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Abstract: Alkali metal (M = Na, K) salts of the [CB1;H1;]™ anion have attracted increasing attention
in many fields such as catalysis and all-solid-state batteries. However, tedious and low-yielding
synthetic methods have seriously limited their application in these fields. We developed a facile
method for the direct synthesis of the unsolvated potassium and sodium salts of the [CBy1Hip]™
anion in 66% and 68% yields, respectively, by reactions of Na[B11Hj4] with NaH/NaHMDS (sodium
bis(trimethylsilyl)amide), CF3SiMe3 in THF and K[Bq;Hy4] with KH, CF3SiMe3 in DME. This method
avoids the exchange of cation and significantly simplifies the reaction setup, thus enabling convenient
large-scale synthesis. It is believed that this method will support further application of Na[CB;1Hj»]
and K[CBy1Hj;] as solid electrolytes for an all-solid-state battery.

Keywords: Na[CB;Hy;]; K[CB11Hjs]; Na[By1Hys]; K[B11Hy4]; one-pot synthesis

1. Introduction

The monocarborane [CB11H1] ™ anion and dicarbaborane C;B19Hj, are two important
icosahedral derivatives of [B;,Hj»]?>~ in which one or two BH vertices are replaced by
CH [1]. The [CB1;Hj2]™ anion was synthesized for the first time by Knoth in 1967 [2].
Recently, the study on complexes containing the [CB1;H;j,]~ anion has been of interest
because they are well known as weakly coordinating anions [3]. Monocarborane an-
ions with halogen substituents, such as [CB11MegXg]~, [CB11HgXg]™ (X = Cl, Br, I) and
[CHB;1Cly1] are amongst the least coordinating, least basic and most chemically inert anions
presently known, and have been used to stabilize many new extremely reactive cations [4,5].
H(CHB;1Cly;) is the strongest isolable Brensted acid [6]. Additionally, they can also be
applied in the fields of coordination [7], supramolecular chemistry [8] and medicine [9],
as well as fluorescence [10] and materials [11]. More importantly, it has been found that
M[CB11Hi2] (M =K, Na) have great application prospects as solid electrolytes [12,13]. How-
ever, compared to the large study on the application and functionalization of dicarbaborane
CyB1gH1; [14-16], the research on the monocarborane [CB11H1»]™ anion has been much
more scarce [17-19]. This should be attributed to its complicated synthetic method and the
fact that it is hard to commercialize. So the development of an efficient method to directly
synthesize the [CBq1H;j,] ™ anion is highly desired.

The counter cation is [Me3NH]* in most synthetic methods reported for the synthesis
of the [CB;1Hj2]™ anion when considering the solubility of the salts of [CB11Hi2]™ in
organic solvents. These methods have been improved since 1967 (Scheme 1). In early
reported methods, decaborane (BjgH14) was mainly used as a starting material, which is
toxic and flammable. The first preparation of [CB;1Hj2]™ was achieved by Knoth through
the reaction of decaborane with sodium cyanide (Scheme 1A) [2]. A safer and more
convenient modification of the synthesis was developed by the group of Hughes using
alkyl isocyanides replacing toxic cyanide to form the initial C-B bond (Scheme 1B) [20].
Later, the group of Kennedy used formaldehyde and decaborane to form the B-C bond,
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which could simplify the synthetic route and save the trouble of a C-N bond fracture
(Scheme 1C) [21]. However, the conditions for closing the cage by adding Me;S-BHj3
require harsh reaction conditions such as 3 days of heating.

(1)RCN
path B \ (2) NaOH, Me,SO,

(2) Me,S0,, OH-

(1) BHgNEts, 180 °C
(3) Na, NH;

4& 1
1, er©
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Scheme 1. Synthesis of [Me3NH][CBy;Hj;] from BjgHi4 (A-C) and [Me3NH][B;1H14] (D-F).

To avoid the use of toxic decaborane, the [B11Hi4]~ anion was introduced to the
synthesis of [CBj1H2]™ [22-25]. In 2001, Michl’s group reported a relatively safe way
to synthesize [CBy1H;j,]~ by deprotonation of [B11Hj4] ™, followed by the insertion of
dichlorocarbene, but the yield was very low due to the low activity of the selected car-
bene source (Scheme 1D). Agnes Kiitt and co-workers found that [Me;NH][CBy1Hj»]
could be obtained by reacting [B11H14]~ with NaH and CF;SiMe; in up to 95% yield
(Scheme 1E) [24]. By improving the above method, [CB1Hiz]~ was synthesized with
common laboratory reagents such as NaOH, K,CO3 and CHCl3, despite the yield being
relatively low (40%) (Scheme 1F) [25]. Obviously, recent studies mainly focused on the
synthesis for the [Me;NH]" salt of [CB11Hj;]~, while methods on the direct synthesis
of alkali metal (M = Na, K) salts of the [CB11H1,]™ anion are still very limited, which is
inconsistent with the great application of alkali metal (M = Na, K) salts of the [CB1Hj2]™
anion. Recently, we improved the synthetic method of [EtsN][closo-1-CHByHy] [26], and
on the basis of our previous work on the condensation reaction of the B-H bond for the
synthesis of polyhedral boranes [27-30] and the application of a dihydrogen bond in amine
boranes [31-33], we developed a straightforward method for the synthesis of unsolvated
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potassium and sodium salts of the [CB;1Hj2]™ anion. This method avoids the exchange of
cation, significantly simplifies the reaction procedure and can be easily scaled-up.

2. Materials and Methods
2.1. Starting Materials

All manipulations were carried out on a Schlenk line or in a glovebox filled with high-
purity nitrogen. Dry THF and DME were obtained by distillation from Na/benzophenone.
K[B11Hi4] and Na[B11H;j4] were purchased from ZhengzhouYuanli technology. Potassium
hydride, (trifluoromethyl)trimethylsilane, sodium hydride, sodium bis(trimethylsilyl)amide,
tetrahydrofuran, 1,2-dimethoxyethane, DMSO-dg (D, 98%) were purchased from Energy
Chemicals, Aladdin, Heowns or Royaltech. The TH and 1H{HB} NMR spectra were obtained
using a Bruker Advance NEO 400 MHz instrument from Germany. The '3C NMR spectra
were recorded at 101 Hz. The !B, ''B{'H} and '!B-'!B cosy NMR spectra were recorded
at 128 MHz. All 'B chemical shifts were referenced to BF3-OEt; in C¢Dg (0.0 ppm), with a
negative sign indicating an upfield shift. All 'H chemical shifts were measured relative to
internal residual hydrogens from the lock solvents (98% DMSO-dg).

2.2. Synthesis of Na|CB11H1,]

Na[B11Hji4] (1.58 g, 10 mmol), NaH (0.72 g, 30 mmol) and NaHMDS (1.84 g, 10 mmol)
were added to a 100 mL Schlenk flask, which was equipped with a reflux condenser. The
flask was connected with a Schlenk line and 40 mL 1,2-dimethoxyethane was injected. The
reaction mixture was stirred under 0 °C for 15 min and (trifluoromethyl)trimethylsilane
(4 mL, 30 mmol) was added. Then, the mixture was stirred at 60 °C for 3 days and a large
amount of yellow precipitate was generated. After cooling down to room temperature and
quenched with water (1 mL). The residue was subjected to extractive workup with ether
(4 x 60 mL) and H,O (4 x 60 mL). The organic phases were combined, and the solvent was
evaporated to give a yellow oily product. Then, 1,4-dioxane was added into the oil residue
until a large amount of white solid precipitate. The precipitate was filtered and then dried
under dynamic vacuum to produce a 1,4-dioxane solvated Na[CBy1H;j,] white powder.
Solvent free Na[CBy1Hj2] (1.14 g, 68% yield) was obtained by dissolving in 20 mL water
and drying it first in a rotary evaporator and then under dynamic vacuum at 100 °C for 2 h.
1B NMR (128 MHz, DMSO-dg) § —6.95 (d, ] = 140.0 Hz, 1B), —13.27 (d, ] = 136.3 Hz, 5B),
—16.15 (d, ] = 150.6 Hz, 5B). "'B{'H} NMR (128 MHz, DMSO-d¢) 5 —7.01 (1B), —13.27 (5B),
—16.16 (5B). '"H NMR (400 MHz, DMSO-dg) 5 2.36 (s, 1H), 2.24-0.70 (m, 11H). 'H{!'B} NMR
(400 MHz, DMSO-dg) 6§ 2.36 (s, 1H), 1.55 (s, 6H), 1.40 (s, 5H). 3C{'H} NMR (101 MHz,
DMSO-dg) 6 50.65 (s).

2.3. Synthesis of KICB11Hz;1

K[B11Hy4] (1.74 g, 10 mmol) and KH (1.20 g, 30 mmol) were added to a 100 mL
Schlenk flask. The flask was connected with a Schlenk line and 40 mL of tetrahydrofuran
was injected. The reaction mixture was stirred under 0 °C for 15 min and then (trifluo-
romethyl)trimethylsilane (4 mL, 30 mmol) was added. The Schlenk flask was equipped
with a reflux condenser. The mixture was stirred at 60 °C for 3 days and a large amount of
yellow precipitate was generated. After cooling down to room temperature and quenched
with water (1 mL), the residue was subjected to extractive workup with ether (4 x 60 mL)
and HyO (4 x 60 mL). The organic phases were combined, and the solvent was removed
under reduced pressure to give a yellow oily product. Then, 1,4-dioxane was added into the
filtrate until a large amount of white solid precipitate. The precipitate was filtered and then
dried under dynamic vacuum to produce 1,4-dioxane solvated K[CB;1H;2] white powder.
The precipitate was washed with dichloromethane (3 x 30 mL) and hexane (3 x 30 mL),
and then dried under dynamic vacuum to produce an unsolvated K[CB;1Hj,], white pow-
der (1.21 g, 66% yield). ''B NMR (128 MHz, DMSO-dg) § —6.95 (d, ] = 140.0 Hz, 1B), —13.27
(d, ] = 136.3 Hz, 5B), —16.15 (d, ] = 150.6 Hz, 5B). 'B{!H} NMR (128 MHz, DMSO-d;) &
—~7.01 (s), —13.27 (s), —16.16 (s). "H NMR (400 MHz, DMSO-d) & 2.36 (s, 1H), 2.24-0.70 (m,
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11H). 'H{!B} NMR (400 MHz, DMSO-dq) 6§ 2.36 (s, 1H), 1.55 (s, 6H), 1.40 (s, 5H). 13C NMR
(101 MHz, DMSO-dg) 6 50.69 (s) (in Supplementary Materials).

3. Results and Discussion

The [CB11Hjz]™ anion was discovered by Knoth using toxic decaborane BjgHi4 as
starting material in 1967 [2]. Since B1gH14 was synthesized from NaBH, via the [B11Hy4]™
ion, to obviate the toxicity and tedious synthetic steps, the group of Michl [19] developed
an alternative approach, using [B11Hj4] ™ as a starting material and dichlorocarbene as the
carbon source, but in a poor yield. On the basis of this innovative method, Kiitt’s group
reported an improved method to obtain [Me;NH][CB11Hj,] from boron cluster [B11H14] ™ in
up to 95% yield using difluorocarbene as the carbon source [21]. In 2021, the research group
of Mark Paskevicius reported a cost-effective method to synthesize the [CB11Hj2]™ anion
in 40% yield from [B1Hi4] ™ using common laboratory reagents [22]. Generally speaking,
the synthetic procedure of [CB11H;j,]™ from [By1Hj4]™ includes four steps represented by
Equations (1)—(4), as reported in the literature, in which the cation exchange reactions are
carried out (Equations (1) and (4)) considering the solubility of different salts. It is known
that Nay[B11H13] can be formed by the deprotonation of [Me3NH][B11H;j4] with NaOH or
NaH. The formed Me3;N must be removed because the presence of NMej has previously
been found to cause the formation of an excessive amount of 2-MesNCB;1H;; byproduct
(Equation (2)) [19]. The Nay[B11H;3] can then be used to synthesize the [CB;;H;2]™ anion,
by insertion of :CCl, or :CF; sourced from CHCl3 or CF3S5iMe3 (Equation (3)). However,
because of the limitation in the availability of suitable purification, the ion exchange through
the metathesis reaction of Na[CB11Hj,] with Me3N-HCl is carried out at room temperature
in the aqueous medium (Equation (4)).

Na[B;1H14] (aq) + Me3N-HCI (s) — [MesNH][B11H;i4] (s) + NaCl (s) 1
[Me3sNH][B11H14] (s) + NaH (s) or NaOH (s) — Nay[B11Hys] (aq) + Hy or H;O + NMe;  (2)
Najy[B11H13] (aq) + NaH (s) or NaOH (s) + :CX,; — Na[CB11Hys] (aq) 3)
Na[CB11Hi1s] (aq) + MesN-HCl (s) — [Me3NH][CB11Hj5] (s) + NaCl (s) 4)

Considering the great importance of the alkali metal salts of the [CB1Hj,] ™ anion in the fields
of catalysis and all-solid-state batteries, we developed a simple, quick, and one-step procedure to
directly synthesize unsolvated M[CB1Hy;] using M[By1Hy4] (M = K, Na) as starting materials. The
overall yields of M[CB;1Hj,] were up to 66-68%. M[B11H14] is commercially available and we first
screened different bases with K[B11Hj4] as substrate. The results showed that KH was the best
choice. Then, we examined different molar ratios of K[B11Hj4] to KH (Table 1). It was found that the
optimized ratio of K[B11Hj4] to KH to CF3SiMe; was 1:3:3 in the overall preparation of K[CB1;Hj;].

On the other hand, we attempted to synthesize Na[CB;1H;j,] under similar conditions but failed.
By using the same molar ratio of Na[B;1H;j4]:NaH:CF3SiMe3 = 1:3:3, no reaction was observed and
the starting material was monitored by 1B NMR spectroscopy. The reaction could not be observed
even if we increased the amount of NaH up to six times. These results indicated that NaH could
not abstract hydrogen from Na[B;1Hj4] to form the Nay[B;1Hj3] intermediate in this reaction. The
observation further revealed that the reaction of Na[B11H14] with NaH was different from that of
[Me3NH][B11H14] with NaH in which the deprotonation occurred. Thus, it was concluded that the
counter cation influenced the reactions of the salts of the [B11Hi4] ™ anion. Then, we examined the
reactivity of NaHMDS in this reaction in consideration with its strong basicity and good solubility
in organic solvent. However, when three equivalent NaHMDS were used instead of NaH in the
reaction, the decomposition of the boron cage was observed but no product was obtained. If only
one equivalent NaHMDS was used in the reaction, Na,[Bq1Hj3] was monitored by 118 NMR. Based
on these results, we speculated that NaHMDS could abstract hydrogen from Na[B;1H14] to form
Nay[B11Hj3], but NaHMDS would continually react with the formed Nay[By1H;3], resulting in a
decomposition to unidentified small boron cages. In considering that NaH can react with CF3SiMe;
to provide carbene:CF,, thus, we selected the combination of NaHMDS and NaH, and screened
the different molar ratios of Na[B1;Hy4] to NaHMDS to NaH (Table 2). After a series of screenings,
the 1:1:3:3 molar ratio of Na[B;;H4] to NaHMDS to NaH to CF;SiMes was used in the overall
preparation of Na[CBq;H;j,]. Furthermore, it is worth noting that when we examined DME as a
solvent, the yields were relatively higher than those in THEF, probably because the slight polarity
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of DME. Therefore, the reactions of sodium salts were carried out in DME, differentiating from the
reaction of potassium salts.

Table 1. Screening of the molar ratio of K[By1Hj4] to KH .

20 o
T 2K® 1 T K®
H H 6\
KH _‘_ CF3SiMe;
0°C 60 °C
K[B11H14]ZKH t/d Yield (%)
1 1:1 3 no product
2 1:2 3 58
3 1:3 3 66
4 1:4 3 65
5 1:5 3 64
6 1:6 3 66

@ reaction conditions: K[B11H14] (1 mmol), KH (1-6 mmol), CF3SiMe; (3 mmol) in THF.

Table 2. Screening of the molar ratio of Na[By;Hj4] to base .

Q 20
Na ® 2Na®
NaHMDS NaH, CF;SiMes
0°C 60 °C
Entry Na[B;1H14]:NaHMDS:NaH t/d Yield (%)

1 1:3:0 3 0b
2 1:1:0 3 0°
3 1:1:1 3 33
4 1:1:2 3 58
5 1:1:3 3 68
6 1:1:4 3 64
7 1:1:5 3 64
8 1:1:6 3 66

@ reaction conditions: Na[B11Hj4] (1 mmol), NaHMDS (1-3 mmol), NaH (0-6 mmol), CF3SiMes (3 mmol) in DME.
b NaBj1Hys degrade. ¢ NayBy1Hj3 was formed.

In summary, the highly pure potassium and sodium salts of the [CB;;Hj;] ™ anion can be directly
synthesized with M[B11Hj4] as starting materials (M = K, Na) (Figure 1) without converting the alkali
cation into amine by a cation exchange reaction. The 1B and ' B{'H} NMR spectra of the reaction
mixture indicated that the reaction highly selectively converted to the [CB11Hj,] ™ anion as shown in
Figure 1a,b,ef. These results make the purification of the crude product simple and efficient.
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Figure 1. HB(1H} and 1B NMR spectra: (a) crude reaction mixture of K[CB11Hj,] after 3 days of
heating at 60 °C (MB{IH} NMR); (b) crude reaction mixture of K[CB11Hj,] after 3 days of heating
at 60 °C (1'B NMR); (c) purified K[CB;;Hi,] in DMSO-dg (1'B{'H} NMR); (d) purified K[CB1;Hy,]
in DMSO-dg (1!B NMR); (e) crude reaction mixture of Na[CB;;Hj,] after 3 days of heating at 60 °C
(MB{IH} NMR); (f) crude reaction mixture of Na[CB;;Hjy] after 3 days of heating at 60 °C B
NMR); (g) purified Na[CB1;Hj,] in DMSO-dg ('B{'H} NMR); (h) purified Na[CBy;H;,] in DMSO-dg
(1B NMR).

4. Conclusions

We developed a simple and effective method to directly synthesize the unsolvated potassium
and sodium salts of the [CB;1H;j,] ™ anion in one step with 66-68% yields. Differentiating from the
previous synthesis of [CB11Hj2] ™ anion, this method avoided the exchange of cation and significantly
simplified the reaction procedure, thus enabling a convenient large-scale synthesis. It paves the way
for the application of K[CB;1Hj,] and Na[CB;;Hj;] in many fields such as in solid ionic conductors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12101339/s1, 'H, TH{!B}, 1B, 'B{'H}, 13C{'H} NMR spectra
copy of Na[CB11Hj,] and K[CBy;1Hj,], 'B-11B NMR spectra copy of K[CBy1Hy,].

Author Contributions: Synthesis and NMR spectroscopy studies, H.H.; synthesis, Y.-Y.W. and X.-C.Y,;
writing—original draft preparation, H.-H. and Y.-N.M.; writing—review and editing, Y.-N.M. and
X.C.; supervision, X.C.; project administration, X.C.; funding acquisition, X.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant numbers
22171246 and U1804253.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grimes, R.N. Carboranes, 3rd ed.; Elsevier: Oxford, UK, 2016; Chapter 9; pp. 283-502.

2. Knoth, WH. 1-BgHgCH™ and B11H11CH™. J. Am. Chem. Soc. 1967, 89, 1274-1275. [CrossRef]

3. Kim, K.C; Reed, C.A.; Elliott, D.W.; Mueller, L.].; Tham, E; Lin, L.; Lambert, ].B. Crystallographic evidence for a free silylium ion.
Science 2002, 297, 825-827. [CrossRef] [PubMed]

4. Reed, C.A. Carboranes: A New Class of Weakly Coordinating Anions for Strong Electrophiles, Oxidants, and Superacids. Acc.
Chem. Res. 1998, 31, 133-139. [CrossRef]

5. Klare, HET,; Albers, L.; Siisse, L.; Keess, S.; Miiller, T.; Oestreich, M. Silylium Ions: From Elusive Reactive Intermediates to Potent
Catalysts. Chem. Rev. 2021, 121, 5889-5985. [CrossRef]

6. Juhasz, M.; Hoffmann, S.; Stoyanov, E.; Kim, K.C.; Reed, C.A. The Strongest Isolable Acid. Angew. Chem. Int. Ed. 2004, 43,
5352-5355. [CrossRef]

7. Spokoyny, A.M.; Machan, C.W.; Clingerman, D.].; Rosen, M.S.; Wiester, M.].; Kennedy, R.D.; Stern, C.L.; Sarjeant, A.A.; Mirkin,
C.A. A coordination chemistry dichotomy for icosahedral carborane-based ligands. Nat. Chem. 2011, 3, 590-596. [CrossRef]


https://www.mdpi.com/article/10.3390/cryst12101339/s1
https://www.mdpi.com/article/10.3390/cryst12101339/s1
http://doi.org/10.1021/ja00981a048
http://doi.org/10.1126/science.1073540
http://www.ncbi.nlm.nih.gov/pubmed/12161650
http://doi.org/10.1021/ar970230r
http://doi.org/10.1021/acs.chemrev.0c00855
http://doi.org/10.1002/anie.200460005
http://doi.org/10.1038/nchem.1088

Crystals 2022, 12, 1339 70f7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kobr, L.; Zhao, K.; Shen, Y.; Shoemaker, R K.; Rogers, C.T.; Michl, J. Inclusion Compound Based Approach to Forming Arrays of
Artificial Dipolar Molecular Rotors: A Search for Optimal Rotor Structures. Adv. Mater. 2013, 25, 443-448. [CrossRef]
Armstrong, A.F; Valliant, ].E. The bioinorganic and medicinal chemistry of carboranes: From new drug discovery to molecular
imaging and therapy. Dalton Trans. 2007, 38, 4240-4251. [CrossRef]

Cho, Y.-J.; Kim, S.-Y.; Cho, M.; Han, W.-S.; Son, H.-J.; Cho, D.W,; Kang, S.O. Aggregation-induced emission of diarylamino-7-
carborane triads: Effects of charge transfer and m-conjugation. Phys. Chem. Chem. Phys. 2016, 18, 9702-9708. [CrossRef]

Carter, T.J.; Mohtadi, R.; Arthur, T.S.; Mizuno, F; Zhang, R.; Shirai, S.; Kampf, ].W. Boron Clusters as Highly Stable Magnesium-
Battery Electrolytes. Angew. Chem. Int. Ed. 2014, 53, 3173-3177. [CrossRef]

Murgia, F.; Brighi, M.; Piveteau, L.; Avalos, C.E.; Gulino, V.; Nierstenhofer, M.C.; Ngene, P.; de Jongh, P.; Cerny, R. Enhanced
Room-Temperature Ionic Conductivity of NaCB;Hj; via High-Energy Mechanical Milling. ACS Appl. Mater. Interfaces 2021, 13,
61346-61356. [CrossRef] [PubMed]

Dimitrievska, M.; Wu, H,; Stavila, V.; Babanova, O.A.; Skoryunov, R.V.; Soloninin, A.V.; Zhou, W.; Trump, B.A.; Andersson, M.S.;
Skripov, A.V,; et al. Structural and Dynamical Properties of Potassium Dodecahydro-monocarba-closo-dodecaborate: KCB1;Hjs.
J. Phys. Chem. C 2020, 124, 17992-18002. [CrossRef]

Guo, W.; Guo, C.; Ma, Y.N.; Chen, X. Practical Synthesis of B(9)-Halogenated Carboranes with N-Haloamides in Hexafluoroiso-
propanol. Inorg. Chem. 2022, 61, 5326-5334. [CrossRef] [PubMed]

Ma, Y.N.; Gao, Y.; Ma, Y.; Wang, Y; Ren, H.; Chen, X. Palladium-Catalyzed Regioselective B(9)-Amination of o-Carboranes and
m-Carboranes in HFIP with Broad Nitrogen Sources. J. Am. Chem. Soc. 2022, 144, 8371-8378. [CrossRef] [PubMed]

Wang, Y.; Gao, Y.; Guo, W.; Zhao, Q.; Ma, Y.N.; Chen, X. Highly selective electrophilic B(9)-amination of o-carborane driven by
HOTf and HFIP. Org. Chem. Front. 2022, 9, 4975-4980. [CrossRef]

Korbe, S.; Schreiber, PJ.; Michl, J. Chemistry of the Carba-closo-dodecaborate(—) Anion, CBj1Hj, ™. Chem. Rev. 2006, 106,
5208-5249. [CrossRef]

Douvris, C.; Michl, J. Update 1 of: Chemistry of the Carba-closo-dodecaborate(—) Anion, CB1;Hy; ™. Chem. Rev. 2013, 113,
PR179-PR233. [CrossRef]

Fisher, S.P; Tomich, A.W.; Lovera, S.0.; Kleinsasser, ].F.; Guo, J.; Asay, M.].; Nelson, H.M.; Lavallo, V. Nonclassical Applications
of closo-Carborane Anions: From Main Group Chemistry and Catalysis to Energy Storage. Chem. Rev. 2019, 119, 8262-8290.
[CrossRef]

Plesek, J.; Jelinek, T.; Drddkova, E.; HeFmanek, S.; Stibr, B. A Convenient Preparation of 1-CB1Hj, ™ and its C-Amion Derivatives.
Collect. Czech. Chem. C 1984, 49, 1561-1562. [CrossRef]

Franken, A.; Bullen, N.J.; Jelinek, T.; Thornton-Pett, M.; Teat, S.]J.; Clegg, W.; Kennedy, J.D.; Hardie, M.]. Structural chemistry of
halogenated monocarbaboranes: The extended structures of Cs[1-HCBgH4Brs5], Cs[1-HCB11H5Clg] and Cs[1-HCB;1HsBrg]. New
J. Chem. 2004, 28, 1499-1505. [CrossRef]

Franken, A.; King, B.T.; Rudolph, J.; Rao, P.; Noll, B.C.; Michl, J. Preparation of [closo-CB;1;H;,]~ by Dichlorocarbene Insertion
Into [nido-B11Hq4] . Collect. Czech. Chem. C 2001, 66, 1238-1249. [CrossRef]

Pecyna, J.; Roncevic, I.; Michl, ]. Insertion of Carbenes into Deprotonated nido-Undecaborane, By; H132*. Molecules 2019, 24, 3779.
[CrossRef]

Toom, L.; Kutt, A.; Leito, I. Simple and scalable synthesis of the carborane anion CBy1H1, ™. Dalton Trans. 2019, 48, 7499-7502.
[CrossRef]

Berger, A.; Buckley, C.E.; Paskevicius, M. Synthesis of closo-CB11Hj, ™ Salts Using Common Laboratory Reagents. Inorg Chem.
2021, 60, 14744-14751. [CrossRef] [PubMed]

Li, S.; Zhang, Y.; Ma, Y.; Qiu, P.; Chen, X. Improved and Scalable Synthesis of [Et;N][closo-1-CHBgHg]. Organomet 2021, 40,
3480-3485. [CrossRef]

Zhao, Q.; Dewhurst, R.D.; Braunschweig, H.; Chen, X. A New Perspective on Borane Chemistry: The Nucleophilicity of the B—H
Bonding Pair Electrons. Angew. Chem. Int. Ed. 2019, 58, 3268-3278. [CrossRef]

Li, H.; Ma, N.; Meng, W.; Gallucci, J.; Qiu, Y.; Li, S.; Zhao, Q.; Zhang, J.; Zhao, ].-C.; Chen, X. Formation Mechanisms, Structure,
Solution Behavior, and Reactivity of Aminodiborane. . Am. Chem. Soc. 2015, 137, 12406-12414. [CrossRef]

Chen, X.-M.; Ma, N.; Zhang, Q.-F; Wang, J.; Feng, X.; Wei, C.; Wang, L.-S.; Zhang, ]J.; Chen, X. Elucidation of the Formation
Mechanisms of the Octahydrotriborate Anion (B3Hg ™) through the Nucleophilicity of the B—H Bond. ]. Am. Chem. Soc. 2018, 140,
6718-6726. [CrossRef]

Chen, X.; Zhao, J.-C.; Shore, S.G. The Roles of Dihydrogen Bonds in Amine Borane Chemistry. Acc. Chem. Res. 2013, 46, 2666-2675.
[CrossRef]

Chen, X; Bao, X.; Zhao, ].-C.; Shore, S.G. Experimental and Computational Study of the Formation Mechanism of the Diammoniate
of Diborane: The Role of Dihydrogen Bonds. J. Am. Chem. Soc. 2011, 133, 14172-14175. [CrossRef]

Chen, X.; Zhao, ].-C.; Shore, S.G. Facile Synthesis of Aminodiborane and Inorganic Butane Analogue NH3;BH,NH,BH3. . Am.
Chem. Soc. 2010, 132, 10658-10659. [CrossRef] [PubMed]

Guo, Y.; Wang, R.-Y;; Kang, ].-X.; Ma, Y.-N.; Xu, C.-Q.; Li, J.; Chen, X. Efficient synthesis of primary and secondary amides via
reacting esters with alkali metal amidoboranes. Nat. Commun. 2021, 12, 5964. [PubMed]


http://doi.org/10.1002/adma.201203294
http://doi.org/10.1039/b709843j
http://doi.org/10.1039/C5CP07883K
http://doi.org/10.1002/anie.201310317
http://doi.org/10.1021/acsami.1c21113
http://www.ncbi.nlm.nih.gov/pubmed/34927409
http://doi.org/10.1021/acs.jpcc.0c05038
http://doi.org/10.1021/acs.inorgchem.2c00074
http://www.ncbi.nlm.nih.gov/pubmed/35311288
http://doi.org/10.1021/jacs.2c03031
http://www.ncbi.nlm.nih.gov/pubmed/35499359
http://doi.org/10.1039/D2QO00732K
http://doi.org/10.1021/cr050548u
http://doi.org/10.1021/cr400059k
http://doi.org/10.1021/acs.chemrev.8b00551
http://doi.org/10.1135/cccc19841559
http://doi.org/10.1039/B410929E
http://doi.org/10.1135/cccc20011238
http://doi.org/10.3390/molecules24203779
http://doi.org/10.1039/C9DT01062A
http://doi.org/10.1021/acs.inorgchem.1c01896
http://www.ncbi.nlm.nih.gov/pubmed/34514784
http://doi.org/10.1021/acs.organomet.1c00478
http://doi.org/10.1002/anie.201809733
http://doi.org/10.1021/jacs.5b08033
http://doi.org/10.1021/jacs.8b03785
http://doi.org/10.1021/ar400099g
http://doi.org/10.1021/ja203648w
http://doi.org/10.1021/ja104938v
http://www.ncbi.nlm.nih.gov/pubmed/20681690
http://www.ncbi.nlm.nih.gov/pubmed/34645807

	Introduction 
	Materials and Methods 
	Starting Materials 
	Synthesis of Na[CB11H12] 
	Synthesis of K[CB11H12] 

	Results and Discussion 
	Conclusions 
	References

