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Abstract―This work describes the currently known cationic-anionic and complex metal compounds con-
taining the decachloro-closo-decaborate anion [B10Cl10]2–. The influence of the nature of the cation, solvent,
metal and/or organic ligands on the composition and structure of the reaction products is discussed. Salts and
complexes containing alkali metal cations, organic cations, and cationic complexes of metals Ag(I), Cu(II),
Fe(II), Co(II), Ni(II), and Mn(II) with the decachloro-closo-decaborate anion as a counterion are
described. The first examples of silver(I) complexes with the coordinated [B10Cl10]2– anion are described.
The ability of the perchlorinated closo-decaborate anion to participate in additional non-bonded interactions
B–Cl…X (X = C, N, O) with alkali metal cations, organic cations, organic ligands, and solvent molecules is
discussed; these interactions can be identified by 35Cl NQR spectroscopy and X-ray diffraction. A number of
new compounds based on perchlorinated boron clusters [B10Hal9R]– containing nine halogen atoms and a
functional group R are discussed.
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INTRODUCTION
Boron cluster anions include compounds of the

general formula [BnHn]2– (n = 6–12) [1–3], which are
closed bulk polyhedra built of boron atoms. In turn,
each boron atom is bonded to an exo-polyhedral
hydrogen atom. Polyhedral boron anions [BnHn]2–

(n = 6–12) posess three-dimensional aromaticity and
tend to participate in the reactions of substitution of
terminal hydrogen atoms with the retention of the
boron cage, forming substituted derivatives with the
number of substituents from 1 to n. Interest in this
class of anions is due to wide possibilities of varying
their electronic structure as well as geometric and
physical characteristics, which makes it possible to
obtain compounds with desired properties. The spe-
cific features of the chemical behavior of boron cluster
anions and their derivatives, the thermal and kinetic
stability of compounds based on them are primarily
associated with the structural features of these objects
[4–6].

The most interesting areas of practical application
of compounds containing boron cluster anions and
their substituted derivatives have traditionally been
considered the areas of science associated with the
high-energy content of these compounds. The ability

of the boron atom to absorb thermal neutrons discov-
ered later significantly expanded the application field
of boron-containing compounds and served as the
basis for using the latter as precursors for creating
strong heat-resistant polymer neutron-protective
coatings with good adhesion to various materials, neu-
tron-protective tissues and materials [7–9], and con-
trast agents for MRI diagnostics [10]. Metal com-
plexes with [BnHn]2– anions have found wide applica-
tion as extractants of heavy metals, precursors of
metal borides of complex composition, coordination
polymers, compounds with high energy intensity, etc.
[11–14].

Some problems in the chemistry of boron cluster
anions, their structure, and the ability to replace exo-
polyhedral hydrogen atoms with various functional
groups while retaining the boron cage are described in
reviews [15–25]. These studies describe the synthesis,
structure, and properties of metal salts and complexes
containing 10-, 11- and 12-vertex boron clusters
[BnHn]2– being compounds with higher synthetic
availability compared to other boron clusters [BnHn]2–.
Until recently, the chemical behavior of perhaloge-
nated boron cluster anions in complexation reactions
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Fig. 1. Structure of the [B10Cl10]2− anion.
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was practically not studied, and the information avail-
able in the literature was scattered.

This review summarizes the information on salts
and complexes containing the decachloro-closo-
decaborate anion [B10Cl10]2–, discusses the redox pro-
cesses occurring in reaction solutions, the preparation
conditions, and the structural features of the final
compounds.

PREPARATION AND IDENTIFICATION 
OF COMPOUNDS WITH DECACHLORO-closo-

DECABORATE ANION

Simple salts of the decachloro-closo-decaborate
anion are obtained by chlorination of the salts of the
unsubstituted anion [B10H10]2– with chlorinating
agents such as chlorine gas or SOCl2. In this case, a
number of products with various degrees of substitu-
tion [B10H10 – xClx]2– (x = 1–10) can be formed, which
can be separated chromatographically or using elec-
trophoresis [26–28]. Generalization of the structure
of compounds [B10H10 – xClx]2– (x = 1–9) are beyond
the scope of this review. We only note that a number of
compounds with a partially chlorinated closo-decabo-
rate anion were studied by X-ray diffraction, for exam-
ple [(C5H5N)2CH2][2-B10H9Cl] [29], (Me4N)[1,6,8-
B10H7Cl3] [30], 3-CH3-2,8-[NMe2(CH2Cl)]2-7-Cl-
B10H6 [31], and (Ph3(NaphCH2)P)2[B10H8Cl2] [32].

Compounds containing the [B10Cl10]2– anion can
be identified using IR, NMR, and Raman spectrosco-
RUSSIAN JOURNAL OF C
pies [33–35]. Geometrically, the perchlorinated anion
[B10Cl10]2– is a square Archimedean antiprism (Fig. 1).
In the IR spectrum of the compounds, the bands of
stretching vibrations ν(B–Cl) are observed in the
region of 1150 and 1000 cm–1, as well as a band at
about 850 cm–1 corresponding to the B–B stretching
vibrations of the boron cage. The Raman spectrum
clearly shows an intense band at 310 cm–1, which cor-
responds to the stretching vibrations of B10–Cl. In the
11B NMR spectrum of solutions of salts with the per-
chlorinated anion, two signals are observed with an
integrated intensity ratio of 1 : 4, which corresponds to
the presence of two types of boron atoms in the poly-
hedron, apical and equatorial ones. In contrast to the
spectra of the unsubstituted anion, in the absence of
broadband suppression of the B–H spin–spin interac-
tion, the signals are not split into doublets, remaining
singlet. The authors [36] present the data of photo-
electron spectroscopy and voltammetry of [BnCln]2–

clusters (n = 10, 11, 12) and conclude that the B10 and
B12 clusters are more stable as compared with the B11
boron cluster.

The NQR spectroscopy method can be used to
identify compounds with the decachloro-closo-decab-
orate anion. This method is useful due to the high sen-
sitivity of the NQR spectral parameters to the features
of the electronic distribution, geometric structure,
and stereochemistry of compounds and has been used
for other objects as an effective method for studying
the crystal chemistry of compounds [37]. The results
of 35Cl NQR spectroscopy studies carried out for a
number of compounds containing the [B10Cl10]2–

anion showed the possibility of this method to deter-
mine from the entire set of interatomic contacts deter-
mined by X-ray diffraction analysis those caused by
secondary attraction interactions [38].

The [B10Cl10]2– dianion forms cationic-anionic
compounds with various cations, including alkali
metal cations, organic and complex cations. Based on
the data of X-ray diffraction, these compounds, as a
rule, form a branched network of secondary interac-
tions with the participation of the B–Cl groups of the
boron cluster. The hypothetical 35Cl NQR spectrum of
a “free” boron cluster that does not participate in any
interactions should represent two signals with an
intensity ratio of 1 : 4, which corresponds to the pres-
ence of two types of chlorine atoms that are linked to
the apical and equatorial boron atoms of the polyhe-
dron. The participation of chlorine atoms in second-
ary interactions leads to the removal of equivalence,
which leads to the splitting of the two components.

The paper presents the results of X-ray diffraction
studies of compounds containing the closo-decaborate
anion [B10Cl10]2–, and for a number of compounds we
show the data of 35Cl NQR spectroscopy, which makes
it possible to discuss the nature of secondary interac-
tions in which the boron cluster participates.
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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CHEMICAL BEHAVIOR OF DECACHLORO-
closo-DECABORATE ANION IN REDOX 

REACTIONS
It is known that the closo-decaborate anion

[B10Cl10]2– undergoes reversible electrochemical oxi-
dation (E1/2 = 1.01 V) with the formation of the hyper-
closo-[B10Cl10]– radical, which imparts a deep violet
color to the reaction solution [39, 40]. The [B10Cl10]–

radical anion can also be obtained by chemical oxida-
tion of the [B10Cl10]2– anion with oxidizing agents such
as cerium(IV) [41] or thallium(III) [39]. Another
method of preparation was described by the authors
[42]: the radical anion is formed by treating salts of the
[B10Cl10]2– anion with thionyl chloride in dichlo-
roethane or by controlled dehydrogenation of
H2[B10Cl10]·7.5H2O at 100–160°C.

The study of the chemical behavior of the
decachloro-closo-decaborate anion in the iron(III)

and cobalt(III) complexation accompanied by redox
transformations showed that the [B10Cl10]2– anion
does not stabilize the indicated oxidation states of
metals. When (Et3NH)2[B10Cl10] was allowed to react
with iron(III) sulfate or chloride, iron(II) complexes
with the composition [FeIIL3][В10Cl10] are formed,
with the yield of complexes not exceeding 65% [43].

L = 2,2'-bipyridine (Bipy)
or 1,10-phenanthroline (Phen)

The boron cluster anion behaves similarly in com-
plexation in the presence of cobalt(III). The introduc-
tion of a salt of the [B10Cl10]2– cluster anion into the
reaction solution containing the cobalt(III) complex
in situ led to the formation of the corresponding
cobalt(II) [Co(Рhen)3][В10Cl10] [44], the structure of
which will be described below.

CATIONIC-ANIONIC COMPOUNDS 
WITH DECACHLORO-closo-DECABORATE 

ANION
Salts with Alkali Metal Cations

Solvates K2[B10Cl10]∙3H2O and K2[B10Cl10]∙DMF∙
2H2O, the structures of which are shown in Fig. 2, are
formed in the course of recrystallization of K2[B10Cl10]
in water or N,N-dimethylformamide, respectively. In
the IR spectra of the salts of the perchlorinated anion,
two intense broad bands ν(BCl) with maxima at about
1150 and 1010 cm–1 are observed, corresponding to the
stretching vibrations of the apical and equatorial B–Cl
groups, respectively. According to X-ray diffraction
data, in compound K2[B10Cl10]∙3H2O, a large number
of contacts of chlorine atoms with the potassium
atoms and water molecules are determined. Trihydrate
K2[B10Cl10]∙3H2O was studied by 35Cl NQR spectros-
copy. Based on the data obtained, it is shown (Fig. 2b)
that hydrogen and potassium atoms contribute to the
electric field gradient on chlorine atoms [45]. Thus, in
compound K2[B10Cl10]∙3H2O, based on the X-ray dif-
fraction and 35Cl NQR spectroscopy data, one can
assume the presence of Cl…H and Cl…O interactions
(the shortest distance is 2.277 and 3.062 Å, respec-
tively). Note that in the IR spectrum of compounds
the presence of secondary interactions is not reflected
by any changes, while for salts with unsubstituted
[BnHn]2– anions, changes in the IR spectra are clearly
manifested in the region of stretching vibrations
ν(ВН).

Recrystallization of salt Cs2[B10Cl10] from an aque-
ous solution yielded two solvates differing in the num-
ber of water molecules, namely Cs2[B10Cl10]⋅2H2O and
Cs2[B10Cl10]⋅H2O [40]. According to the X-ray diffrac-
tion data (Fig. 3a), Cs2[B10Cl10]⋅2H2O dihydrate con-
tains one cluster anion per unit cell. Among the dis-
tances determined by X-ray diffraction, three (O–
Н…Cl) contacts can be distinguished, the values   of
which are less than the van der Waals distances (2.863,
2.536, and 2.570 Å). The contribution of cesium atoms
to the gradient on the chlorine atom is insignificant
due to the very high coordination numbers of the latter
(from 9 to 11). The authors [46] note that the unit cell
of Cs2[B10Cl10]⋅2H2O dihydrate contains cesium atoms
disordered over two positions with approximately
equal occupancies.

The 35Cl NQR spectrum of dihydrate Cs2[B10Cl10]⋅
2H2O is shown in Fig. 3b. It follows from the data pre-
sented that the nature of the spectrum of the com-
pound is closest to the theoretically possible spectrum
of the free [B10Cl10]2– anion, which is not bonded to
other components of the structure.

The structure of the monosolvate Cs2[B10Cl10⋅ H2O
is more complex (Fig. 4). The cell contains four inde-
pendent decachloro-closo-decaborate anions. The
structure contains a large number of specific B–Cl…H
interactions with the shortest distance 2.518 Å. Based
on X-ray diffraction data, the authors suggest the pres-
ence of non-bonded B–Cl…H interactions with the
participation of chlorine atoms [46].

3CH CN3 2 II
10 10 3 10 10Fe [ ] [В Cl 3L Fe L ]Cl[В]+ − ⎯⎯⎯⎯→+ +

( ) ( ) ( )3 2CH CN H OII IV III 3
2 4 3 32 6Co Cl 3Рhen NH Ce NO Co Рhen in sit[ ( u ,) ] +⎯⎯⎯⎯⎯⎯→+ +

( ) 3 2CH CII N HI 3 2–
3 10 10 3

O
10 10Co Ph[ ( ) ] [ ] [ (en in situ В Cl Co Р ) ][hen В C .]l+ ⎯⎯+ ⎯⎯⎯⎯→
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47  No. 8  2021



522 AVDEEVA et al.

Fig. 2. (a) Fragment of the structure and (b) 35Cl NQR spectrum of solvate K2[B10Cl10]∙3H2O; (c) fragment of the structure of
K2[B10Cl10]∙DMF∙2H2O. 
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Salts with Organic Cations
Salts with organic cations were obtained by adding

the corresponding chlorides to the salts with alkali
metal cations. For a number of salts of the decachloro-
RUSSIAN JOURNAL OF C
closo-decaborate anion with organic cations,
35Cl NQR spectra were studied and X-ray diffraction
was performed. It was found that compound
(Ph4P)2[B10Cl10] crystallizes as associate (Ph4P)2-
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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Fig. 3. (a) Fragment of the structure and (b) 35Cl NQR spectrum of salt Cs2[B10Cl10]∙2H2O. 
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[B10Cl10]⋅CH3CN [47]; its structure is shown in Fig. 5.
According to X-ray diffraction data, in the structure of
(Ph4P)2[B10Cl10]⋅CH3CN, in addition to hydrogen
bonds detected by X-ray diffraction, a large number of
the Cl…C and Cl…N contacts can be distinguished, in
which the distance between atoms is shorter than the
sum of van der Waals radii of interacting atoms. In
addition, the compound contains π–π stacking inter-
actions between the aromatic systems of the boron
cluster of the anion and the phenyl rings of the cation.

From the pattern of the 35Cl NQR spectrum
(Fig. 5c), it can be concluded that the compound con-
tains at least four B–Cl…H bonds and one shortened
B–Cl…C contact, which should be attributed to the
structural manifestation of the π–π stacking interac-
tion. The shortest Cl…C distance is 3.351 Å [47].

In [47], the structure of salt (Et3NH)2[B10Cl10] was
analyzed based on 35Cl NQR spectroscopy and X-ray
diffraction. The 35Cl NQR spectrum of the compound
is strongly split (Fig. 6a), which can be explained by
the presence of long-range contacts with the CH and
NH groups of the organic cation. The multiplicity of
the spectrum exceeds ten, which indicates the exis-
tence of several crystallographically nonequivalent
boron clusters in the crystal lattice of the compound,
and at least twelve Cl atoms are involved in secondary
interactions. In the 35Cl NQR spectrum of salt
(Et3NH)2[B10Cl10] recorded at 77 K, there is no fre-
quency shift upon heating the sample from 19 to 77 K
(Fig. 6b) [47].

The presence of the nonequivalent [B10Cl10]2–

anions in the crystal cell of salt (Et3NH)2[B10Cl10] was
confirmed by X-ray powder diffraction (Fig. 6c).
According to the data obtained, the unit cell parame-
ters are a = 26.3857, b = 10.3570, c = 30.3518 Å, β =
123.43°, V = 6406.5 Å3, space group P21/c (RBragg =
0.068, Rwp = 2.50), which corresponds to the presence
of four crystallographically nonequivalent cations and
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
two crystallographically independent anions in the
cell. In this compound, one can assume the presence
of not only the C–H…Cl interactions but also the N–
H…Cl contacts, which are responsible for the strong
splitting of the 35Cl NQR spectrum.

The synthesis and structures of [CnMim]2[B10Cl10]
([CnMim]+ = (1-alkyl-3-methylimidazolium; n = 2,
4, 6, 8, 10, 12, 14, 16, 18) were reported [48]; the ther-
mal properties of the compounds were studied. It was
found that the salts have low melting points, and the
possibility of obtaining ionic liquids based on the
obtained compounds was shown.

Cationic-Anionic Compounds with Complex Cations
Cationic metal complexes with organic ligands or

solvent molecules present in the reaction solution can
act as cations in compounds with the perchlorinated
boron cluster. In this case, boron cluster anions are
located in the outer sphere of the complexes, partici-
pating in the formation of non-bonded interactions.

Iron(II) complexes. In the reactions of iron(II)
complexation with the [B10Cl10]2– anion in the pres-
ence of organic ligands, it was found that regardless of
the solvent used and the ratio of reagents (Fe : L =
1 : 1, 1 : 2, 1 : 3), tris-chelate complexes
[FeL3][B10Cl10] (L = Bipy, Phen) [43] are formed. The
formation of these compounds is explained by the high
stability of the tris-chelate cationic complexes
[FeL3]2+ in the reaction solution.

Tris-chelate complexes of the general formula
[FeL3][B10Cl10] are isolated from reaction solutions in
the form of solvates with solvent molecules contained
in the reaction mixture (H2O, CH3CN, and DMF). A

[ ]22
3Fe 3L FeL ,++ + →

[ ] [ ] [ ][ ]2 2–
3 10 10 3 10 10FeL   B Cl FeL B Cl .+ + →
  Vol. 47  No. 8  2021
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Fig. 4. (a) Fragment of the structure and (b) 35Cl NQR spectrum at 77 K of salt Cs2[B10Cl10]∙H2O. 
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number of solvates were characterized by X-ray dif-
fraction; their structures are shown in Fig. 7. Accord-
ing to the data obtained, the compounds are built of
cationic complexes [FeL3]2+, boron cluster anions,
and solvent molecules. Complex [Fe(Bipy)3][B10Cl10]∙
2CH3CN∙H2O (Fig. 7b) contains three crystallo-
graphically independent cationic iron(II) complexes
and three boron cluster anions; in complex
[Fe(Phen)3][B10Cl10]∙0.88CH3CN∙0.12H2O (Fig. 7c),
one of the three coordinated Phen molecules is disor-
dered over three positions. Boron cluster anions in all
compounds form the outer sphere of the complexes.
An increase in the excess of the ligand with respect to
the metal leads to the formation of cocrystal
[Fe(Bipy)3][B10Cl10]⋅2Bipy⋅CH3CN (Fig. 7d), in
RUSSIAN JOURNAL OF C
which the Bipy molecule is incorporated into the crys-
tal structure.

The synthesis and structure of iron complexes
[Cat][B10Cl10], where [Cat]2+ is [Fe(HTrz)3]2+ (HTrz
is 1,2,4-triazole), [Fe(NH2Trz)3]2+ (NH2Trz is
4-amino-1,2,4-triazole), and [Fe(HC(Pz)3)2]2+

(HC(Pz)3 is tris(pyrazol-1-yl)methane) were reported
[49]; their IR, EXAFS, and EAS spectra as well as
static magnetic susceptibility in the range 78–500 K
were studied. It was shown that complexes with
[Cat] = [Fe(Htrz)3]2+ and [Fe(NH2Trz)3]2+ in the
considered temperature range remain in the high-spin
state, while in the spectrum of low-spin complex
[Fe(HC(Рz)3)2][B10Cl10], an incomplete spin transi-
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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Fig. 5. Compound (Ph4P)2[B10Cl10]·3CH3CN: (a) fragment of the structure, (b) environment of the boron cluster; (c) 35Cl NQR
spectrum. Asterisk shows contacts reflected in the 35Cl NQR spectrum. 
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tion is observed and the compound decomposes upon
heating above 440 K.

Cobalt(II) complexes. When carrying out cobalt(II)
complexation reactions in the presence of organic
ligands L, in contrast to iron(II) complexes, the effect
of the ratio of the reaction components (metal :
ligand) on the composition and structure of the final
reaction products was found [44].

The reaction between cobalt chloride,
(Et3NH)2[B10Cl10], and a threefold excess of Phen or
Bipy in CH3CN or DMF gives a yellow tris-chelate
complex [CoL3][B10Cl10]. The reaction proceeds
according to the scheme:

The structure of complex [Co(Phen)3][B10H10]·
CH3CN is shown in Fig. 8. The complex consists of
complex cations [Co(Phen)3]2+ and the [B10Cl10]2–

( )
3 2 10 10 2

10 103

Et NH B Cl CoCl 3Phen
[Co Phen

( ) [ ]
][B Cl ].

+ +
→
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anions. The boron cluster anions form the outer
sphere of the compound.

Under the same conditions, a twofold excess of the
Phen ligand with respect to cobalt leads to the forma-
tion of a binuclear cobalt(II) complex with chlorine
atoms as bridging ligands [Co2(Phen)4Cl2][B10Cl10]
[44] (Fig. 9). The complex precipitate from the reac-
tion solution in the form of pink crystals according to
the scheme:

In the binuclear complex [(Phen)2Co(Cl2)Co-
(Phen)2][B10Cl10], the cobalt atoms are in an octahe-
dral environment formed by two phenanthroline mol-
ecules and chlorine atoms, which connect cobalt
atoms to each other. The boron cluster anion is in the
outer sphere.

Solvent molecules can participate as ligands in the
formation of complex cations. This fact should be

( ) [ ]
( )[ ][ ]

3 10 10 22

2 2 10 104

Et NH B Cl CoCl 2Phen
Co Phen Cl B Cl .

+ +
→
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Fig. 6. 35Cl NQR spectrum of salt (Et3NH)2[B10Cl10] at (a) 19 and (b) 77 K; (c) X-ray powder diffraction pattern of salt
(Et3NH)2[B10Cl10]. 
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taken into account when carrying out complexation
reactions in solutions: the greater affinity of the com-
plexing metal for the solvent molecules can lead to the
fact that the present ligand remains unreacted. Com-
plexes of the general formula [Co(solv)6][B10Cl10]

(solv = CH3CN, DMF, DMSO) were described [50].
They are formed as poorly soluble crystals when
(Et3NH)2[B10Cl10] was allowed to react with cobalt
chloride CoCl2 or cobalt nitrate Co(NO3)2 in the
appropriate solvents:

The structures of compounds [Co(solv)6][B10Cl10]
were established by X-ray diffraction (Fig. 10) [50].
The crystals of the complexes are built of cations
[Co(solv)6]2+ and anions [B10Cl10]2–. Dimethylforma-
mide molecules in the cationic cobalt(II) complex are
disordered; Fig. 10b shows one of their positions.

Cobalt complexes were studied by EPR spectros-
copy. The spectra of high-spin cobalt ions in an octa-
hedral environment are an unsplit line with the effec-
tive spin S = 1/2 and isotropic g factor of 4.33. How-
ever, in the compounds under study, the octahedral
environment is distorted; therefore, a rhombic split
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Fig. 7. Structures of complexes (a) [Fe(Bipy)3][B10Cl10]∙CH3CN (CH3CN molecules are omitted), (b) [Fe(Bipy)3]-
[B10Cl10]∙2CH3CN∙H2O, (c) [Fe(Phen)3][B10Cl10]∙0.88CH3CN∙0.12 H2O, (d) [Fe(Bipy)3][B10Cl10]∙2Bipy∙CH3CN. 
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Fig. 8. Structure of complex [Co(Bipy)3][B10H10]·CH3CN. Solvent molecules are omitted.
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Fig. 9. Structure of [Co2(Phen)4Cl2][B10Cl10]∙CH3CN. Solvent molecules are omitted.
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line of the effective spin Seff = 1/2 is observed. The
structure closest to the octahedron is observed for
compound [Co(DMF)6][B10Cl10] [50] (Fig. 11).

In [51], the synthesis and structure of the pseudo-
clathrochelate cobalt complex [Co-(PzOx)3(BC6H5)-
DMF]2[B10Cl10] were described. The compound was
obtained by reacting 2-acetylpyrazoloxime PzOxH
and phenylboronic acid with the above-described
complex [Co(DMF)6][B10Cl10]. According to X-ray
diffraction data, the compound contains two indepen-
dent cobalt(II) cations in the high-spin state [Co-
(PzOx)3(BC6H5)DMF]+ (Co–N 2.115(4)–2.198(3)
Å), the [B10Cl10]2– anion, solvate molecules of ben-
zene and dichloromethane, and two molecules of
DMF, which are linked to monocapped tris-pyrazole

oxime ligands via the N–H…O hydrogen bonds (Fig.
12). The data on the magnetic susceptibility of the
compound were described; it was found that the com-
pound exhibits high magnetic anisotropy. The results
of magnetometric studies in an alternating magnetic
field suggest that this complex exhibits the properties
of a molecular magnet with an effective magnetization
reversal barrier of ~130 cm–1.

Nickel(II) complexes. Nickel(II) complexes [Ni-
(DMF)6][B10Cl10] and [Ni(DMSO)6][B10Cl10] [50],
similar to the above described cobalt(II) complexes,
are formed by the interaction between salt
(Et3NH)2[B10Cl10] and nickel chloride or nickel nitrate
in DMF or DMSO, respectively.

The IR spectra of complexes [Ni(DMF)6][B10Cl10]
and [Ni(DMSO)6][B10Cl10] contain bands assigned to
the stretching vibrations of the corresponding coordi-
nated solvent molecules (cm–1): ν(CO) at ~1640
(DMF) and ν(SO) at ~1004 (DMSO). The spectrum
of [Ni(DMF)6][B10Cl10] contains two bands of the
stretching vibrations ν(BCl) of the apical and equato-
rial B–Cl groups with maxima at 1015 and 1157 cm–1,
respectively. The structure of complex [Ni(DMF)6]-
[B10Cl10] is shown in Fig. 13a.

The formation of tris-chelate nickel(II) complexes
with azaheterocyclic ligands L and boron cluster
anions [B10Cl10]2– of the general formula [NiL3][B10Cl10]

(L = Bipy, Phen) was described [50]. Compounds are
formed when the above-described complexes
[Ni(solv)6][B10Cl10] was allowed to react with ligands
L in the CH3CN–H2O or DMF–H2O system accord-
ing to the scheme:

The obtained compounds precipitated as solvates
from the corresponding reaction solutions. The target
compounds can be synthesized in the course of solid-
phase synthesis during the mechanical activation of
the solid components of the reaction [50]. The struc-
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Fig. 10. Fragment of the structure of [Co(solv)6][B10Cl10] (solv = (a) CH3CN, (b) DMF, (c) DMSO). 
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Fig. 11. (а) EPR spectrum of powder [Co(DMF)6][B10Cl10] at T = 4.5 K: (1) experiment, (2) simulation with SG parameters
(gz = 4.108, gx = 4.052, gy = 4.201, A = 2.852 × 10–2 cm–1, B = 2.055 × 10–2 cm–1, C = 1.072 × 10–2 cm–1); (b) EPR spectrum
of powder [Co(Phen)3][B10Cl10] at T = 8 K: (1) experiment, (2) simulation with SG parameters: gz = 5.61, gx = 4.20, gy = 2.26. 
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ture of crystals [Ni(Phen)3][B10Cl10]∙DMF was estab-
lished by X-ray diffraction. The compound is built of
complex cations [Ni(Phen)3]2+ and anions [B10Cl10]2–.
In complex cations, three bidentate coordinated
ligands are located in approximately mutually perpen-
dicular planes, forming a distorted octahedral envi-
ronment of the Ni atom (Fig. 13b).

Manganese(II) complexes. The similarity of the
behavior of manganese(II) salts with cobalt(II) salts in
complexation reactions in the presence of the azahet-
erocyclic ligands and the [B10Cl10]2– anion was
reported [52]. Thus, in the case of a threefold excess of
the Bipy ligand with respect to the metal, complex
[Mn(Bipy)3][B10Cl10] precipitated [52]. Due to the
good solubility of the starting reagents in organic sol-
vents, the reaction was carried out in DMF or
CH3CN:

The structure of [Mn(Bipy)3][B10Cl10] was studied
by X-ray diffraction. The complex consists of complex
cations [Mn(Bipy)3]2+ and the perchlorinated boron
anions. The structure of the compound is shown in
Fig. 14a.

A decrease in the metal : ligand ratio to 1 : 2, as in
the case of cobalt(II), leads to the release of a binu-
clear cationic manganese(II) complex with bridging
chlorine atoms [52]:

The similarity of the color of mono- and binuclear
manganese(II) complexes (crystals [Mn(Bipy)3][B10Cl10]
are bright yellow, crystals [Mn2(Bipy)4Cl2][B10Cl10]
are lemon yellow), as well as the uniformity of their IR
spectra (the presence of the band of stretching vibra-
tions ν(B–Cl) at 1158 and 1004 cm–1) did not allow
the authors to distinguish these two manganese com-
plexes at the first stage of the study. The different com-
position of the complexes was determined based on
elemental analysis data and subsequently confirmed
by X-ray diffraction. The structure of complex
[Mn2(Bipy)4Cl2][B10Cl10] is shown in Fig. 14b.

Copper(II) complexes. In the course of complex-
ation reactions of copper(II) sulfate in the presence of
a threefold excess of the Bipy ligand in acetonitrile,
tris-chelate complex [Cu(Bipy)3][B10Cl10] was formed
[53].

It was found by X-ray diffraction analysis that com-
pound [Cu(Bipy)3][B10Cl10]⋅2CH3CN contains two
crystallographically nonequivalent complex cations
[Cu(Bipy)3]2+, the [B10Cl10]2– anion, and four aceto-
nitrile molecules (Fig. 15a). The perchlorinated
[B10Cl10]2– anion acts as a counterion. As in other

compounds with the [B10Cl10]2– anion, a number of
specific Cl…H interactions were found based on the
X-ray diffraction data obtained.

An increase in the content of the organic ligand in
the reaction solution leads to the formation of cocrys-
tal [Cu(Bipy)3][B10Cl10]·2Bipy [53]:
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Fig. 12. Structure of pseudoclathrochelate [Co-(PzOx)3(BC6H5)DMF]2[B10Cl10].
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The structure of the compound was determined by
X-ray diffraction (Fig. 15b). The compound is built of
the [Cu(Bipy)3]2+ cations, the [B10Cl10]2– anions, and
two Bipy molecules.

As it was found, the nature of the ligand and coun-
terion in copper(II) salts have a significant effect on
the course of the complexation reaction, as well as the
composition and structure of the final products. The

( ) [ ] ( )[ ][ ]2
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DMF H O
0 102 3Et NH B Cl CuSO 5Bipy Cu Bipy B C ·l 2Bipy.+ + ⎯⎯⎯⎯⎯→
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Fig. 13. Structure of nickel complexes (a) [Ni(DMF)6][B10Cl10], (b) [Ni(Phen)3][B10Cl10]∙DMF. Solvent molecules are omitted. 
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interaction between aqueous solutions of copper(II)
acetate and ammonia with the [B10Cl10]2– anion was
studied [53]. A solution of salt (Et3NH)2[B10Cl10] in
acetonitrile was added to the reaction solution con-

taining copper(II) acetate and NH3∙H2O. As a result of
isothermal evaporation in air, crystals of mixed-ligand
complex [Cu(NH3)4(CH3CN)2][B10Cl10] precipitated
from the reaction solution.
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Fig. 14. Structures of (a) [Mn(Bipy)3][B10Cl10] and (b) [Mn2(Bipy)4Cl2][B10Cl10]⋅2CH3CN (acetonitrile molecules are not
shown). 
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Fig. 15. Structure of (a) [Cu(Bipy)3][B10Cl10]·2CH3CN and (b) [Cu(Bipy)3][B10Cl10]·2Bipy. 
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According to X-ray diffraction data, in the struc-
ture of complex [Cu(NH3)4(CH3CN)2][B10Cl10]
(Fig. 16), the copper atom is in a square-planar envi-
ronment, which is formed by the nitrogen atoms of
four ammonia molecules. Two nitrogen atoms of ace-
tonitrile molecules complete the coordination sphere
of copper(II) to a distorted octahedron elongated in

the axial direction. The decachloro-closo-decaborate
anion is located in the outer sphere.

The interaction between copper(II) acetate with
1,10-phenanthroline in the presence of (Et3NH)2-
[B10Cl10] in DMSO proceeds in a different way.
Initially, cocrystal [CuPhen2(CH3CO2)]2[B10Cl10]∙
[CuPhen(CH3CO2)2] is formed [54]:
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Fig. 16. Structure of [Cu(NH3)4(CH3CN)2][B10Cl10].
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Fig. 17. Structure of copper complexes in compound [CuPhen2(CH3CO2)]2[B10Cl10]∙[CuPhen(CH3CO2)2].
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According to X-ray diffraction data, cocrystal
[CuPhen2(CH3CO2)]2[B10Cl10]∙[CuPhen(CH3CO2)2]
consists of cationic complexes [CuPhen2(CH3CO2)]+,
the [B10Cl10]2– anions, and neutral complexes
[CuPhen(CH3CO2)2]. The structure of the copper
complexes found in the compound is shown in Fig. 17.

Both copper(II) complexes, neutral and cationic, are
mononuclear.

Prolonged refluxing of the resulting compound in
DMSO results in the precipitation of a complex cation
with three bridging groups—two acetate groups and a
hydroxo group [54]:
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Fig. 18. Complex [Cu2Phen2(CH3CO2)2OH]2[B10Cl10]∙3DMSO∙0.5H2O: (a) structure of the cationic part, (b) 35Cl NQR spec-
trum at 4.2 K, (c) experimental (1) and theoretical (2) EPR spectra of a polycrystalline sample at T = 293 K (gz = 2.239; gx =
2.037; gy = 2.093). 
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According to X-ray diffraction data (Fig. 18a), cop-
per atoms in the binuclear cationic complex
[Cu2Phen2(CH3CO2)2OH]+ are linked by two oxygen
atoms from two acetate bridges and an oxygen atom of
the hydroxo group. The rather short Cu…Cu distance
in the dimer is 3.234(2) Å, the CuOCu angle is
116.1(3)°.

Compound [Cu2Phen2(CH3CO2)2OH]2[B10Cl10]∙
3DMSO∙0.5H2O was studied by 35Cl NQR and EPR
spectroscopies [54] (Figs. 18b, 18c). The EPR spectra at
T = 293 K are poorly resolved spectra in parallel and per-
pendicular orientations of the g tensor. Despite the pres-
ence of two copper atoms linked by three chains in the
complex, there are no signs of exchange interactions
between metal atoms in the spectra, namely, there is no
“forbidden” transition in a half magnetic field and no
line broadening in the central part of the spectrum. The
EPR spectrum is typical for monomeric copper com-
plexes with spin S = 1/2.
RUSSIAN JOURNAL OF C
Among the complexation reactions of M(II) met-
als, which have several stable oxidation states and are
presented in this review, we note that the interaction
with copper(I) salts is accompanied by redox transfor-
mations.

When copper(I) chloride was used as the initial
reagent, it was found that the complexation reaction in
the presence of the azaheterocyclic ligand Bipy is
accompanied by the oxidation of copper(I) to cop-
per(II) under the action of atmospheric oxygen and
the formation of a copper(II) complex as the final
product [54]. When a Bipy solution in DMF is added
to the reaction solution containing CuCl and
(Et3NH)2[B10Cl10] in the same solvent, a precipitate
instantly is formed, which is the mononuclear mixed-
ligand copper(II) complex [Cu(Bipy)2Cl]2[B10Cl10]
[54]:
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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Fig. 19. Structures of (a) [Cu(Bipy)2Cl]2[trans-B20H18] (one of the two cations is shown) and (b) [Cu(Bipy)2Cl]2[B10Cl10]·
2DMF (DMF molecules not shown).
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The recrystallization of the precipitate from DMF
led to the formation of single crystals of compound
[Cu(Bipy)2Cl]2[B10Cl10]·2DMF, the structure of
which is shown in Fig. 19. According to X-ray diffrac-
tion, the compound contains complex cation
[Cu(Bipy)2Cl]+, the cluster anion [B10Cl10]2–, and two
DMF molecules.

The crystal structures of copper(II) aqua
complexes [Cu(H2O)4][B10Cl10]⋅5H2O [55] and
[Cu(H2O)6][B10Cl10]⋅4H2O [56] formed upon neutral-
ization of basic copper(II) carbonate with acid
[(H3O)2][B10Cl10] were studied:

The [Cu(H2O)6][B10Cl10]·4H2O complex is built of
[Cu(H2O)6]2+ octahedra, which are linked by solvate
water molecules into endless chains, between which
the boron cluster anions are located.

Lead(II) complexes. The synthesis of lead(II) com-
plexes with 2,2'-bipyridyl and 2,2'-bipyridylamine

[Pb(Bipy)3]B10Cl10] and [Pb(Py2NH)2]B10Cl10] was
described [57]. The compounds were synthesized by
the interaction between a salt of the closo-decaborate
anion, lead nitrate, and ligand L (L = Bipy, BPA)
according to the scheme:

According to the IR spectroscopy data, the ligands
form the inner coordination sphere of the lead(II)
atom.

Silver(I) complexes. The reactions of silver(I) com-
plexation in the presence of ammonia were studied
[47] and silver complex [Ag(NH3)2]2[B10Cl10] was
obtained, in which the metal atom coordinates two

ammonia molecules, whereas the [В10Cl10]2– anion is
located in the outer sphere. To obtain the compound,
an aqueous solution of NH3∙H2O was added to an
aqueous solution of (Et3NH)2[B10Cl10] and AgNO3:
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Fig. 20. Structure of [Ag(NH3)2]2[B10Cl10]: (a) independent cell; (b) environment of the silver(I) atom in the structure, (c) 35Cl
NQR spectrum at 19 K. Asterisk shows contacts that are reflected in the 35Cl NQR spectrum. 
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Large needle-like crystals of compound [Ag(NH3)2]2-
[B10Cl10] precipitated from the reaction solution.
According to X-ray diffraction data (Figs. 20a, 20b),
the [Ag(NH3)2]+ cation is practically linear, the NAgN
angle being 178.9°. The Ag–Cl distances in the struc-
ture fall in the range 3.257–3.464 Å. The study of X-
ray diffraction data shows that for each chlorine atom,
the presence of specific interactions N–H…Cl (<2.95
Å) and Ag…Cl (<3.5 Å) can be assumed. Meanwhile,
the 35Cl NQR spectrum (Fig. 20c) contains only three
RUSSIAN JOURNAL OF C
signals, which indicates a small number of specific
interactions that contribute to the gradient on the
chlorine atom.

When carrying out the reactions of silver(I) com-
plexation in the presence of triphenylphosphine
(Ph3P), it was found that the structure of the cationic
complex of silver depends on the nature of the starting
reagents and the Ag : Ph3P ratio. Compound
[Ag2(Ph3P)3(H2O)][B10Cl10]·2DMF is formed by the
interaction between K2[B10Cl10] and the previously
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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Fig. 21. Structure of silver(I) complexes (a) [Ag(PPh3)2(DMF)2]2[B10Cl10]·2DMF and (b) [Ag2(Ph3P)3(H2O)][B10Cl10]·
2DMF. 
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Ag(1)
obtained silver(I) complex [Ag(Ph3P)3NO3] in the
H2O–DMF system. In this compound, the silver atom
coordinates three triphenylphosphine molecules and a
water molecule (Fig. 21a) [58]:

In the case of using silver(I) nitrate and free ligand
Ph3P as starting reagents and at a reagent ratio of Ag :
Ph3P equal to 1 : 2, complex [Ag(PPh3)2-

[ ] ( )[ ]
( ) ( )

2 10 10 3 33

2 3 2 10 13
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0
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K B Cl A
][

g Ph P NO
Ag Ph P H O B Cl 2D F· M .]⎯⎯⎯

+
⎯→
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(DMF)2]2[B10Cl10]·2DMF was isolated from the reac-
tion solution (Fig. 21b) [58]:

Analyzing the results obtained, the authors [58]
believe that the formation of the final coordination
polyhedron of the metal is determined by the coordi-
nation environment of the metal in the solution fol-
lowed by the metathesis of ligands.

( ) [ ]
( ) ( )[ ] [ ]D
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Ag PPh DMF B Cl 2DMF.⎯⎯⎯⎯→
+ +
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Fig. 22. Fragment of the structure of [Ag2[B10Cl10]]n.

Ag

Ag

Ag

Ag

Ag

Ag
Uranium(IV) complexes. In [59, 60], the uranyl
aqua complexes [UO2(H2O)6][B10Cl10] were studied.
It was found that the inner sphere of uranyl is formed
by water molecules, while the [В10Cl10]2– boron clus-
ters are located in the outer sphere and do not interact
with the uranyl group. The authors [61] described the
synthesis and structure of a similar complex with
dimethyl sulfoxide of the composition
[UO2(DMSO)6][B10Cl10].

COMPLEX COMPOUNDS 
WITH COORDINATED DECACHLORO-closo-

DECABORATE ANION

Taking into account the results described above, it
is obvious that carrying out reactions of metal com-

plexation with the [B10Cl10]2– anion in the presence of
competitive ligands L leads, as a rule, to the formation
of compounds with complex cations, in which the per-
chlorinated anions play the role of a counterion.
Meanwhile, examples of silver(I) complexes with the
coordinated perchlorinated closo-dodecaborate anion
[B12Cl12]2– [62, 63] and halogenated carboranes [64–
69] are known in the literature.

Carrying out the complexation reaction in the
absence of competing ligands showed the possibility of
obtaining compounds with the coordinated [B10Cl10]2–

anion. The synthesis and structure of polymeric com-
plex [Ag2[B10Cl10]]n are described [58]. The com-
pound is formed in an aqueous solution according to
the scheme by the interaction of the corresponding
salts:

Its structure was determined by X-ray diffraction.
In the complex, the metal cation coordinates three
boron cluster anions with the formation of five-mem-
bered Cl–B–B–Cl–Ag rings; the coordination poly-
hedron of the silver(I) atom is the AgCl6 octahedron,
the Ag–Cl distances are 2.706(1)–2.893(1) Å. In turn,
each boron cluster anion is surrounded by six mono-
cations. Four of them coordinate one apical and one
equatorial chlorine atoms, and two silver atoms inter-
act with two equatorial chlorine atoms (Fig. 22). As a
result of the above interactions, the coordination poly-
mer is formed.

When carrying out a similar reaction in acetoni-
trile, the possibility of synthesizing a mixed-ligand
complex of polymer structure was established; in the
product, the silver(I) atom coordinates the boron clus-
ter anions and solvent molecules.

In this reaction, when the reagents are fused,
potassium nitrate is instantly formed, which practi-
cally quantitatively precipitates from the reaction solu-
tion. Thus, only silver cations, boron cluster anions,

( ) [ ] [ ][ ]2
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H
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Fig. 23. Fragment of the structure of [Ag2(CH3CN)2[B10Cl10]]n.
and solvent molecules remain in the reaction solution.
Isothermal evaporation of the solution leads to the
selective isolation of polymeric complex
[Ag2(CH3CN)2[B10Cl10]]n [58]. According to X-ray
diffraction data, the silver(I) atom coordinates two
solvent molecules and two [B10Cl10]2– anions to
form the AgN2Cl4 coordination polyhedron. Each
[B10Cl10]2– anion is coordinated by four metal atoms;
as a result, a three-dimensional framework structure is
formed (Fig. 23).

A similar reaction in dimethylformamide leads to
the formation of polymeric compound [Ag2[B10Cl10]-
(DMF)2]n (Fig. 24) [58]:

Compound [Ag2[B10Cl10](DMF)2]n is a coordina-
tion polymer built of the [B10Cl10]2− anions, silver(I)
atoms, and coordinated DMF molecules (Fig. 24). Two
silver(I) atoms are bonded together by DMF molecules;

the Ag–Ag distance in the crystal is 3.202 Å, and the Ag–
B bond lengths are in the range 2.636–2.828 Å. The
compound was studied by Raman spectroscopy. Accord-
ing to the data obtained, it can be assumed that the com-
plex contains the Ag–Ag bond [58].

COMPOUNDS WITH PERCHLORINATED 
ANION AND SUBSTITUENTS [B10Hal9R]2–

Recently, a method for the synthesis of a new class
of compounds containing the perchlorinated closo-
decaborate anion with substituent R introduced into
the boron cage has been actively studied. To obtain
them, the substituted derivatives of the decahydro-
closo-decaborate anion [B10H9R]– containing the exo-
polyhedral functional group R are chlorinated, which
leads to the substitution of all hydrogen atoms by hal-
ogen atoms to form derivatives [B10Hal9R]–.

Thus, chlorination of the amino-substituted closo-
decaborate anion gives the nonachloro-closo-2-ami-
nodecaborate anion [70]:

Note that carrying out this reaction in water leads
to a number of side processes. At temperatures above

200°C, the boron cluster degrades; chlorination at
room temperature leads to the formation of a number
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Fig. 24. Fragment of the structure of [Ag2[B10Cl10](DMF)2]n.
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Ag

Ag
Ag
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O O
of products with varying degrees of substitution, con-
taining up to eight chlorine atoms; moreover, substi-
tuted derivatives containing halogen atoms and
RUSSIAN JOURNAL OF C

Fig. 25. Molecular structure of Me4N[2-NH3–B10Cl9]⋅
H2O.

C
H
B
Cl
N
O

hydroxy groups as substituents have been found. The
best way to carry out this reaction is slowly heating a
suspension of (Me4N)[2-NH3–B10H9] in dichlo-
roethane in excess of chlorine at a temperature of –78
to 80°C for a week. The structure of the final com-
pound is shown in Fig. 25.

Chlorination of the [B10H9S((CH2)3N(CO)2-
C6H4)2]– anion using SO2Cl2 led to the synthesis of
compound (Bu4N)[B10Cl9S((CH2)3N(CO)2C6H4)2],
the structure of which is shown in Fig. 26 [71]. In the
structure of the compound, the boron cluster anions
face each other by exopolyhedral substituents, and the
[B10Cl9]– anions are located between the Bu4N+ cat-
ions. The B–S distance is 1.890(3) Å.

In conclusion, we note that substituted derivatives
of boron cluster anions can actually be considered as a
metal cluster that attaches a “ligand” which is a sub-
stituent molecules. This point of view was expressed by
A.A. Pasynskii, who worked for many years at the
Nesmeyanov Institute of Organoelement Compounds
RAS and the Kurnakov Institute of General and Inor-
ganic Chemistry RAS   and always showed interest in
works related to the chemistry of boron cluster anions;
he urged his colleagues to find analogies in the chem-
ical behavior of compounds of different classes [72].
OORDINATION CHEMISTRY  Vol. 47  No. 8  2021
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Fig. 26. Molecular structure of (Bu4N)[B10Cl9S-
((CH2)3N(CO)2C6H4)2].
Analyzing the literature data described in this
work, the following conclusions can be drawn.

(1) For most compounds containing the perchlori-
nated [B10Cl10]2– anion, one can expect the presence
of secondary Cl…X (X = N, C, O) interactions with
solvent molecules, organic ligands, and/or organic
cations. The formation of this type of interaction can
be identified by a combination of 35Cl NQR spectros-
copy and X-ray diffraction.

(2) In complex compounds of metals М(II)
(Fe(II), Co(II), Ni(II), Mn(II), Cu(II)) in the pres-
ence of organic and inorganic ligands L, the perchlo-
rinated boron cluster anions [B10Cl10]2– form an outer
sphere and do not participate in the formation of coor-
dination bonds with the metal. In these compounds,
metal atoms coordinate ligands L or solvent mole-
cules.

(3) The composition and structure of compounds
with the [B10Cl10]2– anion depends on the stability of
the cationic metal complexes in the reaction solution.
For М(II) with a threefold excess of ligands L (Bipy,
Phen), tris-chelate complexes [ML3][B10Cl10] were
obtained. For manganese(II) and cobalt(II), it was
found that a decrease in the content of ligand L with
respect to the metal leads to the formation of binuclear
complexes [M2L4Cl2][B10Cl10].

(4) At present, the first examples of polymeric sil-
ver complexes with the coordinated [B10Cl10]2– anion
are known. The synthesis of such compounds can be
realized in the absence of competitive bulky ligands.
Complexes [Ag2[B10Cl10]]n, [Ag2(CH3CN)2[B10Cl10]]n,
and [Ag2[B10Cl10](DMF)2]n, which are coordination
polymers with a three-dimensional framework struc-
ture, have been isolated and characterized.

(5) A method has been developed for the synthesis
of a new class of compounds based on a perhaloge-
nated 10-vertex cluster, which contain the substituted
closo-decaborate anion [B10Cl9R]– with nine chlorine
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
atoms and functional group R introduced. The
obtained compounds provide new opportunities for
studying the chemical behavior of halogenated anions
and the structural features of the obtained compounds
(participation in non-bonded interactions, coordina-
tion ability, etc.).
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