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Boron—hydrogen compounds are of increasing importance as electrolytes in solid state batteries, for
hydrogen storage and possibly as high temperature super conductors. Solvent based methods are of
increasing importance to obtain pure products, for purification of materials and also for the synthesis of
novel compounds. In this context, the solubility information of several classes of metal-boron—hydrogen
compounds such as borohydrides, closo-decahydridodecaborates, closo-dodecahydridododecaborates,
arachno- and nido-hydridoborates in typical solvents is vital. This information is currently dispersed in the
literature, hence the need to present a cohesive summary and comparison of these properties. This
review collects, analyses and discusses the available data to provide inspiration for the future design of

rsc.li/dalton

Introduction

Metal borohydrides, based on the tetrahydridoborate complex,
BH, , and metal-polyhydridoborates, based on boron-hydro-
gen anions, B,H,"", have found application in multiple fields
as reducing agents, reagents in synthetic reactions, hydrogen-
rich fuels, or novel optical, magnetic, medical, ion conductivity
purposes, and as hydrogen storage materials.’ Metal-boron-
hydrogen materials are a diverse class of compounds, but
perhaps the archetypical example is metal borohydride (e.g
NaBH,). Aluminium borohydride, Al(BH,);, was first discov-
ered by Schlesinger et al. in 1939 in an attempt to prepare alu-
minium hydride (AlH;) using diborane and trimethyl alu-
minium.” Today, the most well-known and large-scale indust-
rially produced member of this class of compounds is sodium
borohydride, NaBH,, which is typically used as a reducing
agent in organic synthesis,” and is now also considered as a
hydrogen export vector.® The current commercially practiced
process to produce NaBH, is the Brown-Schlesinger process,
which is based on the reaction between sodium hydride (NaH)
and trimethylborate (B(OMe);),” but there are also other
alternatives such as metallothermic reduction, mechano-
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new synthesis routes and the discovery of novel materials.

chemical synthesis, and electrochemical methods.® The
second most used metal borohydride is lithium borohydride
(LiBH,). This compound was first synthesised by Schlesinger
and Brown in 1940 using ethyl lithium and diborane® however,
because of difficulties and dangers in handling diborane gas
as a synthetic agent, solvent-based and mechanochemical
approaches have been developed.”

Mechano-chemical synthesis is one of the most common
synthetic routes for metal-boron-hydrogen compounds.'® This
approach usually utilises solid-solid metathesis reactions,
which produce the desired metal borohydride along with a rela-
tively stable and inert metal halide by-product."*™® Thus, nor-
mally a pure material cannot be obtained. Pure products can be
obtained via mechano-chemical solid-gas reactions, for
example where diborane is reacted with a metal hydride but it is
challenging to scale-up owing to the use of toxic diborane gas."*
On the other hand, within the last decades, solvent-based syn-
thesis has revealed numerous advantages in the production of
selected materials with high purity, even in preferred structural
polymorphs."® This approach offers feasible isolation and purifi-
cation of desired reaction products from by-products based on
differences in solubility."®>> A good choice of solvents can opti-
mise synthetic reactions and produce pure metal borohydrides
that are fundamental in their own right, or as building-blocks
for derivatives. The success of solvent-based synthesis is closely
related to the choice of solvent and the solubilities of reactants,
products and unwanted by-products. This can lead to discovery
of novel materials with unobserved properties, which may find
technological applications in the future.

One aspect that inhibits large scale solvent-based synthesis
and the application of metal-boron-hydrogen compounds,
and many other materials, is the lack of knowledge about solu-
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bilities in solvents. A material’s solubility relates closely to the
dielectric constant (&) of the solvent. Understanding of the cor-
respondence between solubility and dielectric constant of the
solvent may be useful in choosing reaction and extracting sol-
vents to optimise the yield and purification of desired reaction
products. Because metal borohydrides and metal-boron-
hydrogen materials are known to be highly reactive, the chemi-
cal reactivity of the solvent is also of importance, where the
most significant adverse reactivities are highlighted in the pre-
sented solubility figures. For example, metal borohydrides typi-
cally undergo hydrolysis in water, but water can still be used as
a solvent, especially when a stabiliser, such as NaOH, is used
to raise the pH.>* Therefore, in this study, we provide a coher-
ent summary of available data on the solubility of these
materials in various solvents charted as a function of dielectric
constant of the solvent and cation charge density of the
cations. We also highlight some reactions that have been
reported in liquid media, including reactions with borane
donor solvents (e.g. tetrahydrofuran borane, THF-BHj;), func-
tionalisation of closo-hydridoborates, solvothermal synthesis,
mechano-chemistry using a solvent as grinding media, reac-
tions in supercritical fluids, ionic liquids (IL) and low boiling
point solvents, and solution-based electrochemistry. Solvent
effects in each synthetic approach are analysed and discussed.

Solvent-based synthesis of metal borohydrides

Historically, solvent based metathesis reactions employed
organometallic compounds, such as ethyl lithium, diethyl
magnesium or trimethyl aluminium as precursors. However, a
solvent based metathesis reaction can also be conducted using
a metal halide MX,, X = Cl, Br or I, in conjunction with an
industrially produced metal borohydride, such as NaBH, or
LiBH,, as a precursor.’®** These reactions are then partially
driven by the formation of a stable alkali metal halide and
occur despite low solubility of the reactants. This is illustrated
by the synthesis of manganese borohydride, Mn(BH,),,*’
although metathesis reactions have been used to form a
variety of other borohydrides."*>%>”

solvent

MnCl, (s) + 2LiBH4(s) — Mn(BH,), - (solvent) + 2LiCl(s)
(1)

The obvious advantage of the above-mentioned strategy is
that the product is dissolved in the selected solvent, which in the
case of eqn (1) is a mixture of toluene and dimethylsulphide,
(CH3),S. The latter is denoted a co-solvent or extraction solvent,
which coordinates to the metal and increases the solubility of the
metal borohydride. This allows for the redundant metal halide
by-product to be filtered away. In fact, the ionic metal halide is
not necessarily an inert by-product. In some cases, secondary
reactions can take place where the metal borohydride reacts with
the metal halide and forms new (bi-)metal borohydride halide
with ordered structures or as solid solutions.***°

The removal of the solvent post-reaction often produces a
solid solvated product, i.e. manganese borohydride hemidi-
methylsulfide, Mn(BH,),-0.5((CH;),S). The utilisation of rela-
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tively weakly coordinating co-solvents and/or extraction sol-
vents allows for the removal of the solvent molecule at moder-
ate conditions and production of a pure metal borohydride.
Interestingly, optimisation of the exact physical conditions
(time, temperature, pressure etc.) may allow formation of poly-
morphically pure crystalline products. This is illustrated by the
treatment of Mn(BH,),-0.5((CH;),S) at room temperature (RT)
in vacuum, which produces an open-structured polymorph,
y-Mn(BH,), (isostructural to y-Mg(BH,),), whereas solvent
removal at elevated temperatures (RT < T < 100 °C) in vacuum
provides a polymorph with a more dense crystal structure,
o-Mn(BH,),.

Diethylether (Et,O) has also been used as a solvent for the
synthesis of a-Mn(BH,), via a metathesis reaction between
MnCl, and LiBH,.*' After the reaction, diethylether was
removed and replaced by an extraction solvent, (CH;),S, but a
phase-pure product was not obtained. In all cases the synthetic
product was o-Mn(BH,), with varying amounts of Li,Mn
(BH,4)4. This was assumed to be due to a minor solubility of
remaining LiBH, in (CHj;),S or via formation of the coordi-
nation framework compound [(Li(Et,0),)(Mny(BH,)5)].>* This
example demonstrates some of the complexity in solvent-
choice and problems that can be associated with solubility.
The use of a more strongly coordinating co-solvent such as
tetrahydrofuran (THF) does not allow for the synthesis of pure
Mn(BH,),. The product from the synthesis is the solvate, Mn
(BH,4),-3THF, and the solvent molecule (THF) is only released
at T > 140 °C. Unfortunately, this temperature is above the
thermal stability range and leads to instant decomposition of
Mn(BH,), leaving an amorphous product.*

The examples provided above for Mn(BH,), are also largely
true for many other borohydride systems. The selection of sol-
vents is important for the synthesis of many metal borohydride
materials due to the formation of strongly bonded complexes and
the difficulty to break these bonds without decomposing the
borohydride materials. Mg(BH,), has been shown to be soluble
in a range of solvents such as diethyl ether, THF, dimethyl-
sulphide and a range of amines, but some solvents such as tetra-
methylethylenediamine (TMEDA) coordinate too strongly to be
removed.”®*”**3 This illustrates the importance of careful evalu-
ation of solubilities of by-products and the co-solvents ability to
coordinate the metal and dissolve the wanted product. The solu-
bilities of metal borohydrides are illustrated in Fig. 1.

A fruitful approach is to utilise solid-liquid synthesis using
metal hydrides and borane donating solvents as reactants. The
metal hydride often needs to be mechanochemically activated
to reduce the particle size and increase the surface area. This
procedure significantly increases the kinetics of the reactions
as compared to using hand-ground material. Then the metal
hydride is suspended in an anhydrous non-coordinating
solvent, e.g. toluene, or a coordinating solvent such as THF or
diethyl ether. A borane donating complex such as dimethyl-
sulfide borane complex (DMSB, (CH;),SBH;) or triethylamine
borane complex, (CH;CH,);NBH3, typically with an excess of
50%, a concentration of 1-5 M and reaction time of 24-48 h
under stirring. Thus, the reaction takes place between the

This journal is © The Royal Society of Chemistry 2025
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Hexane (1.9) —
Tetramethylethylenediamine (TMEDA) (2) —
Cyclohexane (2) —

)

)

Tetrahydrofurfuryl alcohol (2.1

Carbon tetrachloride (2.2) —
1,4-Dioxane (2.2) —

Trimethyl borate (2.3) —
Benzene (2.3) —
Triethylamine (2.4) —
Trimethylamine (2.9) —
Diethylamine (3.7) —
1,2-diethoxyethane (3.9) —
o-Bismethoxybenzene (4.3) —
t-Butyl amine (4.3) —

Diethyl ether (4.3) —
Benzylamine (4.6) —
Cyclohexylamine (4.7) —
n-Butyl amine (4.7) —
Chloroform (4.8) —

Dimethyl ether (5) —

n-Propyl amine (5.1) —
Isopropyl amine (5.6) —
Piperidine (5.9) —

Ethyl acetate (6) —
Dimethylsulfide (6.3) —
Aniline (7.1) —

Diglyme (7.2) —

Morpholine (7.3) —
Monoglyme (7.3) —

Triglyme (7.5) —
Tetrahydrofuran (THF) (7.5) —
2-Ethylhexanol (7.7) —
Ethylamine (8.7) —
Dichloromethane (9.1) —
Tetraglyme (12) —

Pyridine (12.3) —

t-Butanol (12.5) —
Ethylenediamine (16.1) —
Ammonia (16.6) —
Methylamine (16.7) —
2-Propanol (19.9) —

Acetone (21) —

Ethanol (24.6) —
2-Ethoxyethanol (29.6) —
Ethanolamine (31.9) —
Methanol (32.6) —

Acetonitrile (36.6) —
Dimethylacetamide (37.8) —
Dimethylformamide (DMF) (38.2) —
Dimethyl sulfoxide (DMSO) (47) —
Hydrazine (51.7) —

Water (78.5) —
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Fig. 1 Solubility of borohydrides in solvents (listed by dielectric constant in brackets). Borohydride species are listed by cationic charge density (low

to hlgh) 7.10,15,24,36-49
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borane donor complex in solution and a solid metal hydride
surface. The reaction mechanism can be described as a
nucleophilic addition mechanism where a hydride ion, H™, is
transferred forming the borohydride complex, BH,, and a
cation, which can be solvated and removed from the surface
and allows the reaction to proceed. Thus, the reaction involves
the solvent mediated dissolution of M(BH,), that is trans-
ported away from the reactive hydride interface.'® The selected
solvent or combination of solvents will determine whether the
metal borohydride formed stays in solution or precipitates in
its pure form or as a solvate. A solution of dissolved metal
borohydride will allow further purification by filtration to
remove possible impurities of metal, metal hydrides or oxides.
In a similar manner, borohydride synthesis can also be under-
taken by solvent aided mechano-chemical methods, e.g
Naz(NH,),BH,. This was achieved by ball milling NaNH, and
NaBH, in a 2:1 ratio, doped with a Co-Ni-B catalyst in cyclo-
hexane.’ The solvent aids to absorb heat generated during the
reaction and prevent oxidation.

As mentioned, the reaction mechanism for metal boro-
hydride synthesis from a metal hydride and a borane complex
is a nucleophilic addition mechanism, which is only possible
for ionic or polar covalent M-H bonds, such as those formed by
alkali- and earth alkali metals and rare earth metals. This is
illustrated by the rare earth metal neodymium, which forms a
metallic NdH, hydride upon hydrogenation at moderate con-
ditions and an ionic hydride at more harsh conditions, NdHj;.
By using the above mentioned synthetic strategy it was shown
that the metallic NdH, hydride cannot react with DMSB
complex, but the ionic NdH; readily formed the solvate, Nd
(BH,)5:(CH3),S." In this case, desolvation provides a trivalent
neodymium(u) borohydride, a-Nd(BH,);. In some cases, solvate
formation stabilises trivalent metal borohydrides where a reduc-
tive desolvation leads to the formation of divalent M(BH,), and
release of diborane gas. This is observed for the ytterbium(ur)
borohydride solvent complex Yb(BH,);-x(CHj3),S, where desolva-
tion leads to the formation of y-Yb(BH,),. However, reacting
samarium(u) hydride in a solution of weak/non-coordination
solvents, e.g. DMSB in toluene, leads directly to Sm(BH,)s,,
whereas with stronger coordination solvents, e.g. THF in
toluene, forms Sm(BH,);-1.5THF. A similar ‘solvent metal pro-
tection’ strategy was developed using ammonia in dimethyl-
sulfide to produce [Fe(NH;)s](BH,), and [Co(NHj)e](BHy)z,
where Fe®" and Co®" otherwise would be reduced by BH, >

Transition metal borohydrides, which are stable at room
temperature can only be prepared with metals in a low tran-
sition state and with the d electron configurations, d°, d* or
d'®.>* The transition metal borohydrides, M(BH,),, M = Cr**
(d*), Fe** (d®) and Co** (d”) are stable in solution only at T <
—30 °C but not yet in the solid state at RT.>* The molecular
titanium borohydride, Ti(BH,4); with the d* electron configur-
ation has an in-between stability and decompose at 7' < 0 °C.

Solvent-based synthesis of polyhydridoborates

High temperature solvothermal synthesis of metal hydridobo-
rates were typically performed in high boiling point solvents
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(e.g., glymes, dimethoxyethane) to synthesise so-called “polyhy-
dridoborates” such as arachno-, nido- and closo-
hydridoborates.>>* The choice of solvent and reaction temp-
erature may lead to different final products. For example,
when triethylamine is used as the solvent for the reaction
between B,Hs and NaBH,, Na,B,,H;, is formed at
100-180 °C.>* When dimethoxyethane is used, NaB;Hg is
formed at a reaction temperature of 25 °C and further heating
the reaction to above 50 °C produces Na,B;,H;, in a mixture
with NaB,,H,4. However, one drawback of this approach is that
the high boiling point solvents are experimentally difficult to
remove from the final product. For this reason, solvothermal
synthesis routes have also been explored and successfully
applied to prepare compounds of B;Hg~, BjHj,>  and
Bi,H;,>".*% Performing the reaction in a closed vessel, i.e. an
autoclave, allows for the temperature to be raised above the
solvent boiling point at autogenous pressures created by the
vapour pressure of the solvent(s). The solubility of the reac-
tants is often higher at elevated temperatures above the usual
boiling point, which contributes to a higher yield of product.
The solvothermal reactions typically involve one or more inter-
mediates, e.g. B;Hg, and then proceeds to form the thermo-
dynamically more stable closo-hydridoborates, B;oH;,>~ and
Bi,H;,>". Here, a tetraalkylammonium borohydride (either
tetrabutylammonium (TBA) or tetraethylammonium (TEA))
borohydride were used. These starting materials can be
obtained commercially, but also by a metathesis reaction of
NaBH, with the either TBABr or TEACI by ball milling.
Alternatively, the exchange reaction can also be performed
using different solutions (e.g. acetonitrile (CH3CN) for TEACI
and isopropylamine for NaBH,), which are then mixed to pre-
cipitate NaCl, while TEABH, remains in the solution. The first
reaction step is, for example:

TBABH, + 2NaBH, + 2CH,Cl, — TBAB;H,
+ 2CH;Cl 4 2NaCl + H,

is performed at 80 °C for 1 h with TBA. It is interesting to note
that in this reaction, the solvent dichloromethane is reduced
to chloroform, i.e. it actively takes part in the reaction. The tet-
raalkyl salt can then either be used as obtained, purified or
transformed into NaB;Hg using NaB(Ph), (sodium tetraphenyl-
borate) to precipitate TEAB(Ph), or TBAB(Ph),.

In the second step, TEAB;Hg was suspended in toluene and
reacted at 185 °C in a closed container to produce an approxi-
mately equimolar mixture of (TEA),B;oH;o and (TEA),B;,H;,.
Converting this mixture into the corresponding sodium salts
using NaB(Ph), in hot water produces, upon solvent evapor-
ation, a mixture of Na,B;,H;, and Na,B;,H;,. The recrystalliza-
tion of this mixture in isopropanol yields the solid ionic con-
ductor Nay(BioH0)(Bi2Hiz)."> The mixture of (TEA),BioHyo
and (TEA),B;,H;, can also be separated by fractional crystalli-
sation in methanol, as (TEA),B;oH;, is more soluble in metha-
nol than (TEA),B;,H;,.

One further example is the thermolysis of KB3;Hg, which
typically yields a mixture of products containing BH,,

This journal is © The Royal Society of Chemistry 2025
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BioH10>", BisH1,>~ and By,Hy,. From this mixture, B;oH,o> is
isolated and purified by first precipitating TEAB;,H;, in
MeOH, then TEAB;;H,, is precipitated in water before recover-
ing the water soluble TEAB,,H;,.”° Sequential extraction based
on difference in solubility towards different extracting solvents
can allow isolation of each boron-hydrogen product with high
purity. The solubility of a wide range of metal closo-hydridobo-
rates based on the complex anions, B,H,,>”, provided in Fig. 2
can help designing effective purification sequences.

Reactions of metal borohydrides with Lewis base borane-
solvent adducts has been long used to synthesis polyhedral
hydridoborate compounds. A good example is the synthesis of
NaB;,H;, and KB,,H;, from reactions of NaBH, or KBH, with
borane-trimethylamine and -triethylamine at 200-250 °C in
high-boiling point alkane solvents.>”>® The formation mecha-
nism of polyhydridoborate compounds is an aggregation or
polycondensation of small borane complexes based on the
nucleophilicity of B-H bonds.

Recently, a high-yield selective synthesis based on this
approach has been developed and gained success in synthesis-
ing high purity alkali salts of some polyhydridoborate anions
such as B;,H;,>", B;Hg™ and By;H,4~. Solvothermal reactions
of NaBH, and KBH, with DMSB in diglyme form Na,B;,H;,
and K,B;,H;, at a yield greater than 80%.°° K,B;,H;, can be
directly isolated from the reaction solution due to its poor
solubility in diglyme while solvent-free Na,B;,H;, is obtained
after removal of the solvent by heating under vacuum.

MB;H; with M = Na, K, Rb, Cs can be synthesised by reac-
tions of their respective metal borohydrides with DMSB in
1,4-dioxane at 90 °C for 48 h.°® The final product is a pre-
cipitate mixture of the metal octahydrotriborate and
unreacted metal borohydride. Unsolvated MB;H; salts of K,
Rb and Cs can be purified by dissolution in THF followed by
recrystallisation using dichloromethane (DCM) but NaB;Hy is
obtained in a solvated form due to strong coordination of
the solvent with Na'. Unsolvated NaB;Hg can be obtained by
reaction with THF-BH; in THF under reflux conditions.®!
This method can also be used to synthesise LiB;Hg but the
final product is solvated LiB;Hg-1.5THF as a clear oil. LiB;Hg
can be formed in the reaction of LiBH,; with DMSB in 1,4-
dioxane but the formed LiB;Hg reacts with LiBH,, which is
slightly soluble in 1,4-dioxane resulting in formation of
BoH,,~ and B;;H;,~.%°

Adjustment of parameters such as temperature, molar ratio
of the reactants and reaction time of above reactions leads to
the synthesis of nido-hydridoborates. Reaction of KBH, and
DMSB at a molar ratio of 1:10 in 1,4-dioxane at 90 °C for 5 d
produces KB;;H;, as the major product, which can be purified
at 86% yield."® Replacing KBH, with LiBH, or NaBH, results in
1,4-dioxane solvated LiB;;H;; and solvent-free NaB;;Hj,,
respectively. The alkali nido-hydridoborates can also be formed
when using 1,2-dimethoxyethane as the solvent, but solvent-
free products cannot be obtained because of strong coordi-
nation of the cations with 1,2-dimethoxyethane. Increasing
reaction temperature to break cation-solvent bonds causes for-
mation of more unwanted-products.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
Solvent-based synthesis of closo-hydridoborate derivatives

Solvent based methods have successfully been developed and
used during decades for the synthesis of novel metal-boron-
hydrogen compounds and their derivatives.>®> These
methods have been previously reviewed.'>'>17:18:20:21,63 The
functionalisation of closo-hydridoborates is an important field
of boron chemistry to develop new chemicals and to modify
the properties of this class of materials. In 1962 Knoth syn-
thesised the first organic closo-hydridoborate derivative fol-
lowed by a raft of closo-hydridoborate derivatives based on dec-
ahydrido-closo-decaborate(2-) (B;oH10>") and dodecahydrido-
closo-dodecaborate(2-) (B1,H;,>") anions, including the substi-
tution of H groups for acyl, hydroxy, alkoxy, alkyl, mercapto,
and alkylthio groups.®*®® The synthesis of these functionalised
closo-hydridoborates was typically undertaken with solvent-
based chemical approaches in a range of solvents and solvent
mixtures. It is clear that the solubility and reactivity of the
closo-hydridoborates and their products is integral to achieving
high yield and purity.?

The functionalisation of closo-hydridoborates can be
achieved to varying degrees, whereby one, multiple, or the com-
plete exchange of all terminal hydrogen atoms can occur for par-
ticular functional groups, e.g. formation of Bj,Hj;(OH)*~ or
B1,(OH);,>~.21%%%¢ These functional groups can also be further
modified to expand the class of closo-hydridoborates to an inde-
finite degree akin to organic chemistry, for instance, the conver-
sion of By,(OH);,>~ to Byy(OR);,>".%° Thus, a rich chemistry is
possible based on the foundation of closo-hydridoborates, allow-
ing fine tuning of chemical and physical properties. These com-
pounds also form fascinating solvated complexes with a range
of solvents.*®

It is also possible to substitute a B-H group in the boron
cages for another group, such as C-H, i.e. in the production of
carbaborates such as CB,;H;, .%”°® This class of derivatives has
received enormous attention in recent years as promising solid-
state electrolyte materials for battery applications. Solid solutions
of closo-carbaborates, e.g. Naz(CBoH,)(B1,H;z), Nas(CBi1Hjy)
(B12H1,), Nay(CBsHio)(CBy1H;2) and NaZ—y(CBl1H12)y(B12H12)1—y7
have been shown to deliver high ionic conductivity at moderate
temperatures and some have been utilised for fabrication of all-
solid-state batteries.®®”? Typically, the synthesis of closo-carbabo-
rates is undertaken from nido- or arachno-boranes or hydridobo-
rates, which are not yet closo-hydridoborates and have accessible
sites for deprotonation and subsequent insertion into the cage.
They can be conveniently synthesised from decaborane (BjoH,4)
reacted with formaldehyde (HCHO) in basic (KOH) solution,
which initially form arachno-6-CH,BoH,;,~.”*”> Thermolysis at
temperatures in the range 160 to 220 °C (in vacuum) provide
mixed anion compounds NH(CH3);(CBgHs).(CBsH;,),(CB11H;2),,
where the sample heated at 200 °C has the composition NH
(CH;)3(CBgHo)o.26(CBoH10)0.66(CB11Hi2)0.0s. °  Initially  closo-2-
CBoH,, is formed, which converts to the thermodynamically
more stable configuration closo-1-CBgH;,~ after heating to
150 °C. At lower thermolysis temperatures (160 to 180 °C) the
reaction resulted in minor amounts of unreacted NH
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Fig. 2 Solubility of closo-hydridoborates and derivatives in solvents (listed by dielectric constant in brackets). The compounds are listed by cationic
charge density (low to high).#>47-5977-104 Appreviation: EC-DMC: ethylene carbonate : dimethyl carbonate (1: 1 vol%), BMIM-TFSI: 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide.
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(CH3)s(arachno-6-CH,BoH;,), whereas higher temperatures facili-
tated the formation of closo-CB,,H,,~ rather than closo-CBgH,™.”®

A new and low-cost solvent-based synthesis of CB;;H;,~
using common laboratory reagents®® has been recently pro-
posed. This method avoids the use of the toxic, flammable and
expensive decaborane, BjoH;,4, precursor. (CH3);NH[Bj1Hy,],
which can be feasibly synthesised by thermal treatment of
NaBH, with bromopentane in diglyme, is used as the starting
material. The nido-hydridoborate precursor is converted to
Na,B;;H;3 in excess aqueous NaOH at 80 °C and then, to
CB;;H;,” by the insertion of CCl, from chloroform in di-
methoxyethane with the presence of basic NaOH and K,COs.
Dimethoxyethane is chosen as the reaction solvent instead of
THF because it is more polar, which improves the solubility of
NaOH. Conducting the reaction in diethyl ether and dioxane
produces no CB;,H;;~ since Na,B;;H;3 does not dissolve in
these solvents (Fig. 3).

Again, solvent-based synthesis is key to achieving high
yields and purities of the closo-carbaborate products. With the
rich chemistry of B-H bond, it is also possible to insert other
groups or atoms into the boron-cage, such as the case of heavy
metals like Pb or Sn, which cause modifications to the
thermal, structural, and ionic conductivity properties of the
solid-state compounds, e.g. B;;H;;Pb>™ and By;H;,Sn*",'0>1%¢
In this case, the use of aqueous or non-aqueous synthesis is
key to controlling the reaction pathways and formed products
from a B;;H,,~ precursor.

Ionic liquids (IL) have been demonstrated to provide new
synthetic pathways for functionalised decaborane (B;,H;,) and
ortho-carbaborane clusters.'®” For instance, B;oH,;4 reacts with
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an excess of RCH=CH, in a biphasic mixture of 1-butyl-3-
methyl-imidiazolium (Bmim) or 1-butyl-4-methyl-pyridium
(Bmpy)BF, salts forming 6-R-B;oH;3."”” Hydrocarbons are in-
soluble in these IL’s and so the decaborane is added to the IL
and stirred vigorously with the olefin and toluene to form an
emulsion. Separation is then relatively easy with high yields.
Similar reactions can take place with a range of olefins.
Decaborane reactions with alkynes in ILs do not yield hydro-
boration products, but instead result in alkyne insertion,
thereby providing an important new route to ortho-carbabor-
anes.'®” For example B;oH;, reacts with 2 equivalents of a
ligand (L) to form B,oH;,L,, where L is SEt, or CH3CN. Alkyne
insertion then can then be undertaken where B;,H;,L, reacts
with RC=CH to form 1,2-RC,B;,H;; + 2L. This is undertaken
in a biphasic toluene/1-butyl-3-methylimidiazolium chloride
(Bmim)Cl system. These reactions have been demonstrated for
a wide range of functional alkynes.

Dehydrocondensation reactions are key steps in many poly-
borane transformations leading to the formation of higher-
order boron-hydrogen systems. For example, the thermally
induced dissociation of DMS from 4-Me,S-BoH,; forms a
Lewis acidic BoH;; fragment in xylene or in vacuo, which can
then undergo fusion, accompanied by dehydrogenation, with
another such fragment to produce n-B;sH,,."®” When carried
out in an IL (in 1-butyl-3-methylimidazolium chloride
(BmimCl) under biphasic conditions), only n-B;gH,, is formed
with a BjoHy, side product.

Borohydride based ionic liquids have also been developed
including 1-butyl-2,3-dimethylimidazolium (BMMIM), 1-ethyl-3-
methylimidazolium (EMMIM), 1-propyl-1-methylpiperidinium
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Fig. 3 Solubility of arachno- and nido-hydridoborates in solvents (listed by dielectric constant in brackets). The compounds are listed by cationic
charge density (lOW to high).53'56'60'68'78'92'103'118_132
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(PropMPip), and 1-butyl-1-methylpyrrolidinium (BMP) boro-
hydride. AmimBH, and BmimBH, were prepared and have a
melting point below —60 °C.'°® These have been successfully
used for the selective reduction of carbon-carbon double bonds
in conjugated alkenes as well as the a,p-carbon-carbon double
bonds in highly activated o,p,y,0-unsaturated alkenes. In
addition, ionic liquids of B;Hg™ have been developed including
[EMMIM][B;Hg|, [PropMPip|[B;Hg], [N(Bu),][B;Hg] and
[BMMIM][B;H,]." "
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A raft of organic cation salts of B,,Cl;,>~ show low melting
points and interesting physicochemical properties and poten-
tial as ionic liquids for electrochemical applications. These
salts also show favourable solubilities at room temperature
with miscibility in MeCN, DMSO and Me,CO, whilst being
non-miscible in H,0, EtOH and Et,0.''° Interestingly, the
class of B;,X;,>” (X = F, Cl, Br, I) also show quasi-reversible
electrochemical oxidation to B,,X;,” and further non-revers-
ible oxidation to B;;X;, in liquid SO,, MeCN, or organic
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carbonates.'™ " Halogenated derivatives of sodium-dodeca-
hydrido-closo-dodecaborate, Na,B;,Cl;,, Na,B;,Br;,, and
Na,Bj,l;,, have high thermal stability and high sodium ion
conductivity at elevated temperatures.'*''> As such, the
electrochemical properties of a wide array of boron com-
pounds have been published and reviewed."®

Results and discussion

The solubility of inorganic salts in non-aqueous and organic
solvents is of great interest across the fields of synthetic chem-
istry to industrial production. Of particular importance is the
dielectric constant of these solvents, which dramatically range
from very low (e.g. pentane at 1.8) to remarkably high (e.g
n-methylacetamide at 165) with water at 78.5."'” Despite solu-
bility trends being shown across dielectric constant, the result-
ing solubility is not solely based on this one parameter and
there is much complexity surrounding the prediction of the
solubility in solvent classes that are often divided into protic,
aprotic, and inert groups. One further consideration may be
the solvent liquidus temperature range, its viscosity, coordinat-
ing nature, purity, and/or other physical and chemical (Lewis
acidity) properties.

Herein, we have provided graphical representations of the
solubilities of well-known metal-boron-hydrogen compounds
(and derivatives) in typical solvent systems, sourced from the
available literature (Fig. 1-4). The data is classified and
graphically presented in separate charts for borohydrides,
closo-hydridoborates, arachno- and nido-hydridoborates and
some of their derivatives, and neutral boranes. Although
incomplete, these solubility charts do show certain trends
and indications to predict unknown solubilities. To aid in
discovering trends the solvents are listed by dielectric con-
stant, the boron compounds are sorted by cationic charge
density where appropriate. The solubility of each compound
in a particular solvent is categorised qualitatively as in-
soluble, slightly soluble (<1 wt%), soluble (1-10 wt%), very
soluble (>10 wt%), and reactive (denoting chemical incompat-
ibility). A table of solubility information is also available in
the ESI} that provides a mixture of qualitative and quantitat-
ive solubility information where available (including more
detailed references).

Fig. 1 shows the solubility of borohydrides in water and a
variety of non-aqueous organic solvents. In certain publi-
cations, metal borohydrides are stated to be soluble in water.
This is true, but BH,~ experiences hydrolysis when water is
used as a solvent, forming B(OH),™ and releasing H,."® This
characteristic can be used to destroy borohydride impurities
into forms that are removable from a product mixture.®’ The
hydrolysis of BH,~ anion can be dramatically slowed down in
alkaline solutions, e.g. NaOH. This is addressed as notation in
the ESL.{ NaBH, has extensive solubility data in the literature
as the most well-known metal borohydride. It is soluble in
various organic solvents but insoluble in diethyl ether and 1,4-
dioxane. This compound is reported to be only slightly soluble

This journal is © The Royal Society of Chemistry 2025
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in alcohol solvents such as tert-butanol, 2-propanol and react-
ing with methanol and ethanol.

Fig. 2 provides solubility of closo-hydridoborates and their
derivatives. Most of the data is reported for solubility in water.
Alkaline and earth alkaline metal decahydrido-closo-decabo-
rates and dodecahydrido-closo-dodecaborates and their haloge-
nated relatives are soluble in water, except for Cs. Meanwhile,
compounds of heavy metals such as Ag, Hg and Tl are not
soluble in this solvent. closo-Hydridoborates of organic cations
are also insoluble in water, except for a very few cases such as
(MeyN),B,,H;, and (nBuyN),B;1,H;,. This may be related to the
hydrophobic property of these cations.

Fig. 3 and 4 show solubility of archano- and nido-hydrido-
borates and some neutral boron-hydrogen compounds,
respectively. Their solubility data is mostly hidden in syn-
thesis procedures reported in the literature. Such little avail-
able data is not enough to establish specific trends for these
branches of boron-hydrogen compounds but still, significant
information can be drawn out from the charts. For instance,
solubility data of alkaline octahydridotriborates (KB;Hg and
NaB;H; in Fig. 3) can aid in designing synthesis routes for
borates with higher boron numbers, namely closo- and nido-
hydridoborates.

Conclusions and outlook

The chemistry of boron hydrogen compounds is very rich as
outlined by the examples cited above, while the necessity for
knowledge about solubilities and solvent metal borohydride
interactions (such as ability to coordinate the metals) is unde-
niable. Solvent-based purification of specific salts such as
closo- and nido-hydridoborates formed from the thermolysis of
BH,~ or B;Hg™ salts may be the cheapest approach for the syn-
thesis on a large scale due to the use of the least expensive
starting materials. The present information of solubilities can
also lead to other new synthesis strategies to prepare pure
compounds in high yields. These compounds can be utilised
directly or used as precursors for synthesis of derivatives.
Currently there is much focus on development of novel types
of batteries based on multivalent metals, such as magnesium
and calcium. They can form the basis for more sustainable,
safe and cheap solid-state batteries with higher energy con-
tents to replace the well-known lithium ion battery. Most of
the recently developed liquid state electrolytes for magnesium
batteries are based on boron hydrides or fluorides."** Recently,
significant progress within solid state magnesium ionic con-
ductors have been made by the discovery of derivatives of mag-
nesium borohydride, Mg(BH,), xNH; and Mg
(BH,),-xNH,CH;."**"**¢ They have very high Mg?" conductivity
at room temperature and show stability towards a metallic Mg
anode. This has been demonstrated by development of a solid-
state inorganic magnesium battery, which was charged and
discharged several times."*” This illustrates that synthesis of
boron-based compounds may have significant future societal
impact, e.g. within efficient storage of renewable energy. Here
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we provide new inspiration for development of novel synthesis
strategies, which may lead to novel compounds with unseen
properties. Further synthetic innovations may be feasible by
the exploration of sequential addition of solvents rather than
utilising single or mixed solvent systems. This may improve
the solubility of this class of compounds and further the range
of reactions that may be possible.
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