallic chemistry by enabling
the activation of zero-valent metals for the generation of polar organometallic reagents
and enhancing the efficiency of reductive transformations. It is especially notable that
most developments in mechanochemical organometallic chemistry have appeared only
recently, primarily after 2022, when the present doctoral research was already in
progress. This recent surge in activity underscores the growing interest of the research
community and highlights the significant potential of mechanochemistry to overcome
limitations associated with conventional solvent-based organometallic methods,
improving both safety and practicality in organic synthesis.
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2 Motivation and Aims of the Present Work

The drive towards more sustainable, safer, and simpler synthetic methods has spurred
growing interest in solvent-free and energy-efficient transformations, positioning
mechanochemistry as a powerful tool to meet these demands and offering unique
advantage of activating insoluble materials, such as metals and inorganic salts, which are
difficult to achieve under conventional conditions.

Within this context, the motivation for this work lies in the development of
mechanochemical protocols that utilize calcium and magnesium metals for synthetically
valuable chemical transformations, both through the generation of polar organometallic
reagents and in reductive processes. When this research began, calcium and magnesium
had been applied in only a few seminal studies,[!9%123125127] |egqying much of their
potential in organometallic mechanochemistry untapped. We envisioned that these
earth-abundant, low-cost and non-toxic metals can be employed in effective reductive
transformations, as well as in carbon—carbon and carbon—heteroatom bond-forming
reactions under mechanochemical conditions, offering appealing synthetic
methodologies for both academic research and industrial applications.

The specific aims of the study were:
= To develop the Mg-mediated mechanochemical Barbier reaction, featuring the
generation of organomagnesium halides in situ, as a practical and efficient
alternative to the traditional Grignard synthesis.
= To develop a mechanochemical method for Birch reduction using calcium and

magnesium metals, enabling the reduction of aromatic compounds in a mixer
mill under ambient conditions.
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3 Results and Discussion

All the experimental protocols and specific additional information have been described
in the supporting information of publications | & II.

3.1 Mechanochemistry-Amended Barbier Reaction as an Expedient
Alternative to Grignard Synthesis (Publication I)

As outlined in the literature overview (section 1.2), mechanochemical activation of
zero-valent metals enables efficient generation of polar organometallic reagents under
essentially solvent-free conditions, with ethereal solvents as stoichiometric additives.
Concerning organomagnesium chemistry, while this work was in progress, significant
contributions by the Bolm!°! and Ito/Kubotal'?® groups were published, demonstrating
the generation of Grignard reagents and their use in two-step mechanochemical processes.
In Bolm’s study, reactions were conducted under an inert atmosphere, whereas the
Ito/Kubota group successfully generated organometallics in air, followed by rapid addition
of the electrophilic partner immediately after opening the milling jar.

Our approach, however, was initially inspired by the Barbier variant of Grignard
chemistry, in which the formation of RMgX and its reaction with an electrophile occur
concurrently in a single step. This strategy reduces the likelihood of RMgX degradation
upon air exposure and improves operational simplicity. The Bolm group demonstrated a
Barbier-type reaction using sodium methyl carbonate, but the method was not extended
to other electrophiles.

In solution-phase chemistry, the Barbier approach, despite its conceptual appeal,
has not gained widespread use as a replacement for the traditional Grignard reaction
due to limited robustness and versatility.[*8! Except for highly reactive substrates such
as allylic and benzylic halides, magnesium-mediated Barbier reactions often give low and
inconsistent yields due to multiple parasitic side reactions. Prior mechanochemical
Barbier methods have reflected similar substrate scope limitations and employed less
reactive metals such as zinc!®”' or bismuth.'2 An example of the solvent-free
magnesium-mediated protocol was reported by Wang et al.,[*®”! which suffers from the
same shortcomings as the conventional Barbier approach.

In our work, we successfully addressed these long-standing challenges by developing
a mechanochemical variant of the Mg-mediated Barbier reaction that operates under
ambient conditions without the need for an inert atmosphere. The method proved
applicable to a wide range of organic halides (including alkyl, aryl, benzyl, and allyl) as
well as diverse electrophilic partners (Scheme 17).
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Scheme 17. Mechanochemical Barbier-Grignard reaction using magnesium metal.
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3.1.1 Optimization studies with 2-naphthaldehyde

As a part of our research project focused on removing organic pollutants from aqueous
media using macrocyclic hosts, this study was initiated with the goal of developing new
remediation methods for the captured halogenated pollutants. Drawing inspiration
from the early works of Rowland*®3! and Birke,!?#12°1 we aimed to innovate this
approach and employ Grignard chemistry for C—C bond construction and synthesis of
value-added chemicals from the pollutants. In this regard, the groundwater pollutant
1,2,3-trichloropopane (TCP)™88! was used as a precursor of allylmagnesium chloride in
the synthesis of homoallylic alcohols under Barbier conditions.

The experiments were performed using a Form-Tech Scientific FTS-1000 shaker mill,
operating at 30 Hz maximal milling frequency in 15 mL ZrO: jars containing a single
10-mm ZrO2 milling ball. We observed that the reaction of 1,2,3-trichloropropane with
magnesium powder and 2-naphthaldehyde 46 yielded the homoallylic alcohol 47a
(R = allyl) nearly twice as efficiently under mechanochemical conditions (1 hr milling at
30 Hz in a mixer mill) compared to conventional THF solution-based method. Notably,
side-reactions leading to the formation of 2-naphthalenemethanol 48 and pinacols 49,
which were prominent in solution-state conditions (16% combined yield), were significantly
suppressed in the mechanochemical protocol, results only 6% of 48 and almost < 0.5%
of 49. The magnesium was essential for the reaction, as alternative metals such as Zn, Al,
Mn, and In were ineffective (Scheme 18).

via

Mg Z~-Mgcl
- MgCl, addmon
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vg, —&— O
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60 min, 30 Hz, 41a
then aq. NH,CI
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and
wa ArCHO l
dl- and meso-49
Screening of metals
@ <10% solution (THF) vs ball milling
é 4T7a 48 49
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@ . 72% 6%
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Scheme 18. Remediation of 1,2,3-trichloropropane (TCP) via the Barbier-Grignard reaction in
solution and under ball milling conditions.
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Encouraged by the initial results, we extended our investigation to other organic
halides, starting from allyl chloride as a direct precursor of the transient allylmagnesium
intermediate (Scheme 19). Its model reaction with 2-naphthaldehyde 46, under standard
mechanochemical conditions (Mg (2 equiv.), THF (3 equiv.), 30 Hz, 1 hr milling), after
hydrolysis, yields alcohol 47a in an excellent 96% yield and only trace amount alcohol 48
(~1% vyield) was observed. In contrast, solution and slurry-stirred reactions results
significantly lower yields of 47a due to favourably formation of side product alcohol 48
(Scheme 19, A). It is worth noting that the slurry stirring experiment was conducted with
the same quantity of chemicals as in the mechanochemical process, and the result
highlights that the superior performance under ball milling is due to mechanical agitation
rather than concentration effects.

(o] OH OH
H M?_‘IHF aq. NH4CI N
SOV L Y50 oo
47a 48

under air

46 (1-1.2 equiv.)
A. Ball milling vs solution B. Effect of milling frequency

v, Hz

o |
ball milling Pgs 0 P—lee (slurry stirring)
) 12
solution 73

W d 178

slurry 66 197
L T4
yield, % 30 96
yield, %
C. Effect of THF loadings D. Thermographic measurement

1

THF, equiv.

14 (55% of unreacted 46)
18

yield, % After 10 min,30 Hz (<29°C)

Scheme 19. Optimization studies for the model reaction of allyl chloride and 2-naphthaldehyde.
Standard reaction conditions: 2-naphthaldehyde 46, allyl chloride (1-1.2 equiv.), Mg powder (<75
um, 2 equiv.), THF (3 equiv.), 60 min, milling frequency 30 Hz, under air, hydrolysis with aq. NH4Cl.
All other experiments display variations from the standard conditions as indicated. Yields are
determined by 'H NMR with internal standard after the hydrolytic workup (aq. NH4Cl).

In support, the yield of 47a and the by-product 48 were markedly dependent on
milling speed, i.e., high milling frequency significantly improving yields of alcohol 47a
while minimizing the formation of side-product alcohol 48 (0 Hz vs 30 Hz, Scheme 19, B).
Consistent with previous studies,[*%®128] the presence of THF or 2-MeTHF was essential
for achieving high yields of 47a. A minimum of 3 equiv. of THF was required, as lower
amounts led to diminished performance (Scheme 19, C). Given that Grignard reagents
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typically coordinate with two or three THF molecules,*®® and ionic magnesium species
with up to four or even six,!** we propose that THF primarily acts as a Lewis base ligand
stabilizing the organomagnesium intermediate, and to a lesser extent, serves as a
liquid-assisted grinding medium. Moreover, the mechanochemical Barbier synthesis of
47a proceeded rapidly and delivered 93% yield just after 10 minutes of milling at 30 Hz
frequency. Nevertheless, all the subsequent optimization experiments were carried out
for 1 hour for the sake of consistency. Unlike conventional solution-state Grignard and
Barbier reactions, which often exhibits prolonged induction periods that can trigger
sudden exothermic reactions and pose a risk of thermal runaway,!**Y! no such delay was
observed for the ball milling experiments. An inspection using a thermal camera revealed
only a small temperature increase (which did not exceed 29 °C within the milling jar,
Scheme 19, D), indicating effective heat dissipation and implying that thermal activation
is an unlikely cause for the short induction period and fast reaction rate.
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O 00
46 (1-1.2 equiv.) 33;32} ;irr" 47
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§ a, 30 equiv. | 7 86
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Scheme 20. Studying the effect of surface area and pre-activation of magnesium.

Next, the reaction was found to be dependent on the surface area of magnesium, with
larger surfaces resulting in a cleaner conversion to the main product 47a (Scheme 20).
The surface area was altered by changing the form of magnesium using different particle
sizes and metal loadings. Thus, when equal amount (2 equiv.) of spherical beads
(diameter ~3 mm, “form a”) and fine powder (particle size < 75 um, “form b”) were used,
the beads gave a lower yield of 47a (63%). However, the yield was improved to 86% when
excess (30 equiv.) of the beads was loaded, which corresponds to a 15-fold increase of
the surface area. Importantly, the metal beads were not fragmented during milling and
their erosion occurred from the surface. This surface area-based dependence encouraged
us to activate the initially used magnesium powder (“form b”, < 75 um) by dry ball milling
to enhance its reactivity. After 3 hours of ball milling at 30 Hz, shiny metal powder
(“form c¢”) was obtained, in contrast to the original grey appearance. The activated
magnesium (“form c”) showed better performance, producing alcohol 47a in 98% yield
(Scheme 20). This is likely due to the removal of the passive oxide layer from the surface
of the metal and likely generation of finer, particles with more reactive metallic sites.
Such activation is often critical in traditional solution-phase Grignard reagent synthesis.
Notably, the activated metal (“form c”) also proved more effective in Barbier reactions
involving 2-naphthaldehyde with other and less reactive organic halides (see below).

To test the generality of the approach, the representative examples of less reactive
organic bromides have been tested (Table 1). The activated Mg powder (conditions A*
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vs A, with non-activated Mg) notably enhanced the Barbier reactions involving EtBr
(entry 1), increasing the yield of 47b from 72% to 94% and significantly lowering the
formation of by-products 48 and 50b. Similar improvements were also observed for PhBr
(entry 2), although no such effect was observed for the synthesis of 47d from
2-phenylethyl bromide (entry 3). Interestingly, the classical Grignard synthesis in THF
solution (conditions C) delivered nearly same yields of alcohols 47b-d and their
side-products compared to those obtained in the mechanochemical Barbier conditions
with activated Mg (conditions A*). However, the latter was conducted under ambient
air, whereas generally Grignard reactions typically demands an inert atmosphere.
Consistently, high yields of alcohols 47b-d were achieved under mechanochemical
conditions (conditions A) in the Barbier reactions of bromoethane (entry 1), bromobenzene
(entry 2), and 2-phenylethyl bromide (entry 3) compared to their solution-phase
counterparts (conditions B). The lower yields in the solution-based Barbier reactions was
attributed to generation of side-products, majorly 2-naphthalenemethanol 48 in 11-20%
yield, as well as additional by-products such as ketone 50b in the case of EtBr (entry 1).

Table 1: Yields of alcohols 47b-d and by-products in the Barbier reactions performed under
mechanochemical conditions(A and A¥*), in THF solution(B), and in the Grignard reaction in THF
solution(C).

@

by-products
Mg (2 equiv.),
O THF (3 equiv.) OH )OH )OJ\ HOHAr
H Q8 R Ar Ar” Et
Cong @ osb e OF
30 Hz, 1h,
46 under air 2b-d Ar = 2-Naphthyl
(conditions A) 47b, R = Et
47c,R=Ph
47d, R = CH,CH,Ph
conditions,
; o/ \[b]
entr organic product yields (%)
¥ halide (by-product) & é é
A A* B¢ C
1 EtBr 47b 72 94 57 96
48 11 2 20 3
50b 7 0 5 0.5
2 PhBr 47c 83 92 57 L]
48 6 3 20 -
3 ph~-Br 47d 88 85 52 90
48 7 8 17 7

[a] A: ball milling, 46 (200 mg, 1.28 mmol), RX (1-1.2 equiv.), non-activated Mg powder, THF
(3 equiv.), 30 Hz, 60 min, under air. A*: same as A, but with Mg powder activated through
prior ball milling (3 h at 30 Hz). B: in THF solution at stirring, same reactants as in A, under
argon. C: in THF solution with RMgX (1 equiv.), under argon. [b] Yields are determined by H
NMR with internal standard after the hydrolytic workup (ag. NH4Cl). [c] Performed with non-
activated Mg powder. [d] Not performed. *The reaction with 2-phenylethyl bromide was
performed by Tatsiana Nikonovich (entry 3).
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3.1.2 Mechanistic study to elucidate the nature of the major side process
The model reaction between 2-naphthaldehyde 46 and EtBr was performed to elucidate
the formation of main side products 48 and 50b.

Five mechanistic hypotheses (Scheme 21, egs. I-V) explaining the generation of the
main side products 2-naphthalenemethanol 48 and 50b were proposed based on
literature precedents. The formation of ethyl ketone 50b alongside with alcohol 48
pointed out on Meerwein-Ponndorf-Verley (MPV) reaction of alkoxide 47b-Mg and
aldehyde 46 as the most probable mechanism (eq. V). The following alternative pathways
en route to 48 have been also considered: (eq. 1), Bouveault-Blanc-type reduction of 46
with metallic Mg;[**? (eq. Il), hydrogen atom transfer (HAT) from THF or 46 to the ketyl
radical anion A or (eq. lll) via addition of transient magnesium hydride B**! to the
carbonyl group of 46; (eq. IV), B-hydryde transfer from ethyl Grignard reagent.

Mechanistic hypotheses:

o) +2e OMgBr( H,0 HO H
o =] 8 | —=
Ar” H Ar” TH | (work-up) Ar 48H B-H reduction

46

1%
Bouveault-Blanc-type reduction /,MQBT ACHO
HzOT(work-ui)/ /Tl)gj EMger (V)
S
BrMgO Ar H
Q +e” OMBI| 140 H - H -
m I =] Lk
Ar H SET Ar H HAT Ar H - "
46 A 48-Mg ME OMaB
>\ oy (0 AICHO |, OMgBr
; PLE|— S V)
pinacols 49 ArCHO T ArCOEt | ar A Ar” TEt
500 - H e 47b-Mg
H-donor )
(im EtBr + Mg —> | *MgBr ———= HMgBr MPV reduction T
- HAT
B ArCHO

H-donor = THF or ArCHC; Ar = 2-naphthyl
SET = single electron transfer; HAT = hydrogen atom transfer; MPV = Meerwein-Ponndorf-Verley

Scheme 21. Mechanistic hypotheses explaining the formation of the side products 48 and 50b.

The pathways shown in eq. (I-V) were distinguished experimentally by tracking the
origin of a-hydrogen in alcohol 48 by means of deuterium-labelled reagents (Scheme 22):
First, when the reaction was quenched with D,O (a) or performed with THF-dg (b),
EtBr-ds (c), no deuterium incorporation into alcohol 48 was observed. These results ruled
out the possible pathways of (I) and (IV) or HAT from THF in the pathways (II) and (ll1).
The absence of pinacols 49 among the by-products additionally indicated that the ketyl
radical-anion A were unlikely generated. Second, the reaction of deuterated aldehyde
46-d produced double deuterated alcohol 48-d> hence evidencing that a-hydrogens of
48 originate from the aldehyde hydrogen of 46 (eq. d). This result pointed out on
operation of either HAT from aldehyde 46 (pathways Il and 1ll) or MPV reaction (V).
But, through the MPV reaction pathway (V) stays in better agreement with the observed
by-products and also explains the origin of 50b. Further supporting evidence came
from the successful MPV reaction between 47b-Mg and 2-naphthaledehyde 46 under
mechanochemical conditions (eq. e, the reaction was performed by Tatsiana Nikonovich).
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Scheme 22. Elucidation of mechanistic pathways accounting for generation of side products 48 and
50b in the Barbier-Grignard reaction of EtBr with 2-naphthaldehyde 46.

Overall, the results of the mechanistic experiments suggest the MPV reaction of Mg
alkoxides 47a-Mg with 2-naphthaldehdye 46 as the dominant pathway responsible for
the generation of by-products in the Barbier-Grignard reactions of aldehydes, which
operates in the case of EtBr and likewise for similar halides.

3.1.3 Optimization studies with 2-acetylnaphthalene

Our next focus was on ketones, using the reaction of 2-acetylnaphthalene 51 with allyl
chloride as a model system (Scheme 23). Under the previously optimized reaction
condition established for aldehyde 46, it results 78% of corresponding carbonyl addition
product 52 and < 1% combined yield of diastereomeric pinacols 53. In addition, the main
side reaction was the self-condensation of 51, forming aldol by-product 54 in 7% vyield,
arising from enolization promoted by the basic magnesium alkoxide 52a-Mg. Unlike the
aldehyde reactions, the use of activated magnesium or an excess of metal did not
significantly affect the outcome, likely due to the involvement of the mechanistically
different dominant side process.
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Scheme 23. The mechanochemical Barbier-Grignard reaction of allyl chloride with
2-acetylnaphthalene 51. Suppression of enolization side process with solid ammonium chloride.

To suppress the enolization process, the reaction was carried out in the presence of
various Lewis (like MgClz) and Brgnsted acid (like NH4Cl) as additives, aimed at quenching
the basicity of the intermediate 52a-Mg (Scheme 23). Among them, solid NH4Cl (1 equiv.)
proved surprisingly effective, completely inhibiting the enolization process 54 and
yielding alcohol 52a in an excellent 96% yield. In addition, alcohol 52a could be isolated
by simple filtration of the crude reaction mixture suspended in ethyl acetate, followed
by solvent evaporation i.e., the conventional hydrolytic work-up was totally bypassed
(see also the gram-scale preparation of 52a discussed below). This suggests that alcohol
52a was formed through three concurrent in situ steps: generation of Grignard reagent,
Grignard addition and direct protonation of the resulting alkoxide 52a-Mg with solid
NH4Cl, which streamlines the experimental protocol and offers a highly convenient
approach.

Assuming generation of allylmagnesium chloride as an intermediate, the discovered
high tolerance of the carbonyl addition process to a Brgnsted acid additive looked
extraordinary, since organomagnesium compounds are believed to act as eager proton
acceptors. This result pointed out on two possibilities: (i) either the addition of the
Grignard intermediate is extremely fast and can compete with the protonation rate, or
(ii) the reaction occurred via radical intermediates and generation of transient
organometallics is unlikely. Both hypotheses were credible and had literature
precedents.[*941%] Therefore, a more detailed study of the phenomenon was undertaken
to gain a deeper understanding (see section 3.1.4).

In the similar way, the use of solid NH4Cl significantly improved the yields of alcohols
52b-e derived from other less reactive organic halides (Table 2, Entries 1-4), with the
exception of 52d (Entry 3). However, the yields remained lower compared to analogous
reactions involving the more reactive 2-naphthaldehyde 46 (Table 1). Notably, the use of
pre-activated magnesium did not enhance the outcome in the reaction of 51 with EtBr
(for more details, see table S8 in the supporting information of publication 1), suggesting
that activated Mg may not be required for Barbier-type additions to ketones. However,
no comparison experiments was performed for other organic halides.
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Table 2: Synthesis of tertiary alcohols 52b-e via mechanochemical Barbier reaction of ketone 51.

@

Mg (2 equiv.),
THF (3 equiv.), main by-product
O NH,CI (1 equiv.) OH o
~B- I | At
- 54
30 Hz, 1 h,
51 under air 52b-e Ar = 2-Naphthyl

52b,R=Et 52c, R=Ph suppressed with
52d, R = CH,CH,Ph 52e, R = CH,Ph NH,CI

conditions,? yields (%)™

organic A D,
entry halide no additive with NH4Cl
52b-e 54 52b-e 54
1 EtBr 57 14 78 0
2 PhBr 33 11 68 0
3 ph~~B" 53 15 49 0
4 Ph” > Br 67 7 82 0

[a] A: ball milling, 51, RX (1.5 equiv.), non-activated Mg
powder (2 equiv.), THF (3 equiv.), 30 Hz, 60 min, under air,
followed by hydrolysis (ag. NH4CI). D: same as A, but with
solid NH4Cl (1 equiv.), followed by treatment with EtOAc,
filtration and solvent evaporation. [b] Yields were determined
by IH NMR with internal standard.

3.1.4 Tolerance to protic additives

The exceptional tolerance of the mechanochemical, presumably organomagnesium-
mediated process to the solid Brgnsted acid NH4Cl was unexpected, given the well-known
sensitivity of Grignard reagents to proton donors. This intriguing result encouraged us to
conduct a more detailed investigation into the extent of this protic additives tolerance in
reactions involving naphthaldehyde 46 with various organic halides (PhCH,CH»Br, EtBr,
PhBr, allyl bromide, see Table 3, Scheme 24). We found that Barbier-type additions to
naphthaldehyde 46 could proceed not only in the presence of solid NH4Cl but also with
H20. However, in these cases, the yields of the corresponding alcohols 47a-47d were
10-40% lower compared to reactions performed without additives. In the presence of
the protic additives, competitive protonation of organometallic intermediates took
place, leading to reduced yields. In the case of PhCH2CH2Br, generation of ethyl benzene
55 (formed by protonation of 55-Mg) was observed by *H NMR spectroscopy.
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Scheme 24. Tolerance of the mechanochemical Barbier reaction of 46 and 2-phenylethyl bromide
to protic additives. Proton quenching of alkoxide 47d-Mg and a transient Grignard intermediate
55-Mg.

Table 3: Tolerance to protic additives in the mechanochemical Barbier reactions of aldehyde 46
with other organic halides.

yield (%)@b!

entry E;?;ZIC product
no NHaCl H.0 i-PrOH
additive

1 A~Br  47a 98 62 65 37*

2 EtBr 47b 72 57 61 el

3 PhBr 47c 83 53 46 —lel

[a] Conditions: 46 (200 mg, 1.28 mmol), RBr (1.1 equiv.), non-activated Mg
powder (2 equiv.), an additive (1 equiv.), THF (3 equiv.), 60 min, 30 Hz, under air.
[b] Yields are determined by *H NMR with internal standard. [c] Not performed.
*the reaction was performed by Danylo Merzhyievskyi.

In stark contrast, the same reaction performed in THF solution were completely
inhibited by the presence of H20 (1 equiv.), showing no progress even after extended
stirring for (24 h) at room temperature or upon heating. This failure could be attributed
to the passivation of the magnesium surface by Mg(OH),,[**? a barrier that is effectively
overcome under mechanochemical conditions due to continuous removal of surface
layers through ball milling. In addition, the similar solution-based experiment using
aldehyde 46 and allyl chloride in the presence of solid NH4Cl in THF solution under inert
atmosphere, failed to protonate in situ generated magnesium alkoxide intermediate
47a-Mg (Scheme 25). This was evidenced by treating the crude reaction mixture directly
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with EtOAc, resulting in acetate 47a-Ac (42% yield), with alcohol 47a only as a minor
product (5% yield). This result highlights the importance of mechanochemical activation
in revealing the hidden reactivity of solid reactants.

G OMgCl OAc
CHO
.’ Mg solid NH,CI EtOAc OO
—_—
THF x >
mert atmosphere
47a-Mg 47a-Ac, 42%
(47a, 5%)

Scheme 25. The solution-phase Barbier-Grignard reaction of allyl chloride with 2-naphthaldehyde
46 in presence of solid NH4CI.

The obtained mechanochemical results suggest that the use of NH4Cl for in situ release
of the alcoholic product from the respective Mg alkoxide could be justified only when
(i) the use of highly reactive Grignard reagents towards carbonyl additions such as allyl
magnesium chloride,!**®! because as we go to less reactive organometallics, significant
competitive protonation of Grignard reagent may occur; (ii) undesired enolization needs
to be suppressed, or (iii) a simplified work-up procedure is desired. Interestingly, both
liquid H20 and solid NH4Cl exhibited similar effects under mechanochemical conditions
(Table 3), a phenomenon possibly explained by coordination of water to Mg?* ions in the
solid phase, which may reduce water’s effective reactivity.*®¥ A broad range of additional
protic sources, beyond those already mentioned, was screened by Tatsiana Nikonovich
(Table S9, Supporting Information of publication ). The screening showed the lack of
correlation between the degree of protonation of organomagnesium compound 55-Mg
and the pKa values of the proton donors. This suggests that Brgnsted acidity alone does
not govern the reactivity. Instead, these differences are more likely due to kinetic factors.
For example, phenol and isopropanol, both miscible with the liquid organic phase
completely suppressed the reaction. This behaviour is likely because of rapid protonation
of organometallics in liquid organic phase and concurrent reaction between Mg and these
alcohols. These results indicate that solid aggregate state and ionic character of NH4Cl
might be responsible for the reduced protonation rate of organometallic intermediates.

3.1.5 Substrate scope of organic halides and electrophiles

With the optimized conditions in hand for the synthesis of alcohols from aldehydes and
ketones, the broader range of scope of organic halides and electrophiles were evaluated.
In addition to various functionalized aldehydes and ketones, we also explored esters,
amides, and several non-carbonyl electrophiles capable of forming C-Si, C—B, and C—N
bonds (Scheme 26). We opted to use activated magnesium for all the reactions, as it
consistently delivered similar or improved yields compared to non-activated magnesium
during optimization and can be easily prepared on the gram scale (see Section 1,
Supporting Information of publication I).

In reactions with 2-naphthaldehyde 46, cinnamyl chloride reacted almost exclusively
via allylic rearrangement, yielding alcohol 47e in 70% isolated yield as a 2:1 mixture of
anti- and syn-diastereomers (Scheme 26, a). Benzyl bromide smoothly delivers 47f in 69%
yield. Among aliphatic halides, n-butyl bromide was highly effective, producing 47g in
83% yield, while methyl iodide gave the corresponding carbinol 47h in a modest 50%
yield. Notably, this result demonstrates that methyl iodide reacts under mechanochemical
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conditions, even though the iodide passivates Mg in THF, which typically hinders
the formation of Grignard reagents. The reaction of 2-naphthaldehyde 46 with
bromocyclohexane required an excess of activated Mg (12 equiv.) to deliver 47i in
50% vyield, similar yield was obtained from using c-C¢Hi1MgBr in THF. In contrast,
2- bromopropene delivers alcohol 47 in 73% yield, showing that vinyl bromides are more
compatible with this protocol (47i, 47j were synthesized by Tatsiana Nikonovich).
Functionalized aryl bromides, such as p-methoxy- and p-chloro bromobenzenes, also
reacted successfully, delivered 471 and 47k in moderate vyields, respectively. These
transformations required pre-activation of Mg using a crystal of iodine. In the case of
47k, the chemoselectivity was notable, the less reactive C—Cl bond remained untouched
while the C-Br bond reacted. This selectivity is consistent with the established reactivity
trend for halides in Grignard reagent formation in solution (C—I > C-Br > C-C| > C—F).°%
In line with earlier mechanochemical Grignard studies,*%®*281 we observed that bromides
outperformed chlorides and iodides.
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Scheme 26. Synthetic applications of in situ generated organomagnesium nucleophiles. General
conditions: E* (0.6-3 mmol), RX (1.1-1.5 equiv.), activated Mg powder (2 equiv.), THF (3 equiv.),
ball milling at 30 Hz, 1hr, under air, followed by hydrolytic work-up (aq. NH4Cl). The reactions were
performed with bromides (X = Br) except for R = allyl and benzyl (X = Cl). Yields of isolated products
are shown. [a] X = Br. [b] X = I. [c] With 12 equiv. of activated Mg powder. The same yield of 47i
was obtained in reaction with c-C¢H1:MgBr in THF solution. [d] Yield after purification by
crystallization. [e] Based on competition experiments. [f] No column chromatography was carried
out. [g] With NH4CI (1 equiv.) as an additive, without hydrolytic work-up. *Reactions were
performed by Tatsiana Nikonovich. **Reactions were performed by Danylo Merzhyievskyi.
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Aliphatic and aromatic chlorides were generally unreactive in the mechanochemical
Barbier reaction (Scheme 26, b), whereas benzylic and allylic chlorides were highly reactive,
comparable to their respective bromide analogues. lodobenzene delivered a lower yield
of 47c (55%) compared to bromobenzene (92%) due to competitive Wurtz coupling,
which led to the formation of biphenyl in ~50% yield. For better understanding of the
relative reactivity of organic bromides under these mechanochemcial conditions, a series
of competition experiments was conducted by Tatsiana Nikonovich (more details can be
found in Section 2.7, Supporting Information of publication 1). These experiments
revealed the reactivity order of CH, = CHCH,Br > EtBr > PhBr > PhCH,CH,Br. This order is
also similar to the one observed in classical Grignard reagent formation in diethyl ether
solution.®%

In the series of para-substituted benzaldehydes (Scheme 26, c), electronic effects
significantly influenced the reaction results. The electron-donating methoxy group in
p-anisaldehyde favoured a smooth transformation, produced alcohol 56 in 87% yield.
In contrast, benzaldehydes bearing electron-withdrawing substituents such as p-Cl and
p-CF3 led to increased formation of arylmethanol and pinacol by-products, resulting in
lower yields of alcohols 57 and 59 in 82% and 55%, respectively. Aldehydes with p-CN
and p-Br substituents proved incompatible, resulted complex mixtures of products.
Steric hindrance from ortho-substitution had a lower impact, alcohol 60 was successfully
delivered in 76% yield from the corresponding 2,6-dimethylbenzaldehyde, indicating that
bulky groups near the formyl function do not significantly impede the allylation reaction.
Heteroaromatic aldehydes also proved to be compatible substrates. Reactions of pyridine
and thiophene based aldehydes with allylchloride, 4-bromo-1,1,1-trifluorobutane
(performed by Danylo Merzhyievskyi), and ethyl bromide delivered alcohols of 61, 62,
and 63 in 62-92% vyields. The successful formation of 61 is particularly noteworthy, as
2-pyridinecarboxaldehyde has previously been reported as unreactive in mechanochemical
Barbier reactions using zinc.[**”!

Coming to the scope of ketones (Scheme 26, d), non-enolizable ketones such as
2,2,2-trifluoroacetophenone and benzophenone reacted effectively with allyl chloride
under mechanochemical conditions, without requiring solid NH4Cl as an additive.
The corresponding alcohols 64 and 65 were obtained in high yields of 87% and 98%,
respectively. When solid NH4Cl (1 equiv.) was included, the yields remained high (75% and
95%), indicating good tolerance toward this Brgnsted acid. Notably, the unprotected-NH:
group was also well-tolerated, as shown by the successful synthesis of amino alcohol 66.
The reactions of a,B-unsaturated ketones such as benzylideneacetone 67 and chalcone
68 occurred exclusively as 1,2-addition, yielding the corresponding alcohols 69 and 70
without detectable 1,4-addition products. Diastereoselectivity was evaluated in the
synthesis of alcohol 71, which was obtained in 75% yield as a 1:1 mixture of diastereomers,
similar to the analogous allylation reactions using allyl magnesium chloride under
conventional conditions in solution.[*¢!

In addition, Tatsiana Nikonovich demonstrated that the optimised conditions are
suitable for the synthesis of tertiary alcohols from various esters and ketones from
amides. Danylo Merzhyievskyi showed that the reactions are suitable for C—B, C—N and
C-Si bond formation with the corresponding electrophiles (Scheme 26, e).
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Scheme 27. Gram-scale preparations and a comparison of mechanochemical Grignard and Barbier
protocols.

A gram-scale synthesis of alcohol 47d (Scheme 27) was performed to compare the
performance of the developed Barbier method (one-step) with the mechanochemical
Grignard (two-step) approach, both performed under air. The Barbier method significantly
outperformed the Grignard reaction, produced 47d in 75% yield compared to 49% with
the Grignard approach, using stoichiometric amounts of 2-naphthaldehyde 46 and
2-phenylethyl bromide. The lower yield in the Grignard method (two-step procedure)
was attributed to the partial oxidation of the organomagnesium intermediate (55-Mg)
by atmospheric oxygen, leading to the formation of alcohol 79 in 12% vyield. In contrast,
the Barbier reaction exhibited stronger resistance to the oxidative degradation. In addition,
we also successfully scaled up the allylation of 2-acetylnaphthalene 51 using solid NH4Cl
as an additive, isolating alcohol 52a in 96% yield after direct treatment with ethyl acetate,
filtration and solvent evaporation. While no major safety issues were encountered when
using Mg powder, the use of less reactive Mg beads is recommended for scale-up,
offering a safer alternative. Keeping in mind that larger Mg surface area is key to
achieving optimal yields, we repeated the gram-scale synthesis of 52a using a 10-fold
excess of Mg beads, which delivered the product in a still high yield of 86%. Additionally,
excess Mg beads were collected and approximately 8.7 equivalents were recovered out
of the 10 equivalents used.
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3.1.6 Mechanistic experiments and the role of mechanical energy

In general, the mechanistic processes behind the seemingly straightforward Barbier
reaction and the related formation of Grignard reagents are in fact intricate and not fully
understood.”® Many aspects of these transformations remain debated because of
controversial experimental results. It is currently adopted that the alcohol product could
form either by the reaction of a carbonyl compound with a transient Grignard reagent or
alternative radical-mediated pathway.

Firstly, a deuteration experiment was conducted using 2-naphthaldehyde 46 and
2-phenylethyl bromide in the presence of ND4Cl to trap the in situ generated transient
Grignard intermediate. After the reaction, the crude mixture was directly analyzed by 'H
NMR in CDCls, showing the formation of (ethyl-2-d)benzene 55-d in 40% yield, along with
45% of product 47d (Scheme 28). Deuterium incorporation was determined to be 90%,
as evidenced by "H and C NMR data (more details can be found in section 4.1 in the
Supporting Information of Publication 1). In the 'H NMR spectrum, the integral intensity
of the methyl proton signal at § 1.22 ppm was reduced (2H vs 3H in the non-deuterated
material). Additionally, a characteristic triplet was observed in the *C NMR spectrum at
6 15.4 ppm (Joo = 19.4 Hz). This result clearly indicating both the generation and
deuteration of a transient Grignard intermediate 55-Mg.

ND,CI (1 equiv.),
Mg powder, THF

o za 5 OH(D)
B \
Ar)LH + opp ™ '&)—“ PR+ A on
(Ar=2-naphthyl) (1 equiv.) €0 min, 30 Hz 40% (90% D) 47d (45%)
46 55-d
(D)
Ph/\/MgBr
in situ
55-Mg

Scheme 28. Trapping of organomagnesium intermediate 55-Mg in a deuterium quenching
experiment.

Secondly as we know, the addition of Grignard reagents to the carbonyl group of 46
forms magnesium alkoxide products 47-Mg (Scheme 29, a). However, side products such
as pinacols 49 and MPV-type reduction products 48 and 50b may arise from competing
reactions of naphthaldehyde 46, particularly if the consumption of 46 during its reaction
with the Grignard reagent is relatively slow. Since the Grignard additions to carbonyl
compounds are typically very fast,°®7l we concluded that the Grignard reagent
formation (GRF) is the rate-limiting step in the entire process. To suppress undesired
side-reactions, it is important to accelerate the Grignard reagent formation (GRF) under
mechanochemical conditions, thereby ensuring fast consumption of aldehyde 46.
This conclusion aligns with previous kinetic studies in solution, which have demonstrated
that GRF rates are strongly influenced by the area and physical properties of magnesium
surface, the viscosity of the medium, and the stirring rate.?>®! The latter two factors are
particularly important because the reaction of organic bromides with magnesium often
occurs at transport-controlled rate,®®°! where the delivery of the organic halide to the
magnesium surface is the rate-limiting step.
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Therefore, the rapid agitation of ball mill, which significantly enhances mass
transfer,[**®l and is expected to accelerate rate of Grignard reagent formation (GRF),
improves yields at higher milling frequencies. However, these are only hypotheses and
more mechanistic studies, preferably with real time in situ monitoring, are required.

As a supporting evidence, we observed a clear acceleration in the rate of Grignard
reagent 55-Mg formation at higher milling frequency (30 Hz) compared to lower milling
frequency (3 Hz) (Scheme 29, b). At 30 Hz, the starting phenylethyl bromide was fully
consumed within just 3 minutes, whereas the reaction proceeded noticeably slower at
3 Hz. The second key factor might be the mechanical activation of the magnesium surface
during milling.[># This process continuously exposes fresh reactive metallic sites and
prevents the surface passivation, allowing the reaction to initiate even in the presence
of H20. Additionally, this factor not only increase the rate of GRF but also minimizes the
induction delay.

o
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Scheme 29. (a) Mechanistic interpretation and supporting experiments: (b) dependence of rate on
milling frequency for generation of Grignard reagent 55-Mg; (c) radical clock experiment;
(d) competitive allylation of p-OMe and p-Cl benzaldehydes. [a] Determined by 1H NMR. *Reactions
were performed by Tatsiana Nikonovich. **Reactions were performed together with Danylo
Merzhyievskyi.
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Although the formation of organomagnesium intermediates was evident (Scheme 28),
the involvement of alternative radical-mediated pathways en route to 47-Mg (Scheme
29, a) could not be entirely ruled out.'® Such radical mechanisms are known to be
formed in related mechanochemical Minisci-type reactions*3*3% and are predominant in
aqueous Barbier reactions with magnesium.[*921%52001 Therefore, additional mechanistic
experiments have been performed with the aim of detecting the contribution of the
radical mechanisms.

Firstly, Tatsiana Nikonovich conducted the radical clock experiment by using
cyclopropylmethyl bromide 80 as a radical clock probe (Scheme 29, c¢), yielding a near 1:1
mixture of alcohols 47m and 47n, regardless of protic additives. These results indicate
the rapid formation*®® of Grignard reagent C from the cyclopropylmethyl radical A,
occurring at the same high rate as its fast intramolecular rearrangement into B (k ~ 10%
s71)[201 s ggesting a fast organometallic pathway. The lower yields with protic sources
were attributed to competitive protonation of organometallic intermediates. Radical
mechanism would have favoured dominant formation of 47n, which was not observed.

Secondly, based on these findings, we anticipated that substrates that generate more
stable and long-lived radical or radical anion species, such as electron-deficient aromatic
aldehydes and allyl halides, may be more prone to react via the radical mechanism.
To test this hypothesis, a series of experiments have been performed together with
Danylo Merzhyievskyi. The competitive allylation reactions of p-methoxy and
p-chlorobenzaldehyde (Scheme 29, d) were selected based on the distinct electronic
properties of these substrates and differ in their tendency to form radical anions.!2%%
Under mechanochemical conditions, the allylation to p-Cl-substituted alcohol 57 was
slightly favoured (ratio 57:56 = 1.5:1), with minor formation of pinacol by-products,
implying insignificant generation of the corresponding anion-radical from
p-chlorobenzaldehyde. For comparison, the Barbier reaction in aqueous THF produced
p-Cl-substituted alcohol 57 as the kinetic product (ratio 57:56 = 4:1) but in low yield
(~8%), whereas pinacols 81 were dominant (60% yield). This reaction was shown to
procced via anion-radical species.l?°” Expectedly, addition of allylmagnesium chloride in
THF solution was non-selective (ratio 57:56 = 1:1), no pinacol products was observed.

These obtained results suggest that the radical pathway contributes to a minor extent
under mechanochemical conditions, mostly with electron-deficient carbonyl substrates.
Nevertheless, these results do not rule out the possibility of a major contribution of the
radical mechanism for other substrates that are more prone to producing stabilized
radical species upon single electron reduction.

3.2 Mechanochemical Birch Reduction with Low Reactive Alkaline Earth
Metals (Publication Il)

This work was inspired by advances in mechanochemical organometallic synthesis with
Group Il metals. In particular, following the development of the mechanochemical
Barbier-Grignard reaction (Section 3.1), in which single-electron transfer (SET) from
magnesium metal to an organic halide initiates Grignard reagent formation, we
hypothesized that ball milling could similarly facilitate SET from Group Il metals to other
organic compounds, especially aromatic systems, thus enabling Birch reduction with
these low-reactive metals. Additional inspiration came from the work of Ito, Kubota,
and co-workers,!"%”! who demonstrated the facile generation of organocalcium reagents
from mechanochemically activated calcium metal. We aimed to take advantage of

58



mechanochemistry to enhance the reductive properties of calcium and magnesium,
thereby addressing the known limitations of this chemistry in solution. Moreover,
calcium and especially magnesium appeared to be safer alternatives to hazardous alkali
metals, and more sustainable alternatives to scarce lithium. At the time this work was
initiated, no mechanochemical analogues of Birch reduction had yet been reported in
the literature.

safe to handle,

abundant
| Ca or Mg |

HaN(CH;)NH;

R +NH,CI =
G -G
Z ball milling in air, r.t. &

Scheme 30: Mechanochemical Birch reduction with Group Il metals.

3.2.1 Optimization studies with calcium
The experiments were performed using a Form-Tech Scientific FTS-1000 shaker mill,
operating at 30 Hz maximal milling frequency in 15 mL ZrO: jars containing a single
10-mm ZrO2 milling ball. The study began with the screening of metals (3 equiv.) for the
Birch reduction of benzoic acid 82a, employing ethylenediamine (EDA, 5 equiv.) as a
substitute for liquid ammonia and tetrahydrofuran (THF, 1 equiv.) as an additive
(Scheme 31, a). These conditions were adapted from a previously reported solution-based
protocol with lithium metal, developed by Koide and co-workers.[***! As we opted to
develop an operationally simple and safer protocol than conventional Birch reduction,
we excluded highly hazardous K and Na, focusing only on metals that are safer to handle:
Li (from Group 1), Ca and Mg (Group Il), and Al (Group lll). In these preliminary
experiments, granular lithium (4—10 mesh) produced the Birch reduction product 82b in
90% vyield after 60 minutes of milling at 30 Hz under ambient conditions. To our delight,
granular calcium (~9 mesh) also demonstrated strong reducing ability, affording 82b in
61% vyield along with 31% of the over-reduced alkene product 82c. In contrast,
magnesium powder (< 75 um) gave very low 10% yield of 82b, and aluminium showed
negligible reactivity. These results identified calcium as a feasible alternative to lithium
metal, though it exhibited a tendency for over-reduction. We attributed this to
excessive metal loading, as the formation of 82b (in its calcium salt form) demands only
1.5 equivalents of calcium, based on a 2 e transfer to the arene and a 1 e™ transfer to
the carboxylic proton. Supporting this, increased calcium loading (6 equiv.) enhanced the
yield of 82c to 42%. Conversely, reducing the loading close to stoichiometric levels
(2 equiv.) resulted in a high 92% vyield of 82b, comparable to the lithium-mediated
reaction. These results highlight calcium’s potential as a reductant in Birch reductions,
provided its reactivity is carefully controlled through precise stoichiometry adjustment.
Encouraged by these results, we turned our attention to understand the role of the
amine, a key component in Birch chemistry. In liquid ammonia or low-molecular weight
amines, alkali metals generate blue solutions containing solvated electrons, electrides,
and alkalides all act as powerful reducing agents. Screening of amines (Scheme 31, b)
revealed that a primary bidentate diamine such as ethylenediamine (EDA) is essential for
achieving high yields of 82b. The reaction was failed to proceed in the absence of EDA or
when it was replaced with its tetramethylated analogue, TMEDA (A2), highlighting the
importance of primary amine groups. Other amines, including mono-, tri-, and tetra
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amines (A3—-A5), produced poor results, despite previous success in solution-based Birch
reductions using lithium in THF.[*5*! These results highlight the significance of EDA under
mechanochemical conditions, acting both as an optimal ligand for Ca?* to facilitate
electron transfer and as a proton donor. However, the reason for this optimal performance
remains unclear and warrants further investigation. Furthermore, we observed that the
addition of THF (1 equiv.) enhanced yields in the calcium-mediated reduction. When THF
was omitted, the yield of 82b dropped slightly to 79%.

COOH  metal, THF (1 equiv.), COOH  COOH
© amine (5 equiv.) _
Q. 60 min, 30 Hz
82a(0.2g) '& under air 82b 82c
(a) Screening of metals (b) Screening of amines (metal = Ca)
Yield of 82b: Optimization of Ca loading ( Yield of 82b: 1
(3 equiv.) ;20 5 &l HZN/\/NH2 MeZN/\/NMez
0 ?.)- 3.0 81 37 ] EDA, 92% A2: no reaction
8 6.0 43 [ 42 ] without EDA: no reaction

Yields, % of E82b and O 82¢ without THF: 79% yield

&
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Scheme 31. Mechanochemical Birch Reduction of benzoic acid: screening of metals and amines in
the reaction with Ca metal. Yields were determined by 'H NMR with an internal standard after the
hydrolytic workup (aq. HCI). More details can be found in Supporting Information of publication II.

3.2.2 Reaction kinetics and comparison with the solvent-based method
Ex situ monitoring of the reaction kinetics (Scheme 32, a) showed that the high 92% yield
of 82b was achieved within one hour at a milling frequency of 30 Hz, while approximately
80% conversion happened within the first 5 minutes. Lowering the milling frequency to
3 Hz significantly diminished both the yield of 82b and the reaction rate, highlighting the
significant role of mechanical activation in amplifying the reaction. This effect was
attributed to the continuous exposure of active metal surface through frequent ball
collisions, which prevent surface passivation and improves mass transfer in the organic
phase.[1%8

The importance of ball milling was further underscored by comparing solution-state
and mechanochemical conditions (Scheme 32, b). Unlike in the mixer mill, calcium failed
to produce any Birch reduction product after over 20 hours of stirring in EDA under argon
at room temperature. In contrast, lithium in EDA solution produced 82b in a high 94%
yield, rapidly forming a deep blue solution indicating the generation of solvated electrons
and/or metal electrides. In comparison, Calcium remained undissolved with no visible
colour change even after two days. In the mechanochemical experiments, however, we
observed the blue patches in the reaction mixture immediately after opening the jars,
which quickly turned yellow colour upon air exposure. This observation suggests that the
ball impacts greatly expedite the generation of solvated electrons and/or metal electrides
from calcium metal.
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Scheme 32. (a) Effect of the milling frequency on the reaction rate with calcium. (b) Comparison
with Birch reduction in solution (n.r. = no reaction).

3.2.3 The role of protic source and reduction of electron-rich arenes

In a subsequent study, the developed optimized conditions were applied to the Birch
reduction of a representative electron-rich aromatic substrate, n-butoxybenzene as a
model substrate 83a (Table 4, entry 1). Under these conditions, the result was
unsatisfactory, yielding the mixture of isomeric dienes 83b (7%) and 83c (37%), as well
as the enol ether 83d (24%). In the classical Birch reductions, stepwise protonation
sequences are essential alongside single-electron transfers (see Scheme 1.3.1 in the
literature overview). For electron-deficient arenes (e.g., 82a), protonation typically
occurs after the addition of two electrons, with the resulting carbanion sufficiently basic
to abstract a proton from the medium (e.g., liquid ammonia or amines).[*>3! In contrast,
electron-rich arenes (e.g., 83a) protic additive (like alcohol) is essential, because the second
electron is not transferred until after the weakly basic radical anion is protonated.?*?

Interestingly, the reduction of 83a under mechanochemical conditions proceeded
even without an alcohol, indicating that EDA was able to act as a proton source (entry 1).
However, due to suboptimal selectivity and moderate yields, we explored the addition
of traditional tert-butanol as a protic additive, in search of improved outcomes. While
this increased the overall conversion of 83a, product yields and selectivity saw only minor
improvement (entry 2). The conjugated diene 83c, which is thermodynamically more
stable isomer, became the predominant product (49% yield), likely due to base-catalysed
isomerization of 83b.

To suppress this rearrangement, we sought to select a more suitable protic source.
The unique advantage of mechanochemistry is the compatibility with solid inorganic
additives. Reflecting from our previous success using solid ammonium chloride to
enhance yields in the Mg-mediated Barbier reaction of ketones, 23! we tested solid NH,4CI
(entry 3). Interestingly, the formation of 1,3-diene isomer 83c was completely
suppressed, and the yield of the desired diene 83b increased significantly to 82%, with
only minor formation of the over-reduced product 83d (7%). Notably, a similar
improvement of result was observed in the lithium-mediated reduction, where NH4Cl led
to a 74% yield of 83b. Historically, solid NH4Cl has been used in classical Birch reductions
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of biaryls in liquid ammonia to prevent isomerization and complex product mixtures,
but as a quenching agent rather than a proton source.?#2%! Beyond improved
chemoselectivity, solid NH4Cl offers practical advantages as an non-flammable, inexpensive
and easy-to-handle solid, well-suited for mechanochemical applications. It also acts as a
grinding additive, maintaining the mixture in a powder state throughout milling.

Table 4. Ca-Mediated mechanochemical Birch reduction of n-butoxybenzene (83a) and influence of
the protic source.
n-BuO n-BuO n-BuO

Ca (2 equiv.), EDA (5 equiv.),
@ protn: source, THF ( 1equw) © @ @
Q. 60 min, 30 Hz

[y

83a (0.2 g) under air

protic source yield (%)
entry

(3 equiv')[a] 83a 83b 83c 83d
1 no protic source 28 7 37 24
2 tert-butanol 2 22 49 15
3 solid NH4Cl ! 8 82[v! 0 7
4 n-PrNH, 38 0 0 37
5 n-PrNH: 0 0 0 5414

[a] No reaction occurred with ammonium salts such as MeNHsCl and
EDA*2HCI. [b] Produced in 74% vyield with Li metal (3 equiv.). [c]
Isopropylamine showed the same outcome. [d] With 4 equiv. of Ca.
No reaction occurred without EDA (performed by Danylo
Merzhyievskyi). Yields were determined by *H NMR with an internal
standard after the hydrolytic workup (aq. NH4Cl).

The reactions involving electron rich arenes were mainly performed by using
crystalline NH4Cl, and we observed the evolution of ammonia gas upon contact with
ethylenediamine (EDA). Thus, using NH4Cl pellets which has lower surface area instead
of crystalline form is much more convenient during loading reagents for upscale
operations. In addition, other tested additives like KH2POs, glycine, NHs were suboptimal
and EDAe2HCI, MeNHsCl were ineffective. But, in the case of using n-propyl amine and
isopropylamine, we managed to optimize the conditions yielding exclusively 83d in 54%
(performed by Dr. Danylo Merzhyievskyi).

These results suggest that as like in the case of Barbier-Grignard reaction,!?%!
the performance of the protic source is influenced not only by Brgnsted acidity, but also
likely by kinetic factors and their aggregate state.
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3.2.4 Deuterium labelling experiments

To investigate the origin of the C-1 (ipso) and C-4 (para) hydrogens in the reduction of
benzoic acid, a series of mechanistic experiments, including deuterium labelling studies,
have been performed (Scheme 33). According to the classic mechanism,**3 the formation
of an enolate dianion intermediate [82a]? leads to proton incorporation specifically at
the C-1 and C-4 positions (Scheme 33, a). The addition of methyl iodide to the reaction
mixture prior to the hydrolysis led to the formation of the ipso-methylated product
82b-Me in 42% yield (Scheme 33, a). This yield was notably lower than that occurred in
the analogous Lithium-mediated reaction, which afforded 82b-Me in 58% yield.
The difference between the Li- and Ca-mediated reactions is likely caused by either
reduced reactivity of the calcium enolate or, more likely, a greater extent of proton
transfer from EDA. In support, quenching with deuterium oxide resulted in 40%
deuterium incorporation at the C-1 position, with no deuterium incorporation at C-4
position. Furthermore, when deuterium-labelled EDA (90% D) was used, the product 82b
delivers 58% and 30% deuterium incorporation at C-1 and C-4, respectively (Scheme 33, b).
These deuterium incorporation levels were lower than 90% D in EDA. Based on previous
studies, we believe that it might be caused by the kinetic isotope effect, which can be
substantial in the Birch reaction (e.g, ku/ko =9.9 for the reduction of benzene).2%%
The obtained results suggests that in the Ca-mediated reaction EDA donates protons
more readily than in the Li-mediated process. A similar observation was noted previously
in liquid ammonia and was attributed to the increased acidity of ammonia coordinated
to calcium cations, as well as to the low solubility of calcium amide.2%”

(a) Trapping of intermediate enolate:
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(b) Confirmation of proton transfer from EDA:
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Scheme 33. (a) Trapping of intermediate enolate [82a]? in the Birch reduction of 82a and its sodium
salt. (b) Confirmation of proton transfer from EDA. Yields were determined by 1H NMR with an
internal standard. [a] The reaction was performed starting from benzoic acid 82a instead of sodium
benzoate 82a-Na.

3.2.5 Substrate scope and limitations

With the optimised conditions in hand, we established two general protocols A and B
(Scheme 34), tailored for the Ca-mediated Birch reduction of electron-poor and
electron-rich arenes, respectively and tested the range of compatible substrates. Initially,
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Benzoic acid consistently afforded 82b in 92% yield, and this result extended to m-toluic
acid, which provided 3-methyl-substituted cyclohexadiene 84b in 89% vyield. Similarly,
mesitoic acid gave the 2,4,6-trimethyl derivative 85b as an approximately equimolar
mixture of cis and trans isomers in 92% combined yield. Notably, 4b was prepared on a
gram scale, demonstrating the scalability of the method. 3-Methoxybenzoic acid delivers
86b in a slightly reduced 71% vyield, mainly due to incomplete conversion. Beyond
carboxylic acids, benzamide was successfully reduced to cyclohexadiene 44b with a 69%
yield.

Ca, EDA, THF General Conditions:?!

[+ NH,CI] (A) for Y = EWG: Ca (2 equiv.), EDA (5 equiv.),

. O Y _-:f _b. O THF (1 equiv.); work-up: ag. HCI

(B) for Y = EDG: same as A + solid NH,CI (3 equiv.);

30 Hz, 60 min,
under air, r.t. work-up: aq. NH,CI
COCH COOH COOH CONH, ------ Gram-scale preparations: - :
f i COOH TBSO 1 n-| BuO
82b, 92% (A) 84b, 89% (A) 86b, 71%(A) 44b, 9% (A : 2 i .
190%L with Li] 5 % By 83b, 82% (B)
[from 3-methoxy- 85b 1.17 9, 92% (A) 87b, 1.059, 82% ( [74%[b] with Li]
benzoic acid (86a)] ; dr1:1.2 5 h)
@/\/\ @/\,COOH @/\ O/\ O O
+
91b, 67%0! (B) 92b, 56% (B, 10 min)>dl  93b, 78%0°1 (B)  94b, 77% (B O ‘ O
[38%[°! with Li, mixture of products]

96a 96b, 57%!° (A) 96¢c, 22%] (A)
mixture of products (B)

MeO t-Bu . @ @i)
9%a 95b, 82% (B> 41, 17% ( )lbel
54% (A)“" 4% (A
M

tBu

SMe
no reaction N N
H
97a

97b, 46% (B Jbel 97c, 21% ?a)[b-e]

Scheme 34. Mechanochemical Birch reduction of arenes with Ca. [a] The reactions were performed
at a 1-2.6 mmol scale. Any deviations from the general conditions are specified in the Scheme and
footnotes below. Unless stated otherwise, yields of isolated products are given, corrected for 1H
NMR purity. The products are prone to slow oxidation with air, recovering the starting arene.
[b] Yields were determined by 'H NMR with an internal standard after the hydrolytic workup (aq.
HCl for conditions A and aq. NH4Cl for conditions B. [c] Ca (4 equiv.), EDA (6 equiv.), NH,Cl (3 equiv.),
THF (2 equiv.). Same reaction at 200 mg scale produced 87b in 89% yield after 3 h. [d] The yield of
92b did not increase with additional milling time, the rest was mostly unconverted starting
material. Only 1 equiv. of NH4Cl was used. [e] With 3 equiv. of Ca and 1.5 h of milling.

Next, we turned our attention to electron-rich arenes, including phenols, their
derivatives, alkylbenzenes, polycyclic aromatics, and heterocycles. Among phenol
derivatives, TBS-protected p-cresol 87a delivers clean reduction to 87b in 82% yield on
gram scale, aligning with previous reports using electrochemical’®® and Li-mediated
Birch methods.®”:1%5 However, the reaction proceeded more slowly, requiring 3=5 hours
compared to the typical 1 hour duration for other substrates. Unprotected phenol 88a
was unreactive, consistent with previous reports attributing this to the high energy
barrier for electron addition to the phenolate anion.?*® Similarly, 4-methoxyphenyl
methyl sulfide 89a and 1,4-di-tert-butylbenzene 90a were unsuccessful, likely due to
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their low electron affinities, as previously observed in the potassium electride-based
mechanochemical reduction.[**® Alkyl substitued benzenes 91-94a, featuring
terminal hydroxyl, amino, or carboxylic acid groups, reacted smoothly and affords
1,4-cyclohexadienes 91-94b in 56—78% yields. Nonetheless, incomplete conversion was
observed for 91b and 92b, while over-reduction byproducts appeared in the case of
benzyl amine 93b. Next, the reduction of polycyclic aromatic hydrocarbons, such as
naphthalene 95a and biphenyl 96a, were tested. Similarly to benzoic acid derivatives,
these substrates can produce dicarbanion intermediates, therefore both conditions A
and B were tried and compared. The reduction of naphthalene under conditions B
produced hydrocarbon 95b in 82% vyield and its isomer 41 in 17% yield after 90 min
milling, while the condition A delivers poor yields of the same products due to lower
conversion of the starting material. On the contrary, biphenyl 96a affords a mixture of
1,4-dihydrobiphenyl 96b and 3,4-dihydrobiphenyl 96c in 57% and 22% yields, respectively,
under conditions A. while the conditions B were unsuccessful and afforded complex
mixture of products at incomplete conversion approx. 50% of 96a. Finally, reduction of
the heterocyclic substrate indole 97a under conditions B produced two major products
97b and 97c obtained in 46% and 21% yields, respectively.

The diverse substrate scope explored in this study showing close similarity of the
results to that of classic alkali metal reductants,®”"1%° underscoring mechanochemically
activated calcium as a practical and effective alternative. In several cases, including the
formation of 82b and 83b, comparable yields were achieved with both calcium and
lithium. Notably, the reduction of 3-phenylpropionic acid to diene 92b proceeded with a
slightly higher yield 56% and full conversion using calcium metal, compared to a 38%
yield and a mixture of reduction products observed with lithium (for more details, see
Section 6.15 in the Supporting Information of publication Il). Shortly after this work was
published, the group of Ito and Kubota reported similar findings with calcium metal.[?1%

3.2.6 The Birch reduction with magnesium

During the initial metals screening (Scheme 31), magnesium showed promise and
delivered approximately 10% yield of 82b from the reduction of benzoic acid using
3 equiv. of the metal. Considering magnesium’s practical advantages, such as its relative
stability toward air and moisture and our previous findings that its reactivity under
mechanochemical conditions improves with the larger surface area provided by excess
of the metal,?%! we explored the use of excessive loadings. When benzoic acid 82a was
treated with a large excess of magnesium powder (10 and 30 equiv., Scheme 35, a),
the yield of diene 82b significantly improved, and delivers up to 82%. Similarly,
2,4,6-trimethyl- and 3-methylbenzoic acids gave the corresponding Birch products 85b
and 84b in 63% (1:1.4 dr) and 77% yields, respectively. In contrast, electron-rich arenes
such as 83a and 92a remained unreactive, indicating that the scope of the Mg-mediated
reduction is restricted to electron-deficient arenes.

Considering magnesium’s lower reactivity compared to calcium, we explored its
potential for achieving chemoselective Birch reductive transformations often complicated
by over-reduction when using more reactive metals like calcium. To assess this, we first
conducted competitive reduction experiments with an equimolar mixture of electron-
deficient arene (benzoic acid, 82a) and electron-rich arene (n-butylphenyl ether, 83a)
(Scheme 35, b). Magnesium selectively reduced only 82a, leaving 83a completely
unreacted. In contrast, both substrates were reduced with calcium or lithium.
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Further evidence of the highly chemoselective reductive properties of magnesium was
obtained in intramolecular experiments, using bifunctional substrates 98a and 99a,
which contain both electron-poor and electron-rich arene moieties (Scheme 35, c). In the
case of 2-phenylbenzoic acid 98a, magnesium selectively reduced the benzoic acid ring
to afford cyclohexene derivative 98b as the major product in 72% yield, cis:trans = 3:1,
with minor formation of the fully reduced compound 98c in 18% yield, cis:trans = 1:2.5.
In contrast, the reduction with calcium led to a complex mixture, likely due to
accompanying reduction of the phenyl substituent. Similarly, diarylmethane 99a delivers
selective reduction with Mg to give 99b in 79% yield, while Ca delivers only 20% of 99b,
and mixture of other unidentified byproducts. Remarkably, Mg also demonstrated
excellent functional group tolerance. For example, 3-fluorobenzoic acid 100a was
smoothly reduced to the fluorinated diene 100b in 91% vyield, with no significant
dehalogenation observed. In contrast, the same substrate results in partial defluorination
with calcium metal, forming diene 82b as a side product. These findings open the door
to achieve chemoselective Birch reductions, which are uncommon.

(a) Birch reduction with Mg

Mg (excess),! S optimization studies - COOH Y = n-BuO (83a),

EDA, THF | COOH Mg (equiv) yield | COOH  CH,CH,CO,H (92a)
X Z : T Y
M (v —&— v s o |
= hrie = ! 10 82% Me
30 Hz, 80 min, i 30 8%
under air, r.t , 8b | 85b,63%, 84b,77%
dri:.1.4 no reaction
(b) Selectivity studies ! ratio of 82a:83a remained in reaction mixturest®) | ‘
metal, : " 95%
EDA (5 equiv.), ; 9%
COOH n-Buo THF (1 equiv.). COOCH n-BuO : 44%
82a
21°/ 5%
Q Q- FI ° sz:
82a (1:1) 83a 30 Hz, 60 min, 83b-d :
under air, r.t. :
+ other products : (3.5 equiv.) 2 equlv ) (10 equiv.)
(c) Chemoselective Birch reductions with Mg
COOH
(‘ .\‘ @O ‘ ‘we ' II
Mg]: 72%!9 dr 34 18%1l dr2.5:1 [Mg]: 79%
[Ca]: complex mixture [Ca]: 20% + other products
COOH COOH COOH
a,—- O
F F
100a 100b 82b
[Mg]: 91%l] <5%
[Ca]: 52% 20%

Scheme 35. Mechanochemical Birch reduction of arenes with Mg and its limitations (a), selectivity
studies (b) and chemoselective Birch reductions (c). Unless stated otherwise, yields were
determined by 'H NMR with an internal standard after the hydrolytic workup (aq. HCl or aq. NH4CI).
[a] Optimal conditions: Mg powder (10 equiv.), EDA (5 equiv.), THF (1 equiv.). [b] Determined by
HPLC analysis of the crude reaction mixtures (HPLC analysis was performed by Tatsiana Jarg). 1H
NMR with an internal standard showed a similar outcome. [c] With 30 equiv. of Mg and 1.5 h of
milling. Relative configuration is depicted for the major diastereomer (cis-98b and trans-98c). [d]
The product 100b was isolated by column chromatography on silica gel in 78% yield. *Compound
99a was synthesized by Danylo Merzhyievskyi.
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3.2.7 Other dissolved metal-type reductive transformations

Next, we explored the applicability of Ca- and Mg-based protocols in a range of other
reductive transformations beyond the classic Birch reductions!*’” (egs. a—m, Scheme 36).
This investigation not only demonstrates the versatility of the developed methods but
also gives important insights into the functional group tolerance of the protocols,
particularly regarding functional groups that are typically sensitive to reductive conditions.

Reductive cleavage of epoxides and ethers using calcium has previously been
demonstrated in solvents such as liquid ammonia or EDA."?*Y! Under the mechanochemical
conditions with calcium metal, both the reductive ring-opening of cyclohexene oxide
101a (eq. a)?'Y and the reductive amination of cyclohexanone 102a (eq. b) proceeded
efficiently and delivers 93% and 76% yields respectively. Benzylic deoxygenation of
alcohol 103a (eq. c) occurred in high yield 89%, with no reduction of the electron-rich
arene ring, indicating that benzylic deoxygenation is particularly favourable under these
conditions. Similarly, the Ca-mediated Birch reduction of 2-methoxynaphthalene 104a
was dominated by reductive deoxygenation, resulting hydrocarbon 95b as the major
product in 67% yield (eq. d).

Reductive dehalogenations of 3-chlorobenzoic acid 105a and 2,4,6-trichlorobenzoic
acids 106a proceeded smoothly with 3 equiv. of Ca metal, yielding benzoic acid 82a in
35-52% yields along with up to 22% of the Birch product 82b (eq. e), demonstrating
that dechlorination precedes arene reduction. When 106a was treated with excess Mg
(10 equiv.), the reaction favoured Birch reduction, delivering 82b as the major product
in 44% vyield. These results align with prior findings by Rowland[*?31?%! and Birke on the
mechanochemical degradation of chlorinated compounds.

Similarly, Mg-mediated dehalogenation of 3-(trifluoromethyl) benzoic acid 107a
delivers a mixture of 84a and 84b in 51% and 14% respectively (eg. f). Calcium shows
similar reactivity, but under standard conditions with only 2 equiv. of calcium metal, the
reaction produced 84a in 23% with incomplete conversion. These findings demonstrated
that, apart from fluorine substituent which tolerated in the Birch reduction of 100a with
Mg metal (see Scheme 35, c), other halogenated substituents are generally incompatible
and readily undergo dehalogenation. This reactivity profile suggests potential applications
of Mg and Ca metals in the remediation of halogenated environmental pollutants.!*?3]
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General conditions: 12!

[Ca]: Ca (2 equiv.), EDA (5 equiv.), NH4CI (3 equiv.), THF (1 equiv.), ball milling in air at 30 Hz, 60-90 min, r.t.
[Mg]: Mg (10 equiv.), EDA (5 equiv.), THF (1 equiv.), ball milling in air at 30 Hz, 60 min, r.t.

Epoxide opening Deoxygenations
[Ca] OH
101a 101b, 93%
103a 1 03b, 89%

Reductive amination

O [ca) H /O OMe Ca
(b — O’N\/\N (dl” “ @ij
H
102a 102b, 76% 95b, 67%
Reductive dehalogenations
COOH COOH COCH COOH COOH COOH
=
G0 A, A, Q
82 vl CF. Me Me
a
[Cal 35% 22% 107a
105a, 3-Cl
’ Mgl:  13% 44% Mgl 51% 14%
' [Cal:  23% 0%
106a, 2,4,6-Cl [Calldl 52% 6%
Alkene reduction
O (Cal O 108c, 48% So~oy [Cal 91b, 45/0
(g)[c] . — O (h)[c] ©/\/\
O 1084 109a
O 108b, 36% ©/\13/1\2%
729%le]
COOH COOH COOH HO o~~~
[Ca] 112a
(i) — ) [Ca] HO _~ o~
110 100b, 70% 111 ti MO~~~ 12zb
a y o a, ho reaction 113a 25%'[e]
Alkyne reduction'¥l
n-Pr [Cal n-Pr X oH [Ca] OH
(k) == - _/=/_ + n-CygH,, — /b
n-Pr n-Pr
114a
114b, 75% 25% 115a 115b, 90%
[Ca]
(m) HO xn — > HO A~~~ + 1M2a(13%)
116a 112b, 86%

Scheme 36. Other dissolved metal-type reductive transformations with Ca and Mg. [a] The
reactions were performed at 1-1.5 mmol scale with 200 mg of the starting material. Any deviation
from the general conditions are specified in the Scheme and footnotes below. Yields were
determined by 'H NMR with an internal standard after the hydrolytic workup (aq. HCI). [b] Without
NH4Cl additive. [c] With 3 equiv. of Ca. [d] Ca (4 equiv.), EDA (67 equiv.). [e] Indicates conversion
of the starting material into the product.
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Since calcium metal has been known to reduce olefins?*? and alkynes?*3! in liquid
ammonia and amines, we investigated the tolerance of unsaturated bonds under our
developed mechanochemical conditions and assessed their preparative utility. Alkenes
featuring a double bond conjugated to an aromatic ring such as stilbene 108a and
cinnamic alcohol 109a, result in complete reduction of the olefin along with partial
reduction of the arene ring, yielding mixtures of two main products (eqs. g and h).
Similarly, the conjugated double bond in 1-cyclohexene-1-carboxylic acid 110a was fully
reduced, delivering cyclohexanecarboxylic acid 110b as the major product in 70% yield
(eq. i), alongside minor by-products such as the corresponding aldehyde and alcohol,
accompanying from the partial reduction of the carboxylic group (more details can be
found in Supporting Information in section 9.5.3 of publication Il). In contrast, isolated
endocyclic olefins were inert under these conditions. For instance, the isomeric acid 111a
remained unreacted, consistent with the resistance of 2-cyclohexene-1-carboxylic acid
82c observed during the initial optimization experiments (Scheme 31). These findings
demonstrate that olefins conjugated with aromatic or carbonyl groups are particularly
susceptible to reduction, whereas isolated cyclic double bonds are significantly more
resistant. For acyclic substrates, reactivity depends on the position of the double bond.
In the case of, isomeric alkenols 112a and 113a (eq. j), the terminal double bond in 112a
was readily reduced, delivering 1-hexanol 112b in 72% yield. Conversely, the internal
double bond in 113a proved more resistant, and produced only 25% conversion to 112b
under identical conditions.

The reduction of internal alkynes to (E)-alkenes using alkali metals in liquid ammonia
is well-established in the literature,'?'* with a rare example of a calcium-mediated reaction
in liquid amines.?*3! Similarly, our developed mechanochemical conditions converted
5-decyne 114a to (E)-decene 114b in 75% vyield (eq. k), though this reaction was
accompanied by over-reduction to n-decane (25% yield). In contrast, propargylic alcohol
115a results complete reduction to ethyl carbinol 115b with a high yield of 90% (eq. I).
In addition, the terminal alkyne 116a gave 1-hexanol 112b in 86% yield, along with 13%
of the intermediate 5-hexen-1-ol 112a (eq. m). Overall, these results demonstrates that
alkynes are readily reduced to the corresponding alkenes, which are then further
reduced to alkanes, except in the case of more resistant internal olefins.
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4 Conclusions

The primary objectives of this thesis were to develop the mechanochemical protocols
that utilize calcium and magnesium metals for synthetically valuable chemical
transformations, both through the generation of polar organometallic reagents and in
reductive processes. The key outcomes of this research are summarized as follows:

. Mechanochemical activation of magnesium allows for the efficient generation
of organomagnesium nucleophiles in situ under Barbier conditions, expanding
the reaction scope beyond traditional allylations. This solvent-free, operationally
simple protocol demonstrates broad substrate compatibility (38 examples) and
achieves moderate to high yields (42-98%), comparable to those achieved with
classic Grignard chemistry.

e  The mechanochemical Barbier-Grignard reaction exhibits remarkable tolerance
to air, moisture, and solid proton donors, improving reaction outcomes. Solid
Brgnsted acid such as NH4Cl notably enhance performance by suppressing side
reactions of ketones, releasing alcohol products directly from magnesium
alkoxides, and simplifying the reaction work-up, thus increasing both efficiency
and practicality.

. Mechanochemical activation transforms calcium into an effective reductant for
Birch reduction and related dissolved metal-type reductive transformations.
This approach reduces both electron-deficient and electron-rich arenes,
affording products in yields of up to 92%, similar to those obtained with classical
alkali metal reductants. Solid NH4Cl, used as a protic source, outperformed
traditional alcohol additives under mechanochemical conditions in the
reduction of electron-rich arenes.

. Mechanochemical activation significantly boosts the reducing power of otherwise
low-reactive magnesium in the Birch reduction, enabling efficient reduction of
electron-poor aromatic carboxylic acids. The lowest reactivity of magnesium
among the alkaline earth metals allows for chemoselective reductions, which
are relatively uncommon in traditional Birch chemistry.

. Overall, mechanochemistry effectively amplifies the reactivity of alkaline earth
metals, enabling reactions that are challenging under solution conditions. This
innovative approach enhances operational simplicity, safety, and sustainability,
offering viable alternatives to classical solution-based organometallic synthesis
and reductive transformations, and demonstrating potential for industrial-scale
chemical manufacturing and the discovery of unprecedented transformations.
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Abstract

Mechanochemical Activation of Alkaline Earth Metals and Its
Applications in Organic Synthesis

In recent years, there has been growing interest in the use of mechanochemistry,
through ball milling and other mechanochemical devices, to boost the reactivity of
metals in organic synthesis, including the generation of polar organometallic reagents
and reductive transformations. The advantages of mechanochemistry include reduced
use of hazardous organic solvents and operationally simpler that can be performed under
ambient conditions and in air. These benefits highlight mechanochemistry as an attractive
alternative to traditional organometallic synthesis in solution, which often suffer from
several practical shortcomings. In this thesis, applications of mechanochemistry to address
two long-standing challenges in organic synthesis are presented: (i) an efficient and
broad-scope of Barbier-Grignard reaction with magnesium metal, and (ii) the Birch
reduction with low-reactive calcium and magnesium.

The first chapter describes the mechanochemical adaptation of the magnesium-
mediated Barbier reaction. This approach overcomes long-standing limitations of
traditional Barbier-Grignard chemistry, enabling the coupling of a wide variety of organic
halides (allylic, vinylic, aromatic, and aliphatic) with a broad range of electrophiles
(including aromatic aldehydes, ketones, esters, amides, O-benzoyl hydroxylamine,
chlorosilane, and borate esters) to form C—C, C—N, C-Si, and C—B bonds. The developed
method offers the advantages of being operationally simple, tolerant to air, and
unexpectedly resistant to water and some weak Brgnsted acids. Notably, the addition of
solid NH4Cl was found to increase yields in reactions with ketones by inhibiting base-
mediated side processes. Mechanistic investigations revealed that the reaction proceeds
predominantly through transient polar organomagnesium species, with a minor
contribution from a radical pathway, facilitated by improved mass transfer and activation
of the magnesium surface under ball-milling conditions. Gram-scale examples have been
demonstrated, highlighting the method’s scalability.

The second chapter describes a novel mechanochemical approach to the Birch
reduction, leveraging the reactivity of less-reactive alkaline earth metals (Ca, Mg).
By employing ethylenediamine (EDA) and tetrahydrofuran (THF) as liquid additives, Ca
and Mg metals are transformed into powerful reductants under ball milling conditions.
This methodology enables calcium to effectively reduce both electron-poor and
electron-rich aromatic systems and delivers good yields even on gram scale, comparable
to those obtained with traditionally used alkali metal reductants. Notably, solid NH,4CI
was employed as an affordable protic source, outperforming traditional alcoholic
additives in terms of both yield and product selectivity. In addition, magnesium exhibits
enhanced reducing capabilities, facilitating the reduction of benzoic acids while
preserving electron-rich aromatic rings, thus allowing for chemoselective reductions.
Finally, the versatility of this approach extends to other dissolved metal-type reductive
transformations, including the reduction of alkenes and alkynes.

Finally, this research presents an alternative methodology to conventional
organometallic synthesis in solution. The established mechanistic insights and reactivity
trends lay the groundwork for further innovations toward sustainable and safer
implementation of organometallic processes and the discovery of new reactions.
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Liihikokkuvote

Mehhanokeemiline leelismuldmetallide aktiveerimine ja selle
rakendused orgaanilises siinteesis

Viimastel aastatel on kasvanud huvi mehaanokeemia abil suurendada metallide
reaktsioonivGimet orgaanilises siinteesis , kasutades naiteks kuulveskeid voi teisti
mehaanokeemilisi seadmeid. Mehhanokeemiliselt vdib genereerida ka polaarseid
organometallilisi reagente ja teostada orgaaniliste ainete taandamist. Mehaanokeemia
eelisteks on ohtlike orgaaniliste lahustite kasutuse vahendamine ningreaktsioonisegude
lihntsam too6tlus tavatingimustes ja ©Ohu juuresolekul. Need eelised muudavad
mehaanokeemia atraktiivseks alternatiiviks traditsioonilisele lahuses toimuvale
organometallilisele siinteesile, millel on sageli mitmeid praktilisi puudusi. Kiesolevas
t66s on ndidatud mehaanokeemia rakendust kahe orgaanilise siinteesi pikaajalise
probleemi lahendamiseks: (i) efektiivne ja laiaulatuslik Barbier-Grignard’i reaktsioon
magneesiumiga ning (ii) Birch’i redutseerimine vaheaktiivsete kaltsiumi ja magneesiumi
abil.

Esimeses peatlikis kirjeldatakse magneesiumil podhineva Barbier’ reaktsiooni
mehhaanokeemilist kohandamist. See ldhenemine (letab traditsioonilise Barbier-
Grignardi keemia pikaajalised piirangud, v@imaldades laias valikus orgaaniliste
halogeniidide (aliilil-, vintil-, aromaatsed ja alifaatsed) sidumist mitmesuguste
elektrofiilidega (sealhulgas aromaatsed aldehildid, ketoonid, estrid, amiidid,
O-bensiouulhidroksuulamiin, klorosilaan ja boraatestrid), et moodustada C-C, C—N,
C-Si ja C-B sidemeid. Viljatootatud meetod on lihtne, talub kokkupuudet Shuga
ning on dllatavalt vastupidav vee ja modnede ndérkade Brgnstedi hapete suhtes.
Markimisvaarne on see, et tahke NH4Cl lisamine suurendas ketoonidega toimuvate
reaktsioonide  saagiseid, pdrssides aluseliste  kdorvalprotsesside  toimumist.
Mehhanistlikud uuringud naitasid, et reaktsioon toimub peamiselt lihiealiste polaarsete
organomagneesiumiihendite kaudu, ja vaheses ulatuses radikaalse mehhanismi kaudu,
mida soodustavad metallpinna aktiveerimine ja paranenud massiiilekanne kuuljahvatuse
tingimustes. On ndidatud ka grammiskaalas toimivaid reaktsioone, mis tdstab esile
meetodi skaleeritavuse.

Teine peatikk kirjeldab uudset mehhanokeemilist lahenemist Birchi taandamisele,
kasutades vahemreaktiivseid leelismuldmetalle (Ca, Mg). Kaltsium ja magneesium
muundatakse vedelate lisandite etiileendiamiini (EDA) ja tetrahldrofuraani (THF)
juuresolekul ja mehhanilise tootluse abil vdoimsateks redutseerijateks. See meetod
vBimaldab kaltsiumil efektiivselt redutseerida nii elektronvaeseid kui ka elektronirikkaid
aromaatseid slisteeme, andes haid saagiseid ka grammskaalal, vorreldes traditsiooniliselt
kasutatavate leelismetallidega. Markimisvaarselt kasutati protoliitilise allikana odavat
tahket NH4Cl-i, mis Uletas traditsioonilised alkohoolsed lisandid nii saagise kui ka
selektiivsuse osas. Lisaks nditab magneesium suurenenud redutseerimisvimet,
voimaldades bensoehapete taandamist, sdilitades samal ajal elektronirikka aromaatse
tuuma, véimaldades seeldbi kemoselektiivseid taandamisi. Lisaks saab selle meetodiga
teostada ka alkeenide ja alGilinide redutseerimist. Kdesolev t66 pakub teostuselt oluliselt
mugavat alternatiivi tavapdrasele lahuses toimuvale organometallilise siinteesile.
Kasvanud arusaam uuritud reaktsioonide mehhanismidest ja reaktsioonitrendidest
loovad hea aluse organometalliliste protsesside jatkusuutlikumale ja ohutumale
rakendamisele ning uute reaktsioonide avastamisele.
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Appendix 1

Publication |

J. V. Nallaparaju, T. Nikonovich, T. Jarg, D. Merzhyievskyi, R. Aav, D. G. Kananovich.
Mechanochemistry-Amended Barbier Reaction as an Expedient Alternative to Grignard
Synthesis. Angewandte Chemie International Edition, 2023, 62, e202305775.

Reproduced by permission of John Wiley and Sons.
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Appendix 2

Publication I

J. V. Nallaparaju, R. Satsi, D. Merzhyievskyi, T. Jarg, R. Aav,D. G. Kananovich.
Mechanochemical Birch Reduction with Low Reactive Alkaline Earth Metals Angewandte
Chemie International Edition 2024, 63, e202319449.

Reproduced by permission of John Wiley and Sons.
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