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ABSTRACT

Lithium and sodium salts of the closo-carbadodecaborate anion (CB11Hi2") have been shown to
form stable solid-state electrolytes with excellent ionic conductivity for all solid-state batteries
(ASSB). However, potential commercial application is currently hindered by the difficult, low
yielding and expensive synthetic pathways. We report a novel and cost effective method to
synthesise the CB11Hi2™ anion in a 40 % yield, using common laboratory reagents. The method
avoids the use of expensive and dangerous reagents such as NaH, decaborane and CF3SiMes, and

shows excellent reproducibility in product yield and purity.



INTRODUCTION

All solid-state batteries (ASSB) have the potential to surpass current liquid-electrolyte based
batteries in energy density, safety and production costs. Unlike liquid electrolytes, that use air-
sensitive solvents such as ethylene carbonate, solid electrolytes offer a solvent-free approach, that
also offers increased energy density.!? Lithium and sodium salts, LiCB11Hi2 and NaCB11Hi2, have
previously been shown to have a polymorphic crystalline phase transition to high temperature
structures with enhanced ionic conductivity at ~ 127 °C and 107 °C, respectively.® This phase
change occurs at lower temperatures than analogous lithium and sodium borohydride salts,
Li:B12Hi2 and NazBi2Hi, at > 320 °C and 256 °C, respectively.® The closo-carbadodecaborate
anion, CB11H12', is structurally large, allowing for ample interstitial sites in the crystal lattice for
cation movement.* The anion is also thermally and chemically stable, owing to its delocalised,
almost aromatic electronic structure as well as being weakly coordinating, making them ideal
counter-anions for Na and Li solid electrolytes.> These properties have increased interest in the

use of LiCB11H12 and NaCB11H1» as potential electrolytes for ASSB.

The practical use of the CBi1Hi2™ anion for solid-state electrolytes has been limited due to the
complicated, lengthy and expensive synthetic processes involved to synthesise the initial CB11Hj2"
anion in significant quantities. Early reaction pathways relied on the use of the decaborane (Bi1oH14)
molecule as a starting material. Decaborane is a known precursor for dicarboranes via reaction
with acetylene gas.” However, it is a toxic, flammable and expensive chemical. In early approaches
decaborane was reacted with sodium cyanide (Scheme 1a), followed by a lengthy, stepwise
synthesis that included deamination using sodium in liquid ammonia, prior to closing the cage via
thermolysis, yielding a mix of closo-CB11Hi2™ and closo-CBgHio™.* Variations to this method, led

to closing the cage with H3B-NEt3, before deamination to form the final product.”!° The safety of



this synthesis route was improved by replacing NaCN, which in the above reaction formed HCN
as a by-product, with tertbutyl-isocyanide (‘BuNC) or cyclohexyl-isocyanide (CyNC) to form the
initial C-B bond (Scheme 1b).!!!2 Alkyl isocyanides improved the overall safety of the synthesis,
but the overall cost was higher and deamination with Na/NH3 was required.!! Using para-
formaldehyde to form the initial B-C bond to decaborane proved to simplify the synthetic route,
as many of the steps involving cleaving the C-N bond were not needed (Scheme 1c). However, the
closing of the cage required excess H3B-SMe» and three days of heating before the reaction was

complete.'?

Rather than using a decaborane precursor, the synthesis of the CB11Hi2™ anion has also been
successfully achieved using nido-B11H147, which is accessible through the single-step reaction of
NaBH4 with BF3-O(C2Hs), or CsH;iBr in diglyme.!* Deprotonation of nido-B11Hi4 to nido-
Bi11Hi3% with NaH in THF followed by the insertion of dichlorocarbene from chloroform (CHCI;)
was found to synthesise CB11Hi2" (Scheme 1d).!> However, this method must be undertaken under
inert gas, has a low overall yield (~ 20 — 25 %)), is difficult to scale up and produces side products
such as the 2-EtO-CBiiHi>® and 2-CI-CBiiHi2™ anions.”>'® Two similar methods using
difluorocarbene (CF») to insert into B11Hj3* were published in 2019 (Scheme 1e).'®!” These both
use trimethyl(trifluoromethyl)silane (CF3SiMes) or Ruppert’s reagent as a source of
difluorocarbene to be inserted in a one-pot synthesis (Scheme 1e).'®!” Similar to other syntheses
using MesNH[B11Hi4], NaH is used to deprotonate BiiHis to BiiHis*, before reacting with
CF3SiMes in an Ace pressure tube to ensure the volatile reagent’s evaporation, at 60 °C for 3 days.
17 An overall yield of 95 % could be achieved, with the reaction successfully scaled from 1.5 g
MesNH[B11Hi4] to 15 g of starting material. The second method used dried LiCl to form CF> from

CF3SiMes under reflux conditions for 16 hours to achieve a 78 % yield of product, therefore,



decreasing the time needed for reaction. While both methods had high yields, they are limited by

the fact that CF3SiMe;s is a specialised and expensive reagent. All of the above methods also use

NaH as a base, which is highly flammable and expensive.

Because of the need for expensive and dangerous reagents, as well as low yields and long stepwise

procedures, it has become imperative that a new cost effective and simple synthesis be developed

to allow further investigation of the CB11H12™ anion for solid-state electrolyte research.
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Scheme 1. Synthesis methods of 1-carbadodecaborate starting with a-c) decaborane (BioH14) and

trimethylammonium nido-undecaborate (MesNH[Bi11H14]). Reactions starting with decaborane



form initial B-C bond with reagents such as, a) sodium cyanide,®’ b) alkyl isocyanide (RNC),!! or,
c¢) formaldehyde.'> Whereas, after deprotonation of the BiiHis to BiiHi3*> by NaH, and
elimination of the trimethylamine cation, dihalocarbene, (CX>), is formed in situ and inserts into
the cage. CX> is sourced by the d), treatment of CHCI3 with a base to form CCl, or, ¢) formation
of CF, from CF3SiMes with either a pressure tube'” or using LiCl/TBAB as an initiator.!® (RNCs
most commonly used are tertbutyl isocyanide or cyclohexylisocyanide!!) TBAB =

tetrabutylammonium bromide.

EXPERIMENTAL METHODS

Synthesis

All solvents were anhydrous and used as purchased from Merck. All metal carbonates and
bicarbonates were purchased from Merck (> 99 % purity), with the exception of CoCO3 which
was purchased from Walker Ceramics. Anhydrous potassium carbonate, KoCO3 (anhydrous, > 99
%), sodium hydroxide (NaOH, > 98 %), potassium hydroxide (KOH, > 85 %), aluminium oxide
nano-particles (Al,03, 10 nm, 99.8 %) and 4 A molecular sieves (8 - 12 mesh) were also purchased
from Merck. Molecular sieves were activated in a 300 °C furnace for 3 hours before use.
MesNH[B11Hi4] was synthesised in a previously described method from sodium borohydride,
NaBH,.!* Briefly, 50 g of NaBH4 was added to a 1000 mL 3-necked flask under Ar. Diglyme (400
mL) was added to the reaction vessel and the mixture was heated to 105 °C. Once this temperature
was reached, 1-bromopentane (150 mL) was added dropwise, ensuring the reaction never exceeded
120 °C. The reaction was further stirred for 6 hours at 105 °C and allowed to cool to room

temperature where solid NaBr was removed by filtration. The yellow filtrate was then dried under



vacuum to form an oily yellow residue, which was dissolved in hot deionised water. Addition of
MesN.HCI (20 g) precipitated MesNH|[B11Hi4] that was cooled, filtered and washed with excess

cold deionised water to give an off-white product (10 — 12 g, approx., 48 % yield).

General method for synthesis: Mes:NH[CB11H12]

MesNH[B11Hi4] (10.0 g, 0.0518 mol) in a 500 mL round bottom flask was dissolved in a 80 mL
aqueous solution of NaOH (0.311 mol, 6 equiv.) and stirred for 30 minutes at 80 °C. The solution
was then dried to a white powder under reduced pressure at 80 °C. This was then placed under an
argon atmosphere and 150 mL of dimethoxyethane (DME) was added. Powdered NaOH (0.156
mol, 3 equiv.) and K>COs3 (0.208 mol, 4 equiv.) was added and the mixture was cooled to 0 °C in
an ice bath, and stirred for 15 minutes. CHCl; (0.155 mol, 3 equiv.) was added to the reaction
dropwise and with stirring, the mixture was allowed to warm to room temperature over 2 hours.
After 2 hours the reaction was left at 20 - 25 °C to stir for a further 3 hours. The solvent was then
removed under reduced pressure and 50 - 70 mL of deionised water was added to dissolve the
white powder. The solution was acidified with 3 M HCl and filtered to remove any solid material.
Excess MesN.HCI (10 g, 0.1 mol) was added and the precipitate was filtered and washed with
deionised water. The white powder was left overnight in air to dry before being weighed and
characterised with ''B NMR. MesNH[CB;H;,] final yield of 4.2 g (40 %). '"H NMR (400MHz,
CDsCN) &: 3.04 (s, 9H, HNCH3), 2.11 (s, 1H, BCH), 1.98 — 0.73 (bm, 11H, BH). ''B{'H} NMR

(128 MHz, CD:CN) §: -6.7 (1B), 13.1 (5B), 16.2 (5B).

Separation of mixed samples of MesNH[B11H14] and MesNH[CB1Hi2] were done by dissolving
the sample in excess NaOH and stirring for 1 hour at 80 °C. When the solution was cooled, the

solution was extracted using Et2O, and the ether layer dried under vacuum. When dry, the residue



was dissolved in deionised water and treated with excess MesN.HCl to precipitate
MesNH[CB11Hi2]. The aqueous layer was treated with HCI to neutralise any remaining NaOH and

MesN.HCI was added to precipitate MesNH[B11H14].

Characterisation

Nuclear Magnetic Resonance (NMR) spectra ('H, ''B decoupled and !'B coupled) were collected
on a Bruker Avance III 400 MHz NanoBay spectrometer at room temperature. The "B NMR
spectra were referenced to a boron trifluoride etherate (BF3O(C2Hs)2) external standard, and the
'H spectra were referenced to a tetramethylsilane (Si(CH3)4) external standard. Powdered samples
were dissolved in 600 pL of deuterated acetonitrile (CD3CN) prior to analysis.

Powder X-ray diffraction (pXRD) patterns were collected using a Bruker D8 Advance using a

CuKa radiation source. Data was collected between 5 — 80 © 20 at 0.02° steps over 1 hour.

RESULTS AND DISCUSSION

The nido-B11Hi4 precursor can be easily synthesised as a MesNH" salt, MesNH[B11H4], in a 48
% vyield from the reaction of sodium borohydride, NaBH4, and 1-bromopentane, CsHiBr in
diglyme (Equation 1) and precipitation with trimethylamine hydrochloride (MesN-HCI) (Equation
2). The precursor can then be used to synthesise the CB11Hi2™ anion, by insertion of CCl, sourced
from chloroform, as previously documented by Franken et al.'® This method was believed to be
the safer option than the alternatives which use toxic reagents to form the initial carbon insertion
into decaborane (BioH14)*'"!>!8 or use expensive niche compounds such as CF3SiMe;s.!6!

Initially, the Franken method!® (Scheme 1d) was attempted where Me;NH[B11H4] was

deprotonated to B11Hi3> by NaH, before carbene insertion. NaOEt formed in situ, by deprotonation



of ethanol by NaH, was then used to deprotonate CHCl3, forming CCl,. Ethanol was necessary as
NaH was too insoluble in THF to effectively deprotonate CHCI;s. Due to the instability of NaH in
air and water, the reaction required the use of a Schlenk line set up to ensure a dry and inert
environment. The original procedure reported a 42 % yield,'® but yields were later reported to be
closer to 20-25 %,' with other studies indicating yields as low as 9 %.!” Our own attempts found
that the latter reports were correct as the reaction proved to be difficult and poorly scalable with
yields of 12 % and 15 % when starting with 1 g and 5 g of MesNH[B11H14], respectively. In order
to avoid the aforementioned issues, the substitution of NaH and EtONa for a different base would
prove to be advantageous.

11NaBH4(S)+10C5H11Br(D digly—me,) NaBllHH(s)+10NaBr(S)+10C5H12(1)+10H2(g) (1)
110°C

NaB11H14(aq) + Me3N.HC1(aq e Me3NHB11H14(S)+NaCl(aq) (2)

)

The insertion of CCl, into nido-B11Hi3* has previously been attempted with CHCl3 using other
bases, such as n-BulLi, MeONa, EtONa, and ‘BuONa, but were low yielding.20 NaOH had also
been used, however, this yield was also low and produced a mixture of Me3sNH[B;1H14] and
MesNH[CB11Hi2]. The difficulty with using NaOH as a base in this reaction was that as NaOH
deprotonates CHClz, H>O is formed, which without immediate removal via phase-transfer, would
interfere with the reaction between CCly and nido-BiiHi3* that can only occur fully under
anhydrous conditions. When only NaOH as a base in dimethoxyethane (DME) was attempted, this
hypothesis was proven to be correct, with only a 5 % yield of MesNH[CB11H12] isolated after
extraction with Et20 (Figure 1, Trial 1) and a significant amount of unreacted starting material
(Figure S1). Hence, NaOH did act as a base in the reaction, but presented problems with yield. It

is known that Nay[B11Hi3] can be formed by the deprotonation of Me3sNH[B11Hi4] in aqueous



NaOH (Equation 3).2! Nevertheless, attempts to do this step in polar aprotic solvents, such as
DME, found that while Nax[Bi1Hi3] did form, however this included many other by-products
including BH4", B3Hs", and OB11H12™ (Figure S2). This did not occur to the same extent when the
same reaction was attempted in aqueous NaOH, with only a small amount of BH4™ and B(OH)4
detected in ''B NMR (Figure S2). To avoid NaOH solvation issues, MesNH[B11H14] was converted
to Nay[B11Hi3] in excess aqueous NaOH at 80 °C, followed by drying under reduced pressure until
no water was present in the reaction vessel. By fully drying the reaction mixture it also ensures
that all MesN is removed. This is important as the presence of MesN has previously been found to
form the by-product, 2-MesNCB1H»."?

Me3;NHB, Hy4(,4) + 2NaOHy,, 0 Na,B1H344) + 2H,0() + NMes(y) 3)

60-80 °C

Due to water inhibiting the insertion of CCl into the B11Hi3* cage, it became necessary to find a
drying agent that would be effective in non-aqueous basic media. Many common drying agents,
such as magnesium sulfate (MgSOs), or calcium chloride (CaCl,), are lewis acids and would not
be appropriate for this reaction. Potassium carbonate, K2COs3, is a mildly basic alternative that is
moderately dehydrating, and can act as a proton/acid scavenger. As such, the use of K»COs3 in
alkylation, arylation and acylation reactions is well known.?? Mixed NaOH and K>COj3 systems
have also been shown to work in other heterogeneous reactions, for example, the N-alkylation of
diphenylphosphinic hydrazide.?? As such, it is postulated that the addition of K2CO3 would limit
the amount of free water in the reaction, preventing ‘aggregation’ of NaOH as well as acting as a
mild base.?* In fact, the addition of 9 molar equivalents of NaOH and 4 molar equivalents of KxCO3
result in all Bi1Hi3% being reacted after 5 hours by !'B NMR (Figure S3) resulting in a 29 % yield

of MesNH[CB11H ] (Figure 1, Trial 2). Alternatively, 4 A molecular sieves were used in the place



of KoCOjs to determine the effect of a generic drying agent. Interestingly, molecular sieves do not
have the same impact as K>COs3, with 35 % of MesNH[B11H14] being recovered at the end of the
reaction (Figure 1, Trial 3, Figure S3). This indicates that KoCOs3 could have had a synergetic effect
on the reaction, conceivably as an acid scavenger (Equation 5). Nevertheless, K2CO3 enhances the
reaction, increasing yield, and ensures no Bi1Hi3>" remains in the reaction. Variation of the molar
equivalents of K>COsz from 4 to 2 and 6 molar equivalents did not improve the yield of
MesNH[CB11Hi2], and in fact, decreased the yield significantly in both reactions (Figure 1, Trial
4 and 5, Figure S3). Decreasing the amount of K2CO3 may have decreased its ability to mop up
the side products created in the reaction (Equations 4 and 5), thus, it can be concluded that K»CO3
is involved in the reaction as a reagent and does not act as a catalyst. However, as an increase in
the molar equivalents of K2COs also showed a decrease in yield, it could be concluded that this
excessive amount of solid hindered mixing of the reaction. This outcome supports later results
which show decreased yield of MesNH[CBiiHi2] when the solvent volume is decreased

significantly (Figure 4).

NazBl 1H13 + NaOH + CHC13 - NaCB1 1H12 + 2NaCl + HzO + HCI (4)

3K,CO; + 4HCl — 2KHCO; + 4KCl + CO, + H,0 (5)

10
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Figure 1. Effect of metal carbonates and bicarbonates on the synthesis of MesNH[CB11Hi2].
Reactions run with 250 mg of Me3NH[B11Hi4] in 5 mL DME and 9 molar equivalents of NaOH.

Yield determined by !'B NMR.

Impact of different additives

Various metal carbonates, bicarbonates and oxides were analysed to compare their impact on the
reaction progress to KoCOs (Figure 1). Interestingly, many of the metal carbonates achieved
reasonable yields of the CB11Hi>™ anion, after 5 hours, in DME. Lighter group 1 metal carbonates,
Li,CO3 and NaxCOs3 had lower yields of MesNH[CB11H2] than for KoCOs3, with yields of 19 %
and 26 % each, respectively, compared with 29 %. This indicated a trend within these early group
1 metal carbonates, Li,CO3, Na,CO3 and K>CO3 with an increase in yield as the carbonate cation
size increased (Figure 1, Trials 6, 7 and 2, Figure S4). However, the largest of the group 1 metal

carbonates tested, Cs2COs3, resulted in no MesNH[CB11Hi2] production with only 59 % of the

11



starting MesNH[B11H 4] recovered, indicating some cage decomposition. Analysis of !B NMR of
the filtrate after acidic work up and precipitation of MesNH[CB11Hi2] identified the presence of
B(OH)s as a significant by-product of the reaction as well as the presence of CH3B(OHb») in smaller
quantities (Figure S5). A possible explanation is that Cs2COs is reasonably soluble in many organic
solvents, including DME whilst the other group 1 metal carbonates are not particularly soluble,
thus, it can be concluded that it is important for the additive to remain a solid in the reaction system.
This also indicates that the reaction may occur on the surface of the carbonate, and therefore
surface area might be important. Group 1 metal bicarbonates, NaHCO3 and KHCO; were also
tested (Figure 1, Trials 9 and 10, Figure S4), but had significantly lower yields than any of the
group 1 metal carbonates, achieving yields of 10 % and 13 %, respectively. This was slightly
higher than the reaction without any KoCOs (5 %), however, both bicarbonate reactions also had
high quantities of MesNH[B11H14] recovered. It could be concluded that because bicarbonate is a
theoretical by-product of the reaction of K2CO3 and water/H" formed during the insertion of CCl,
into the cage that this limits the amount of product that could be yielded. This theory has proven
difficult to demonstrate as pXRD analysis of the solid filtered from the reaction mixture (after 5
hours reaction) revealed that the major solid formed during the reaction was KCl, with a small
amount of Na,B(OH)4Cl1 (Figure S6). Thus, the reaction is somewhat driven by this salt formation,

potentially due to the better solvation of Na* in DME, due to a more negative binding enthalpy.?*

Other metal carbonates were also tested included the group 2 metal carbonates, CaCO3, SrCO3 and
BaCO; and transition metal carbonates, CoCO3; and ZnCOs (basic) (Figure 2). Some of these
additives had reasonable yields of MesNH[CB11Hi2] in comparison to the attempts with K>COs.
However, in all reactions, significant quantities of Me3NH[B11H14] were also attained (Figure S7).

Rationale for these differences could be due to variations in the reactive surface area between the

12



metal carbonates analysed. However, the addition of nano-sized Al,O3; (10 nm) showed little
improvement when compared to tests with no K>,COs added. Due to the higher yield of
MesNH[CB11Hi2] when KoCO3 was substituted with CaCOs, further analysis was performed to
judge if this would be a suitable additive with a longer reaction time as the reaction showed
MesNH[B11Hi4] after 5 hours (Figure 2, Trial 1). However, it was noted, that there was a lower
yield of product, MesNH[CB11Hi2] (Figure 2, Trial 7), than in previous tests. There was also no
MesNH[B11H14] detected in the ''B NMR (Figure S8) at the end of the reaction. Thus, it can be
concluded that excess NaOH causes the decomposition of both unreacted starting material as well

as some of the product, forming B(OH)3; when left for extended times.
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Figure 2. Effect of group 2 metal carbonates on the synthesis of MesNH[CB11H12]. Reactions were
run with 250 mg of MesNH[B11H14] in 5 mL DME and 9 molar equivalents NaOH. *Trial 7 was

a repeat of trial 1, however, extending reaction time from 5 hours to 16 hours.
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Solvent effects

Initial screening reactions were performed in DME but alternative solvents were also tested for
their viability (Figure 3). DME was primarily chosen as it is slightly more polar then THF, and
experimental and computational analysis has shown that DME will coordinate to Na™, therefore,
potentially enhance the dissolution of NaOH. >* DME fits into the glyme family of solvents, which
are polar aprotic, and chemically stable.?> As reported above, in DME, the reaction yielded 29 %
of MesNH[CB11H12], whereas, in THF, the yield was lower at 17 % (Figure 3). "B NMR (Figure
S9) showed that 14 % of MesNH[B11H14] was recovered in the reaction in THF compared to that

in DME.

Other solvents were screened to determine their suitability as shown in Figure 3. When the reaction
solvent was changed to the less-polar solvents, EtoO or dioxane, the reaction did not produce
CBi11Hi2', with only MesNH[B11H14] being isolated. Furthermore, Naz[B11H13] does not dissolve
appreciably in Et;O or dioxane, therefore it shows that the reactant needs to be relatively soluble
in the solvent that is used. Diglyme was also tested and was determined to yield only 8 %

Me;NH[CB1H)2], with no B11H i3> detected at the end of the reaction (Figure S9).

14
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Figure 3. Effect of different solvents on the synthesis of MesNH[CB11Hi2]. Reactions run with

500 mg of MesNH[B11Hi4] in 10 mL solvent and 9 molar equivalents NaOH.

Optimisation of Reaction

To optimise the 1-carbadodecaborate reaction the concentration of Naz[B11H13] was also analysed
(Figure 4). The reaction was found to be highly dependent on the concentration of Nax[B11Hi3] in
DME. However, increasing overall concentration of the reaction mixture to 0.35 mol/L, the yield
increased to 37.5 % when starting with 1.35 g MesNH[B11H4]. When the amount of starting
material increased to 10 g, the yield peaked at 40 % (Figure 4). The observed trend was also found
to occur in THF, as an increase in concentration from 0.26 mol/L to 0.3496 mol/L, increased yield
from 31 % to 40 %. Unfortunately, higher concentrations of Naz[B11Hi3] above 0.35 mol/L resulted

in decreased yield.
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Figure 4. Effect of concentration of Nay[B11Hi3] on yield. Trials used 1.35 g of MesNHB1Hj».

Changing the total amount of NaOH in the synthesis of MesNH[CB11Hi2] was analysed.

When the amount of NaOH was decreased from a total of 9 molar equivalents to 6, a significant
amount of B11H;3*" was detected by "B NMR, even after 48 hours of stirring (Figure S10). With
longer reaction times, the presence of the oxa-nido-dodecaborate anion (B11H120") and an increase
in B(OH)4 was noted in the ''"B NMR (Figure S10). These by-products form due to the reaction
of B11H3> with excess OH™.2%?’After 3 days of stirring under argon, a significant amount of
MesNH[B11Hi4] was recovered when the reaction was worked up (Figure 5). When the total
amount of NaOH used in the reaction was increased to 12 molar equivalents, all B1iHi3* was
determined to have been fully reacted within 1 hour, however, only a beige residue could be
isolated, and the product had impurities, as determined by ''B NMR (Figure 5, Figure S11).
Attempts to change the base from NaOH for KOH were unsuccessful. This was attempted in both

DME and THF with 9 molar equivalents of KOH. However, only an insignificant amount of
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CBi11Hi>” was detected by "B NMR, in DME, with none detected in THF (Figure S12). Thus,
NaOH was favoured over KOH as the base in this reaction, due to the higher affinity for Na* over
K for DME. It is also important to note that the amount of NaOH used has to be enough to ensure
a full conversion of BiiHi4s to CBiiHi2, however, it was noted that excessive base had a

detrimental effect on the yield.
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Figure 5. The effect of base on the synthesis of MesNH[CB11Hi2]. Reactions were run with 500
mg of initial MesNH[B11H14] and 4 molar equivalents of Ko,CO3 with NaOH changing from 6 molar
equivalents to 12 or 9 molar equivalents of KOH. Trials 1 - 4 were run in DME. Trial 5 was run in

THF.

The overall cost of reagents (not including solvents and common laboratory consumables), to
synthesise 1 g of MeNHCB1Hi> from the different published reactions is shown in Table 1. It

should be noted that even though these costs do not reflect bulk prices they do act as a good means
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of comparison. Many of the reactions are prohibitively expensive, due to the expensive starting
reagent, decaborane (Table 1, 1-4).8%!1:13 Added to this, most of the reactions that use decaborane,
have other expensive reagents such as Me>SOu, EtsN-BH;3 and/or CyNC.*%!! Me,SOy is toxic and
corrosive, however, due to its use as a methylating agent, it is restricted and necessitates a license
to purchase in Australia.?® Reaction of decaborane with formaldehyde (Table 1, 4) is the simplest
of the reactions involving decaborane. By avoiding the need for methylating reagents and sodium
metal to remove the C-N bond present in 1 — 3,3 the cost to synthesise 1 g of MesNH[CB11Hi2]
is reduced to the cost of decaborane. For methods starting with MesNH[B11H4], (Table 1, 5 - 7),
the cost of reagents to synthesise 1 g of MesNH[CBi1Hi2] is similar, approximately $100.
Expensive reagents such as NaH (95 %) (Table 1, 5) and CF3SiMe; (Table 1, 6 - 7), significantly
raise the cost to produce MesNH[CB11H12].">"!7 In this work (Table 1, 8), as most reagents are
common laboratory consumables such as NaOH, the cost of reaction is comprised of the expense

to synthesise MesNH[B1Hi4].

Reagents?® Approximate Reference
materials cost® per
gram product
1 Decaborane(14) (BioH14) $220.70 ($162.33°) J. Am. Chem. Soc. 89,
Sodium Cyanide (NaCN) 1274-1275 (1967).8
Dimethylsulfate (Me2SO4)
Sodium metal (Na)
Borane triethylamine (Et;N-BH3)

2 Decaborane(14) (BioHi4) $71.65 Collect.  Czechoslov.
Sodium Cyanide (NaCN) Chem. Commun. 49,
Dimethylsulfate (Me2SO4) 1559-1562 (1984).°
Sodium metal (Na)

Borane triethylamine (Ets3N-BH3)

3 Decaborane(14) (BioHi4) $71.30¢ J. Chem. Soc. Dalt.
Cyclohexyl-isocyanide (CyNC) Trans. 2624-2631
Dimethylsulfate (Me2SO4) (2002).!"
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4 Decaborane(14) (BioHi4) $59.06 ($44.04°) New J. Chem. 28,

Formaldehyde (37 %) (HCHO) 1499-1505 (2004)."3
Borane dimethylsulfide (BH3-SMe,)

5 Trimethylammonium nido- $40.38 Collect.  Czechoslov.
undecaborane(14) (MesNH[B11Hi4]) Chem. Commun. 66,
Sodium Hydride dry (NaH) 1238-1249 (2001)."
Chloroform (CHCI3)

6 Trimethylammonium nido-  $66.60 Dalt. Trans. 48, 7499—
undecaborane(14) (MesNH[B11Hi4]) 7502 (2019). 17

Sodium Hydride (60 % (NaH)
Trimethyl(trifluiromethyl)silane (99

%) (Me3SiCF3)
7 Trimethylammonium nido- $69.56 Molecules 24, 1-13
undecaborane(14) (MesNH[B11Hi4]) ($51.68°) (2019).16

Sodium Hydride (60 %) (NaH)
Trimethyl(trifluiromethyl)silane (99

%) (Me3SiCF3)
Anhydrous Lithium chloride (LiCl)
8 Trimethylammonium nido- $13.44 This Work

undecaborane(14) (MesNH[B11Hi4])
Potassium Carbonate (K2CO3)
Chloroform (CHCI3)
Table 1. Cost to synthesise 1 g of MesNH[CB11Hi2]. Analysis used current prices available from

Merck and ®ignores the costs of common laboratory consumables, such as, NaOH and HCI, and
solvents, e.g., THF. ®All prices in USD. °Originally synthesised as CsCB11H;2. 9Cost to synthesise

precursor nido -7-CB1oHi2. “Originally synthesised as NEt4CB11Hj».

CONCLUSION

A new method to synthesise MesNH[CB11H12] using cheap, easily accessible materials and
equipment has been developed. This method is proven to be easily scalable and while not as high
yielding as other methods reported, the lower cost of the materials used makes this method a viable
option for the general synthetic chemist. Using a mix of NaOH and K»CO; has proven to be
significant to the yield and completion of the reaction. All reactants are easily lab accessible and

significantly less dangerous than those used in alternative methods. It also avoids some more
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dangerous bases such as NaH. Most importantly, the reported method will support further work in
the research, development and potential commercialisation of the CB11Hi2 anion salt electrolytes

for an all solid-state battery.
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