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Abstract: The complexation reactions of nido-carboranyl amidine 10-PrNHC(Et)=HN-7,8-C2B9H11

with different nickel(II) phosphine complexes such as [(PR2R’)2NiCl2] (R = R’ = Ph, Bu; R = Me,
R’ = Ph) were investigated. As a result, a series of novel half-sandwich nickel(II) π,σ-complexes
[3-R’R2P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] with the coordination of the carborane and
amidine components was prepared. The acidification of obtained complexes with HCl led to the
breaking of the Ni-N bond with formation of nickel(II) π-complexes [3-Cl-3-R’R2P-8-PrNH=C(Et)NH-
closo-3,1,2-NiC2B9H10]. The crystal molecular structure of [3-Ph3P-3-(8-PrN=C(Et)NH)-closo-3,1,2-
NiC2B9H10] was determined by single crystal X-ray diffraction.

Keywords: boron chemistry; nido-carborane; nitrilium derivatives; nickel(II) half-sandwich
complexes; synthesis; structure

1. Introduction

The dicarbollide dianion [7,8-C2B9H11]2−, which is the deprotonated form of 7,8-
dicarba-nido-undecaborate anion [7,8-C2B9H12]− (nido-carborane), is known as the inor-
ganic isolobal analogue of the cyclopentadienyl ligand. This makes it the perfect building
block in complexation reactions with a wide range of transition metals [1–3]. The possibility
to substitute hydrogen atoms at the carbon and boron vertices of the carborane cage with
various functional groups [4] makes it possible to vary the properties of ligands based on
nido-carborane by combining the properties of the nido-carborane nest with the properties
of an exo-polyhedral substituent. One of the most interesting and promising tasks in this
area is the synthesis of heterobifunctional nido-carborane-based ligands, that can give a
firm bound to capture the metal center along with a weak bond, temporarily protecting
a metal coordination site. This allows users to obtain labile complexes of transitional
metal representing a promising new type of catalysts [5–10] and molecular switches [11,12].
There are several examples of such stable metal complexes based on nido-carborane with
a side substituent coordinated through oxygen or nitrogen [5–8,13–15]. The utility of
such bifunctional ligand systems with the nitrogen donor atom in the side chain has been
demonstrated by the complexation of [7-Me2NCH2-7,8-C2B9H11]- with metals such as
nickel [16], iron [17], rhuthenium [17], titanium, zirconium, and hafnium [18,19]. In all
cases, the intramolecular coordination of the dimethylamino group of the side substituent
with the complexing metal was observed. The possibility of disrupting this coordination in
the nickel(II) complexes by displacing the amino group with other soft ligands, such as
triethylphosphine or tert-butylisocyanide, has been shown [16].

Earlier, we prepared a series of nido-carborane-based amidines 10-R(CH2)nNHC(Et)=HN-
7,8-C2B9H11 using the reaction of nucleophilic addition of amines to the 10-propionitrilium
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derivative of nido-carborane [20]. Therefore, it was of interest to study the possibility
of using obtained amidines in the complexation reactions, where nido-carborane itself
represents a firm π-acceptor and amidine nitrogen can act as an intramolecular protecting
group. In this contribution we report synthesis of a series of new metallacarboranes by the
reactions of nido-carborane-based amidine 10-PrNHC(Et)=HN-7,8-C2B9H11 with nickel(II)
phosphine complexes [(R2R’P)2NiCl2].

2. Results and Discussion

Recently, we have shown the ease and simplicity of the modification of the nido-carborane
moiety via nucleophilic addition reactions of various nucleophiles to the highly activated
nitrilium group -N+≡C-R attached to the cluster [20–22]. The nucleophilic addition of
aliphatic and aromatic amines to the 10-propionitrilium derivative of nido-carborane (10-
EtC≡N-7,8-C2B9H11) leads to the formation of compounds that are a combination of
the nido-carborane nest with the amidine fragment [20]. This promises the possibility of
synthesizing complexes with simultaneous coordination of the carborane and amidine com-
ponents. For our study we chose amidine 10-PrNHC(Et)=HN-7,8-C2B9H11 (1) prepared by
the nucleophilic addition of propyl amine to 10-EtC≡N-7,8-C2B9H11. For the complexation
reactions, we used nickel(II) phosphine complexes [(R2R’P)2NiCl2] with ligands having
different steric parameters (Tolman cone angles, θ)—R2R’P = Me2PhP (θ = 122◦), PBu3
(θ = 132◦), PPh3 (θ = 145◦) [23].

The addition of nickel(II) phosphine complexes [(PR2R’)2NiCl2] (R = R’ = Ph, Bu;
R = Me, R’ = Ph) to a solution of the deprotonated amidine 1 in tetrahydrofuran at ambient
temperature immediately led to a color change of the reaction mixtures color from pale yel-
low to dark red. Monitoring the progress of the reactions using thin layer chromatography
showed that complexation occurs very quickly and is completed within 5-10 minutes. The
column chromatography purification gave the corresponding π,σ-complexes [3-R2R’P-3-(8-
PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] (R = R’ = Ph (2), R = Me, R’ = Ph (3) and R = R’ = Bu
(4)) in 80–83% yields (Scheme 1).

Scheme 1. Synthesis of nickelacarboranes 2–4 and 5–7.

The initial analysis of the proposed structure of complexes 2–4 was carried out using
standard methods of NMR and IR spectroscopy and mass spectrometry. The 1H NMR
spectra of complexes 2-4 demonstrated the presence of only one NH signal of the ami-
dine substituent in the region of 5.04–5.53 ppm, as well as the absence of signals of the
nido-carborane B-H-B bridge, suggesting that nickel was coordinated both by the pentag-
onal face of the carborane ligand and by one atom nitrogen of the amidine group. The
pattern of the 11B NMR spectra of complexes 2–4 is characteristic for metallacarboranes
and consists of one singlet at ~4.0 ppm from the substituted boron atom and a set of four
(complex 2) or five (complexes 3 and 4) doublets in the region from −11.2 to −27.4 ppm
with total integral ratio of 1:2:3:2:1 (for 2) and 1:2:2:1:2:1 (for 3 and 4). The 1H NMR spectra
of complexes 2-4 also indicated the presence of a single phosphine ligand, while its 13C
NMR spectra demonstrated the characteristic splitting of signals from aromatic and/or
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aliphatic groups of phosphine ligands. In the 31P NMR spectra, the signals of phosphine
ligands appeared at 29.3 ppm for 2, at −2.6 ppm for 3 and at 11.9 ppm for 4. Such chemical
shifts were in good agreement with the data for similar phosphine complexes of other
transitional metals [24].

In the IR spectra of complexes 2–4, the NH stretching bands were observed in the
region of 3447–3244 cm−1, whereas the BH stretching bands appeared at ~2530 cm−1. The
bands corresponding to the N=C bond were at ~1635 cm−1 for 2 and 3, and at 1622 cm−1

for 4. The mass spectra of complexes demonstrated only peak envelopes corresponding to
molecular picks of the supposed structures of complexes 2–4.

The suggested structures of complexes 2–4 were confirmed by single crystal X-ray
diffraction study on complex 2 (Figure 1).

Figure 1. General view of the nickel(II) complex [3-Ph3P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10]
(2). Thermal ellipsoids are given at 50% probability level. Shortened contacts are shown by
dashed lines.

The crystals of complex 2 suitable for X-ray analysis were obtained by slow evap-
oration from chloroform/hexane (3:1) solution. The nickel atom in the structure of 2
is approximately centered over the pentagonal face of the dicarbollide ligand with the
Ni-C2B3 centroid distance of 1.526(2) Å. This is close to the distance found in a simi-
lar complex [3-Ph3P-3-(8-MeOCH2CH2N=C(Et)NH)-3,1,2- NiC2B9H10] (2*) which differs
only by a substituent at the N2 atom (1.533 Å) [25] and noticeably longer than in [3-
Ph3P-3-(1-Me2NCH2)-closo-3,1,2-NiC2B9H10] (1.500 Å) [16], and shorter than in [3-Ph3P-
3-Cl-1-(i-PrNH)2C-3,1,2-NiC2B9H10] (1.564 Å) [26] and [3,3-(Ph3P)2-closo-3,1,2-NiC2B9H11]
(1.610 Å) [27]. The Ni-N and Ni-P bond lengths (1.914(2) and 2.2555(7) Å) are close to those
found in 2* (1.916 and 2.2532 Å) [25] and differ significantly from those found in [3-Ph3P-3-
(1-Me2NCH2)-closo-3,1,2-NiC2B9H10] (2.061 and 2.166 Å, respectively) [16], reflecting the
stronger electron-donating properties of the carboranylamidine ligand as compared to the
carborane ligand with pendant NMe2 group. A more detailed comparison of the structures
of the complexes 2 and 2* is presented in Table 1.
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Table 1. Selected torsion angles (deg.), Ni-C2B3(centroid) distance and nonbonded intramolecular
shortened contacts (Å) that define molecular conformation for experimental (X-ray) and calculated
structure of complex 2 and comparison with 2*.

Structure Parameters Compound 2 (X-ray) Compound 2 * Compound 2 (calc) *

Ni-C2B3(centroid) 1.526 (2) 1.533 (2) 1.545
C2-Ni1-P1-C9 143.7 (2) 128.3 (2) 125.5

C2-Ni1-P1-C15 26.3 (2) 8.3 (2) 8.0
C2-Ni1-P1-C21 −93.3 (2) −108.9 (2) −110.5
B8-N1-C3-C4 −179.0 (2) −174.1 (2) 172.0
N1-C3-C4-C5 −63.2 (2) 100.0 (2) −62.1
Ni1-N2-C6-C7 104.7 (2) 85.1 (2) 95.9

H2 . . . C15 2.66 2.54 2.45 (−2.5)
H7B . . . C10 2.76 2.75 2.74 (−1.1)
H8B . . . C13 3.04 - 2.98 (−0.7)
H5C . . . H7A 2.37 2.28 (H5C . . . H6B) 2.30 (−1.0)

* for noncovalent contacts, their attractive energies in kcal/mol are given in parenthesis.

The Ni-C2B3 centroid distances were only slightly different, and differences in orien-
tation of the PPh3 fragment were not so pronounced (within 15◦ of rotation about Ni-P
bond). The most significant unequivalence, as expected, was observed for substituents at
the N2 and C3 atoms. In spite of that, the system of shortened contacts was quite similar.
One can suggest that the observed conformation can be stabilized by intramolecular non-
covalent interactions. To confirm that, we carried out quantum chemical calculations of
complex 2. In optimized structure, torsion angles, which define the orientation of PPh3
fragment, differ by ca. 18◦ while differences in orientation of the ethyl and propyl groups
are less pronounced. Again, the system of shortened contacts, for which bond critical point
were localized, was still nearly the same. Those contacts in total added −5.3 kcal/mol to
the stabilization of molecular conformation. These results suggest that the variation of
substituents at the N2 and C3 atoms would not significantly affect the orientation of the
PPh3 fragment relative to the carborane cage.

An attempt to obtain suitable X-ray diffraction study crystals of 3 and 4 by recrystal-
lization from chloroform unexpectedly led to a change in the color of the solution from
dark red to amaranth after ~12 h. Thin layer chromatography confirmed the formation
of a new product together with the presence of small amounts of original complexes 3
and 4. New complexes 6 and 7 were isolated by column chromatography on silica using
dichloromethane as an eluent. An analysis of the NMR spectra of complexes 6 and 7 led to
the assumption that the metal atom in the obtained complexes was no longer coordinated
by the amidine group (Figure 2).

Figure 2. 1H NMR spectra of complexes 3 (a) and 6 (b) and 11B{1H} NMR spectra of complexes 3 (c) and 6 (d).
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In the 1H NMR spectra of complexes 6 and 7, signals from the second NH proton
appeared in low field at 10.37 and 9.90 ppm for 6 and 7, respectively (Figure 2, items a,b).
This signal gave cross-pick in the 1H-1H COSY NMR spectrum with the methylene group
of the propyl group -CH2CH2CH3 (See SI). The 11B NMR spectra of 6 and 7 confirmed
the retention of the metallacarborane skeleton, however their spectral patterns differed
from those for complexes 3 and 4 (Figure 2, items c,d). Since the newly formed complexes
were neutral, we assumed that the violation of the coordination of the amidine fragment
was caused by the protonation of the second nitrogen atom, and the electroneutrality of
the complexes was achieved due to the coordination of the chloride ion by the nickel
atom. The driving force behind this process could be the trace amounts of hydrogen
chloride normally present in chloroform. To verify this assumption, we resynthesized
complexes 3 and 4, dissolved them in acetonitrile and acidified them by small amounts of
concentrated hydrochloric acid (Scheme 1). This resulted in an immediate change in color
of the complexes from dark red to amaranth (Figure 3). The NMR spectra confirmed the
formation of complexes 6 and 7 (See SM).

Figure 3. The color of complex 4 (left) and complex 7 (right).

For complex 2, which did not change upon standing in chloroform solution, we carried
out a similar acidification procedure with hydrochloric acid. The solution immediately
changed its color from dark red to amaranth, but, unlike complexes 3 and 4, the transfor-
mation of complex 2 into a similar complex 5 was not complete. According to the NMR
spectroscopy data, the reaction mixture contained approximately 90% of complex 5 and
~10% of the original complex 2 and the addition of more amounts of hydrochloric acid
did not change this ratio. An attempt to purify complex 5 by column chromatography on
silica gel with dichloromethane as an eluent resulted in a mixture of complexes 2 and 5
with a new ratio of ~5:2, which can be caused by the presence of equilibrium between these
complexes and the partial loss of chloride ions on the column (Scheme 2).

Scheme 2. Behavior of complex 5 during purification on column chromatography with silica gel.
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We supposed that the less donor PPh3 ligand made the Ni-N bond in complex 2
stronger than in complexes 3 and 4 with more donor phosphine ligands PMe2Ph and PBu3.

Like complexes 6 and 7, the 1H NMR spectrum of complex 5 contained the signals of
two different NH protons: one at 9.09 ppm from the NHPr group and another one at 5.53
ppm from the B-NH-C fragment. However, in contrast to complexes 2–4 in the 1H NMR
spectra of 5–7, the signals of the CHcarb groups appeared in low-field at 2.57–2.80 ppm
(0.44–1.12 ppm for complexes 2–4). The signals of the ethyl and propyl group of the
amidine substituent in 5–7 also underwent a number of changes and in general were
shifted to the low field. For example, the signal of the methylene group of the propyl
fragment -NHCH2CH2CH3 in complex 7 was observed at 3.41 ppm, whereas in complex 4
it appeared at 2.75 ppm. The signal of the methylene group of the ethyl substituent was
located at 2.54 ppm for 7 in contrast with 2.22 ppm for 4. At the same time, the signals
of the carbon atom of the methylene group of the propyl fragment -NHCH2CH2CH3 in
13C NMR spectra of 5–7 underwent the high field shift from ~55 ppm for 2–4 to ~46 ppm,
whereas the signal of the methylene group of the ethyl fragment demonstrated a slight
high field shift from ~23–24 ppm for 2–4 to ~26–30 ppm for 5–7. In the 11B NMR spectra of
complexes 5–7, the singlet from the substituted boron atom was observed at 1.9 ppm for 5
and at 3.5 ppm for 6 and 7. Other signals appeared as groups of four (complex 5) or five
(complexes 6 and 7) doublets in the region from −10.2 to −26.3 ppm with the total integral
ratios 1:2:1:4:1 for 5 and 1:2:1:2:2:1 for 6 and 7. The chemical shifts of phosphine ligands in
the 31P NMR spectra of 5–7 were close to those for 2–4. In the IR spectra of 5–7, the NH
and BH stretching bands were observed in the region of 3402–3223 cm−1 and ~2555 cm−1,
respectively, whereas the bands corresponding to the N=C bond appeared at 1632, 1626
and 1630 cm−1 for 5, 6 and 7, respectively. The mass spectra of complexes 5–7 performed
using the MS MALDI technique contained two main sets of signals corresponding to the
molecular picks of complexes 5–7 themselves and complexed with the loss of the chloride
ligand. For example, the MALDI mass spectrum of complex 6 contained a typical carborane
envelope centered at m/z 477.253 corresponding to the molecular ion pick and another one
centered at m/z 442.275, that corresponded to the loss of the chloride ligand by complex 6.

3. Conclusions

In this work the utility of using the nido-carboranyl amidine 10-PrNHC(Et)=HN-
7,8-C2B9H11 in the complexation reactions with different nickel(II) phosphine complexes
was demonstrated. As a result, a series of novel half-sandwich nickel(II) π,σ-complexes
[3-R2R’P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] (R = R’ = Ph, Bu; R = Me, R’ = Ph)
was prepared. The crystal molecular structure of [3-Ph3P-3- (8-PrN=C(Et)NH)-closo-3,1,2-
NiC2B9H10] was determined by single crystal X-ray diffraction. The acidification of ob-
tained complexes with HCl led to the breaking of the Ni-N bond with the formation
of the corresponding nickel(II) π-complexes [3-Cl-3-R’R2P- 8-PrNH=C(Et)NH-closo-3,1,2-
NiC2B9H10] (R = R’ = Ph, Bu; R = Me, R’ = Ph). The process was accompanied by a change
in the color of complexes from dark red to amaranth one. In this regard, the obtained
complexes can be considered as potential acid-base indicators.

4. Experimental Section
4.1. Reagents and Methods

The amidine 10-PrNHC(Et)=HN-7,8-C2B9H11 (1) was prepared according to pro-
cedure from the literature [20]. Dichlorobis(triphenylphosphine)nickel(II), dichlorobis
(dimethylphenylphosphine)nickel(II) and dichlorobis(tributylphosphine)nickel(II) were
synthesized according to the previously described methods [28]. Tetrahydrofuran was
dried using standard procedure [29]. All manipulations were carried out in air. The
reaction progress was monitored by thin-layer chromatography (Merck F254 silica gel
on aluminum plates) and visualized using 0.5% PdCl2 in 1% HCl in aq. MeOH (1:10).
Acros Organics silica gel (0.060–0.200 mm) was used for column chromatography. The
NMR spectra at 400.1 MHz (1H), 128.4 MHz (11B), 100.0 MHz (13C) and 162 MHz (31P)



Crystals 2021, 11, 306 7 of 11

were recorded with a Varian Inova 400 spectrometer. The residual signal of the NMR
solvent relative to tetramethylsilane was taken as an internal reference for 1H and 13C
NMR spectra. 11B NMR spectra were referenced using BF3

.Et2O as an external stan-
dard. 31P NMR spectra were cited relative to 85% H3PO4 as an external standard. In-
frared spectra were recorded on an IR Prestige-21 (SHIMADZU, Kyoto, Japan) instrument.
UV/Vis spectra in chloroform were recorded with a SF-2000 spectrophotometer (OKB
SPECTR LLC, Saint-Petersburg, Russia) using 1 cm cuvettes. MALDI mass spectra (pos-
itive ion mode) were acquired using a Bruker AutoFlex II reflector time-of-flight device
equipped with an N2 laser (337 nm, 2.5 ns pulse). Trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB,≥98%, Sigma-Aldrich, Louis, MO, USA) was chosen
as a matrix, matrix-to-analyte molar ratio in spotted probes being more than 1000/1. High
resolution mass spectra (HRMS) were measured on a Bruker micrOTOF II instrument using
electrospray ionization (ESI). The measurements were done in a positive ion mode with
mass range from m/z 50 to m/z 3000.

4.2. Synthesis of [3-Ph3P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] (2)

The potassium tert-butoxide (0.34 g, 3.00 mmol) was added to a solution of 1 (0.15 g,
0.60 mmol) in dry tetrahydrofuran (15 mL). The mixture was stirred for ~10 min at room
temperature and [Ni(PPh3)2Cl2] (0.47 g, 0.72 mmol) was added by one portion. The pale-
yellow color of the reaction mixture was immediately turned to dark red. The reaction
mixture was stirred at room temperature in air for about 30 min and the solvent was
evaporated under reduced pressure. The residue was treated with CH2Cl2 (20 mL) and
water (20 mL). The insoluble particles were filtered off and the organic layer was separated,
washed with water (2 × 20 mL) and evaporated under reduced pressure. The column chro-
matography on silica gel was used for the purification of the substance with hexane:CH2Cl2
(2:1) as an eluent to give maroon solid of 2 (0.28 g, 83% yield). The crystals suitable for
X-ray analysis were obtained by slow evaporation from chloroform/hexane (3:1) solution.

1H NMR (CDCl3, ppm): δ 7.82 (6H, Ph), 7.44 (9H, Ph), 5.09 (1H, NH), 2.27 (2H,
NHCH2CH2CH3), 2.14 (2H, CH2CH3), 1.25 (2H, NHCH2CH2CH3), 1.09 (3H, CH2CH3),
0.44 (2H, s, CHcarb), 0.04 (3H, NHCH2CH2CH3), 3.4–0.2 (8H, br s, BH). 13C NMR (CDCl3,
ppm): δ 176.9 (NH=C), 134.0 (o-Ph, d, J = 12 Hz), 131.2 (Ph, d, J = 37 Hz), 130.8 (p-Ph),
128.9 (m-Ph, d, J = 9 Hz), 56.1 (NHCH2CH2CH3), 25.1 (NHCH2CH2CH3), 24.0 (CH2), 17.2
(CHcarb), 11.9 (CH3), 10.4 (NHCH2CH2CH3). 31P NMR (CDCl3, ppm): 29.3 (s, PPh3). 11B
NMR (CDCl3, ppm): δ 4.0 (1B, s), −11.2 (2B, d), −13.6 (3B, d), −23.5 (2B, d), −26.7 (1B, d).
IR (film, cm−1): 3437 (νN-H), 3411 (νN-H), 3308, 3245, 3057, 2966 (νC-H), 2933 (νC-H), 2875
(νC-H), 2551 (br, νB-H), 1635 (νN=C), 1557, 1503, 1480, 1436, 1380, 1325, 1310. UV/VIS (
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(3:1) solution. 
1H NMR  (CDCl3,  ppm):  δ  7.82  (6H,  Ph),  7.44  (9H,  Ph),  5.09  (1H, NH),  2.27  (2H, 

NHCH2CH2CH3), 2.14 (2H, CH2CH3), 1.25 (2H, NHCH2CH2CH3), 1.09 (3H, CH2CH3), 0.44 

(2H, s, CHcarb), 0.04 (3H, NHCH2CH2CH3), 3.4–0.2 (8H, br s, BH). 13C NMR (CDCl3, ppm): 

δ 176.9 (NH=C), 134.0 (o‐Ph, d, J = 12 Hz), 131.2 (Ph, d, J = 37 Hz), 130.8 (p‐Ph), 128.9 (m‐Ph, 

d, J = 9 Hz), 56.1 (NHCH2CH2CH3), 25.1 (NHCH2CH2CH3), 24.0 (CH2), 17.2 (CHcarb), 11.9 

(CH3), 10.4  (NHCH2CH2CH3).  31P NMR  (CDCl3, ppm): 29.3  (s, PPh3).  11B NMR  (CDCl3, 

ppm): δ 4.0 (1B, s), −11.2 (2B, d), −13.6 (3B, d), −23.5 (2B, d), −26.7 (1B, d). IR (film, cm−1): 

3437 (νN‐H), 3411 (νN‐H), 3308, 3245, 3057, 2966 (νC‐H), 2933 (νC‐H), 2875 (νC‐H), 2551 (br, νB‐H), 

1635 (νN=C), 1557, 1503, 1480, 1436, 1380, 1325, 1310. UV/VIS (ʎ, nm): 248, 330, 510. MALDI 

MS: m/z for C26H38B9N2NiP: calcd 565.299 [M]+, obsd 565.288 [M]+ (100).   
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The procedure was analogous  to  the preparation of 2 using 1  (0.13 g, 0.52 mmol), 

potassium tert‐butoxide (0.30 g, 2.60 mmol) and [Ni(PMe2Ph)2Cl2] (0.25 g, 0.62 mmol) in 

dry tetrahydrofuran (15 mL). The column chromatography on silica gel was used for the 
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1H NMR (acetone‐d6, ppm): δ 8.19 (2H, Ph), 7.54 (3H, Ph), 6.25 (1H, NH), 2.48 (2H, 
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,
nm): 248, 330, 510. MALDI MS: m/z for C26H38B9N2NiP: calcd 565.299 [M]+, obsd 565.288
[M]+ (100).

4.3. Synthesis of [3-PhMe2P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] (3)

The procedure was analogous to the preparation of 2 using 1 (0.13 g, 0.52 mmol),
potassium tert-butoxide (0.30 g, 2.60 mmol) and [Ni(PMe2Ph)2Cl2] (0.25 g, 0.62 mmol) in
dry tetrahydrofuran (15 mL). The column chromatography on silica gel was used for the
purification of the substance with CH2Cl2 as an eluent to give maroon solid of 3 (0.19 g,
82% yield).

1H NMR (acetone-d6, ppm): δ 8.19 (2H, Ph), 7.54 (3H, Ph), 6.25 (1H, NH), 2.48 (2H,
NHCH2CH2CH3), 2.26 (2H, CH2CH3), 1.65 (6H, P(CH3)2), 1.57 (2H, NHCH2CH2CH3), 1.12
(2H, s, CHcarb), 0.98 (3H, CH2CH3), 0.53 (3H, NHCH2CH2CH3), 3.4–0.4 (8H, br s, BH). 13C
NMR (acetone-d6, ppm): δ 177.7 (NH=C), 131.3 (Ph, d, J = 18 Hz), 131.2 (o-Ph, d, J = 12 Hz),
130.3 (p-Ph), 128.8 (m-Ph, d, J = 10 Hz), 54.3 (NHCH2CH2CH3), 26.5 (NHCH2CH2CH3),
23.4 (CH2), 14.7 (CHcarb), 13.7 (P(CH3)2, d, J = 24 Hz), 11.7 (CH3), 10.3 (NHCH2CH2CH3).
31P NMR (acetone-d6, ppm): −2.6 (s, PMe2Ph). 11B NMR (acetone-d6, ppm): δ 4.2 (1B, s),
−12.0 (2B, d, J = 137 Hz), −14.0 (2B, d, J = 156 Hz), −15.7 (1B, d, J = 147 Hz), −23.8 (2B,
d, J = 143 Hz), −27.4 (1B, d, J = 144 Hz). IR (film, cm−1): 3410 (νN-H), 3244 (νN-H), 2962
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(νC-H), 2930 (νC-H), 2874 (νC-H), 2525 (br, νB-H), 1636 (νN=C), 1568, 1493, 1437, 1377, 1300,
1292. ESI HRMS: m/z for C16H34B9N2NiP: calcd 441.2696 [M]+, obsd 441.2696 [M]+ (100).

4.4. Synthesis of [3-Bu3P-3-(8-PrN=C(Et)NH)-closo-3,1,2-NiC2B9H10] (4)

The procedure was analogous to the preparation of 2 using 1 (0.16 g, 0.64 mmol),
potassium tert-butoxide (0.36 g, 3.20 mmol) and [Ni(PBu3)2Cl2] (0.26 g, 0.77 mmol) in
dry tetrahydrofuran (15 mL). The column chromatography on silica gel was used for the
purification of the substance with CH2Cl2 as an eluent to give maroon solid of 3 (0.25 g,
80% yield).

1H NMR (CDCl3, ppm): δ 5.04 (1H, NH), 2.75 (2H, NHCH2CH2CH3), 2.22 (2H,
CH2CH3), 1.70 (2H, NHCH2CH2CH3), 1.61 (6H, P(CH2CH2CH2CH3)3), 1.50 (6H,
P(CH2CH2CH2CH3)3), 1.40 (6H, P(CH2CH2CH2CH3)3), 1.06 (3H, CH2CH3), 0.93 (14H,
NHCH2CH2CH3 + P(CH2CH2CH2CH3)3 + CHcarb), 3.4–0.2 (8H, br s, BH). 13C NMR
(CDCl3, ppm): δ 176.6 (NH=C), 55.2 (NHCH2CH2CH3), 26.7 (NHCH2CH2CH3), 26.5
(P(CH2CH2CH2CH3)3, d, J = 50 Hz), 24.4 (P(CH2CH2CH2CH3)3, d, J = 12 Hz), 24.2 (CH2),
23.5 (P(CH2CH2CH2CH3)3, d, J = 20 Hz), 14.0 (CHcarb), 13.7 (P(CH2CH2CH2CH3)3), 11.8
(CH3), 11.5 (NHCH2CH2CH3). 31P NMR (CDCl3, ppm): 11.9 (s, PBu3). 11B NMR (CDCl3,
ppm): δ 3.8 (1B, s), −11.8 (2B, d), −14.3 (2B, d), −15.1 (1B, d), −23.6 (2B, d), −26.8 (1B,
d). IR (film, cm−1): 3447 (νN-H), 3408 (νN-H), 2957 (νC-H), 2932 (νC-H), 2872 (νC-H), 2544
(br, νB-H), 1622 (νN=C), 1557, 1497, 1464, 1379, 1283. MALDI MS: m/z for C20H50B9N2NiP:
calcd 506.402 [M+H]+, obsd 506.400 [M+H]+ (100).

4.5. General Procedure for the Synthesis of
[3-Cl-3-R’R2P-8-PrN=C(Et)NH-closo-3,1,2-NiC2B9H10] (5–7)

To the N-coordinated complexes 2–4 (0.40 mmol) dissolved in MeCN (10 mL), one
drop (~0.1 mL) of concentrated HCl was added at room temperature. The dark red color
of solution was immediately changed to amaranth. The solution was stirred for 5 min
and evaporated under reduced pressure to give amaranth solid of 5–7. In the case of
complexes 6 and 7, the column chromatography on silica gel was used for the purification
with CH2Cl2 as an eluent.

Spectral data for [3-Cl-3-Ph3P-8-PrN=C(Et)NH-closo-3,1,2-NiC2B9H10] (5)
Yield 0.18 g (75%).
1H NMR (CDCl3, ppm): δ 9.09 (1H, NHPr), 7.62 (6H, Ph), 7.31 (9H, Ph), 5.53 (1H,

NH), 3.22 (2H, NHCH2CH2CH3), 2.57 (2H, CHcarb), 1.86 (4H, NHCH2CH2CH3 + CH2CH3),
0.93 (6H, NHCH2CH2CH3 + CH2CH3), 3.8–0.3 (8H, br s, BH). 13C NMR (CDCl3, ppm):
δ 167.5 (NH=C), 134.3 (Ph), 133.7 (Ph), 130.4 (Ph), 128.2 (Ph), 45.6 (NHCH2CH2CH3),
30.8 (CH2), 25.2 (NHCH2CH2CH3), 23.2 (CHcarb), 11.1 (CH3), 9.8 (NHCH2CH2CH3). 31P
NMR (CDCl3, ppm): 28.2 (s, PPh3). 11B NMR (CDCl3, ppm): δ 1.9 (1B, s), −10.2 (2B, d),
−12.3 (1B, d), −20.8 (4B, d), −24.2 (1B, d). IR (film, cm−1): 3397 (νN-H), 3302 (νN-H), 3233
(νN-H), 3059, 2966 (νC-H), 2967 (νC-H), 2928 (νC-H), 2878 (νC-H), 2560 (br, νB-H), 1632 (νN=C),
1553, 1501, 1481, 1437, 1385, 1259. UV/VIS (
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evaporated under reduced pressure. The residue was treated with CH2Cl2 (20 mL) and 
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suitable for X‐ray analysis were obtained by slow evaporation from chloroform/hexane 

(3:1) solution. 
1H NMR  (CDCl3,  ppm):  δ  7.82  (6H,  Ph),  7.44  (9H,  Ph),  5.09  (1H, NH),  2.27  (2H, 

NHCH2CH2CH3), 2.14 (2H, CH2CH3), 1.25 (2H, NHCH2CH2CH3), 1.09 (3H, CH2CH3), 0.44 
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3437 (νN‐H), 3411 (νN‐H), 3308, 3245, 3057, 2966 (νC‐H), 2933 (νC‐H), 2875 (νC‐H), 2551 (br, νB‐H), 
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, nm): 280, 302, 486. MALDI MS: m/z for
C26H39B9N2ClNiP: calcd 601.277 [M]+, obsd 601.293 [M]+ (10), m/z for C26H39B9N2NiP:
calcd 566.308 [M-Cl]+, obsd 566.321 [M-Cl]+ (90).

Spectral data for [3-Cl-3-PhMe2P-8-PrN=C(Et)NH-closo-3,1,2-NiC2B9H10] (6)
Yield 0.16 g (84%).
1H NMR (acetone-d6, ppm): δ 10.37 (1H, NHPr), 7.77 (2H, Ph), 7.42 (3H, Ph), 6.15

(1H, NH), 3.35 (2H, NHCH2CH2CH3), 2.69 (2H, s, CHcarb), 2.48 (2H, CH2CH3), 1.89 (2H,
NHCH2CH2CH3), 1.53 (6H, P(CH3)2), 1.23 (3H, CH2CH3), 1.08 (3H, NHCH2CH2CH3),
3.0–0.5 (8H, br s, BH). 13C NMR (acetone-d6, ppm): δ 130.2 (Ph), 130.0 (Ph), 129.0 (Ph), 46.1
(NHCH2CH2CH3), 26.2 (CH2), 23.4 (NHCH2CH2CH3), 14.8 (P(CH3)2), 11.7 (NHCH2CH2CH3),
9.7 (CH3). 31P NMR (acetone-d6, ppm): −2.53 (s, PMe2Ph). 11B NMR (acetone-d6, ppm): δ
3.5 (1B, s), −10.5 (2B, d, J = 133 Hz), −13.4 (1B, d, J = 145 Hz), −19.2 (2B, d, J = 140 Hz),
−22.9 (2B, d, J = 117 Hz), −26.3 (1B, d, J = 172 Hz). IR (film, cm−1): 3402 (νN-H), 3259
(νN-H), 3227 (νN-H), 3053, 2968 (νC-H), 2934 (νC-H), 2878 (νC-H), 2548 (br, νB-H), 1626 (νN=C),
1557, 1435, 1421, 1384, 1361, 1296. MALDI MS: m/z for C16H35B9N2ClNiP: calcd 477.245
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[M]+, obsd 477.253 [M]+ (23), m/z for C16H35B9N2NiP: calcd 442.276 [M-Cl]+, obsd 442.275
[M-Cl]+ (77).

Spectral data for [3-Cl-3-Bu3P-8-PrN=C(Et)NH-closo-3,1,2-NiC2B9H10] (7)
Yield 0.19 g (88%).
1H NMR (CDCl3, ppm): δ 9.90 (1H, NHPr), 6.22 (1H, NH), 3.41 (2H, q, J = 7.5 Hz,

NHCH2CH2CH3), 2.80 (2H, s, CHcarb), 2.54 (2H, q, J = 7.6 Hz, CH2CH3), 1.90 (2H, m, J = 7.5
Hz, NHCH2CH2CH3), 1.58 (12H, P(CH2CH2CH2CH3)3), 1.39 (6H, P(CH2CH2CH2CH3)3),
1.28 (3H, t, J = 7.6 Hz, CH2CH3), 1.07 (3H, t, J = 7.5 Hz, NHCH2CH2CH3), 0.93 (9H,
P(CH2CH2CH2CH3)3), 3.3–0.9 (8H, br s, BH). 13C NMR (CDCl3, ppm): δ 46.2 (NHCH2CH2CH3),
30.8 (CHcarb), 26.3 (CH2), 26.2 (P(CH2CH2CH2CH3)3), 24.5 (P(CH2CH2CH2CH3)3), 23.7
(P(CH2CH2CH2CH3)3, 23.6 (NHCH2CH2CH3), 11.6 (NHCH2CH2CH3), 10.3 (CH3), 13.8
(P(CH2CH2CH2CH3)3). 31P NMR (CDCl3, ppm): 11.7 (s, PBu3). 11B NMR (CDCl3, ppm): δ
3.5 (1B, s), −10.6 (2B, d, J = 127 Hz), −13.9 (1B, d, J = 129 Hz), −20.3 (2B, d, J = 135 Hz),
−23.7 (2B, d), −26.3 (1B, d). IR (film, cm−1): 3223 (νN-H), 2957 (νC-H), 2930 (νC-H), 2872
(νC-H), 2550 (br, νB-H), 1630 (νN=C), 1552, 1462, 1415, 1379, 1342, 1300. UV/VIS (
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spotted  probes  being more  than  1000/1. High  resolution mass  spectra  (HRMS) were 

measured on a Bruker micrOTOF II instrument using electrospray ionization (ESI). The 

measurements were done  in a positive  ion mode with mass  range  from m/z 50  to m/z 

3000. 

4.2. Synthesis of [3‐Ph3P‐3‐(8‐PrN=C(Et)NH)‐closo‐3,1,2‐NiC2B9H10] (2) 

The potassium tert‐butoxide (0.34 g, 3.00 mmol) was added to a solution of 1 (0.15 g, 

0.60 mmol) in dry tetrahydrofuran (15 mL). The mixture was stirred for ~10 min at room 

temperature  and  [Ni(PPh3)2Cl2]  (0.47  g,  0.72 mmol) was  added  by  one  portion.  The 

pale‐yellow color of the reaction mixture was immediately turned to dark red. The reac‐

tion mixture was stirred at room temperature in air for about 30 min and the solvent was 

evaporated under reduced pressure. The residue was treated with CH2Cl2 (20 mL) and 

water (20 mL). The insoluble particles were filtered off and the organic layer was sepa‐

rated, washed with water  (2  ×  20 mL)  and  evaporated  under  reduced  pressure.  The 

column chromatography on silica gel was used for the purification of the substance with 

hexane:CH2Cl2 (2:1) as an eluent to give maroon solid of 2 (0.28 g, 83% yield). The crystals 

suitable for X‐ray analysis were obtained by slow evaporation from chloroform/hexane 

(3:1) solution. 
1H NMR  (CDCl3,  ppm):  δ  7.82  (6H,  Ph),  7.44  (9H,  Ph),  5.09  (1H, NH),  2.27  (2H, 

NHCH2CH2CH3), 2.14 (2H, CH2CH3), 1.25 (2H, NHCH2CH2CH3), 1.09 (3H, CH2CH3), 0.44 

(2H, s, CHcarb), 0.04 (3H, NHCH2CH2CH3), 3.4–0.2 (8H, br s, BH). 13C NMR (CDCl3, ppm): 

δ 176.9 (NH=C), 134.0 (o‐Ph, d, J = 12 Hz), 131.2 (Ph, d, J = 37 Hz), 130.8 (p‐Ph), 128.9 (m‐Ph, 

d, J = 9 Hz), 56.1 (NHCH2CH2CH3), 25.1 (NHCH2CH2CH3), 24.0 (CH2), 17.2 (CHcarb), 11.9 

(CH3), 10.4  (NHCH2CH2CH3).  31P NMR  (CDCl3, ppm): 29.3  (s, PPh3).  11B NMR  (CDCl3, 

ppm): δ 4.0 (1B, s), −11.2 (2B, d), −13.6 (3B, d), −23.5 (2B, d), −26.7 (1B, d). IR (film, cm−1): 

3437 (νN‐H), 3411 (νN‐H), 3308, 3245, 3057, 2966 (νC‐H), 2933 (νC‐H), 2875 (νC‐H), 2551 (br, νB‐H), 

1635 (νN=C), 1557, 1503, 1480, 1436, 1380, 1325, 1310. UV/VIS (ʎ, nm): 248, 330, 510. MALDI 

MS: m/z for C26H38B9N2NiP: calcd 565.299 [M]+, obsd 565.288 [M]+ (100).   

4.3. Synthesis of [3‐PhMe2P‐3‐(8‐PrN=C(Et)NH)‐closo‐3,1,2‐NiC2B9H10] (3) 

The procedure was analogous  to  the preparation of 2 using 1  (0.13 g, 0.52 mmol), 

potassium tert‐butoxide (0.30 g, 2.60 mmol) and [Ni(PMe2Ph)2Cl2] (0.25 g, 0.62 mmol) in 

dry tetrahydrofuran (15 mL). The column chromatography on silica gel was used for the 

purification of the substance with CH2Cl2 as an eluent to give maroon solid of 3 (0.19 g, 

82% yield). 
1H NMR (acetone‐d6, ppm): δ 8.19 (2H, Ph), 7.54 (3H, Ph), 6.25 (1H, NH), 2.48 (2H, 

NHCH2CH2CH3), 2.26 (2H, CH2CH3), 1.65 (6H, P(CH3)2), 1.57 (2H, NHCH2CH2CH3), 1.12 

(2H, s, CHcarb), 0.98 (3H, CH2CH3), 0.53 (3H, NHCH2CH2CH3), 3.4–0.4 (8H, br s, BH). 13C 

NMR (acetone‐d6, ppm): δ 177.7 (NH=C), 131.3 (Ph, d, J = 18 Hz), 131.2 (o‐Ph, d, J = 12 Hz), 

130.3 (p‐Ph), 128.8 (m‐Ph, d, J = 10 Hz), 54.3 (NHCH2CH2CH3), 26.5 (NHCH2CH2CH3), 23.4 

(CH2), 14.7  (CHcarb), 13.7  (P(CH3)2, d,  J = 24 Hz), 11.7  (CH3), 10.3  (NHCH2CH2CH3).  31P 

NMR (acetone‐d6, ppm): −2.6 (s, PMe2Ph). 11B NMR (acetone‐d6, ppm): δ 4.2 (1B, s), −12.0 

(2B, d, J = 137 Hz), −14.0 (2B, d, J = 156 Hz), −15.7 (1B, d, J = 147 Hz), −23.8 (2B, d, J = 143 

Hz),  −27.4  (1B, d,  J = 144 Hz).  IR  (film, cm−1): 3410  (νN‐H), 3244  (νN‐H), 2962  (νC‐H), 2930 

(νC‐H), 2874 (νC‐H), 2525 (br, νB‐H), 1636 (νN=C), 1568, 1493, 1437, 1377, 1300, 1292. ESI HRMS: 

m/z for C16H34B9N2NiP: calcd 441.2696 [M]+, obsd 441.2696 [M]+ (100).   

   

, nm): 246,
324, 517. MALDI MS: m/z for C20H51B9N2ClNiP: calcd 541.371 [M]+, obsd 541.373 [M]+ (9)
m/z for C20H51B9N2NiP: calcd 506.402 [M-Cl]+, obsd 506.443 [M-Cl]+ (91).

4.6. Single Crystal X-ray Diffraction Study

X-ray experiment for compound 2 was carried out using a SMART APEX2 CCD
diffractometer (λ(Mo-Kα) = 0.71073 Å, graphite monochromator, ω-scans) at 120 K. Col-
lected data were processed by the SAINT and SADABS programs incorporated into the
APEX2 program package [30]. The structure was solved by direct methods and refined
by the full-matrix least-squares procedure against F2 in anisotropic approximation. The
refinement was carried out with the SHELXTL program [31]. The CCDC number 2065468
contains the supplementary crystallographic data (Supplementary Materials) for this pa-
per. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif
(accessed on 19 March 2021).

Crystallographic data for 2: C26H38B9NiN2P·CHCl3 are triclinic, space group P-1:
a = 10.0074(6) Å, b = 11.0974(6) Å, c = 16.8683(8) Å, α = 76.8900(10)◦, β = 81.3380(10)◦, γ
= 67.4720(10)◦, V = 1681.05(16) Å3, Z = 2, M = 684.92, dcryst = 1.353 g·cm−3. wR2= 0.1312
calculated on F2

hkl for all 8953 independent reflections with 2θ < 58.3◦, (GOF = 1.048,
R = 0.0528 calculated on Fhkl for 6268 reflections with I > 2σ(I)).

4.7. Quantum Chemical Calculation

Optimization of the geometry of compound 2 was carried out using the Gaussian
program [32] at PBE0/def2tzvp level of approximation, which was adopted in our earlier
calculations [33–36]. The AIM theory [37,38] was utilized to search for bond critical points
of molecular electron density. Correlation of interatomic energy and potential energy
density at bond critical point (E=1/2V(r)) [39,40] was adopted for estimation of the energy
of noncovalent intramolecular interactions taking into account its reliability for energetic
analysis [41–43].

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-435
2/11/3/306/s1. Figure S1–S29 NMR spectra of compounds 2–7.
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