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Abstract: The preparation of novel nitrilium derivatives of closo-dodecaborate anion [B12H11NCR]−,
R = n-C3H7, i-C3H7, 4-C6H4CH3, 1-C10H7 is described. Target compounds were obtained in good
yields (up to 73%). The synthesis of target borylated nitrilium derivatives was characterised by
the simplicity of the chemical apparatus and the absence of the necessity for the purification of
desired compounds. The crystal structures of previously obtained [B12H11NCCH3]− and novel
[B12H11NCC3H7]− were established with the help of X-ray structure analysis. DFT-analysis of
several nitrilium derivatives [B12H11NCR]−, R = CH3, C3H7, 4-CH3C6H4 was carried out. The
main peculiarities of the C≡N bond of the exo-polyhedral substituent were revealed in terms of
bond lengths, bond orders and atomic charges. The LUMO orbitals of the systems considered
were examined for understanding of the electrophilic nature of the nitrilium derivatives of the
closo-dodecaborate anion.

Keywords: nitrilium derivative; closo-dodecaborate; crystal structure; DFT; bond order; LUMO;
Hirshfeld surface analysis

1. Introduction

The closo-dodecaborate anion [B12H12]2− is one of the most important chemical species
among boron cluster compounds [1,2]. This anion, as well as other closo-borates [BnHn]2−,
has a number of remarkable properties, such as high thermal and chemical stability, and low
toxicity [3–5]. Furthermore, closo-borate anions and their derivatives have many potential
applications in the design of catalytic systems [6–8], coordination compounds [9–11], solid
electrolytes [12–15] etc. The main application of boron cluster compounds, however, is
in medical research [16–21]. In addition, to the preparation of potential drugs for Boron
Neutron Capture Therapy (BNCT), intensive work has been carried out to investigate the
antiviral and antimicrobial properties of cluster-containing systems [22].

Derivatives of closo-borate anions with exo-polyhedral B-N bonds are the most inter-
esting, and most often studied, boron cluster compounds [23–25]. Initially, most interest
was focused on ammonium derivatives of closo-borate systems [BnHn−1NH3]− [26]. These
compounds can be easily modified by substituting the hydrogen atom of the NH3-group.
Various borylated alkylamines [2,27], amides [21,28], imines [29] and amidines [30] can be
prepared by such methods.

Nitrilium derivatives are another important class of cluster systems with exo-polyhedral
B-N bonds. Nitrilium derivatives of boron clusters contain a polarised N≡C bond and
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have similar chemical properties to transition metal complex compounds, with nitrile
ligands [31–33]. Nitrilium derivatives readily enter nucleophilic addition reactions. This
peculiarity enables nitrilium derivatives to be applied as a starting point for obtaining
different borylated systems. Various borylated imine amides, iminols, imidates, amidines,
including those based on amino acids, and oligopeptides have been obtained on the basis
of nitrilium derivatives [34,35].

Nitrilium derivatives have been obtained for closo-decaborate [36–40], cobalt bis-
dicarbolide [41–44] and nido-carborane systems [45–48]. Several approaches to the prepara-
tion of these systems have been established. All these approaches are based on electrophile-
induced nucleophilic substitution [31,49,50]. Several electrophilic inducers were used:
CF3COOH, CF3SO3H, HgCl2 and AlCl3 [51]. Depending on reaction conditions and in-
ducer nature, mono- or dinitrilium derivatives of cluster systems can be obtained.

In several works, nitrilium derivatives of closo-dodecaborate anions were prepared
[B12H11NCR]−, R = CH3, CH2CH3 [40,52] and different reaction protocols were applied. In
paper [52], the most optimal method was established. This method was based on obtaining
the target substances in a glass autoclave at an oil bath temperature above 150 ◦C. The
CF3COOH was used as an electrophilic inducer. In the present work, this approach was
extended to obtaining nitrile complexes [B12H11NCR]−, R = n-C3H7, i-C3H7, 4-C6H4CH3,
1-C10H7. The main goal of the current research was to establish the best conditions for the
obtaining derivatives, with both aliphatic and aromatic substituents. In addition, theoretical
investigation was devoted to the impact of boron clusters on the N≡C bond nature in
target derivatives.

2. Results
2.1. Synthesis of closo-Dodecaborate Nitrilium Derivatives

As previously stated, the main goal of the present research was to establish the best
conditions for the preparation of derivatives with both aliphatic and aromatic substituents.
The approach used was one that had been employed by the authors in previous research [52].
This process involved obtaining the target substances in a glass autoclave at an oil bath
temperature above 150 ◦C. The CF3COOH was used as an electrophilic inducer (Scheme 1).
As in the case of the acetonitrile derivative, the complete conversion of the initial salt of
closo-dodecaborate anion with tetrabutylammonium cations ((n-C4H9)4N)+ occurred in
about 30 min. Increasing the reaction time had a negative effect on the yield of the target
nitrile derivative due to formation of additional by-products such as carboxylic derivatives
of closo-dodecaborate anion.
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The completeness of the reaction was monitored using 11B NMR. As in the case of
[B12H11NCCH3]−, there were two signals observed in the spectra of the target compounds.
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A signal from the substituted boron atom lay in the range −12.0–−12.3 ppm; the signal
from unsubstituted boron atoms B(2-12) lay in the range −14.5–−15.2.

The yields of nitriles [B12H11NCR]− obtained were in the range of 69–73%, in all cases
except [B12H11NCR]− , R = C10H7 (yield = 36%). These values were lower than in the case of
[B12H11NCCH3]−, relating to the increasing solubility of [B12H11NCR]− in the mixture of
CH3COOH/CF3COOH, (this mixture was used for washing nitrilium products). In case of
[B12H11NCR]− , R = C10H7 the low yields is additionally related to the reduced nucleophilic
capacity of C7H10CN compared with other nitriles. The yields of the target products
were at an acceptable level and losses of target products were compensated by the ease of
their isolation.

Apart from 11B{H} NMR, the target closo-dodecaborate derivatives were characterised
using 1H and 13C{H} NMR, IR and ESI MS methods. In 1H NMR spectra, signals from the
tetrabutylammonium cation and a signal from the side R group of nitrilium derivatives
were observed.

In 13C{H} NMR spectra, tetrabutylammonium cation signals were observed at 59.4,
24.4, 20.2 and 13.9 ppm for (N(n-C4H9)4)+. Signals from carbon atoms of the nitrilium group
were in the interval 115.5–103.3 ppm in the case of nitrilium derivatives with aliphatic back-
bones R = n-C3H7, i-C3H7. These values were more positive than with [B12H11NCCH3]−.
In the case of borylated nitriles with aromatic backbones R = 1-C10H7, 4-C6H4CH3, signals
from carbon atoms of the nitrilium group were in the interval 103.3–104.2 ppm.

In the IR-spectra of [B12H11NCR]−, R = n-C3H7, i-C3H7, 4-C6H4CH3, 1-C10H7 there
were the two most significant absorption bands: from BH valence vibrations in the range
2490–2500 cm−1 and from CN valence vibrations in the range 2304–2338 cm−1.

The target derivatives can be obtained without complex purification procedures. All
derivatives obtained are stable in air and can be stored without specific conditions (such as
an argon atmosphere or a vacuum). Over time, these compounds experience no more than
slight hydrolysis processes of the nitrile group. These circumstances are additional advan-
tages of utilising [B12H11NCR]− as potential molecular species for various applications.

2.2. X-ray Analysis

The crystals for X-ray diffraction experiments were obtained by isothermal evapora-
tion of acetonitrile solutions of the corresponding derivative, in the presence of (C2H5)4NCl
in case of [B12H11NCCH3]− and (C6H5)4PCl in case of [B12H11NCC3H7]−. The crys-
tallographically independent part of the orthorhombic unit cell (space group Pbcn) of
((C2H5)4N)[B12H11NCCH3] salt contained the anion [B12H11NCCH3]−, which occupied
a common position, and two independent halves of the (C2H5)4N+ cation, on the second
order axis. The crystallographically independent part of the salt ((C6H5)4P)[B12H11NCn-
C3H7] triclinic unit cell (P-1) contained one (C6H5)4P+ cation and a [B12H11NCn-C3H7]−

anion each. The B-N bond length was 1.513(3) Å in compound 1 and 1.514(2) Å in salt 2;
the C≡N bond lengths were 1.136(3) Å and 1.135(2) Å, respectively. The BNC angles in the
compounds deviated slightly from unfolded and were 178.5(3)◦ and 174.4(2)◦, respectively.
The average B-N and C≡N bond lengths in the [B12H11NCR]− (R = CH3, n-C3H7) anions
were 1.514 Å and 1.128 Å (Figure 1).

In the crystal structure of compound 1a, cation-anion layers of [B12H11NCCH3]−

anions and (C2H5)4N+ cations were formed, parallel to the plane ab (Figure 2a). The
anions bound to each other in dimeric pairs by weak CH . . . HB(B) contacts were located
sequentially above each other along the a-axis. The cations and anions were also connected
by a network of weak CH . . . HB(B) interactions, which are shown as red spots on the
Hirschfeld surface of the anion (Figure 2b). H . . . H contacts accounted for 92.5% of the
anion surface, while H . . . C/C . . . H and H . . . N/N . . . H contacts accounted for 5.5%
and 2.0% of the anion surface, respectively.
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In the packing of compound 1b, the picture is similar to that of compound 1a: the
(C6H5)4P+ cations and [B12H11NCn-C3H7]− anions formed cation-anion layers parallel
to the ab plane, which were bonded together, due to weak CH . . . HB(B) interactions
(Figure 3a). The antiparallel [B12H11NCn-C3H7]− anions were similarly bonded by CH . . .
HB(B) contacts between the α-methylene groups of the exo-polyhedral substituent and the
boron backbone of the neighbouring anion (Figure 3b). The Hirshfeld surface fingerprint
plot analysis shows that the H . . . H contacts accounted for 88.7% of the anion surface,
whereas the H . . . C/C . . . H and H . . . N/N . . . H contacts accounted for 8.9% and 2.3%
of the anion surface, respectively.
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2.3. DFT Calculation

One of the main tasks of the present work was to reveal how the formation of the
complex with closo-dodecaborate anion affected the properties of the nitrile group. To inves-
tigate this phenomenon, several nitriles RCN, R = CH3, n-C3H7, 4-CH3C6H4 and nitrilium
derivatives [B12H11NCR]−, R = CH3, n-C3H7, 4-CH3C6H4 were chosen for theoretical study
(Figure 4). All DFT calculations were carried out both in the gas phase and considering
solvation effects.
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Firstly, the bond lengths of initial nitriles and borylated complexes were examined
(Table 1). It is worth noting that the CN bond lengths were practically the same in the
initial nitriles and their borylated analogues. For the estimation of bond orders, the Wiberg
and Mayer approaches were used (Table 1). With the Mayer approach, the values of bond
orders were higher than with the Wiberg approach. Both Wiberg and Mayer bond orders
slightly decreased during the formation of the complex. These changes indicated that the
nature of the interaction between nitrogen and carbon atoms had modified. The role of
electrostatic interaction between carbon and nitrogen atoms was increased. The carbon
atom of the nitrilium group of [B12H11NCR]− became much more positively charged than
the initial nitrile. This increase in positive charge also indicated that the carbon atom of
the nitrilium group should be much more easily attacked by nucleophile molecules. In
the case of CH3CN and CH2Cl2 solutions, mean values of carbon atomic charges were
higher than in the gas phase model. The nature of the R-substituent of [B12H11NCR]−,
R = CH3, n-C3H7, 4-CH3C6H4 had a slight effect on the values of the bond lengths and
atomic charges.

The increase in electrophilicity can also be correlated with the energy of LUMO (lowest
unoccupied orbital). The carbon atom of the nitrilium group makes the largest contribution
to LUMO orbitals. As can be seen from the data obtained for the gas phase, the LUMO of
[B12H11NCR]− had more positive values of energies than the initial nitriles. When solvation
effects were taken into account, the opposite was true. The ratio of LUMO energies explains
the much greater reactivity of activated nitriles. This pattern was common to all nitriles
considered and their derivatives [B12H11NCR]−. The value of LUMO for [B12H11NC(4-
C6H4CH3)]− was less positive than for [B12H11NCR]− , R = CH3, n-C3H7. In addition,
the shape of LUMO for [B12H11NC(4-C6H4CH3)]− was quite different to [B12H11NCR]−,
R = CH3, n-C3H7 (Figure 5). In addition to the carbon atom of the nitrilium group, atoms
from the benzene ring also made a significant contribution to LUMO.
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Table 1. Main considered descriptors of nitriles RCN, R = CH3, C3H7, CH3C6H4 and nitrilium
derivatives [B12H11NCR]−, R = CH3, C3H7, CH3C6H4.

Molecular Species Phase C≡N Bond
Length, Å

Wiberg
Bond Index

Mayer
Bond Index C- Charge LUMO,

eV

CH3CN

Gas 1.15 2.91 3.05 0.28 2.85

CH3CN 1.15 2.88 3.04 0.36 3.22

CH2Cl2 1.15 2.88 3.04 0.35 3.21

[B12H11NCCH3]−
Gas 1.14 2.66 2.78 0.50 3.67

CH3CN 1.14 2.60 2.67 0.66 1.68

CH2Cl2 1.14 2.61 2.69 0.64 1.84

C3H7CN

Gas 1.15 2.92 3.06 0.36 2.53

CH3CN 1.15 2.88 3.05 0.29 2.85

CH2Cl2 1.15 2.89 3.06 0.35 2.83

[B12H11NCC3H7]−
Gas 1.14 2.66 2.76 0.51 3.55

CH3CN 1.14 2.60 2.68 0.66 1.55

CH2Cl2 1.14 2.61 2.69 0.64 1.72

CH3C6H4CN

Gas 1.15 2.88 3.04 0.28 0.48

CH3CN 1.15 2.85 3.03 0.35 0.61

CH2Cl2 1.15 2.86 3.03 0.34 0.60

[B12H11NCC6H4CH3]−
Gas 1.14 2.62 2.71 0.49 1.51

CH3CN 1.14 2.57 2.62 0.63 −0.04

CH2Cl2 1.14 2.58 2.64 0.62 0.08
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The increased reactivity of borylated nitriles compared with initial nitriles is a well-
known and established fact, which can be explained in terms of changes in the nature of the
CN chemical bond upon formation of the target complex. In the case of nitrilium derivatives,
the CN bond has a more ionic nature than that of initial nitriles. In addition, a change in
the energy of the LUMO orbital during the formation of the nitrilium complex also plays a
significant role. The decrease in LUMO energy during complex formation provides greater
reactivity with nucleophile molecules. These effects are, however, characteristic only when
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solvent influence is taken into account. In the gas phase, uncoordinated nitriles have lower
positive LUMO values than cluster derivatives.

3. Materials and Methods
3.1. IR Spectra

IR spectra of the compounds were recorded on an Infralum FT-08 IR Fourier spec-
trophotometer (NPF Lumex AP) in the region 400–4000 cm−1, with a resolution of 1 cm−1.
Samples were prepared as thin film in CH2Cl2.

3.2. NMR Spectra
1H, 13C{H} and 11B{H} NMR spectra of solutions of the studied substances in CD3CN

or CD2Cl2 were recorded on a Bruker MSL-300 pulsed Fourier spectrometer (Germany), at
frequencies of 300.3, 75.49 and 96.32 MHz, respectively, with internal deuterium stabilisa-
tion. Tetramethylsilane or boron trifluoride ether was used as the external standard.

3.3. Electrospray Ionisation Mass Spectrometry (ESI-MS)

The LC system consisted of two LC-20AD pumps (Shimadzu, Japan) and an au-
tosampler was coupled online with an LCMS-IT-TOF mass spectrometer equipped with
an electrospray ionisation source (Shimadzu, Japan), The HRMS spectra were acquired
in direct injection mode without column. The samples were prepared as CH3CN solu-
tions. Detection parameters: Detector Voltage 1.55 kV; Nebulising Gas 1.50 L/min; CDL
Temperature 200.0 ◦C.

3.4. X-ray Diffraction

The single-crystal X-ray diffraction data for 1 and 2 were collected using a three-
circle Bruker D8 Venture (Centre of Joint Equipment of Kurnakov Institute of General
and Inorganic Chemistry, Russian Academy of Sciences), in ϕ and ω scan mode. The
data were indexed and integrated using the SAINT program [No Title. Bruker, SAINT,
Bruker AXS Inc., Madison, WI, 2018.]. Absorption correction based on measurements
of equivalent reflections (SADABS) was applied [53]. The structures were determined
by direct methods and refined using the full-matrix least squares technique on F2 with
anisotropic displacement parameters for non-hydrogen atoms. The hydrogen atoms in all
compounds were placed in calculated positions and refined with the riding model with
fixed isotropic displacement parameters [Uiso(H) = 1.5Ueq(C) for the CH3-groups and
1.2Ueq(C) for the other groups].

All calculations were carried out using the SHELXTL program [54] and OLEX2 pro-
gram package [55]. For details, see Table S1 (Electronic Supporting Information).

The crystallographic data were deposited with the Cambridge Crystallographic Data
Center, CCDC 2206019–2206020. Copies of this information may be obtained, free of charge,
from the Director, CCDC, 12 Union Road, Cambridge CHB2 1EZ, UK (Fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk or www.ccdc.cam.ac.uk).

As it stated previously the crystals for X-ray diffraction experiments were obtained
by isothermal evaporation of acetonitrile solutions of the corresponding derivative, in the
presence of (C2H5)4NCl or (C6H5)4PCl.

3.5. Hirshfeld Surface Analysis

The Crystal Explorer 17.5 program was [56] used to analyse the interactions within
the crystal. The donor–acceptor groups were visualised using a standard (high) surface
resolution and dnorm surfaces were mapped over a fixed colour scale of −0.640 (red) to
0.986 (blue) a.u.

3.6. Computational Details

DFT calculations were made using the ORCA 4.2.1 program package [57]. Geometries
of all model structures were fully optimised at the ωB97X-D3/def2-TZVPP level of the-

www.ccdc.cam.ac.uk
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ory [56,58]. All calculations were performed using the RIJCOSX approximation with the
def2/J auxiliary basis set [59]. Tight criteria of SCF convergence (Tight SCF) were employed
for the calculations. the keywords Grid5 FinalGrid6 GridX5 were used as parameters for
the spatial integration grid All of the nitrilium derivatives considered had closed electron
shells and the spin restricted approximation was applied. During the geometry optimisa-
tion procedure, symmetry operations were not applied for the structures considered. The
Hessian matrices were calculated numerically for all model structures, to prove the location
of correct minima on potential energy surfaces; (in all cases, no imaginary frequencies were
found). Solvent effects were taken into account using the Solvation Model based on Density
(SMD) [60]. The natural bond orbital (NBO) method (for calculation of Wiberg bond indices
in Natural Atomic Orbitals) was employed using the NBO7 program package [61]. The
Cartesian atomic coordinates for all optimised model structures of nitrlium derivatives of
closo-dodecaborate anion are presented in the Supporting Information. The visualisation
of optimised structures and their LUMO was performed with the help of the ChemCraft
program (version 1.7) [62].

Solvents of reagent and special purity grades Sigma-Aldrich and Panreac (99.7%),
were used without any additional purification.

3.7. Synthesis of Nitrilium Derivatives of the closo-Dodecaborate Anion [B12H11NCR]− R=CH3,
n-C3H7, i-C3H7, 4-C6H4CH3, 1-C10H7

((n-C4H9)4N)[B12H11(NCCH3)] (1a) was prepared by the known procedure [52]. 0.313 g
(0.5 mmol) of ((n-C4H9)4N)2[B12H12] were dissolved in 10 mL of acetonitrile CH3CN. The
solution was placed in a glass pressure vessel, it was purged with argon and then 0.3 mL
trifluoroacetic acid CF3COOH was added. The reaction solution was heated to 150 ◦C.
After 30 min of heating, the solution was cooled to room temperature and concentrated in
a rotary evaporator. To this solution, 15 mL of glacial acetic acid CH3COOH was added.
The precipitate was filtered through a glass filter and washed with 30 mL glacial acetic acid
and 30 mL diethyl ether. The product was dried in vacuo. Yield: 76%.

((n-C4H9)4N)[B12H11(NCn-C3H7)] 1b
The method used was similar to 1a. Yield: 73%. 11B{H} NMR (ppm, CD2Cl2): −12.3

(s. 1B. B-N), −15.0 (s. 11B, B-H). 1H NMR (CD2Cl2. ppm): 2.5–0.0 (m. 11H, B-H), 3.15 (8H,
(n-C4H9)4N), 1.61 (8H, (n-C4H9)4N), 1.45 (8H, (n-C4H9)4N), 1.01 (12H, (n-C4H9)4N), 2.87
(t. 2H, CH2CH2CH3. J = 7.0 Hz), 1.78 (m. 2H, CH2CH2CH3), 1.03(t. 3H, CH2CH2CH3

J = 7.4 Hz). 13C{H} NMR (CD2Cl2. ppm): 59.4 ((n-C4H9)4N), 24.4 ((n-C4H9)4N), 20.2
((n-C4H9)4N), 13.9 (NBu4), 113.2 (NC-CH3), 20.6 (CH2CH2CH3), 18.9 (CH2CH2CH3), 13.3
(CH2CH2CH3). IR(CH2Cl2.cm−1): 2493 ν(B-H), 2338 ν(C≡N). MS(ESI) m/z: 210.2651 (A
refers to the molecular weight of [B12H11(NCn-C3H7)]. Calculated for {[A]-} 210.2629).

((n-C4H9)4N)[B12H11(NCi-C3H7)] 1c
The method used was similar to 1a. Yield: 69%.
11B{H} NMR (CD2Cl2. ppm): −12.0 (s. 1B. B-N), −15.2 (s. 11B. B-H). 1H NMR (ppm,

CD2Cl2): 2.5–0.0 (m. 11H. B-H), 3.15 (8H. (n-C4H9)4N), 1.61 (8H. (n-C4H9)4N), 1.45 (8H.
(n-C4H9)4N), 1.01 (12H. (n-C4H9)4N), 3.28 (m. 1H. CH(CH3)2 J = 7.0 Hz), 1.38 (d. 6H.
CH(CH3)2. J = 7.0 Hz). 13C{H} NMR (CD2Cl2. ppm): 59.4 ((n-C4H9)4N), 24.4 ((n-C4H9)4N),
20.2 ((n-C4H9)4N), 13.9 ((n-C4H9)4N), 115.5 (NC-CH3), 21.7 (CH(CH3)2), 18.3 (H(CH3)2),
IR(CH2Cl2.cm−1): 2499 ν(B-H), 2338 ν(C≡N). MS(ESI) m/z: 210.2623 (A refers to the
molecular weight of [B12H11(NCi-C3H7)]. Calculated for {[A]-} 210.2629).

((n-C4H9)4N)[B12H11(NCC6H4CH3)] 2a
A mixture of 0.313 g (0.5 mmol) of ((n-C4H9)4N)2[B12H12], and 5 g of NCC6H4CH3,

was placed in an autoclave and then heated until melting in an argon stream. To the melt,
0.2 mL of CF3COOH was added. The autoclave was heated to 150 ◦C and then kept for
30 min. The solution was cooled until crystallisation. The resulting solid mixture was
transferred into a round-bottom flask and the excess nitrile was distilled off in a vacuum.
The product obtained was dissolved in 5 mL of CH3COOH/CF3COOH mixture and left
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for two hours. The resulting product was filtered off, washed with two portions of an acid
mixture, 20 mL of cold diethyl ether, and dried in vacuo. The yield was 69%.

11B{H} NMR (ppm, CD2Cl2): −12.2 (s. 1B. B-N),−14.5 (s. 11B. B-H), 1H NMR (CD2Cl2.
ppm): 2.5–0.0 (m. 11H. B-H), 3.16 (8H. (n-C4H9)4N), 1.64 (8H. (n-C4H9)4N), 1.43 (8H.
(n-C4H9)4N), 1.01 (12H, (n-C4H9)4N), 7.76 (d. 2H. C6H4 J = 7.9 Hz), 7.43 (d. 2H, C6H4

J = 8.1 Hz), 2.49 (s. 3H, CH3). 13C{H} NMR (CD2Cl2. ppm): 59.5 ((n-C4H9)4N), 24.5
((n-C4H9)4N), 20.2 ((n-C4H9)4N), 13.9 ((n-C4H9)4N), 149.4, 134.3, 131.2 108.8 (C6H4), 103.3
(N≡C), 22.7 (CH3). IR(CH2Cl2.cm−1): 2500 ν(B-H), 2305 ν(C≡N), 1600 ν(C=C). MS(ESI)
m/z: 258.2666 (A refers to the molecular weight of [B12H11(NCC6H4CH3)]. Calculated for
{[A]-} 258.2629).

((n-C4H9)4N)[B12H11(NC(1-C10H7))] 2b
The method used was similar to 2a. Yield: 36 %.
11B{H} NMR (CD3CN. ppm): −12.2 (s. 1B, B-N), -14.8 (s. 11B, B-H), 1H NMR (CD3CN.

ppm): 2.5–0.0 (m. 11H. B-H), 3.05 (8H. (n-C4H9)4N), 1.61 (8H. (n-C4H9)4N), 1.34 (8H. (n-
C4H9)4N), 0.94 (12H. (n-C4H9)4N), 8.5–7.5 (m. 7H, C10H7). 13C{H} NMR (CD3CN. ppm):
54.1 ((n-C4H9)4N), 26.4 ((n-C4H9)4N), 20.6 ((n-C4H9)4N), 14.0 ((n-C4H9)4N), 138.6, 137.6,
134.6, 134.1 133.8, 131.5, 130.7, 129.5, 126.5, 124.6 (C10H7), 104.2 (N≡C). IR(CH2Cl2.cm−1):
2502 ν(B-H), 2304 ν(C≡N), 1623, 1506 ν(C=C). MS(ESI) m/z: 294.2643 (A refers to the
molecular weight of [B12H11(NCC10H7)]]. Calculated for {[A]-} 294.2629).

4. Conclusions

The present work featured a complex investigation of nitrilium derivatives of closo-
dodecaborate anion [B12H11NCR]−, R = n-C3H7, i-C3H7, 4-C6H4CH3, 1-C10H7. The range
of nitrilium derivatives of closo-dodecaborate anions was expanded, including derivatives
with exo-polyhedral substituents with aromatic backbones. The target derivatives could be
obtained without complex purification procedures. All derivatives obtained were stable
in air and could be stored without specific conditions (such as an argon atmosphere or
vacuum conditions). Simplicity of purification and storage makes nitrilium derivatives of
closo-dodecaborate anion [B12H11NCR]− promising as a starting platform for the formation
of inorganic systems with various useful applications, including use in biomedicine. The
increased reactivity of borylated nitriles in comparison with initial nitriles was explained
with the help of DFT calculation. The carbon atom of the nitrilium group of [B12H11NCR]−

became much more positively charged than the initial nitrile. This increase in positive
charge also indicates that the carbon atom of the nitrilium group should be much more
easily attacked by nucleophile molecules. In addition, the energies of the LUMO orbitals
drastically change during the formation of the nitrilium complex. The decrease in LUMO
energy during complex formation provides greater reactivity with nucleophile molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10110196/s1, Figure S1: 11B{1H} NMR spectrum
(Bu4N)[B12H11(NCnC3H7)] 1a; Figure S2: 1H NMR spectrum (Bu4N)[B12H11(NCnC3H7)] 1a;
Figure S3: 13C NMR spectrum (Bu4N)[B12H11(NCnC3H7)] 1a; Figure S4: ESI-MS spectrum
(Bu4N)[B12H11(NCnC3H7)] (negative area) 1a; Figure S5: 11B{1H} NMR spectrum
(Bu4N)[B12H11(NCiC3H7)] 1b; Figure S6: 1H NMR spectrum (Bu4N)[B12H11(NCiC3H7)]
1b; Figure S7: 13C NMR spectrum (Bu4N)[B12H11(NCiC3H7)] 1b; Figure S8: ESI-MS spectrum
(Bu4N)[B12H11(NCiC3H7)] (negative area) 1b; Figure S9: 11B{1H} NMR spectrum
(Bu4N)[B12H11(NCC6H4CH3)] 2a; Figure S10: 1H NMR spectrum (Bu4N)[B12H11(NCC6H4CH3)]
2a; Figure S11: 13C NMR spectrum (Bu4N)[B12H11(NCC6H4CH3)] 2a; Figure S12: ESI-MS
spectrum (Bu4N)[B12H11(NCC6H4CH3)] (negative area) 2a; Figure S13: 11B{1H} NMR spectrum
(Bu4N)[B12H11(NCC10H7)] 2b; Figure S14: 1H NMR spectrum (Bu4N)[B12H11(NCC10H7)] 2b;
Figure S15: 13C NMR spectrum (Bu4N)[B12H11(NCC10H7)] 2b; Figure S16: ESI-MS spectrum
(Bu4N)[B12H11(NCC10H7)] (negative area) 2b; Table S1 Cartesian atomic coordinates of the cal-
culated optimized equilibrium model structures. All coordinates are given in Angstrom units.
Optimized equilibrium model structures in gas phase; Table S2 Cartesian atomic coordinates of the
calculated optimized equilibrium model structures. All coordinates are given in Angstrom units.
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Optimized equilibrium model structures in dichloromethane; Table S3 Cartesian atomic coordinates
of the calculated optimized equilibrium model structures. All coordinates are given in Angstrom
units. Optimized equilibrium model structures in acetonitrile; Table S4 Crystal data and structure
refinement for 1a and 1b.
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44. El Anwar, S.; Růžičková, Z.; Bavol, D.; Fojt, L.; Grüner, B. Tetrazole Ring Substitution at Carbon and Boron Sites of the Cobalt
Bis(Dicarbollide) Ion Available via Dipolar Cycloadditions. Inorg. Chem. 2020, 59, 17430–17442. [CrossRef] [PubMed]

45. Stogniy, M.Y.; Erokhina, S.A.; Suponitsky, K.Y.; Anisimov, A.A.; Sivaev, I.B.; Bregadze, V.I. Nucleophilic Addition Reactions to the
Ethylnitrilium Derivative of Nido -Carborane 10-EtCN-7,8-C2B9H11. New J. Chem. 2018, 42, 17958–17967. [CrossRef]

46. Stogniy, M.Y.; Erokhina, S.A.; Suponitsky, K.Y.; Markov, V.Y.; Sivaev, I.B. Synthesis and Crystal Structures of Nickel(II) and
Palladium(II) Complexes with o-Carboranyl Amidine Ligands. Dalt. Trans. 2021, 50, 4967–4975. [CrossRef] [PubMed]

47. Stogniy, M.Y.; Erokhina, S.A.; Anisimov, A.A.; Suponitsky, K.Y.; Sivaev, I.B.; Bregadze, V.I. 10-NCCH2CH2OCH2CH2C N-7,8-
C2B9H11: Synthesis and Reactions with Various Nucleophiles. Polyhedron 2019, 174, 114170. [CrossRef]

48. Stogniy, M.Y.; Bogdanova, E.V.; Anufriev, S.A.; Sivaev, I.B. Synthesis of New Rhodacarborane [3,3-(1′,5′-COD)-8-PrNH=C(Et)NH-
3,1,2-RhC2B9H10]. Russ. J. Inorg. Chem. 2022, 67, 1537–1544. [CrossRef]

49. Calligaro, L.; Michelin, R.A.; Uguagliati, P. Mechanism of Nucleophilic Attack by Secondary Anilines on the Nitrile Group in
Platinum(II) Ortho-Cyanobenzyl Complexes. Inorg. Chim. Acta 1983, 76, L83–L87. [CrossRef]

50. Uguagliati, P.; Belluco, U.; Michelin, R.A.; Guerriero, P. Reactions of Coordinated Nitriles. I. Mechanism of Formation of Amidino
Complexes of Attack of Primary Anilines of Pt(II) Ortho-Cyanobenzyl Complexes. Inorg. Chim. Acta 1984, 81, 61–67. [CrossRef]

51. Ezhov, A.V.; Vyal’ba, F.Y.; Kluykin, I.N.; Zhdanova, K.A.; Bragina, N.A.; Zhdanov, A.P.; Zhizhin, K.Y.; Mironov, A.F.; Kuznetsov,
N.T. Synthesis of New Bioinorganic Systems Based on Nitrilium Derivatives of Closo-Decaborate Anion and Meso-Arylporphyrins
with Pendant Amino Groups. Macroheterocycles 2017, 10, 505–509. [CrossRef]

52. Nelyubin, A.V.; Selivanov, N.A.; Bykov, A.Y.; Klyukin, I.N.; Novikov, A.S.; Zhdanov, A.P.; Karpechenko, N.Y.; Grigoriev, M.S.;
Zhizhin, K.Y.; Kuznetsov, N.T. Primary Amine Nucleophilic Addition to Nitrilium Closo-Dodecaborate [B12H11NCCH3]−: A
Simple and Effective Route to the New BNCT Drug Design. Int. J. Mol. Sci. 2021, 22, 13391. [CrossRef] [PubMed]

53. Krause, L.; Herbst-Irmer, R.; Sheldrick, G.M.; Stalke, D. Comparison of Silver and Molybdenum Microfocus X-Ray Sources for
Single-Crystal Structure Determination. J. Appl. Crystallogr. 2015, 48, 3–10. [CrossRef] [PubMed]

54. Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
55. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement

and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339–341. [CrossRef]
56. Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to

Rn: Design and Assessment of Accuracy. Electronic Supplementary Information (ESI). Phys. Chem. Chem. Phys. 2005, 7, 3297–3305.
[CrossRef]

57. Neese, F. The ORCA Program System. WIREs Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
58. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parametrization of Density Functional

Dispersion Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]
59. Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef]
60. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum

Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396.
[CrossRef]

61. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, J.E.; Bohmann, J.A.; Morales, C.M.; Karafiloglou, P.; Landis, C.R.;
Weinhold, F. NBO 7.0: Natural Bond Orbital Analysis Program; University of Wisconsin: Madison, WI, USA, 2018.

62. Chemcraft-Graphical Software for Visualization of Quantum Chemistry Computations. Available online: https://www.
chemcraftprog.com (accessed on 16 September 2022).

http://doi.org/10.1039/D0NJ03017A
http://doi.org/10.1021/acs.inorgchem.0c02719
http://www.ncbi.nlm.nih.gov/pubmed/33197177
http://doi.org/10.1039/C8NJ04192J
http://doi.org/10.1039/D1DT00373A
http://www.ncbi.nlm.nih.gov/pubmed/33877195
http://doi.org/10.1016/j.poly.2019.114170
http://doi.org/10.1134/S0036023622600848
http://doi.org/10.1016/S0020-1693(00)81464-4
http://doi.org/10.1016/S0020-1693(00)88736-8
http://doi.org/10.6060/mhc171254z
http://doi.org/10.3390/ijms222413391
http://www.ncbi.nlm.nih.gov/pubmed/34948186
http://doi.org/10.1107/S1600576714022985
http://www.ncbi.nlm.nih.gov/pubmed/26089746
http://doi.org/10.1107/S2053229614024218
http://doi.org/10.1107/S0021889808042726
http://doi.org/10.1039/b508541a
http://doi.org/10.1002/wcms.81
http://doi.org/10.1063/1.3382344
http://doi.org/10.1039/b515623h
http://doi.org/10.1021/jp810292n
https://www.chemcraftprog.com
https://www.chemcraftprog.com

	Introduction 
	Results 
	Synthesis of closo-Dodecaborate Nitrilium Derivatives 
	X-ray Analysis 
	DFT Calculation 

	Materials and Methods 
	IR Spectra 
	NMR Spectra 
	Electrospray Ionisation Mass Spectrometry (ESI-MS) 
	X-ray Diffraction 
	Hirshfeld Surface Analysis 
	Computational Details 
	Synthesis of Nitrilium Derivatives of the closo-Dodecaborate Anion [B12H11NCR]- R=CH3, n-C3H7, i-C3H7, 4-C6H4CH3, 1-C10H7 

	Conclusions 
	References

