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Organic solvents are ubiquitously used in synthetic coordination chemistry, but these solution-based
synthetic methods have severe drawbacks, such as the incapability of isolating highly reactive species
which react with the solvent molecules, less-controllable heterogeneous reactions when using insoluble
substrate(s), and unfavourable solvent molecule coordination. In recent years, coordination chemists
have started employing mechanochemical methods (e.g., ball mil) to overcome these drawbacks.
Herein, we offer our perspective about how mechanochemical methods have enabled coordination
chemists to achieve what would otherwise be impossible. It should be noted that, this perspective
should not be treated as a comprehensive review of mechanochemistry in coordination chemistry,
instead, a "stepping stone” aiming at inspiring further endeavours. Also, due to the research background
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1. Introduction

Organic solvents are used in almost all chemical reactions —
there is no exception for coordination chemistry. Yet, it is not
unusual that the organic solvents used give rise to undesired
outcomes, such as product decomposition and formation of
unfavoured by- or side-products. For example, tetrahydrofuran
(THF), one of the most-used organic solvents, is well-known to
undergo deprotonation and C-O bond cleavage, induced by
strong organometallic Bronsted bases and/or nucleophiles.
While the ethereal solvents (including THF) are not inert
towards C-H and C-O activations,” arene solvents, especially
benzene and toluene, are also known to be activated via
multiple pathways, such as toluene C(sp®)-H deprotonation,?
arene reduction,* and transition-metal mediated dearomatisa-
tion activation.® Even the most inert aliphatic hydrocarbon
solvents, such as the linear hexanes® and cyclo-hexane,” were
reported to undergo C-H activation with highly reactive
organometallic species.** On one hand, these reactivities are
a blessing as they open up new territories in small molecule
activation. On the other hand, they are a curse which may
hamper the isolation and characterisation of targeted highly
reactive coordination complexes.

Another inherent challenge of the solution-based synthetic
methods is the heterogeneity caused by poorly soluble reactants. A
classic example is reductions using potassium graphite (KCg), Na/
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which we feel necessary to remind our readers.

K alloy, K or Na mirror, or sodium over sodium chloride (Na/NaCl).
The heterogeneity presents kinetic challenges: on the solution-
solid surface (where the reaction takes place), the reactant:
reductant stoichiometric ratio could differ substantially from the
ideal ratio. To overcome the challenge, very fine highly dispersed
reductants and vigorous stirring are usually needed, such as
demonstrated in divalent lanthanide chemistry." A similar chal-
lenge presents in reactions involving zero-valent metals
(as reductant in most cases), which are insoluble in organic
solvents. The metal vapour deposition (MVD) method was used to
tackle the challenge, such as in the synthesis of the classic
samarocenes [(CsMes),Sm(THF),]"/[(CsMe,Et),Sm(THF),],"* their
non-solvated analogue [(CsMes),Sm],'> and large-scale synthesis of
dysprosium and neodymium diiodides."

A solvent-free synthetic method would be ideal for tackling
these solvent-related challenges. Mechanochemistry, defined by
IUPAC as “chemical reaction[s] that [are] induced by the direct
absorption of mechanical energy”** and regarded as the “fourth
way” of synthetic chemistry alongside solvothermal, electro-
chemical, and photochemical methods, offers a prime candi-
date.” Moreover, the unique energy transfer mode of
mechanochemistry (e.g. impact forces for milling), opens
exciting opportunities for the exploration of entirely new
complexes, which are unable to be synthesised via traditional
solution-state methods.

In this perspective, from a viewpoint of synthetic coordina-
tion chemists, we will categorise and analyse the unique
advantages offered by mechanochemical methods, which have
unlocked new horizons in synthetic coordination chemistry.'®
In other words, instead of a comprehensive review of the
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applications of mechanochemical methods in synthetic coor-
dination chemistry, this perspective focuses on the cases which
“achieve the impossible”, i.e., cases where mechanochemistry
succeeds, while other methods fail. We believe that the capa-
bility of “achieving the impossible” is a unique value of mech-
anochemistry, beside the sustainability merits of being solvent-
free and energy-efficient.

2. Isolating highly reactive species
2.1 Low-valent main-group complexes

The synthesis, structure, and reactivity studies of low-valent
complexes, especially those of main-group elements (s-” and
p-blocks*®), lanthanide,' and actinide®® metals have emerged as
a hot topic of modern chemistry, not only because of their roles
in expanding our knowledge boundaries, but also because of
their potential in inert small molecule and chemical bond
activations.”® Due to their rich electron density in the valence
shell orbitals, these low-valent complexes usually feature high
reactivity, which often lead to reactions with solvents such as
tetrahydrofuran (THF) and benzene.?

A classic example is magnesium: Mg-containing species have
attracted interest in extraterrestrial, organic synthesis and bio-
logical systems.> Mg(1) radical species have long been postu-
lated to exist as fleeting species and reaction intermediates,
which are important for understanding life processes in Earth
and extraterrestrial® environments and also play crucial roles in
the formation of Grignard reagents.>® They have been spectro-
scopically detected in harsh conditions, for example, "MgF as
a gaseous molecule is generated at 2300 °C and trapped in an
inert-gas gas matrix®® and "MgCH; was produced by a laser
ablation/photodissociation technique.*” Calculations have
showed that Mg,Cl, and other Mg-Mg compounds dispropor-
tionate exothermically into solid Mg(0) and the corresponding
Mg(u) compound, which further indicated the difficulty of
isolation of a Mg(1) monomeric radical species.?®

The first stable and isolable Mg(1) complexes were Mg(1)-
Mg(1) dimers, isolated in 2007 by Jones and Stasch,* which are
thermodynamically stabilised by forming a Mg(1)-Mg(i) bond,
and kinetically protected by bulky Priso or Nacnac ligands (Priso
= [(DippN),CN'Pr,], (Dipp = 2,6-diisopropylphenyl); Nacnac =
[ArNC(Me),CH]). Since then, this field has emerged as one of
the most fruitful areas of main group chemistry. In the 2010s
and early 2020s, Mg(1) dimers have developed significantly from
a niche area into a library of soluble, selective, stoichiometric
and safe reducing agents for organic and inorganic synthesis.*®

Ar = Dipp or TCHP

Fig. 1 Photo-activated Mg()-Mg(i) homolysis.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Despite the flourishing status quo, almost all the reported Mg()
complexes are dimers: the Mg(1)-Mg(i) intermetallic bond plays
an underpinning role in their stabilisation.

The defining structural feature of these Mg(1) dimers is the
aforementioned 2-electron Mg(1)-Mg(1) o-bond. In contrast,
a hypothetical monomeric Mg(i) complex would feature an
unpaired Mg-based single electron, effectively creating a Mg(1)
radical. Such a monomeric radical would likely exhibit distinct,
and potentially enhanced, reactivity compared to the dimeric
Mg(1)-Mg(1) complexes.’* Consequently, the pursuit of such
monomeric Mg(1) radicals has been a longstanding challenge in
the main-group chemistry community for over a decade.

One possible strategy to isolate a Mg(1) monomeric complex
is increasing the steric repulsion between the two Mg(1) centres
in the dimer until the Mg(1)-Mg(1) bond homolyses and gener-
ates the desired Mg() monomer. Great efforts have been
devoted to this route: several research groups adopted sterically
bulky ligands, and external Lewis bases to increase the steric
repulsion.”” But these efforts only led to limited successes. In
most of the cases, Mg(1)-Mg(1) bond elongation was observed
upon increasing the steric repulsion. The Mg(1)-Mg(1) bond is
fairly “elastic” and can adopt a wide range of bond lengths
(2.808 A (ref. 32) to 3.196 A (ref. 33)) without cleavage. Increasing
the steric repulsion by increasing the steric bulkiness of the
ligands can also lead to a change of the ligand coordination
mode and hapticity (e.g., for B-diketiminateo ligands, from k-
N, N to k'-N) to release the steric repulsion, instead of forming
the desired Mg(1) monomer.**

In 2021, a bulky bis-fluorenyl flanked ligand, namely
hydrindacene, was introduced into Mg chemistry by the Tan
group. Reducing the Mg(u)-hydrindacene precursor led to
a ligand-reduced product, instead of the desired Mg(1) mono-
mer.* It is worth noting that the hydrindacene ligand family
has succeeded in isolating a number of low-valent mononuclear
p-block complexes,*® emphasising the challenge of isolating
a Mg(1) monomer.

The first evidence of Mg(1)-Mg(1) homolysis emerged in 2021
by using the photochemical method. The Jones group used
blue/UV light to activate Mg(i) dimers containing bulky ligands
({(ArNacnac)Mg},] (ArNacnac = [HC-(MeCNAr),]; Ar = Dipp or
2,4,6-tricyclohexylphenyl (TCHP))) to generate transient Mg(1)
radical intermediates, which underwent fast reactions with
aromatic solvents, such as benzene, toluene and xylenes®
(Fig. 1). The presence of Mg(1) radical intermediates was sup-
ported by both computational studies and their observed
enhanced reactivity compared with the corresponding Mg()
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dimers, such as [{(ArNacnac)Mg},], (Ar = Dipp, mesityl, 2,6-
xylyl), reported earlier.”* The dimeric complexes do not react
with these arenes without photolysis. The exceedingly reactive
nature of the putative Mg(1) monomer intermediates empha-
sises the need for a solvent-free or solvent-less synthetic
protocol for isolating the fleeting Mg(1) monomers.

Traditionally, in coordination/organometallic chemistry,
solvent-free synthesis is achieved by the chemical vapour
deposition (CVD) method.*®** However, mechanochemistry
offers an easier-to-operate and more scalable solvent-free
approach to tackle the challenge.

In 2022, the Harder group adopted mechanochemistry to
synthesise the first isolated and well-characterised Mg()
monomeric radical complex, which was stabilised by a cyclic
(alkyl)(amino)carbene (cAAC) ligand.*® A Mg(u) iodide precursor
3 (in Fig. 2) was ball-milled with excess K/KI for two hours at
room temperature to produce a deep purple solid. The unusual
colour is in sharp contrast with the Mg(u) precursor 3, which is
pale yellow. The solid was extracted with cold pentane and kept
at —40 °C overnight to yield bluish black crystals of 4. The single
crystal X-ray diffraction (SCXRD) study of 4 revealed the struc-
ture to be a cAAC-coordinated Mg(1) monomer. Spin- and
charge-density calculations suggested a non-trivial electron
density back-donation from the formal Mg(1) centre to the car-
bene carbon (calculated NPA charges in +1.73 for Mg and —0.82
for cAAC). It is important to note that the same reaction was also
attempted in solution, but with no success. When 3 was treated
with slightly excess K/KI (1.1 eq.) in toluene, the reaction solu-
tion turned deep purple intermediately, indicating that the
Mg(1) radical species formed in the system. However, the purple
colour faded rapidly in toluene, indicating decomposition and/
or reacting with toluene (though the exact reaction time for the
colour to fade off was not reported). While the reaction product
decomposed rapidly in solution, it is ‘frozen’ from further
decomposition in the solid-state reaction and could be iso-
lated.*® This work clearly demonstrates the unique synthetic
merit of the mechanochemical method in isolating highly
reactive species which are incompatible with solvents.

The m-acidic cAAC ligand clearly played a key role in the
isolation of 4, however the oxidation state of cAAC-stabilised
Group-2 complexes has recently been subject to debate.*
Later in 2022, via a ball-milling reduction of a B-diketiminate
(BDI)-supported Mg(u) precursors 5, the Harder group attemp-
ted to remove the cAAC ligand and synthesise a cAAC-free Mg(1)
monomeric complex.”” As shown in Fig. 3, Mg(u) iodide

Extraction
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precursors 5 with three different BDI ligands of varying steric
profiles were reduced with K/KI or Na/NaCl using ball-milling.
After ball-milling, deep purple powders were obtained from
all the three reactions, indicating the formation of Mg(1) radi-
cals. The deep purple solids were not characterised in the solid-
state, hence their exact nature remains unclear, but the colour
putatively suggests the presence of Mg(1) radical species. The
deeply-coloured solids from ball-milling were treated with de-
benzene, H,, and triphenyl benzene, producing [(BDI)Mg(CsDs)
Mg(BDI)] (7) containing a dearomatised puckered benzene
dianion, [{(BDI)MgH},] (8), and a binuclear Mg complex con-
taining a Ph;C¢Hs-dianion (9), respectively.

After extraction with pentane, instead of monomeric Mg(i)
complexes, these deep purple solids produced corresponding
yellow Mg(1) dimer 6 in excellent yields. It was observed that
during the extraction, the deep colours faded, suggesting the
loss of the open-shell Mg(1) monomeric structures. This work
offered a convenient gateway to the Mg(i) dimers 6 with signif-
icantly enhanced yields and reduced reaction times compared
with the previous solution-based syntheses.*

As evidenced by the successes in Mg(1) monomer chemistry,
mechanochemistry has potential to offer a more direct and
efficient synthetic approach for other low-valent or highly
reactive species.

While Mg(1) chemistry is flourishing, monovalent heavier
Group-2 metal chemistry develops much slower. Over the past
two decades, only one example of a calcium(i) complex was re-
ported in 2009,* namely a formal Ca() invert sandwich complex
[(THF);Ca{u-CeH;-1,3,5-Ph;}Ca(THF);]. However, the oxidation
state of calcium in this instance remains a topic of debate.** A
possible challenge for pursuing Ca(i) complexes is the weak
hypothetical Ca(1)-Ca(1) bond: theoretical studies indicate that
the strength of monovalent metal-metal bonds in Group-2
metals significantly decreases descending the group.*®"
Hence, unlike most of the Mg(1) complexes which are stabilised
by the Mg(1)-Mg(1) bond, the marginal thermodynamic advan-
tage of a weak Ca(1)-Ca(1) bond could only offer a limited sta-
bilisation effect. This is reflected in the previous unsuccessful
attempts: the same ligands and synthetic conditions that suc-
ceeded for the synthesis of the Mg(1)-Mg(1) complexes failed for
the Ca(1) complexes, which favours disproportionation to Ca(0)
and Ca(u).*

Nevertheless, multiple groups of main-group chemists are
determined to overcome the challenge and to synthesise the
first Ca(1) complex. Though the target has not be achieved yet,

Dipp
\ Dipp

Dipp
N | Dipp Ball-milling
tBu—<N :Mg/‘\: N Excess K/KI
Dipp K
3 Dipp =

Fig. 2 Synthesis of monomeric magnesium radical by ball-milling.*°

372 | RSC Mechanochem., 2025, 2, 370-388

N .
with pentane Crystallisation fBu—<f :Mg,\\; N
N .

Dipp

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mr00005j

Open Access Article. Published on 19 Meurzh 2025. Downloaded on 2026-06-11 13:40:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

View Article Online

RSC Mechanochemistry

5% M/MX Pent
entane
2 €q. M Deep purple powderf ————>
Ball-milling
30 Hz Triphenyl R
Extraction H,, 40 bar \benzene
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H
Al
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Fig. 3 Synthesis of low-valent Mg(i) complexes by ball-milling.4?

substantial progress has been made, especially since the 2020s,
and benefitted from the use of mechanochemistry. First,
inspired by their successful isolation of the Mg(1) monomer 4, in
2023 the Harder group adapted the mechanochemical synthesis
into Ca chemistry. A Ca(u) precursor 10 and K/KI were ball-
milled to produce a purple solid. Like the Mg(1) monomer 4,
the deep colour of the solid likely links to the formation of
a radical species. While the purple solid was not characterised
in solid state, it was subjected to reaction with benzene to yield
a biphenyl dianion complex 11, [(°"*BDI)Ca(THF)],(biphenyl)
(Fig. 4). The production of 11 is postulated to proceed via a Ca(1)
radical species, ‘Ca(°’""BDI)(THF), which could react with
benzene to give the coupling products.”® In 2024, in another
attempt to use mechanochemistry to reduce Ca(i) to Ca(1), a new
Ca-based room temperature stable electride (ROSE) was ob-
tained, instead of the Ca(i) complexes.*® This Ca-based RoSE will
be discussed in the following electride Chapter.

From the abovementioned cases, it is obvious that the
mechanochemical ball-milling method has exhibited unique

+K/KI
Ball-milling

10 Deep Purple Powder

solv = THF or THP Propsed intermediate
Ar = DIPP

Fig. 4 Syntheses of Ca biphenyl complexes.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry

capability, especially in isolating solvent-incompatible species
(whether due to reaction with solvents or solubility issues).
Though still in its infancy, successes such as the first, and so far,
the only Mg() monomeric complex should encourage more
synthetic main-group chemists to adopt mechanochemistry
into their work.

2.2 Electrides

An electride is a type of chemical compound in which electrons
serve as the anion.””** In electrides, these electrons are localised
in voids, cavities, or channels within the structure, such as in
crystals, molecular clusters, or between atomic layers, instead of
occupying atomic/molecular orbitals. The electrons are not
associated with any specific atom but are instead confined
within spaces created by their surrounding structures (e.g.,
crystal lattice).” Though it should be noted electride phase does
not necessarily only exist in crystalline materials, but also in
amorphous and liquid materials (e.g., Na metal dissolved in
liquid ammonia®). Such properties make electrides ideal for

Ar Ar,

solv
\

- AN \ s ‘\‘
LA

\
\ /
Ar solv Ar

Intermediate - not isolated
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SgiNgim + KGs) [K'][LiN(SiMes),][eT]
A N 30 Hz, r.t.,15 min

\ | 13
LiIHMDS
12

Fig. 5 Synthesis of a room-temperature-stable, Li/K heterobimetallic electride K*(LIHMDS)e™ by ball-milling.54

a wide range of applications. In synthesis, they serve as highly
effective reductants or catalysts, facilitating processes such as
organic synthesis, ammonia production, and CO, splitting.**
Beyond synthesis, electrides also play crucial roles in materials
science, functioning as electron emitters, superconductors,
battery anodes, and components in optics, lamps, and even
radioactive waste storage.>

Since 1983, when the Dye group first reported the electride
Cs'(18-C-6),e~ (18-C-6: 18-crown-6), the synthesis of electrides
has proven to be exceptionally challenging.*® For instance, the
initial synthesis of Cs"(18-C-6),e~ required dissolving caesium
metal in dimethyl ether-methylamine mixture, with a 2:1
stoichiometric amount of the crown ether to metal, all con-
ducted at —30 °C until crystals were formed.”” Since the 1983
inaugural report, the Dye group synthesised eight “organic
electrides”, with a general structure AM'(crown ether/
cryptand),e”, where AM" is a Group-1 alkali metal cation.*® All
the organic electrides were synthesised via a similar cryogenic
low-boiling-point solvent dissolved metal process, which is
challenging, if not impossible, for a conventional synthetic
chemistry laboratory. Most of Dye's organic electrides are
unstable at room temperature. It wasn't until 2005 that the first
room-temperature-stable organic electride was successfully
synthesised.”® This breakthrough was achieved by employing
a specially designed aza-cryptand ligand, in order to avoid the
C-O cleavage decomposition pathway, and employed a week-
long, meticulously controlled process in liquid ammonia at
—78 °C, performed in a helium glovebox, underscoring the
extreme difficulty of obtaining these materials.

In 2022, the Martin group reported a second room-
temperature-stable organic electride, namely a magnesium
electride [(THF),Mg4(s>-bipy)sJ[(THE)sMg,(x>bipy)(CD)], (bipy =
2,2'-bipyridine) which was synthesised as a serendipitous
product during their attempt to reduce a bipyridine-Ni(u)
dichloride.* Indeed, the two organic RoSE from the Dye and
Martin group are tremendous synthetic achievements, but their
need for a specialised aza-cryptand ligand, impractical synthetic
protocol, or their serendipitous nature, prevent their wider
application as a general gateway to a library of organic RoSEs.

In parallel with the organic electrides, there are several
“inorganic electrides”, which are derived from binary or ternary
inorganic materials A,B,, or A,B,C,.*" In 2003, the Hosono group
achieved a milestone by synthesising the first air- and room-
temperature-stable electride, [Ca,4Al,5064]""(4€7).%> However,
this synthesis was not straightforward. The electride was
derived from 12CaO-7Al,0; crystals, which were obtained by
melting the starting material (melting point 1415 °C), followed

374 | RSC Mechanochem., 2025, 2, 370-388

by a careful reduction process, involving heating in a hydrogen
atmosphere. Similarly, the synthesis of the first water-stable
electride, YsSiz, involved melting yttrium and silicon ingots in
a precise stoichiometric ratio.®® The resulting silver-coloured
ingot was then finely ground using an agate mortar under
a strictly controlled argon atmosphere.

Both organic and inorganic electrides are typically syn-
thesised under harsh and demanding conditions, underscoring
the pressing need for a milder, more accessible synthetic
method. In this context, mechanochemistry presents
a tempting candidate. But it was not introduced into this area
until very recently.

In 2023, the Lu group first utilised the mechanochemical
method for electride synthesis, successfully producing a RoSE,
namely K'(LiIHMDS)e~ (13) (HMDS = 1,1,1,3,3,3-hexame-
thyldisilazide), using commercial accessible starting materials
via the mechanochemical ball-milling (Fig. 5).** A 1:1 molar
ratio mixture of the starting materials, LIHMDS and potassium
metal, were ball-milled at room temperature for 15 minutes,
resulting in the formation of the electride 13 as a blue coloured
powder. Remarkably, this method could be scaled up to
20 mmol without significant deterioration in yield, showcasing
the efficiency and scalability of mechanochemistry in synthe-
sising such reactive species. 13 is stable at room temperature
under an inert atmosphere (N, or Ar) for several months,
therefore, 13 is a RoSE by definition. As a highly reactive
amorphous material, characterisation of 13 is inherently chal-
lenging. By combining electron paramagnetic resonance (EPR),
magnetometry, DFT calculations and ab initio random structure
searching 13 was proved to feature a unique three-dimensional
helical delocalised electron density (Fig. 6).

13 exhibited versatile reactivity, including: (i) C-H activation
and C-C coupling of benzene and pyridine; (ii) solvent-free
Birch reductions, highlighting its potential as a strong
reducing agent in synthetic chemistry. Moreover, upon treating
with external ligands, the anionic electron in 13 can selectively
re-combine with the Li" or K', achieving the first selective
chemical reduction of Group-1 metal cations.*

In 2024, a new calcium-based RoSE 15, K[{Ca
[N(Mes)(SiMe;)]s(e7)}Ks] (Mes = 2,4,6-trimethylphenyl), was
synthesised by the mechanochemical ball-milling method
(Fig. 7).*> This process involved ball-milling a calcium tris-
amide 14, [Ca{N(Mes)(SiMe;)};K], with potassium metal at
30 Hz for 30 min (mixer mill) or 4000 rpm for 3 h (planetary
mill). It is worth to mention that in a previous work, the
reduction of 14 with KCg was attempted both with 18-C-6 in
THF, and in benzene without any sequestering agent, however

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Green: Li*

on  Purple: K*
Brown: C Aqua: N

\ Blué: Si
Fig. 6 The AIRSS calculated structure of electride 13, showing the
helical anionic electron density topology.®*

no reaction was observed.®® Also, in a control reaction, the
precursor complex 14 was observed to undergo direct degra-
dation in toluene, with no formation of the electride 15. This
observation clearly indicates that, in the presence of a solvent,
electride 15 cannot be obtained. 15 reacted with pyridine and
benzene, confirming its potential as a strong reductant.

2.3 Alkalides

The alkali metals are the most electropositive elements of the
periodic table, with their Pauling-scale electronegativities
spanning from 0.98 (Li) to 0.79 (Cs) (¢f C 2.55, Mg 1.31, H
2.20).”” Hence, the zero-valent alkali metal atoms AM(0) easily
lose one electron to form the corresponding AM(+1) cations.
However, another possibility is accommodating one more
electron into their valence-shell s-orbitals, resulting in AM(—1)
anions with a fully occupied electron-paired ns> close-shell
structure. Indeed, alkalides are a unique class of compounds
where the alkali metals (such as sodium, potassium) exist as
anions (e.g., Na~, K™).*® In alkalides, the zero-valent alkali metal
atoms gain an extra electron, resulting in a negatively charged
species. This unusual electronic configuration makes alkalides
highly reactive.®

Despite being predicted in the 1960s,”7* the first definite
proof of alkali metal anions came in 1974 when Dye and co-
workers isolated the first alkalide, a sodide (Na ™), and by 1979
the group had reported Na—, K~, Rb™ and Cs™.” Their unique
electronic properties, exceptional reducing power, and the
potential to advance coordination chemistry and electron

K metal

View Article Online

RSC Mechanochemistry

transfer mechanisms have generated significant interest.”*
However, like the electrides, the synthesis of alkalides is
exceptionally challenging, which limits their reactivity studies.
Their high sensitivity to air, moisture, and in some cases, light,
necessitates that the synthesis and storage must be conducted
under rigorously controlled inert atmospheres, often requiring
specialised techniques and equipment. However, the synthesis
itself is not the only difficulty. While alkalides achieve some
degree of thermodynamic stability with fully occupied s-
orbitals, their negatively charged metal anions in solution can
undergo comproportionation with the cations, ie., AM(-1) +
AM(+1) — 2 AM(0). Additionally, equilibria between the alkali
metal and ligands in solution mean that electrides and alka-
lides can coexist, further complicating their isolation.”> More-
over, trace impurities that are difficult to eliminate can readily
trigger decomposition, adding another layer of difficulty to an
already complicated synthesis process.

The synthesis of alkalides was developed by the Dye group,
requiring stringent purification of all reagents to remove trace
impurities that could induce product decomposition. These
synthetic protocols commonly demand meticulous attention to
detail to ensure their success. Typically, the synthesis of alka-
lides is achieved by dissolving appropriate ratios of the alkali
metal and the macrocyclic ligands, such as cryptands or crown
ether, in low-boiling point solvents, such as dimethyl ether or
methylamine, at low temperatures. The vast majority of alka-
lides synthesised contain macrocyclic ligands. Indeed, the
macrocyclic effect is a major driving force for the isolation of
alkalides, in which the alkali metal cation is sequestered and
kinetically kept away from the alkalide anion, preventing com-
proportionation. Dissolving the alkali metal often takes a long
time. For instance, it takes about 3 h of constant agitation at
—30 °C to dissolve enough Na-K alloy in 10 mL of C222-
isopropylamine solution to produce a 0.04 M solution of
K'C222Na”.”® For Na'(C222)Na~ (16), sodium metal is dissolved
in ethylamine or methylamine with [2.2.2]-cryptand (C222) at
—78 °C.”” Although higher temperatures might accelerate the
dissolving and reaction, they also significantly increase the risk
of comproportionation and decomposition.

Once the reaction is completed, most of the solvent needs to
be removed by evaporation, and a suitable co-solvent or mixture
is introduced to promote crystallisation. The resultant crystal-
line powder or crystals are then repeatedly washed with diethyl
ether and dried via residual ether evaporation, which stabilises
the samples at low temperatures. However, a vacuum seal-off
near the preparation bulb presents additional risk, as sealing
under dynamic vacuum, even with cooling from liquid nitrogen,
can cause rapid, irreversible decomposition.”® Consequently, it
is crucial to transfer the resultant powder products to a clean

[Ca{N(Mes)(SiMe3)}3K]w
14

Ball-milling, r.t.
30 Hz, 30 min (mixer mill)

K[{Ca[N(Mes)(135iMe3)]3(9')}2K3]

or 4000 rpm, 3 h (planetary mill)

Fig. 7 Synthesis of a room-temperature-stable, Ca-based electride by mechanochemistry methods.*®
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Fig. 8 Experiment set-up of classic alkalide synthesis.”®782% (a) Apparatus for preparing alkalides using flame-sealed tubes and ampoules. This is
the old design, used mostly before 1980. Adapted with permission from J. Phys. Chem. 1980, 84, 1084. Copyright {1980} American Chemical
Society. (b) An H-cell with J.-Young taps, used with high-vacuum line. In between the cells is a sinter filter pad. This is the new design, used after
1980 until the 2000s. A similar K-cell was used as well. Reprinted with permission from J. Phys. Chem. 1984, 88, 3842. Copyright {1984}
American Chemical Society. (c) Pyrex-quartz apparatus for the preparation of alkalides by vapor deposition. This was used when the volatile
solvents need to be avoided. Adapted with permission from J. Phys. Chem. 1982, 86, 7. Copyright {1982} American Chemical Society.

vessel before final sealing, even for the relatively stable
Na*(C222)Na".”” To meet these rigorous synthesis require-
ments, specially designed glassware, as illustrated in Fig. 8, is
employed.””® Although the Dye group has also explored Direct
Vapor Deposition (shown in Fig. 8(c)) as an alternative alkalide
synthetic method, this approach has achieved only modest
improvements regarding its synthetic efficiency (e.g., improving
the yield) and easiness of handling.*

It is quite obvious that the alkalide synthesis is very chal-
lenging, which limits a full exploration of the alkalide chem-
istry. An accessible and scalable synthetic route is needed.
Mechanochemistry presents a promising candidate: the
absence of solvents could effectively eliminate equilibria and
comproportionation issues.

In 2024, the Lu group introduced the mechanochemical ball-
milling method into alkalide chemistry, reporting the first facile
and scalable synthesis of an alkalide.** The prototypical alka-
lide, the sodide Na*(C222)Na™~ (16), was synthesised by a simple
10 minutes ball-milling reaction between 2 equivalents of Na
metal and 1 equivalent of [2.2.2]-cryptand at room temperature
and under argon atmosphere (Fig. 9). 16 can be obtained in 48%
yield as a crystalline solid from its dry THF solution at —35 °C.
The sodide 16 features two distinct signals on its magic-angle
spinning (MAS) solid-state >*Na NMR for Na* (—11 ppm) and
Na ' (-62 ppm), respectively.

(\SA\

N + 2Na Ball-milling, 30 Hz

Compared to the classical alkalide synthesis methods
mentioned earlier, this mechanochemical method offers
multiple advantages. Firstly, the ball-milling method employs
commercially available materials: both the Na metal and the
[2.2.2]-cryptand were used without further purification from
their commercial sources; especially, removal of the oxide layer
on the Na metal surface is not necessary, which makes the
synthesis substantially easier. Secondly, it operates at room
temperature without stringent temperature control. Addition-
ally, the reaction time is drastically shortened to 10 minutes,
a substantial improvement over the previous method.” Last but
not least, the Lu protocol can be scaled up, which is essential for
the following reactivity studies. With such an accessible entry to
the sodide 16, the authors investigated the sodide reactivity. 16
delivers 2-electron reductive cleavages of C-N bonds in primary
amines, and 1-electron reduction of azobenzene (Fig. 10).5

2.4 Miscellaneous

The Nobel Prize-winning metallocene is an essential class of
organometallic complexes for all metals across the periodic
table. The centre of the metallocene chemistry is the coordi-
nation hapticity between the cyclopentadienyl (Cp) ligand (and
its derivatives) and the metal cation.

THF

\

[2.2.2]Cryptand

0 10 mins, r.t.

Na*(C222)Na"

Crystallisation
16

Fig. 9 Synthesis of sodide complex Na*(2.2.2-Cryptand)Na~ by ball-milling.8*
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Na*(C222)
NH, -NaNH, Ph
19 20
Ph_Ph  Na*(C222)Na’, r.t. dg-THF, 5 min .
h _ Na*(C222)
NH; -NaNH, Ph” Ph
21 29

Fig. 10 Reactivity of the sodide (16) towards amines and azobenzene.®*

As a part of the early metallocene “gold rush”, Fischer and
co-workers reported the beryllocene, [BeCp,], in 1959.> Four
decades later, Carmona and co-workers reported the Cp*
version, [BeCp*,], in 2000.* It is interesting that the sterically
less bulky [BeCp,] adopts an n*n’ hapticity for its two Cp
ligands, but the bulkier [BeCp*,] adopts an n’m’ hapticity.
While indenyl complexes had previously been reported for all
other non-radioactive s-block metals, no such beryllium indenyl
complex had been isolated. To investigate such a complex, in
2021 Hanusa and co-workers set out to synthesise the indenyl
(Ind) version of beryllocene, namely [Be(Ind),].** However, the
authors found that the conventional solution synthesis between
K[Ind] and BeBr, in THF yielded an intractable mixture.** The
authors then turned to the mechanochemical ball-milling
method, which led to the successful isolation of the desired
complex 23 (Fig. 11). Noting that in 23, one indenyl ligand
coordinates in n°-mode, while the other in n'-mode. In this
case, the mechanochemical method appeared superior to the
conventional synthesis in solution, though the exact reason(s)
for this phenomenon remains unclear.

3. Reactions involving reactants with
limited solubility

Traditional reactions are mostly conducted in solution.
However, solution-state reactions are often challenging when

Extraction with hexane

one or more reactants are poorly soluble, particularly in
heterogeneous systems. Under such conditions, limited surface
interaction between the reactants can lead to sluggish reaction
rates and incomplete conversion. Mechanochemical methods
offer a promising solid-state alternative to the traditional
solution-state synthesis, successfully facilitating reactions with
no solvent required, thereby providing a pathway to bypass the
limitations in heterogenous reactions.

In 2023, the Gouverneur and Hayward groups reported
a remarkable example of mechanochemistry's transformative
potential in facilitating reactions involving insoluble reactants,
in this case is fluorspar (calcium fluoride CaF,).** All fluo-
rochemicals originate from naturally occurring fluorspar.®
However, CaF,, a white solid with a high melting point at
around 1420 °C, is poorly soluble in water (0.016 g L™ " at 20 °C)
and insoluble in organic solvents, making it unsuitable for
direct use in fluorochemical synthesis. Traditionally, the
production of fluorochemicals relies on the process first re-
ported by C. W. Scheele in 1771.%” involving the generation of
hydrogen fluoride (HF) via the reaction of acid-grade (>97%)
fluorspar with sulfuric acid (>98%) at 100-300 °C.*® Given the
toxicity and corrosive nature of the HF and the concentrated
sulfuric acid, a method directly utilising CaF, and circum-
venting the HF stage is highly desirable.

The Gouverneur and Hayward groups reported such a HF-
free direct CaF, utilisation by using mechanochemistry.®

E1>

Ball-milling, Be

K(C7Hg) + BeBr2 " I
30 Hz, 15 min “
’ <L 2

23

Fig. 11 Synthesis of di(indenyl)beryllium.®*
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Fluorspar KoHPO, (1 eq)

KoHPO4 (1 eq)

View Article Online

Perspective

K>,HPO,4 (0.5 eq) Fluoromix

(CaF,,1eq) Ball-milling, 35 Hz, 3 h
24

Fig. 12 The synthesis of fluoromix.®®

Acid-grade fluorspar (CaF,, 1 eq.) was milled with anhydrous
K,HPO, (>98%, 2.5 eq.), giving a fluorinating reagent named
fluoromix. The fluoromix, a white powder, was prepared via
a stepwise process: 1 eq. of CaF, and 1 eq. of K,HPO, were
milled at 35 Hz for 3 hours, followed by the addition of another
1 eq. of K,HPO, for a further 3 hours of milling, and finally, 0.5
eq. of K,HPO, was added and milled for further 3 hours
(Fig. 12). The resulting fluoromix 25, obtained after 9 hours of
milling. Even after storing under inert atmosphere at room
temperature for 9 months, the fluoromix was found still active.

As a nucleophilic fluorination reagent, the fluoromix showed
impressive versatility, enabled a number of fluorination reac-
tions listed in Fig. 13. Mechanistic studies revealed that the
fluoromix contains crystalline constituents, including K;(HPO,)
F and K,_xCay(PO3F),(PO,)s, which serve as fluorinating agents.
Studies to confirm its composition include *'P and *°F NMR for
soluble species, PXRD analysis for crystalline species, and
control experiments for amorphous species. These species
facilitate the synthesis of sulfonyl fluorides, a-fluoroketones,
fluoroesters, a-fluoroamides, benzylic fluorides, alkyl fluorides,
and (hetero)aryl fluorides.

In this work, the mechanochemical method unlocked the
direct utilisation of the insoluble CaF, as a fluoro-building
block, circumventing the conventional HF stage, which is
undesirable from the aspects of cost, health and safety and
sustainability.

Very recently, the Gouverneur group further developed the
mechanochemical CaF, activation methodology by reporting
a one-step synthesis of alkali metal fluorides (AMF, AM = Li, Na,
K) from CaF,.* This was achieved by ball-milling CaF, with 2.0
equivalents of AMOH and 1.0 equivalent of TiO, at 35 Hz, room

Fluoromix (1 eq)
H20 (2 eq) R-SO,F
R-8O,Cl “8yoH (0.25 M) 27
06  25~100°C,1-48h  20-98%yield

Fluoromix (1 eq)
H,0 (2 eq)
R-Br 48.Crown-6 (1 eq)
28 'BUOH (0.25 M)
60~100 °C,2-24 h

R-F
29
24-91% yield

Fluoromix (1 eq)
Me,NCI (0.5 eq) (Het)Ar-F
(Het)Ar-Cl “pMso (0.25 M) 31
39  150~160°C,1-16h 28-61% yield

Fig. 13 Summary of C-F and S—F bonds formation.®®
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Ball-milling, 35 Hz, 3 h

Ball-milling, 35 Hz, 3 h 25

temperature, for 3 hours. Byproducts are CaTiO; and H,O.
Further fluorination reactions using AMF were not reported in
this work, though.

Zero-valent metals are good electron sources for reduction
reactions. The ability to use zero valent metals directly and
easily is undoubtedly desirable. However, due to their poor
solubility in organic solvents, the direct use of zero valent
metals is often difficult in traditional solution-state reactions.
Zero-valent metals can be accessed as variety of forms (e.g
powder, lumps, etc.) and typically have an oxide coating on the
outer layer, which needs to be removed to allow the reaction to
happen. Typically, the zero valent metals must be activated
prior to the reaction to increase the surface area, for example,
using highly dispersed metal suspensions.” Reactions
involving zero-valent metals are often difficult to predict and are
sometimes difficult to reproduce, since the surface area,
a determining factor, is difficult to control and could be
different from batch to batch. In recent years, mechanochem-
istry offers an alternative pathway to use zero-valent metals,
such as Li,”* Mg, Mn, Zn, Ag, and Bi, as reductants.®

A demonstration of mechanochemistry's potential is
a manganese metal-mediated dimerisation of electron-poor
alkenes reported by the Browne group in 2021.** Ball-milling
arylidene malonates 32 with manganese pieces, LiCl, and
a minimal amount of THF (1 eq., liquid-assisted grinding,
LAG)* yielded the dimerised products 33 (Fig. 14). The precise
reaction mechanism remains unclear - whether the manganese
metal participates as a concerted two-electron reduction or two
sequential single-electron reductions. Nevertheless, control
experiments unequivocally proved the necessity of the ball-
milling method: stirring the reactants and manganese metal
(powder or pellets) in bulk organic solvents did not work.

The Birch reduction has been widely used by organic
chemists for over half a century, enabling the dearomatisation
of arenes into 1,4-cyclohexadiene derivatives.”® Traditionally,
this transformation relies on alkali metals dissolved in liquid
ammonia under cryogenic conditions. However, these classical
procedures are fraught with operational challenges, including
the need of liquid ammonia, which has to be slowly evaporated
and carefully exhausted after the reaction. The restricted solu-
bility of alkali metals limits the scope of solvents available,
prompting significant interest in alternative, more practical
methodologies. In recent years there has been an increasing
interest in ammonia-free Birch reduction, including reports
utilising electrochemical,®® photochemical,”” and enzymatic
catalytic methods,*® as well as employing lithium metal in an
ammonia-free system.” However, all these methods still need
bulk organic solvent, which is a sustainability culprit.

In 2023, the Lu group reported the first mechanochemical
solvent-free Birch reduction by using the newly developed RoSE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ar Ball-milling, 30 Hz, 3 h
Arylidene molonates ROOC™ COOR
32 33
Fig. 14 Synthesis manganese mediated reductive dimerisation of arylidene malonates by ball-milling.**
reagent, K'(LIHMDS)e~ (13),%* previously discussed in the Ball-milling
electrides chapter. As the first solvent-free Birch reduction, the Under Ar
Lu group's work was a conceptual breakthrough, but there are 2Li+NiO LioO + Ni
two technical drawbacks: (i) the reductant, K'(LiIHMDS)e™, is 20 Hz
still a specialised reagent; (ii) the reactions need to operate 20 min
under argon. .
Shortly after, the Ito/Kubota group reported a Li metal Ball-milling
mediated mechanochemical Birch-Benkeser reaction, which n Li + Co304 Under Ar LixCo,O
operates under air, overcoming the technical drawbacks.'™ As n=1223 38 r|-T|:n

shown in Fig. 15, arenes 34 were ball-milled with Li metal and
amine additives at room temperature under air for only 1 min,
yielding the corresponding Birch-type reduction products 35
with good to excellent yield. The scope of substrates covers from
carboxylic acids to electron-rich aromatic ethers, arene-bearing
alcohols and several bioactive molecules.

This approach circumvents the need to dissolve lithium in
liquid ammonia or other solvents. More importantly, the reac-
tion is fast, air-tolerant, requires no specialised equipment or
handling of cryogenic or hazardous materials, and demon-
strated good functional group compatibility.

Following these works, several reports on mechanochemical
Birch-type reductions emerged, underscoring the growing
interest in this area. These include a Birch reduction by sodium
lumps'®* and calcium metal'® (the Ito/Kubota group), as well as
calcium- and magnesium-metal mediated Birch reductions'®
(the Kananovich group). It appears that the mechanochemical
Birch reduction is turning into a hot area.

Beside Birch reduction, Group-1 metals have also been used
in other mechanochemical reactions. In 2023, the Lu group
reported mechanochemical reduction and Li-ion doping of
transition metal oxides, by ball-milling Li metal and nickel and
cobalt oxides under argon (Fig. 16)."**

In 2025, the Ito/Kubota group reported mechanochemical
synthesis of organolithium reagents, by ball-milling Li metal
and organo-halides in air (Fig. 17).'* It is noteworthy that Et,O
is needed to facilitate the organolithium formation, through
a LAG mechanism. The organolithiums were not isolated,
instead, they were used for further mechanochemical reactions
with electrophiles (E), also in air. This method is significantly

Li,H,N(CH,),NH, additives,

X =
| R -Ha),NH; additiv R
= Ball-milling, in air, 1 min ¥z

34 35

38 examples
46-99% yield

Fig. 15 Lithium-based Birch reduction by ball-milling.**®

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 16 Ball-milling reactions between Li metal and transition metal
oxides, leading to the transition metal reduction and Li-ion doping.

Li
Et,O
(equal equiv. with Li)
Ball-millin
In air ’ E*
R-X [ R-Li| — R-E
5-60 min Ball-milling
- LiX Not In air
Isolated - LiX
R: aryl, alkyl

Fig. 17 Mechanochemical synthesis of organolithium reagents.*°*

easier and more practical in comparison to the traditional
method to make organolithiums, i.e., refluxing Li metal pieces
and organo-halides in solution under inert gas atmosphere.

Mechanochemical methods not only offer new and versatile
reaction conditions for the direct utilisation of metals but also
provide immediate and significant improvements for substrates
with poor solubility in conventional solvents.

In recent years, the Ito/Kubota group has reported several
mechanochemical Suzuki-Miyaura cross-coupling reactions.'*****
A key benefit of the mechanochemical cross-couplings is their
capability to activate insoluble electrophiles, especially the aryl
halides™** (Fig. 18). In this work, the use of 1,5-cod as a dispersant
and a LAG reagent is also crucial.

In Fig. 19, aryl halides are classified by their solubility based
on US Pharmacopoeia, 10> to 10~* M as ‘slightly soluble’, 103
to 10°° M as ‘very slightly soluble’ and 10> to 10 ® M as
‘practically insoluble’."** For aryl halides in different catalogues,
they compared the results of the mechanochemical method (5-
90 minutes at 250 °C) with solution-based methods (24 hours,

RSC Mechanochem., 2025, 2, 370-388 | 379
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Fig. 18 Cross-coupling reactions with insoluble aryl halides.**?
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\Ciass 2|

Class 3 (unexplored area for,organic synthesis)
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Very slightly soluble

Practically insoluble

Fig. 19 Classification of aryl halides based on their solubility.*? (Reprinted with permission from J. Am. Chem. Soc., 2021, 143, 6165. Copyright

{2021} American Chemical Society.)

120 °C). Despite the much longer reaction time, the solution-
state reactions afforded significantly lower yields. Of partic-
ular note is the successful reaction of “practically insoluble”
(class 3) alkyl halides which gave no reaction in solution. The
mechanochemistry strategy offers the first practical method for
the cross-coupling of insoluble aryl halides. While the need for
high temperature ball-milling may be a drawback, this method
provides new opportunities to expand the structural diversity of
organic molecules. In 2023, the Ito/Kubota group managed to
lower the reaction temperature to 45 °C by using a bespoke
phosphine ligand.**®

Beyond metals, minerals,"* and organic compounds, the
mechanochemical method has also been used to activate chal-
cogen elements. Element selenium is a cheap, commercially
available, stable, odourless, and easy to handle starting material
for organic selenation reactions. elemental

114

However,

380 | RSC Mechanochem., 2025, 2, 370-388

selenium is fairly inert, has low solubility in organic solvent,
and has a tendency to form transition-metal selenium clusters,
which make using it directly challenging.

In 2024, the Wei group reported a ball-milling-enabled C-Se
bond formation from accessible organic halides, Mg metal and
elemental selenium, with a wide substrate scope and good
functional group tolerance.'® After ball-milling aryl halides 39,
Mg, LiCl, Se under LAG'" conditions (THF), the corresponding
diselenides 40 were obtained in good yields (Fig. 20). If excess
Mg was used, a magnesium-based selenium nucleophile inter-
mediate forms, with the corresponding unsymmetrical mono-
selenides 41 forming after N-phenylacrylamide was added
(Fig. 20). Notably, this mechanochemical method also works for
thiolation and telluration. The formation of 40 and 41 share the
same magnesium selenide intermediate. Though not clearly
pointed out in Wei's paper, we hypothesise that the reaction can

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mr00005j

Open Access Article. Published on 19 Meurzh 2025. Downloaded on 2026-06-11 13:40:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

X Mg(1 eq), LiCI(1 eq), Se(1 eq)
R THF(1.1-1.6 yL/mg) R'—\
L Ball-milling, 30 Hz, 15 min L
39

o XMg(1.5 eq), Se(1 eq)
R THF(Q.9-19 uimg)_ | "
= Ball-milling L
39 30 Hz, 60 min
X=1,Br

View Article Online

RSC Mechanochemistry

/I
TR
XN TR X

- In air
MgX |
o R
Oxidation =
40
N
Ph” j(\ H
“MgX 0 ph’N\[(\/ =
-— R
Ball-milling e} S
30 Hz, 30 min

Fig. 20 The synthesis of symmetrical diselenides and unsymmetrical monochalcogenides.*®

proceed in two ways: (1) in air, the Mg selenide oxidises into
selenium radical and dimerise into 40; (2) with N-phenyl-
acrylamide, the Mg selenide undergoes a magnesium-
selenation towards the C=C bond, which is then protonated
to form 41. Another possibility is that, Se reacts with the
Grignard reagents ArMgX, through a Mg-C bond selenation
mechanism,"® to yield the Mg selenide intermediate.

Grignard reagents are some of the most widely used organ-
ometallic reagents in synthetic laboratories. Recent advance-
ments in mechanochemistry have not only enhanced the
synthesis of traditional magnesium-based Grignard reagents
but also expanded the scope to heavier Group-2 elements such
as calcium, strontium, and barium.'™ From the textbook,
higher atomisation energies and larger first ionisation energies
(for alkaline earth metal, the second ionisation) is needed to
prepare organometallics from the alkaline earth metals. As
a result, the heavier alkaline earth metals need elevated
temperatures or specialised activation methods to initiate the
reactions to form their Grignard-analogues. But these heavier
Grignard reagents are not only chemical curiosities, but could
offer enhanced reactivity from their more ionic, more reactive
metal-carbon bond.***

Since the activation of the insoluble metals (Ca, Sr, Ba) is the
barrier, mechanochemistry offers a prime solution. In 2024, the
Ito/Kubota group demonstrated a direct arylation of alkyl fluo-
rides through in situ generated Ca-based heavy Grignard
reagents via mechanochemical ball-milling."** In this work, aryl
iodides 42 and alkyl fluorides 43 were ball-milled with
commercially available calcium metal and a small amount of
tetrahydropyran (THP) in air for 60 minutes at 80 °C, giving the
C(sp3)-F bond arylation production 44 in good to high yields

(Fig. 21).
Alkyl
o _THP (4eq), _

T FAKYL T Raimilling
30 Hz, 60 min,

44
42 43 60 °C (internal)

Ca (2 eq),

Fig. 21 Arylation of alkyl fluorides using mechanochemically gener-
ated calcium-based heavy Grignard reagents.**

© 2025 The Author(s). Published by the Royal Society of Chemistry

This mechanochemical method not only simplified the
generation of reactive Grignard species but also bypassed the
need for transition metal catalysts. The direct arylation in
Fig. 21 of alkyl fluorides is particularly noteworthy. Additionally,
the reaction conditions were air-tolerant and conducted at 80 °C
(internal), making the process far more practical than tradi-
tional methods that require inert atmospheres and highly
controlled environments.

In 2024, the Ito/Kubota group reported the mechanochem-
ical generation of aryl barium nucleophiles from inactive
barium metal.” Barium metal is usually inert - its activation
was reported via metal vapour synthesis."” However, in Ito/
Kubota group's study, ball-milling commercial Ba metal and
the substrates (45-48) yielded the silylation and nucleophilic
addition products, 47 and 49, respectively (Fig. 22). These
reactions proceed via the barium organometallics ArBal, which
subsequently react with the electrophiles.

There are more examples of using the mechanochemical
strategy for Mg-based Grignard reagents."””*'** Advantages of
this strategy include faster reaction rates, reduction in safety
hazards and increasing reactivity of metal.

An interesting example of a mechanochemical preparation
of bis(n-propyltetramethylcyclopentadienyl)strontium (SrCp’,,
51, Cp’ = n-propyltetramethylcyclopentadiene) was reported by
Peters and Blair in 2014."° The common strontium starting
material, Srl,, is poorly soluble in hydrocarbon and ethereal
solvents. By using a bespoke reactor modified from commercial
glass flasks, SrI, and Cp’K were made into a suspension with
stirring from six 12.7 mm stainless steel balls for 24 hours, to
afford the Et,O adduct 50 (Fig. 23). After a vacuum distillation of
50, the solvent-free 51 was produced. Though this case is more
akin to a classic suspension reaction, the authors did categorise
it into a mechanochemical reaction.

4. Elimination of solvent coordination

Coordinated solvent molecules are ubiquitous in coordination
chemistry. Solvent molecules can bond strongly to metal
centres and influence the structure and reactivity. On one hand,
they can stabilise reactive species by masking the exposed metal
centre. But on the other hand, they could also block the reactive
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Fig. 22 Reactions via direct generation of various aryl barium nucleophiles from commercially available inactivated barium metal and aryl

halides.*??

Stirring with 6
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Srl, + 2KCp' Sr(Cp'), Et,0 Sr(Cp"), + Et,0
Etzo, r.t.
-2KI 50 51

Fig. 23 The synthesis of unsolvated Sr(Cp’),.*%¢

centre. The coordination solvent effects are particularly
pronounced in cationic polymerisations, which are rather
sensitive to the coordination number and electronic environ-
ments of the metal centre.”” The elimination of solvent coor-
dination is also particularly important when the aim is to isolate
highly reactive, base-free, or low-coordinate metal complexes.'*®
The mechanochemical methods have inherent advantages in
avoiding the coordination of solvent molecules.

Early in 2014, Hanusa and co-workers reported a mechano-

chemical synthesis of wunsolvated tris(allyl)aluminum
sl' s|'/ Ball-mill
all-millin
K
X=Cl, Br, |
52 53
4 & il
/ \%I\\/ N + SCC|3 Ba"-ml"lng
K
52

Fig. 24 Synthesis of unsolvated [1,3-(SiMez),CsHz]3(Al, Sc).*2°

382 | RSC Mechanochem., 2025, 2, 370-388

complexes, [1,3-(SiMe;),CsH;]3AlL, 54, and their scandium
analogue, [1,3-(SiMe3),C3H3]5Sc, 55 (Fig. 24).*° In their study,
attempts to synthesise the base-free tris(allyl)Jaluminum
complex, 54, in the presence of solvents such as THF or diethyl
ether resulted in unidentified complex mixtures. However, by
employing ball-milling, aluminum/scandium halides (AlX;3, X =
Cl, Br, I; ScCl;) were successfully reacted with the potassium
allyl salt 52 (1,3-bis(trimethylsilyl)allyl potassium) in solid-state,
yielding the unsolvated 54 and 55, respectively. The high reac-
tivity of the unsolvated complex, 54, is demonstrated by its

3KX

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Synthesis of non-solvated dialkylalumanyl anion, [K(AIR,)], via mechanochemical method.***

immediate reaction with benzophenone in hexanes at —78 °C.
In contrast, the THF adduct [(C3H;);Al(THF)] required a longer
reaction time of 10 minutes at room temperature, despite the
larger steric bulk of 1,3-(SiMe;),C3H; compared to C3Hs.'*

In 2018, the Hanusa group reported a transformation in
unsolvated organotin complexes driven by mechanochem-
istry.**® In this work, both unsolvated tris(allyl) stannate 56 and
tetra(allyl)tin species 57 are synthesised by ball-milling. The
Hanusa group first ball-milled potassium allyl salt 52 ([1,3-
(SiMe;),C3H;]K) with SnCl, in a 2:1 ratio for 5 minutes in
a planetary mill, generating a partially hexane soluble brown
powder, tris(allyl) stannate 56, {Sn[1,3-(SiMe;),C3H;]3K}
(Fig. 25). To further prove the necessity of the mechanochemical
method, the potassium allyl salt 52 and SnCl, was stirred in
hexane with no reaction occurring. In addition, a ball-milling-
triggered disproportionation reaction between 52 and SnCl,
resulted in the formation of a novel unsolvated tetra(allyl)tin(v)
species, 57. It is worth to mention that the tetra(allyl)tin(iv)
species 57 will decompose in solution in 1 hour but is stable in
solid-state for several months. Furthermore, during the
synthesis of 57, the stereochemical control of products can be
realised without solvent, which shows possibility of stereo-
chemical control during mechanochemical reaction. These

© 2025 The Author(s). Published by the Royal Society of Chemistry

unsolvated complexes could serve as strong Lewis acid catalysts
or be utilised in metal-exchange reactions.'’

In 2024, the Yamashita group reported the synthesis of
a non-solvated dialkylalumanyl anion, [K(AIR,)], (60) via the
mechanochemical method (Fig. 26)."*' 60 is an example of
monovalent aluminium anionic complex, ie., an aluminyl
anion, which is a recent topical area in p-block chemistry.**> The
corresponding toluene adduct, [R,Al-K(tol),] (60-tol), was re-
ported by the same group in 2020,*** which is highly reactive but
quite unstable. Though 60-tol was characterised by SCXRD and
UV-vis spectroscopy,*®® its instability prevented its character-
isation using X-ray photoelectron spectroscopy (XPS): a nuclear-
specific characterisation to elucidate oxidation state. Unlike its
toluene adduct, 60 is stable at room temperature, which allowed
collecting its Al 2p XPS spectra, unequivocally proving its Al(1)
oxidation state and the Al 2p-electron binding energies.

5. Conclusion and outlook

As a closing remark, we summarise a few situations where we
believe that mechanochemical methods could offer unique
synthetic advantages:
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(1) The reactants/products are highly reactive and react with
solvent molecules;

(2) One or more reactants are insoluble, resulting in slow or
no reaction and which causes the stoichiometric ratio to deviate
from the designed value, and lead to unwanted side reactions;

(3) A non-solvated product is desired, but the reaction has to
be conducted in coordinative solvents.

Though not reported yet, we envisage that the mechano-
chemical methods could also be used in the following
directions:

(1) Trap highly unstable intermediate. A unique benefit of
mechanochemistry is, once the ball-milling stops, the reaction
is “frozen” and allows a number of solid-state characterisations.
Fuelled by recent advances in the instrument (precise
temperature-control cryogenic ball mill is now commercially
available), we are sure that in future, the low-temperature ball-
milling method will allow coordination chemists to isolate and
characterise more elusive species;

(2) In situ monitoring of mechanochemical reactions has
been recently widely used in organic reactions.”* But this
invaluable tool has seen less use in coordination chemistry. The
major spectroscopic handles currently used in the in situ studies
are vibrational spectroscopies (IR and THz Raman'®), and
powder X-ray diffraction.”®® It can be envisaged that more
analytical probes will be developed. We are particularly inter-
ested in electron paramagnetic resonance (EPR) and metal-
nuclear solid-state NMR - there are works underway in our
group on these regards.

(3) Combining mechanochemistry with other energy inputs.
While mechano-photochemistry®®” and mechano-piezoelectric
chemistry®*® have been reported in organic reactions, these
transformative tools have not been introduced into synthetic
coordination chemistry yet. We are very interested in seeing
how these tools will enable coordination chemists to achieve
more and more impossibles—which we believe is only a matter
of time.
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