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Solvents are so nearly omnipresent in synthetic chemistry that a classic question for their use has been:
“"What is the best solvent for this reaction?” The increasing use of mechanochemical approaches to
synthesis—by grinding, milling, extrusion, or other means—and usually with no, or only limited, amounts
of solvent, has raised an alternative question for the synthetic chemist: “What happens if there is no
solvent?” This review focuses on a three-part answer to that question: when there is little change
(“solvent-optional” reactions); when solvent needs to be present in some form, even if only in the
amounts provided by liquid-assisted (LAG) or solvate-assisted grinding; and those cases in which
mechanochemistry allows access to compounds that cannot be obtained from solution-based routes.
The emphasis here is on inorganic and organometallic systems, including selected examples of
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mechanosynthesis and mechanocatalysis. Issues of mechanochemical depictions and the adequacy of

rsc.li/chemcomm LAG descriptions are also reviewed.

Introduction

The “Fourth Way,” an approach to self-development proposed
by the philosopher G. I. Gurdjieff in the early 20th century, was
intended as a harmonization of the “ways”, or principles, of the
body, emotions, and mind." The “Fourth Way” was not meant
to be a sophisticated combination of the other three, but a state
of consciousness that existed apart from them. In a somewhat

Department of Chemistry, Vanderbilt University, Nashville, Tennessee, 37235, USA.
E-mail: t.hanusa@vanderbilt.edu

Lauren E. Wenger completed her
Bachelor studies in Chemistry
and Molecular Biology at Goshen
College (Goshen, Indiana) in 2018.
There, her research focused on
organic synthesis in the lab of
Prof. Douglas Schirch and on
medicinal chemistry for neglected
disease during an internship at
AbbVie  Pharmaceuticals. ~ She
Jjoined the lab of Prof. Timothy
Hanusa at Vanderbilt University
(Nashville, Tennessee) in 2019.
Her graduate studies focus on the
mechanochemical synthesis of main group organometallic complexes.
Her research interests include the development of sustainable
methodologies for organometallic and organic synthesis.

Lauren E. Wenger

14210 | Chem. Commun., 2023, 59, 14210-14222

parallel, although less esoteric manner, synthetic chemistry has
three basic ways of conducting reactions—solvothermally, elec-
trochemically, and photochemically—along with a “fourth
way,” i.e., mechanochemically. Like Gurdjieff’'s Way, a mechano-
chemical reaction, defined by IUPAC as one “that is induced by
the direct absorption of mechanical energy”,” is a distinct
approach to conducting reactions. Mechanochemical processes
have been known for far longer than the philosophical ‘“Way”,
however, with examples dating from antiquity and even
pre-history (e.g., the rubbing of wooden sticks to create fire),
and their development has been detailed elsewhere in various
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reviews.® Even with such an extended timeline, only in the last
quarter century has mechanochemistry come into its own as a
systematically explored discipline of synthetic methodology.*

Apart from the application of mechanical force, synthetic
mechanochemical reactions are typically characterized by
the complete, or nearly complete, absence of solvent. This fact
alone has significant consequences, as solvents play many well-
known roles in synthesis, including creating homogeneous
reaction mixtures, dispersing heat,” stabilizing charged inter-
mediates,® and controlling reaction rates.” In addition, the
outcome of a reaction can be modified by solvents’ shifting of
equilibrium,® altering of product selectivities,” and modifying
ligand binding.'® Given these critical functions, it should not
be surprising that one of the classic concerns in chemical
synthesis has long been: “What is the best solvent for this
reaction?”

If this question is difficult to answer, the problem becomes
even more complex if an alternative is asked, ie., “What
happens if there is no solvent?” At a macroscopic level, there
are positive changes, such as avoiding the waste and toxicity
associated with solvent use.>'' In addition, many reactions
receive their activation energy through thermal transfer, and
much of the added energy goes to heating the bulk of the
solvent, with only a fraction of the total energy being trans-
ferred to the reagents. Consequently, grinding and ball milling
reactions generally require less total energy input than solution
reactions that involve external heating,'” and mechanochemically
initiated syntheses in general are considered to be “‘greener” than
solution-based counterparts.™

When one moves beyond the broad characteristics of
mechanochemistry and considers specific reactions, however, the
consequences of removing solvents are not as readily categorized;
there may be little to no change, or the outcome of a reaction can
be altered completely in either positive or negative directions, as
detailed below. This review examines selected recent develop-
ments in mechanochemically driven reactions, with a particular
focus on the consequences of solvent removal in inorganic and
organometallic systems. Examples of mechanosynthesis and
mechanocatalysis are discussed as well.

1. Mechanochemical depictions

Mechanochemical processes encompass a range of variables,
which can be broadly classified as external factors, specific to
the reaction equipment, and internal factors, which are parti-
cular to the chemical environment and reagents used. External
factors include the type of grinder or mill used (e.g., mortar
and pestle, mixer mill, planetary mill, twin extrusion, RAM
(resonant acoustic mixing));** the composition and size of the
milling jar (e.g., polymethylmethacrylate, stainless steel, zirco-
nia, silicon carbide, and reactive metals like nickel or copper);
the size, number, and composition of grinding balls (with
similar variants as the milling jar); and the time and speed
of milling. Internal factors include the use of additives (e.g.,
liquid-assisted grinding (LAG), discussed below, and solid
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Fig. 1 Proposed graphics for mechanochemical reactions: (a) the three-
circle symbol, designed to represent the general application of mechanical
energy;16 (b) a detailed representation that specifies experimental condi-
tions; as examples, the symbol in the middle represents a vibratory ball mill,
and the cloud shape with the enclosed letters “N," indicates a nitrogen
atmosphere.*®

grinding agents) and the solid-state structure of the reagents.
The temperature inside the mill could be either an external or
internal factor, depending on whether it reflects the operation
of an external heat source or an exothermic reaction.

Attempts have been made to demarcate mechanochemical
reactions and their variables through the use of visual imagery,
following long-standing approaches in other areas of chemis-
try. The delta character (A), for example, has its origins in
alchemical representations of fire,'® but it is universally recog-
nized today as indicating the addition of heat. The use of three
circles grouped in a triangular arrangement (Fig. 1(a)), often
positioned over an arrow, has been proposed as a graphical
symbol for the addition of mechanical energy.'® To retain
simplicity, the three-circle symbolism is not meant to indicate
the external means of mechanochemical initiation—whether by
impact, stretching, reactive extrusion, or any other—nor the
amount of energy applied, and this is not fundamentally
different from the use of A to represent the addition of thermal
energy, where neither the source of the heat (a heating mantle,
heat exchangers, microwave radiation, etc.) nor its quantity is
indicated. The 3-circle symbol has gained some currency
among workers in the mechanochemical field, including
appearances in journal art."”

Another, more detailed representation for mechanochem-
ical reactions has been suggested that explicitly denotes the
experimental conditions employed (Fig. 1(b)).'® The graphic
comprises a box with designated areas for the type of equip-
ment used, any additives present, the temperature, and atmo-
spheric conditions. Specific icons have been suggested for use,
and the interested reader is advised to consult the original
paper for a list of proposed symbols.

2. Mechanochemistry and additives

The earliest recorded mechanochemical reaction (the grinding
of cinnabar (HgS) in a copper vessel to afford quicksilver (Hg),
described by the Greek philosopher Theophrastus, ca. 300
BC)" was assisted by the use of vinegar (acetic acid). The
addition of small amounts of liquids (formalized under the
term “liquid-assisted grinding”’, LAG) or grinding agents such
as salts, silica, or polymers has become a widespread practice in
synthetic mechanochemistry. Such additives can aid in mixing,

Chem. Commun., 2023, 59, 14210-14222 | 1421
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prevent aggregation of particles,”® and stabilize intermediates, which
can direct the formation of polymorphs®® and modify product
distribution.” The introduction of solvents through solvated (or in
the case of water, hydrated) species (i.e., “solvate-assisted grinding”
(SAG)), can yield results different from reactions in which liquid is
added separately, as in classic LAG.>> Polymer-assisted grinding
(POLAG) has grown in popularity, as the technique gives benefits
comparable to LAG, while avoiding the potential to form unwanted
solvated products, and it also helps control particle size.”* Using
room temperature ionic liquids as LAG additives (ie., in “ILAG”) has
been explored as a variation of LAG.”

Salt additives (e.g:, alkali metal halides) have been successfully
used in the preparation of otherwise inaccessible products,
although seemingly small variations in their composition can
affect reaction outcomes in ways still poorly understood. For
example, the mechanochemically induced transformation of the
macrocycle [{P(i-N‘Bu)},(1-N‘Bu)], into its adamantoid isomer
P,(NBu)g is strongly dependent on the amount of LiCl present
in the reaction mixture: no reaction is observed at a 10% weight
loading after 90 min of milling, but the yield is quantitative at
20% loading.® Raising the LiCl amount to 33% drops the yield
to 30%, a result ascribed to the dilution effect of the excess salt.
Interestingly, the same 20% loading that is effective with LiCl
produces only 6% yield if either the halide (LiBr) or the alkali
metal (NaCl) is changed. Although essential to the reaction, the
exact role that the LiCl plays is unclear, and calculations of the
reaction transformation in the presence of LiCl suggest that it
does not lower the activation barrier.

Cocrystallisation studies provided some of the first detailed
information about the connection between reagent solvation,
LAG, and mechanochemical reactivity. The attempted cocrys-
tallisation of citric acid and caffeine found that the dry grinding
of anhydrous caffeine and anhydrous citric acid did not lead to
a cocrystal.”” However, when water was added in small amounts
to the anhydrous reagents, a 1:1 cocrystal forms.>® Interest-
ingly, the cocrystal could also be prepared by first preparing
a caffeine hydrate (caffeine(H,0)y5) and grinding it with
anhydrous citric acid (Fig. 2). In effect, the hydrate functions
as a reservoir of LAG quantities of water.

As the LiCl example above suggests, the quantity of additive used
in a mechanochemical system matters, and this is true for LAG-
enabled reactions in general. Exactly how much solvent should be
added depends first of all on the scale of the reaction—too much,
and the reaction environment becomes a paste or slurry, if not an
outright solution. The first widely accepted attempt to quantify the
solvent amount in LAG reactions, iLe., the “y” scale, took this into
account.”® With “#” set equal to the pL of liquid divided by the mg of
total solid reagents in the milling vessel, the LAG region is generally
considered to be 0 < n < 2, as shown in Fig. 3.}

+ What value of 5 should represent the LAG region has varied over time, and
given the indifference of the metric to the identity of the solvent added, precise
boundaries could hardly be expected. Nevertheless, the original paper that
defined LAG (ref. 28) concluded: “In our experience, LAG would correspond to
7 levels ... below 1 uL mg™'.” That value has increased over the years, and a
region from x = 0-2 is now commonly cited as the region where distinctive LAG
reactivity is to be expected (ref. 21).
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Fig. 2 Cocrystal formation using either liquid water or a hydrate.?®
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Fig. 3 Approximate ranges of solvent addition for mechanochemical
reactions on the 5 scale (uL liquid added/mg of total reagents) for LAG
reactions. Distinctive chemistry occurs in the region before paste-like
mixtures are evident (n < 2).

The n parameter was originally applied to a system involving
cocrystal formation of organic solids, including theophylline
and caffeine as pharmaceutical ingredients and r-malic or
i-tartaric acid as pharmaceutical cocrystal formers.*® Although
a cocrystal does not form upon dry grinding, LAG reactions
employing a wide range of solvents produced cocrystals at
n = 0.25 for nearly all LAG solvents used. The authors found
no clear correlation between solubility of the precursors in the
LAG solvent and the ability to form a cocrystal,*® and in fact
within the LAG region, reactant solubility did not affect the
reaction outcome.”*

In the LAG regime, especially as n approaches 0, the solvent
may function primarily as a lubricant, promoting molecular
diffusion.?® Such amounts of solvent have also been described
as “catalytic”,*
complex and even inhibitory.>" It should not be surprising that

and the solvents’ role in this range can be

the # scale, which is agnostic about the relative molar masses of
the LAG solvent and other reagents, or the polarity, basicity, or
hydrogen-bonding capability of the solvent, is not able (nor was
it intended) to represent fine details of LAG-assisted reactions.

For some types of reactions, particularly organometallic
systems, the ratio of the number of molar equivalents of solvent
to the reagents can be more informative of the environment at
the metal center than the solvent volume to mass ratio (i value).
Relatively low values of # may mask the multiple equivalents
of solvent that can be present per metal center in a reaction.
For instance, in the preparation of ferrocene from iron(u)
chloride and sodium cyclopentadiene (2NaCp + FeCl, —
Cp,Fe + 2NaCl), an 5 value of 1 when using THF as the LAG
solvent corresponds to an average of 3.7 molecules of THF per
iron center. At this point, the iron is effectively coordinatively
saturated, and the reaction can begin without any external
activation (either mechanochemically or with heat; see illustra-
tions of this situation in the ESI of ref. 23).

This journal is © The Royal Society of Chemistry 2023
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In the synthesis of the bulky Group 14 amides M{N(SiMe3),},
(M = Ge, Sn, Pb) from Li{N(SiMej;),} and GeCl,-(1,4-dioxane),
SnCl,, or PbCl,, the groups of Garcia and Garcia-Alvarez expli-
citly tracked the number of equivalents of solvate molecules
per metal center (to which they gave the name “»*°"”).3? For the
germanium reaction, 7°°" = 1 by virtue of the coordinated
dioxane molecule, and it was found that the yields of the Sn
and Pb amides were also improved at a ratio of one equivalent
of dioxane per mole of metal halide. Other than indicating that
the amount of solvent was in the LAG region, the corresponding
n values for these reactions (0.21, 0.19, and 0.16 for Ge, Sn, and
Pb, respectively) were less informative.

3. Classification of mechanochemical
reactions

We have found it useful to partition the role that solvents play
in the outcome of mechanochemical reactions into three
general categories:

Type 1: the use of solvent is effectively optional; i.e., the
outcomes of solution and mechanochemical reactions are
similar.

Type 2: only a solvent-containing synthesis gives the desired
product.

Type 3: only the solid-state synthesis gives the desired
product, or provides a new product not observed from solution
synthesis.

These are of course broad classifications, but are meant to
indicate that mechanochemical activation is not a panacea for
synthetic difficulties, but is an alternative approach—a “fourth
way”— that in many cases can provide products with minimal
solvent use and/or generate products that are not isolable from
solution-based reactions. The categories provide a framework
in which to think about mechanochemical reactions and the
not always-obvious ways they can differ from their counterparts
in solution (and for that matter, from reactions in the melt).*?
It should be noted that these divisions are based on empirical
reaction outcomes—whether the reaction mechanisms are
similar or appreciably change when the solvent is removed is
a different question.

The ‘“Types” are capable of additional refinement; for
example, type 1 reactions could be further subdivided into
two subtypes, type 1a, which has no significant difference in
product selectivity between solution and solid-state, and type
1b, where solution and solid-state reactions may give the same
product(s), but the selectivity differs significantly. Examples of
each type will be given in the following sections, and it should
be noted that precise distinctions are not always possible. As a
point of clarification, however, reactions are considered type 1
if the only major difference between the mechanochemical and
solution reactions is the use of solvent in the latter. This would
not include compounds that can be prepared either in the solid
state or in solution, but which require different reagents in
each case. For example, the tris(pentamethylcyclopentadienyl)
complex (CsMes);Y can be prepared mechanochemically by

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

grinding (CsMes),Y(p-Ph),BPh, and K[CsMes], but in benzene
solution the same reagents produce the bis(pentamethylcyclo-
pentadienyl) complex (Cs;Me;);Y(CeHs).>* (CsMe;);Y can be
synthesized in methylcyclohexane solution, but from
[(CsMes),Y(u-H)], and 1,2,3,4-tetramethylfulvene instead. In
addition, there are cases in which the use of solvents in LAG
quantities can appreciably increase the yield, but their use is
not always absolutely required; such reactions are also consi-
dered to be type 1.

Type 1a reactions: solvent is effectively optional; product is the
same

Halide metathesis, which benefits from the thermodynamic
driving force of the formation of an alkali metal salt as a by-
product (MR + M'X — M'R + MX; M = Li, Na, K), is often found
in “solvent-optional” reactions. An early organometallic exam-
ple is the synthesis of ferrocene from iron(u) chloride and
cyclopentadienyl salts of potassium or thallium. Ferrocene is
produced in good yield (84%) from a 15 minutes mechano-
chemical reaction.® This is largely the same as the classic
solution method employing NaCp and FeCl, in THF (73% yield,
75 min).>® Preparation of complexes with indenyl or allyl
ligands (e.g:, [Ni(Ind),]*” and [GaA}};*® A’ =[1,3-(SiMe;),C5H;] )
are included in this group, as are the bis(dicarbollyl) complexes
of cobalt(m), iron(m) and chromium(m),>® and heteroleptic
Cp/OR complexes of group 4 metals, [Cp,_,M(O'Bu),.,] (M = Zr,
Hf).*® Transformation of the trimeric [{‘BuZnO‘Bu};] into the
tetrameric cubane [{‘BuZnO‘Bu},] occurs both in solution and
the solid state,** and even more complicated structures such as
the mixed metal aggregate [Ag;,Au,o(CCPh);,(OTf)s(PPhy)s],
can be formed by mixing separately prepared acetone solutions
of [Au(CCPh)PPh;] and Ag(OTf), or by simply grinding the two
solid metal reagents together.*

The long-known Grignard reagents are the most widely used
reagents for preparing C-C bonds.** Historically, these highly
active species have required an environment strictly free
of water, an inert atmosphere, rigorously dried solvents, and
pre-activated magnesium. Several groups have used ball milling
to improve upon the preparation and use of Grignard reagents
through direct insertion of Mg into an R-X bond by mechano-
chemical activation of Mg metal. Harrowfield and coworkers
first used ball milling under solvent-free conditions to activate
Mg, resulting in Grignard and McMurry reactions.** Birke and
coworkers used ball milling to dechlorinate 1,3,5-chloro-
benzene to benzene through in situ Grignard formation, fol-
lowed by reduction with n-butyl amine as the H donor.*® Our
group used mechanochemistry to study the activation of C-F
bonds with Mg.*® Ito and coworkers were the first to prepare
and use Grignard reagents under air; the Grignard reagent
could be isolated and combined with a variety of electrophiles
to produce coupled products without the need for inert
atmosphere.”” The yield is low for a strictly dry reaction (e.g.,
6% yield for the nucleophilic addition product derived from the
reaction of bromobenzene and Mg with benzaldehyde), and
LAG with THF improves the yield to >90%. The outcome with

Chem. Commun., 2023, 59, 14210-14222 | 14213
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LAG using a non-basic solvent such as hexanes, however, is
even worse than when the reagents are used dry (1% yield).

Another unexpected transformation of a reaction that has
traditionally been conducted in solution is the Birch reduction.
Used to dearomatize arenes into 1,4-cyclohexadiene derivatives,
the standard method requires liquid ammonia, inert atmo-
spheres, and low temperatures to protect the alkali metal from
unwanted oxidation. A mechanochemical equivalent has been
developed that can be conducted in air and at room tempera-
ture, and features reduced reaction times (as short as 1 min).
The substrate scope is broad and the reaction is scalable to
gram amounts.*®

Cyclodehydrogenation, used to create polycyclic aromatic
hydrocarbons, has been known for over a century,” but
depending on the substrate, suffers from limited yield and
undesirable byproducts. When optimized, the cyclodehydro-
genation of 1,1’-binaphthyl can provide perylene quantitatively,
for example, but at the cost of harsh conditions; i.e., requiring
potassium metal in a pressure vessel with degassed and dehy-
drated THF at 85 °C under an inert gas atmosphere, with a
reaction time of 12 h.”° In contrast, milling lithium wire with
the substrate can be done in air at room temperature, and
reaction times are reduced to 5-30 min. If THF is used in supra-
LAG quantities (e.g., n = 3-10), yields can be >90%. Without
THEF, yields are cut in half, but reactions are still complete in
minutes.>"

In all these cases, the mechanochemical benefits of reduced
or eliminated solvent use, shorter reaction times, and the like
are on full display (Fig. 4).

Type 1b reactions: solvent is effectively optional; shifts in
product selectivity occur

Mechanochemistry can be used to alter product selectivity
compared to similar reactions in solution. There are enough
examples of this phenomenon that it has already been the subject
of review.” Here we will discuss several cases to illustrate the
sometimes-subtle shifts in reaction outcome with solvent removal.

The heteroleptic Cp’/OR complexes of group 4 metals,
Cp,_M(O'Bu), . (M = Zr, Hf) are CVD precursors for thin
films of zirconia®® and hafnia®® and have been used as poly-
merization initiators for o-olefins,”® lactide,> and e-capro-
lactone.>® A halide metathetical route for their preparation
from Cp,MCl, (M = Zr, Hf) and K[O’Bu] works both in the solid
state and in solution.*® For the hafnium system, use of a 1:1 ratio
of reagents cleanly produces the monoalkoxide product Cp,HfCl-
(O'Bu) either in hexanes or by ball milling (K[O'Bu] + Cp,HfCl, —
Cp,HfCI(O'Bu) + KCI). In this case, the mechanochemical reaction
is complete in considerably less time than the solution equivalent
(15 min vs. 18 h), a partial result of the higher concentration of
reagents in the solid-state environment.

Considering only the formation of Cp,HfCI(O’Bu), the reac-
tion of Cp,HfCl, with K[O’Bu] would be classified as type 1a,
and it is so depicted in Fig. 4. However, if an attempt is made to
form Cp,Hf(OBu), by increasing the K[O'Bu]: Cp,HfCl, ratio to
2:1, the reaction becomes an example of type 1b. A mixture of
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View Article Online

Feature Article

<
<

RMgX

NaCp;
FeCl,
©
\ L
\ R Moy \C”

& ScCl; kia'
or solvent \,. ™S

[Au(CCPh)PPhg);

Ag(OT) ecé
O,
4
Cp,HICly:

K[OtBu]

7“”5'/}\\?‘ -Hf_‘\O(Bu
R SIEHICH P N
’\-gAg‘\Y\L%.

Au

P

Fig. 4 Examples of type 1a, “solvent optional” mechanochemical reactions.
Clockwise from the top: [CpyFel; [(NHCAICLA]; [[{1,3-(SiMes),CsH3}sScl;
[M64N][C|’(C289H11)21; [CngfCl(OtBu)], [Agleu10(CCPh)17(OTf)5(PPh3)3]; Birch
reductions; Grignard reagents (references in the text).

the stoichiometrically expected bis(alkoxide) and the mono-
alkoxide chloride is formed with either solution or mechano-
chemical methods, but in different amounts. In hexanes
solution, the Cp,Hf(O'Bu), : Cp,HfCI(O'Bu) ratio is 6.1:1, but
with ball milling, the ratio inverts, with the monoalkoxide in
excess (0.7: 1). Increasing the equivalents of K[O‘Bu] relative to
Cp,HfCl, to 3:1, however, rapidly (15 min) produces Cp,Hf-
(O'Bu), as the sole hafnium-containing product under ball
milling conditions.

The situation is even more complex with the titanium ana-
logue of the Cp’/OR systems. Heteroleptic Cp’/OR complexes of
Ti have been used as polymerization initiators for styrene®® and
lactide,’® and a representative example of these compounds is
the titanocene alkoxide Cp,Ti(O'Bu),.>” Owing to weaker metal-
ring binding than in the Zr and Hf systems, the reaction of
Cp,TiCl, and two equivalents of K[O'Bu] yields four products:
the initially expected Cp,Ti(O‘Bu),, along with CpTi(O‘Bu)s,
CpsTi(O‘Bu), and Ti(O‘Bu), (Fig. 5).*>*® In THF solution, the
major product (70%) is the anticipated product based on the
stoichiometry of the reagents, ie., Cp,Ti(O‘Bu),. However,
the use of hexanes solution shifts the product distribution
towards products with greater loss of the Cp ligands. Curiously,
grinding the dry reagents together gives a product distribution
similar to that of the hexanes reaction, at least for the two
major species (Cp,Ti(O'Bu), and CpTi(O'Bu)s), suggesting that
the mechanochemistry environment mimics a less polar
environment than that provided by ethers. Using an excess
(3 or 4 eq.) of K[O'Bu] gives CpTi(OBu); as the major product
for all conditions, with Ti(O’Bu), as the minor product. Once
again, the product distribution from the mechanochemistry
reaction (88:12) more closely tracks the hexanes outcome
(93:7) than that from THF (60 : 40).°

A different sort of product distribution change between
solution and mechanochemical preparations is found in
the case of bulky allyl complexes of arsenic and antimony.
[AsA;| and [SbA}| are generated in hexanes solution or

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Product selectivity for reactions of KIO'Bul and Cp,TiCl, (2:1
molar ratio) under solution and mechanochemical conditions.*°

THF

mechanochemically from Asl; and SbCl;, respectively, and
3 equiv. K[A]l°° The [MA)]| complexes are formed as two
diastereomers, one of C; (R,S,S) symmetry and one of Cj
(R,R,R) symmetry, and the C, : C; ratio varies with the prepara-
tion method (Fig. 6). The asymmetric C; form is the major
product from both solution and dry grinding methods for
As and Sb, but compared to preparation in hexanes solution,
the mechanochemical route increases the relative amount of C;
by a factor of 3.3 for As and 1.5 for Sb. The difference in
selectivity has been attributed to the asymmetric environment
around the As or Sb centers that is provided by the layered
crystal lattice of each metal precursor, an asymmetry that
disappears when the reagents are dissolved.

Sometimes reagent ratios can be adjusted to bring the
results from mechanochemical reactions in line with expecta-
tions from stoichiometry. For example, depending on the R
group, calcium amides [Ca(NR,),] can serve as hydrocarbon-
soluble sources of Ca** ions for organometallic synthesis,* as
non-nucleophilic bases for enolizations,”" and they have roles in
catalysis.®* The bis(trimethylsilyl)amido derivative, [Ca(N(TMS),),],
is an exemplar of this class,®* and multiple synthetic routes
have been developed for it,*® including metathetical prepara-
tions starting from various calcium salts.®**®'*®> These
solvent-based syntheses are marked by relatively long reaction

Fig. 6 Diastereomeric forms of [MA}]. The C; forms were crystallogra-
phically characterized for M = As, Sb; the Csz forms were calculated.>®

This journal is © The Royal Society of Chemistry 2023
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times (ranging from 3 hours to 5 days),**? the frequent for-
mation of solvated species (with THF, DME, or Et,0), and most
seriously with the salt metathesis methods, the simultaneous
generation of calciate species, [MCa(NR);] (M = Li, K; R =
N(TMS),). A mechanochemical version of this system, which
involves the milling of a 1:2 ratio of Cal, and K[NR;], also
produces a mixture of [Ca(NR,),] and [KCa(NR,);], but when
the starting ratio of Cal, and K[NR,] is lowered to 1:1, a
calciate-free product mixture forms during a 10 min grind.
The use of the larger amounts of Cal, evidently serve to
suppress the formation of the calciate.

Type 2 reactions: only a solvent-containing synthesis gives the
desired product

Serious issues can arise when solvent is removed from a
reaction environment. Some of these are matters of scale, as
reactions that might be conducted successfully on a sub-gram
laboratory scale can fail when they are attempted on multigram
or larger amounts.®® Some of these issues could potentially be
addressed through different equipment choices, for example,
specially designed mills or screw extrusion devices, or resonant
acoustic mixers, which can be built to handle kilograms of
reagents.'®” Apart from the basic issues of mixing, there are
fundamental chemical issues that must be addressed, such as
the dispersion of heat in highly exothermic reactions, which
solvents can do efficiently. Critical reaction intermediates may
be stabilized in the presence of solvents, and solvent removal
may lead to deleterious changes in reaction mechanisms and
outcomes.

Unless there are special considerations (e.g., the final product
must be a solvate or hydrate), the number of reagents that cannot
form the desired product under mechanochemical activation and
strictly require a solution environment may be relatively small. For
example, the palladium p-diketonate Pd(hfac), (hfac = hexa-
fluoroacetylacetonate) is readily formed between Na,[PdCl,] and
Na[hfac] in solution.®® Grinding the solids together at room
temperature for 2 h, however, leaves only an intimate mixture of
the reagents.®® The reaction can be made to occur by heating the
ground reagents and ultimately subliming the product, although
such heating is not necessary in solution.

Liquid-assisted grinding and the related technique of
solvate-assisted grinding (SAG)** have been used to extend
the reach of mechanochemical reactions. The organic cocrystal
formation experiments with hydrates that were used to estab-
lish the 5 scale have their counterparts in coordination chem-
istry. For example, experiments to form calcium urea sulfate
([Ca(urea),]SO,) from anhydrous calcium sulfate and urea have
found that essentially no reaction occurs between the reagents
when they are ground at either room temperature or at 70 °C.
Addition of LAG quantities of water to the reagents makes little
difference. With the use of a hydrated sulfate CaSO,-xH,O
(x = 0.5, 2), however, the reaction is quantitative after an hour
of milling in a mixer mill at both room temperature and 70 °C,
demonstrating the importance of coordinated water to the
reaction progress.*'” A related result was observed in the
formation of Cafurea],(H,PO,), from the milling of urea, urea
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MX, + 2 K[A] —

&

L—

MO + A}, + 2 KX

Fig. 7 Reaction of MX;, (M = Cr, Fe, Co) with K[A’] in THF produces the
intended [MA}] complexes via halide metathesis. Grinding the reagents
together without solvent leads to a redox process with metal reduction
and ligand coupling.

phosphate, and a calcium source (CaCOj; or Ca(OH),). Although
the reaction will proceed with CaCOs;, and thus is not techni-
cally a type 2 reaction as defined here, the rate is much faster
with Ca(OH),. A neutralization reaction between Ca(OH), and
urea phosphate generates water, which then autocatalyzes the
reaction even beyond the rate of externally added water."”

The use of LAG or SAG to rescue reactions from undesirable
outcomes is also known for organometallic systems. Previous
work by our group and others has demonstrated that the
preparation of substituted transition metal allyl complexes
[MA}] of chromium,” iron,”*® and cobalt” from the appro-
priate dichloride or acetylacetonate and K[A'] proceeds in high
yield (>65% with the dichlorides) in THF solution. When
attempts are made to prepare these complexes in the solid
state with the dichlorides, dry grinding gives very low yields of
the desired metal complexes (<12%), and instead promotes an
undesired redox reaction to afford the substituted hexadiene
{A’}, and reduced metal (Fig. 7).>> However, when small
amounts of solvent are introduced to the mechanochemical
reactions through LAG, the yield increases with the amount of
solvent added, as shown in Fig. 8. This illustrates the need for
at least small quantities of solvent in these reactions to obtain
the allyl complexes in practical yields.

The effectiveness of LAG as a synthetic enhancement is
clearly not uniform. An illustration of this is provided by the
synthesis of [NiA}], a bis(allyl) complex closely related to the
just-described [MA)| compounds. In a detailed investigation
of its synthesis, a wide variety of nickel halide precursors,

[MAY,] Yield (%)

Cr Fe
@ Neat milling @ LAG (5 eq. THF)
@ LAG (10 eq. THF) @ Solution in THF

Co

Fig. 8 Yields of [MA)] complexes (M = Cr, Fe, Co) under conditions of
neat milling, two regions of LAG, and in THF solution.?®
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including solvates of THF, pyridine (py), DME, and water, were
used under neat milling, milling with LAG, and solution con-
ditions. The identity of the nickel salt remains a key variable in
the outcome of the reaction, regardless of whether or not LAG
is used. [NiA}] can be prepared in modest to good yields by
combining soluble Ni(acac),”*” or the modestly soluble
[Ni(dme)Br,]"* with K[A'] in THF solution. In contrast, grinding
[Ni(dme)Br,] and K[A'] in the absence of solvent provides only a
trace amount (3%) of [NiA}],*® although adding THF in LAG
quantities (n = 0.6) boosts the yield to >50%, approaching
solution-based outcomes. In contrast, the reaction of NiCl, and
K[A'] under ball-milling conditions produces only a trace of the
[NiA}] complex (the coupled allyl ligand {A’}, and nickel black
are the major products), and attempting LAG with 5 (7 = 0.70)
or 10 (n = 1.40) equiv. of THF yields only 1.5% and 2%,
respectively, of [NiA}].

More complex is the behavior of pyridine as a regular
solvent, as a LAG additive, and as a solvated nickel precursor,
i.e., [Ni(py),Cl,]. In contrast to the behavior in THF, the reaction
of anhydrous NiCl, and K[A’] in pyridine solution does gives
[NiA}] in low yield, but {A’}, is formed as well, indicating that
both metathetical and redox reaction pathways are involved.
Interestingly, with the use of pyridine in LAG quantities
(5 equiv. per metal center, # = 0.70), the yield of [NiA}] from
[Ni(OH,),Cl,] increases to 46%, with no concomitant formation
of {A’},. Finally, use of the pyridine solvate [Ni(py),Cl,] in a dry
grinding reaction (with an effective n = 0.55) proves the most
successful of all, giving the nickel complex in 69% yield with no
{A'}, observed.

LAG is beneficial in the formation of Grignard reagents;
although some investigators have worked under solvent-free
conditions, as noted above, the addition of THF, 2-MeTHF or
THP can greatly increase yields. For example, the Bolm group
generated Grignard reagents in air (use of LiOH as an additive
was beneficial), then combined them with gaseous CO, or
sodium methyl carbonate in the presence of LAG quantities
of 2-MeTHF to produce carboxylic acids in a one-pot, three-step
mechanochemical process.”” Nickel-catalyzed Kumada-Tamao-
Corriu coupling reactions between mechanochemically synthe-
sized organomagnesium nucleophiles and aryl tosylates under
ball-milling conditions will proceed with LAG amounts of THF."
Even more recently, the Ito group has been able to translate this
chemistry to calcium-based heavy Grignard reagents; commercially-
available calcium can be activated in situ by ball milling in air with
an aryl halide, without the need for toxic and/or strong reducing
agents (e.g. liquid NHs3, lithium biphenylide) or inert atmospheres,”*
conditions that are rigorously required for the solution-based
counterparts.”>

Type 3 reactions: only the solid-state synthesis gives the desired
product, or provides a new product not observed from solution
synthesis

A compelling feature of mechanochemistry is the ability to
prepare novel compounds that are not accessible from solu-
tion routes.”® Apart from “green” benefits like reduced use of

This journal is © The Royal Society of Chemistry 2023
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solvent and energy, access to previously unobtainable com-
pounds has become one of the most exciting frontiers of
synthetic mechanochemistry.*®””

A straightforward example of this is the preparation of
di(indenyl)beryllium, (CoH5),Be.”® Unlike the presumably simi-
lar beryllocene, Cp,Be, that readily forms in Et,O solution,”
attempts to form the indenyl analogue in solution from BeBr,
and K[Ind] were unsuccessful, yielding only various solvated
beryllium bromides. In contrast, dry grinding of a 2:1 mixture
of K[Ind] and BeBr, produced the desired (CoH5),Be in high
yield. It could be that the solvating power, driven by high
Be- - -O interaction energy, that allows ethers to dissolve BeBr,
also prevents further reaction with the potassium indenide.
X-ray crystallography of (CyH;),Be revealed a monomeric,
mixed-hapticity (n°/n") metallocene, very similar to the related
beryllocene. Analogous mechanochemical means were used to
prepare a bulky mono(indenyl) species [Be(1,3-TMS,Ind)Br],
where the indenyl group binds in an n® manner. The same
reaction again fails in solution.

An initially unanticipated development in mechanochem-
ical synthesis is that it is possible to form solvate-free products
from compounds originally made in solution, and these need
not be the same as those produced mechanochemically from
the same reagents. Examples are found in the chemistry of
main-group allyl complexes. For instance, although n-bound, or
n?, allyls are commonly found with the alkali metals and the
heavier metals of group 2 (calcium, strontium, and barium),
beryllium and magnesium complexes commonly display o-
bound, or n', conformations, and the latter was thought at
one point to be the preferred binding mode for magnesium.*°
In fact, halide metathesis of MgBr, with K[A'] in ethers pro-
duces the corresponding monomeric adducts [MgA)(c-L),]
(L = THF, Et,0)."® With prolonged drying under vacuum, the
Et,0 adduct can be desolvated to yield the dimeric [(MgA}),]
(Fig. 9(a)).*°

Owing to the activity displayed by the dimer as a polymer-
ization initiator (see Section 4), a solvent-free mechanochem-
ical route was attempted in order to avoid the lengthy
desolvation process. A 10 min milling of a 1:2 ratio of
MgBr, and K[A'], followed by extraction of the ground mixture
with hexanes did not lead to the formation of the neutral
[(MgA),], but rather to the magnesiate product [MgK,A}],
which forms a coordination polymer in the solid state
(Fig. 9(b)).*" Intriguingly, one of the ligands is n’*-bound to
the magnesium, which is possible only because Mg is formally
4-coordinate (the allyl occupying 2 coordination sites) which is
compatible with an sp® hybridized metal center in a way that
higher-coordinate, usually solvated Mg centers are not. Two
features of the synthetic outcomes are notable: (1) solvent-free
versions of molecules obtained from solution-based reactions
may not be the same as those generated mechanochemically;
(2) although a 1:2 ratio of MgBr, and K[A’] was ground
together, a balanced equation can be written if a 1:4 ratio
were operational (Fig. 9(b)). Such nonstoichiometric outcomes
are noted elsewhere in this review, and are perhaps a reflection
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MgBr2 + 2 K[A ] W [MgA 2(0‘Et20)2]
TMS

a)
vacuum TMS

7 days

T™MS

TMS

Fig. 9 Reaction between MgBr, and the potassium salt of the bulky ligand
[A’]: (a) in ethers, a monomer with n!-bonded allyl ligands is formed. The
ethers can be removed from the diethyl etherate adduct to form a dimeric
complex with bridging and terminal allyl ligands; (b) the mechanochemical
outcome, leading to a coordination polymer that displays an n*-bound
allyl ligand.

of the high-energy, far from equilibrium conditions that are
often present in mechanochemical reactions.

An even more complex relationship between solution-based
and mechanochemical reactions is found in a set of tin(u) allyl
complexes. First prepared in THF solution from tin(u) chloride
and 3 equiv. K[A'], the anionic tris(A’)tin(u) species was isolated
as a monomeric THF adduct, [K(SnA})(thf)].** Curiously,
from milling a 1:2 ratio of SnCl, to K[A'], the same stannate
can be obtained, but now in the form of a coordination polymer

([KSnAﬂ oo), as the THF is missing that is evidently critical for

the formation of the monomeric species (Fig. 10). The solvated
and unsolvated forms contain three o-bound allyls at tin, each
of which are n-bound to the potassium cation; this p:n?m'-
bonding arrangement of each allyl to the metals is isostructural
with the related beryllium®® and zinc® tris(A’) complexes.

If the SnCl,:K[A'] ratio is adjusted to 1:3, to match that
used in solution, a redox reaction occurs on 5 min of grinding,
yielding a chiral Sn(w) tetraallyl complex [SnA}], in addition to
[KSnAY]. Extending the grinding to 15 min produces a stereo-
chemical transition to a meso (R,S,R,S) version of the same
tetraallyl complex, along with the chiral-[SnA}] and [KSnAj].**
The disproportionation of Sn(u) into Sn(iv) and Sn(0) appears to
be vital to the success of the synthesis, as attempts to prepare
[SnA}] directly from tin(iv) halides are unsuccessful. In such
cases, reduction-oxidation occurs, resulting in {A’}, and tin
metal as the major products.*”?

Metal organic frameworks (MOFs) have emerged as versatile
candidates in heterogeneous catalysis, and can be used to
generate invaluable organic compounds.®® In addition, MOFs
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Fig. 10 Section of the coordination polymer of [KSnAj]_ . The K---C(Hs)
contact (3.20 A) does not exist in the solvated, solution-derived complex,
although the coordination environment around the Sn(i) center is the
same.

can be designed with specific structural motifs that deliver
improved electrochemical and physical properties, and are
tunable both in terms of porosity and chemical functiona-
lity.*” Although mechanochemistry is often used to prepare
MOFs that are already known in solution,®” this is not always
the case, and there are topologically novel MOFs that are not
available from solution-based reactions.®® As an example,
mercury(u) imidazolate MOF [Hg(Im),] was first isolated as a
3D structure with an interpenetrated diamondoid structure by
Masciocchi and coworkers via a solution synthesis (Fig. 11(a)).*
Later, the MOF was prepared with mechanochemical means,
which afforded a novel, more stable polymorph, based on
square-grid layers.’® Attempts to reproduce the solution
method afforded the same square-grid structure, with no
evidence of the diamondoid structure, except as a short-lived
intermediate in the mechanochemical synthesis (Fig. 11(b)).
While the “disappearing polymorphs” phenomenon is a known
problem for organic syntheses and pharmaceuticals, this was
its first documented occurrence in metal-containing coordina-
tion compounds.”®

4. Mechanochemistry and catalysis

Mechanochemistry is a promising means to prepare new orga-
nometallic complexes to be used as catalytic initiators. In
principle, the absence of coordinated solvent leaves open
coordination sites for substrates to bind more easily, without
needing to displace a ligand first. This hypothesis was explored
with various magnesium allyls, whose preparation is discussed
above, and their initiation of polymerization of methyl

Fig. 11 (a) Portion of the crystal structure of dia-Hg(lm),, prepared in
aqueous solution; (b) portion of the crystal structure of sql-Hg(im),,
prepared with mechanochemical means.
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methacrylate (MMA). Room temperature polymerizations of
MMA were performed using [KoMgAj], [(MgA)),] and
[MgA)(thf),]. At a monomer : initiator ratio of 100: 1, the yield
of PMMA for each initiator after 24 h was 72%, 19%, and 0%,

respectively.®!

Interestingly, [K;MgAj}] was more active at
lower temperature (0 °C) and at lower concentration (1000:1),
giving PMMA in 89% yield after 1 h; in contrast, [(MgA}),] was
less active, and did not initiate polymerization under these
conditions. This system clearly demonstrates the enhanced
ability of unsolvated magnesium allyls to polymerize MMA.
Even though [MgA)(thf),] is inactive for MMA polymeriza-
tion, the calcium analogue [CaA(thf),] is quite active, produ-
cing isotactic PMMA in 77% yield after 30 seconds at 0 °C in
toluene.®*®" Activity is reduced in THF solution to 18% conver-
sion under the same conditions, probably due to ion solvation
effects of polar solvents.”” As net negative charges correlate
with anionic polymerization activity,”> an anionic calciate was
sought by milling a mixture of Cal, and K[A']. The crystal
structure of [K (CaAl)] reveals it to be a coordination polymer,
with n*-bound allyl ligands around calcium; one allyl is term-
inally bound on calcium, and two bridge calcium and potas-
sium in a p,-n’*mn® mode (Fig. 12). [K(CaA)] was identified as
a polymerization initiator for both MMA and isoprene and
compared to [CaA)(thf),]. [CaA(thf),] was more active for
MMA polymerization, with a turnover frequency of 317 min ™"
at 0 °C, while [K(CaA})]| was slower at 61 min~" at 0 °C. Both
produced isotactic-enriched PMMA. The results were the
inverse for polymerization of isoprene. While [CaA)(thf),]
was inactive, [K(CaA})] produced high molecular weight,
isotactic-enriched poly(isoprene) in 98% yield after 12 h at
room temperature. The role of coordinating solvents is the
likely cause of the inactivity of [CaA)(thf),], as the addition of
one equivalent of THF to [K(CaA})] completely inhibits activ-
ity. The room temperature and atmospheric pressure used in
these studies represent the mildest conditions yet reported for
any calcium-based initiator for isoprene polymerization.®®
Owing to the low cost and toxicity, and high natural abun-
dance of aluminium,’ the use of aluminium-based polymeri-
zation initiators is increasing in popularity. The desire to
produce an unsolvated complex that could potentially serve

Fig. 12 Section of the coordination polymer of [K(CaA})]. Mechano-
chemically generated, it is active as an isoprene polymerization initiator;
addition of THF inhibits its reactivity.

This journal is © The Royal Society of Chemistry 2023
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as an initiator was a target in the preparation of a substituted
tris(allyl)aluminium complex. The parent tri(allyl)aluminium is
known only as a base adduct, [Al(C;Hs);-S] (S = THF, pyridine,
OPPh;).”> Base-free [AIA}] can only be accessed through
mechanochemical methods, and various attempts to prepare
it in solution have been unsuccessful.”® In stoichiometric
reactions, e.g.,, an insertion reaction with benzophenone,
[AIA}] was found to be more reactive than [Al(C;H;); THF], a
difference ascribed to the lower coordination number of the Al
center. On the possibility that the improved reactivity would be
maintained in a catalytic context, both [AIA}] and related
compounds of the form [(NHC)AICI,A}_ ] (NHC = IMes or
IDipp and x = 1-3) were studied as initiators of r-lactide
polymerization.”” Six NHC-containing complexes, [AIA}], and
[Al(O'Pr);] (as a reference), were tested, and all of them initiated
polymerization to some degree. Activity of the NHC complexes
increased with increased allyl incorporation, but [AIA}] was
the most effective, displaying 81% conversion after 120 h.
While initiation was slow compared to [Al(O'Pr);] (comparable
conversion was seen in 27 h), the polylactide generated from
[AIA]] had higher molecular weight (M,) and lower poly-
dispersity than that produced from [Al(O'Pr);].””

Direct mechanosynthesis and mechanocatalysis

Numerous mechanochemical reactions involve direct mechan-
osynthesis or direct mechanocatalysis, in which elemental
metal additives (in the form of turnings, powder, or foil) or
components of the milling assembly (vials and balls) are
incorporated into products or catalyse organic transfor-
mations.””*°® Direct mechanocatalysis is simpler than using
catalyst initiators used in homogenous catalysis because many
initiators have a limited shelf life, are available with erratic
quality,”® often require inert atmospheres, and are difficult to
In contrast, certain reactions that are air- and
moisture-sensitive in homogenous catalysis can be conducted
in ambient atmospheres with direct mechanocatalysis.*”*°
Thus, direct mechanosynthesis/catalysis is often a safer,
cheaper, and easier alternative to solvothermal methods. Var-
ious transition metals including Pd and Ag have been used in
these reactions.?®”'°! There is substantial interest in catalytic
reactions based on earth-abundant metals,'** although only a
few of them have been studied via direct mechanochemistry.*?

recover.

Catalysis in the ball mill

Mechanochemistry invites creativity in reaction set-up. The
Mack group has explored a variety of alternative methods of
reaction environments to increase recyclability, decrease waste,
and reduce the need for designer catalysts, by using simple
metal foils as heterogeneous catalysts. This method was first
introduced in the cyclopropanation of various alkenes with
diazoacetate derivatives. Using silver foil and stainless-steel
milling media, they were able to prepare cyclopropanation
products with high diastereomeric selectivity (up to 98:2 d.r.)
and high yield (up to 96%)."%* The yield and selectivity were in
good agreement with the results of silver() homogeneous

This journal is © The Royal Society of Chemistry 2023
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catalysis, while avoiding the need for toxic solvents, refluxing
conditions, and inert atmospheres.'® Silver foil out-performed
Cul and Pd(OAc), catalysts, and stainless steel milling jars/balls
were found to be important to maximize yield over copper,
Teflon, or nickel jars. Silver foil was easily recycled, allowing for
reproducible yields and diastereoselectivity over five catalytic
runs. A broad substrate scope was achieved by modifying both
the diazoacetate derivative and alkene.'*

Cycloadditions of alkynes were also demonstrated using
nickel pellets that serve as both the milling media and hetero-
geneous catalyst, without the need for additional ligands or
inert atmospheres.'®** Although nickel-catalysed cycloaddi-
tions of alkynes typically lead to substituted benzene rings via
[2+2+2] cycloaddition, the mechanochemical route allows the
inclusion of an additional equivalent into the ring to produce
substituted cyclooctatetraene compounds via [2+2+2+2]
addition. Nickel incorporation is vital to the reaction, whether
in the form of the jar material, ball bearings, foil, powder, or
pellets. The combination of nickel pellets and a stainless-steel
jar was most successful, providing 94% yield after 16 hours.
The use of many smaller (3 mm) nickel pellets was found to be
more effective than a single large nickel ball. Using many balls
simulated a planetary mill environment in the mixer mill by
increasing the amount of shear friction from the balls.'**

This method was further extended to silver- and copper foil-
catalysed cyclopropenation of internal and terminal alkynes
with diazoacetate compounds, by lining stainless steel vials
with silver or copper foil, respectively. This [2+1] cycloaddition
was tested on a wide substrate scope. Building on this work and
previous research on mechanochemical Sonogashira coupling,'%*?
the Mack group attempted a one-pot, three-component coupling of
a terminal alkyne, aryl halide, and a diazoacetate, catalysed by silver
foil and palladium(u). Yields were excellent (80-95%) across a
variety of substrates. This was expanded by using a one-pot domino
Sonogashira coupling, followed by cyclopropenation to prepare a
library of fully substituted cyclopropane compounds. Much better
results were found by adding the diazoacetate after the initial
Sonogashira reaction, but without isolation or purification of
intermediates, resulting in good yields (60-75%) over two steps
for the fully substituted cyclopropane products.’®®

Recent work from the Ito group involves the thorough
exploration of mechanochemical Pd-catalyzed cross couplings,
including Suzuki-Miyaura, Sonogashira, and Buchwald-
Hartwig reactions.”>'%” In many cases, their mechanochemical
routes provide access to the same coupled products accessible
via solution routes, but the mechanochemical routes provide
distinct advantages, such as ease of reaction set-up, shorter
reaction times, increased substrate scope, and tolerance
towards air. The first step in the catalytic cycle of cross-
couplings is the oxidative addition of the aryl halide to a
Pd(0) species formed in situ. Pd(0) species are very sensitive to
atmospheric oxygen, so reactions typically require an inert
atmosphere. Kubota and Ito demonstrated that oxidative addi-
tion to Pd(0) can be done in air in the solid state, as gaseous
oxygen diffuses inefficiently in solid-state reaction mixtures.'°**
Following this study, Pd-catalysed cross couplings were performed
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between aryl halides and arylboronic acids, carbazoles, aryl
amines, amides, and thiols.?**°” Another exciting benefit of
mechanochemical cross-couplings is an expanded substrate
scope. Since solubility is no longer a factor to consider, solid-
state cross-couplings are possible with insoluble polycyclic aryl
halides, which are not amenable to solution methods.*®’® The
use of LAG proved important in these systems through either
a liquid reagent or a liquid additive for solid-state reactions.
An olefin additive was used to act as a dispersant for the
palladium catalyst, suppressing the aggregation of Pd nano-
particles and stabilizing the active Pd(0) species as a monomer,
which promoted difficult solid-state C-C cross-couplings.*’

Conclusions

Although the term is often overused, a genuine ‘“paradigm
shift” in synthetic chemistry was marked by the change from
using water as the sole solvent to employing organic liquids
(ethers, arenes) in the mid-19th century.'®® The removal of all
or most of the solvent from reactions in mechanochemically
induced reactions has the potential to unleash a similar con-
sequential shift, with far-reaching consequences for energy
consumption, scaling, and most especially, new chemical spe-
cies that have been inaccessible from traditional solvent-based
approaches. The use of liquid-assisted and solvate-assisted
grinding to modify the outcome of a reaction is certain to become
even more widespread, and the changes in mechanism(s) of
reaction will have to become an area of intensive study if the
potential of mechanochemical synthesis is to be fully exploited.
And although mechanochemistry may represent a “fourth way”
of conducting reactions, it is also one that can be combined
with others, as recent results blending mechanical approaches
with photochemistry and electrochemistry have shown.'® It is
clear that tremendous advances can be anticipated for mechan-
ochemically enhanced, (nearly) solvent-free organic, inorganic,
and organometallic synthetic chemistry.
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