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Abstract―Solvent-free copper(I) and thallium(I) compounds of the general formula [M2[B10H10]] have been
synthesized. The compounds have been identified by IR spectroscopy and X-ray diffraction. According
to X-ray diffraction data, the structures of both compounds are three-dimensional frameworks. In copper(I)
complex [Cu2[B10H10]]n, the formation of three-center M–H–B bonds is observed. In thallium(I) com-
pound Tl2[B10H10], the bond between cations and anions is ionic, which is confirmed by IR spectroscopy
data. The Hirschfeld surface analysis of the boron cluster anion was performed for both compounds to iden-
tify and analyze intramolecular interactions.
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INTRODUCTION

Boron cluster anions [BnHn]2– (n = 10, 12) [1–5]
form an independent area of boron chemistry, which
combines coordination, inorganic, organic, and orga-
noelement chemistry. Coordination compounds of
this class can participate in reactions of the substitu-
tion of terminal hydrogen atoms with various func-
tional groups forming of a large number of substituted
derivatives [6–9]. In addition, boron clusters and their
substituted derivatives act as ligands forming metal
complexes [10–15].

Among the great number of complexes with boron
cluster anions, solvent-free complexes [Mx[BnHn]] (M
is a metal atom, x = 1 (for metals in the oxidation state
+2) or 2 (for metals in the oxidation state +1),
[BnHn]2– is a boron cluster anion or its substituted
derivative) are very few in number. The first complex
of this kind, copper(I) complex [Cu2[B10H10]]n with
the decahydro-closo-decaborate anion was obtained as
early as 1962 [16, 17]. This complex was prepared
when copper(II) acetate reacted with salts of the closo-
decaborate anion in water. Complex [Cu2[B10H10]]n is
the first compound where the bond between the metal
atom and the closo-borate anion is realized due to
three-center two-electron CuHB interactions. We
note that in 1976, the author of this work, William
Nunn Lipscomb, was awarded the Nobel Prize in

Chemistry “for his studies on the structure of boranes,
illuminating problems of chemical bonding”.

Metal complexes with boron cluster anions which
were isolated later confirmed that this method of
binding between a metal atom and a boron cluster is
predominant one in complexes with coordinated
boron cluster anions.

A similar copper(I) complex with the closo-
dodecaborate anion [B12H12]2– was obtained by heat-
ing copper(II) aquacomplex with the closo-dodecabo-
rate anion [Cu(H2O)6][B12H12] [18]. Complex
[Cu2[B12H12]]n has a three-dimensional framework
structure. The same authors obtained solvent-free
cobalt(II) and nickel(II) complexes [М[B12H12]]n
(M = Co, Ni) [18]. It was found that the compounds
are built of infinite chains M–[B12H12]–M. Thermal
treatment of manganese(II) and iron(II) complexes
[Mn(EtOH)6][B12H12] and [Fe(MeOH)6][B12H12]
containing six alcohol molecules led to the formation
of solvent-free compounds [M[B12H12]]n (M = Mn,
Fe), which have different structures [18]. The iron(II)
complex, like the above mentioned cobalt and nickel
complexes, is built of infinite M–[B12H12]–M chains,
while manganese complex [Mn[B12H12]]n has a lay-
ered structure formed by trinuclear manganese clus-
ters Mn3, which are bonded to boron cluster anions.

The synthesis and properties of thallium(I) salts
with the [В10Н10]2– and [B12H12]2– anions were
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reported [19]. The compounds were obtained by the
reaction between the corresponding closo-borate acids
and thallium(I) hydroxide TlOH. A comparative anal-
ysis of the IR spectra and physicochemical properties
of the two compounds allowed the authors to suggest a
different nature of binding in both compounds
Tl2[B10H10] and Tl2[B12H12]. In Tl2[B12H12] com-
pound, the bond between the Tl(I) atom and the closo-
dodecaborate anion is practically ionic. In a similar
compound with the closo-decaborate anion, there is a
significant fraction of the covalent component in the
Tl(I)–[B10H10]2– anion bond. The authors conclude
that the Tl(I) atom is bound to the apical boron atoms
in the boron cage, but the participation of hydrogen
atoms in the interaction is not discussed.

Later, when (H3O)2[B12H12] reacted with carbon-
ate Tl2CO3 compound Tl2[B12H12] was isolated and its
structure was determined by single crystal X-ray dif-
fraction [20, 21]. This compound is isostructural with
M2[B12H12] (M = K+, Cs+, Rb+) [22, 23]. Thallium
atoms are located in tetrahedral voids between four
[B12H12]2– anions; twelve hydrogen atoms of four tri-
angular faces BBB of the closo-dodecaborate anions
form an almost perfect cuboctahedral coordination
sphere around each thallium atom; the Tl–H dis-
tances are 2.956 Å.

Solvent-free complexes were also obtained for sub-
stituted derivatives of boron cluster anions. Nickel
compound [Ni[B12Cl12]] was isolated by heating aqua-
complex [Ni(H2O)6][B12Cl12] ⋅ 6H2O at >450°C [24].
It has been found that, as the temperature rises, the
nickel aquacomplex loses crystallization and solvate
water molecules to form solvent-free compound
[Ni[B12Cl12]].

The synthesis of silver(I) complexes [Ag2[B10H10]]
[25, 26] and [Ag2[B12H12]] [27] has been described.
The compounds are formed when silver nitrate reacted
with salts of boron cluster anions and precipitate from
aqueous solutions with a yield close to quantitative.
The complexes were identified by elemental analysis
and IR spectroscopy. The structure of the compounds
has not been studied by X-ray diffraction.

When a similar reaction was performed for the
decachloro-closo-decaborate anion, silver complex
[Ag2[B10Cl10]]n was obtained as a result of prolonged
evaporation of the reaction solution in air [14]. X-ray
diffraction analysis showed that the silver(I) atom
coordinates three boron cluster anions in a chelate
manner to form an AgCl6 octahedron with Ag–Cl dis-
tances equal to 2.706(1)–2.893(1) Å. Each boron
cluster anion is coordinated by six metal atoms, four
metal atoms coordinate one apical and one equatorial
chlorine atoms, and two metal atoms coordinate two
equatorial chlorine atoms.

For the dodecachloro-closo-dodecaborate anion,
similar complex [Ag2[B12Cl12]]n was synthesized [28].
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Each [B12Cl12]2– anion is coordinated by the silver
atom via two chlorine atoms, which leads to a six-
coordination environment of the silver atom with a
distorted octahedral geometry. The Ag–Cl bond
lengths (2.83–2.85 Å) in this complex are comparable
with the bond lengths in AgCl (2.77 Å) and in various
silver compounds with chlorinated carborane anions.
In compounds [Ag2[B10Cl10]] and [Ag2[B12Cl12]], the
silver atom is in an octahedral environment, and the
boron cluster anion is bonded to six metal atoms, but
the structures of the three-dimensional frameworks
are different.

In this work, the structure of the well-known poly-
mer complex [Cu2[B10H10]]n is refined and a similar
thallium compound Tl2[B10H10] is synthesized, the
structures of the compounds are compared, the coor-
dination features of the boron cluster anion are stud-
ied, and the nature of the metal bonds with the boron
cluster formed in both structures is discussed.

EXPERIMENTAL
Triethylammonium closo-decaborate (Et3NH)2[B10H10]

was synthesized from decaborane-14 through the for-
mation of 1,6-bis(triethylamine)decaborane accord-
ing to the procedure described [29].

Sodium closo-decaborate was obtained by boiling
(Et3NH)2[B10H10] in aqueous sodium hydroxide solu-
tion until triethylamine was completely removed.

Synthesis of [Cu2[B10H10]]n (I). A solution of
Na2[B10H10] in water (10 mL) was added to an aqueous
solution of copper(II) sulfate (20 mL). Fine crystalline
precipitate was formed. Yield with respect to boron,
41%. The crystal suitable for X-ray diffraction study
was selected directly from the reaction solution.

IR (NaCl, Nujol mull, cm–1): 2565, 2539, 2512,
2144.

For Cu2B10H10 anal. calcd. (%): H, 4.11; B, 44.08;
Cu, 51.82. Found (%): H, 4.03; B, 43.79; Cu, 51.32.

Synthesis of Tl2[B10H10] (II). A solution of TlNO3
(2 mmol) in water was added to a solution of
(Et3NH)2[B10H10] (1 mmol) in water (10 mL). Within
a week, the formation of colorless crystals was
observed. The crystals were filtered off and dried in air.
Yield, 67%.

IR (NaCl, Nujol mull, cm–1): 2523, 2458.
For Tl2B10H10 anal. calcd. (%): H, 1.91; B, 20.52;

Tl, 77.57. Found (%): H, 2.03; B, 20.44; Tl, 76.69.
Elemental analysis was performed on a CHNS-3

FA 1108 Elemental Analyzer automatic gas analyzer
(Carlo Erba). The boron and metal content was deter-
mined by the ICP MS method on an iCAP 6300 Duo
inductively coupled plasma atomic emission spec-
trometer. For analysis, the samples were dried to con-
stant weight.
l. 67  No. 5  2022
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Table 1. Crystallographic data and experimental and refinement details for compounds I and II
Parameter I II

Formula B10H10Cu2 B10H10Tl2
FW 245.26 526.92
T, K 150 297
Crystal system Orthorhombic Monoclinic
Space group Pbca P21/n
a, Å 11.3547(12) 7.0283(10)
b, Å 10.0587(11) 11.0848(10)
c, Å 14.4589(15) 12.7739(10)
β, deg 90 94.922(10)
V, Å3 1651.4(3) 991.51(18)
Z 8 4
ρcalcd, g/cm3 1.973 3.530

μ, mm–1 5.054 32.384
F(000) 944.0 888.0
Radiation, λ, Å MoKα (λ = 0.71073) MoKα (λ = 0.71073)
Number of ref lections:
collected

13750 1379

independent (N) 2395 [Rint = 0.0543, Rsigma = 0.0423] 1265 [Rint = 0.0429, Rsigma = 0.1218]
GOOF on F2 1.019 1.081
R1, wR2 for N0 R1 = 0.0307, wR2 = 0.0680 R1 = 0.0840, wR2 = 0.2131
R1, wR2 for N R1 = 0.0485, wR2 = 0.0750 R1 = 0.1643, wR2 = 0.2539
IR spectra of the reagents and products were
recorded on an Infralum FT-02 FT-IR spectropho-
tometer (SPF AP Lumeks, Russia): suspension in
Nujol mull (Aldrich); NaCl plates; measurement
range, 4000–400 cm–1; resolution, 1 cm–1.

X-ray diffraction. Sets of diffraction reflections
were obtained at the Center for Collective Use of the
Kurnakov Institute RAS on a Bruker SMART APEX2
(for crystals I) and a Enfaf Nonius CAD4 (for II) auto-
matic diffractometers. The structures were solved by
the direct method with subsequent calculation of dif-
ference Fourier syntheses. All hydrogen atoms were
refined according to the rider model with thermal
parameters Uiso = 1.2Ueq (Uiso) of the corresponding
non-hydrogen atom. All non-hydrogen atoms were
refined in the anisotropic approximation.

The APEX2, SAINT, and SADABS programs [30]
were used for data collecting and processing. The
structures were solved and refined using the programs
of the OLEX2 complex [31].

The main crystallographic data, experimental
parameters, and structure refinement characteristics
are given in Table 1. Crystallographic data were depos-
ited with the Cambridge Crystallographic Data Center
(CCDC nos. 2118147 and 2118148).

Analysis of the Hirschfeld surface. The Crystal
Explorer 17.5 program [32] was used to analyze inter-
actions in crystals. Donor-acceptor groups are visual-
ized using standard (high) surface resolution, and
dnorm surfaces are displayed on a fixed color scale from
–0.640 (red) to 0.986 ae (blue).
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RESULTS AND DISCUSSION
Synthesis and Structure of Complex [Cu2[B10H10]]n

Complex [Cu2[B10H10]]n was synthesized by the
reaction between copper(II) sulfate and the closo-
decaborate anion according to the reaction [16, 17]:

(I)

In this case, the yield of the compound is low, since
part of the anion is spent on the redox reaction with
copper(II) atoms, which leads to partial degradation of
the boron cluster anion.

Note that salt Na2[B10H10] was used to obtain the
target compound, since the use of closo-decaborate
with a large organic cation, for example,
(Et3NH)2[B10H10], can result in anionic complex
{(Et3NH)Cu[B10H10]}n. Complexes {Cat[Cu[B10H10]]}n
were studied in detail [26, 33].

In the IR spectrum of compound I, a strongly split
band of stretching vibrations of ВН bonds ν(BH) is
observed with maxima at 2565, 2539, 2512, and
2144 cm–1, which indicates the involvement of the
boron cluster anion in metal coordination.

In contrast to data reported [16], the hydrogen
atoms of the boron cluster in compound I are localized
in the difference Fourier synthesis and refined inde-
pendently in the isotropic approximation. The crystal-
lographically independent part of the orthorhombic
cell (space group Pbca) of complex [Cu2[B10H10]]n
contains two copper atoms and one anion. A 2D poly-
mer is formed in the crystal structure of the complex

[ ] [ [2H2–2
10 2 1

O
10 0 10Cu  B H Cu B ]]H .n

+ ⎯⎯⎯→+
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Fig. 1. (a) Monomer unit of complex I and (b) part of the 2D polymer network.
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Fig. 2. (a) dnorm map plotted on the Hirschfeld molecular surface of the [B10H10]2– anion for compound I and (b) Cu–H inter-
action boundaries on this surface; (c) 2D unfolding of the Hirschfeld surface of the anion and the boundaries of the (d) H···H,
(e) H···Cu, and (f) B···Cu contacts.
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due to the formation of four pairs of three-center two-
electron bonds CuHB of the boron cage with four cop-
per atoms. Coordination is carried out along two
opposite axial edges of one of the anion vertices (B1B2
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
and B1B4) and two adjacent edges of the other (B8B10
and B9B10). The Cu–B and Cu–H bond lengths are
given in Table 2 and are consistent with the data
reported for the complex [16].
l. 67  No. 5  2022
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Fig. 3. Crystallographic structure of compound II, view along axis a.

B

H

Tl
b a

c

The Cu–H contacts are shown in Fig. 1 (high-

lighted in color). Analysis of the Hirschfeld surface of

the [B10H10]
2– anion shows that H···H contacts with

neighboring clusters account for 70.8% of the anion

surface, H–Cu contacts account for 23.8% of the sur-

face, and B–Cu contacts correspond to 5.4% (Fig. 2) .
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Table 2. Bond lengths Cu–B and Cu–H in complex I

a–1/2 + x,1/2 – y, 1 – z; b –1/2 + x, +y, 3/2 – z.

Bond Length, Å Bond Length, Å

Cu(1)–B(1) 2.226(2) Cu(1)–H(1) 2.033

Cu(1)–B(2) 2.161(3) Cu(1)–H(2) 1.804

Cu(1)–B(9)a 2.160(2) Cu(1)–H(9)a 1.823

Cu(1)–B(101) 2.232(2) Cu(1)–H(10)a 2.062

Cu(2)–B(1) 2.228(2) Cu(2)–H(1) 2.097

Cu(2)–B(4) 2.148(2) Cu(2)–H(4) 1.768

Cu(2)–B(8)b 2.143(2) Cu(2)–H(8)b 1.73

Cu(2)–B(10)b 2.320(2) Cu(2)–H(10)b 2.248
Synthesis and Structure of Compound Tl2[B10H10]

Thallium(I) salt was obtained by reacting thallium
nitrate with salt (Et3NH)2[B10H10] according to the

reaction:

(II)

The compound is formed in high yield (67%).

The IR spectrum of the compound shows ν(BH)

bands with maxima at 2523 and 2458 cm–1, which sug-
gests that there is no coordination between the metal
cation and the boron cluster anion, since the low-fre-
quency band ν(BH)MHB of coordinated BH groups of

the boron cluster is not found, the maximum of which

is usually observed in the region of 2300–2200 cm–1.

Salt II is isostructural to the previously described
salts of the closo-decaborate anion with alkali metals
Na, K, Rb [34], similarly to salt Tl2[B12H12] [20, 21],

which is isostructural to K, Rb, and Cs salts of the
closo-dodecaborate anion [22, 23]. The crystallo-
graphically independent part of the monoclinic unit

cell (space group P21/n) includes the [B10H10]2– anion

[ ] [ ]2H O2–

10 10 2 10 102Tl B H T .l B H
+ ⎯⎯⎯→+
F INORGANIC CHEMISTRY  Vol. 67  No. 5  2022
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Fig. 4. (a) dnorm map plotted on the Hirschfeld molecular surface of the [B10H10]2– anion for compound II and (b) Tl–B inter-
action boundaries on this surface; (c) 2D unfolding of the Hirschfeld surface of the anion and the boundaries of the (d) H…H,
(e) H…Tl, and (f) B…Tl contacts.
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Fig. 5. dnorm map plotted on the Hirschfeld molecular sur-
face of the Tl+ cation in compound II.
and two cations that are in a common position (Fig. 3).

The closo-decaborate anion is surrounded by eight Tl+

cations (Fig. 2) with distances Tl···B 3.17–3.65 Å (Fig. 2)
and Tl···H 2.67–3.44 Å. As can be seen on the
Hirschfeld surface of the boron cluster anion (Fig. 2a),
the thallium cations are located above the centers of
the faces of the closo-decaborate anion, and the
lengths of the contacts Tl···B are less than the sum of
their van der Waals radii (red color in Fig. 2b). In this
case, the Tl···B contacts account for 1.9% of the anion
surface, with the Tl–B distance less than the sum of
their van der Waals radii. The Tl···H contacts account
for 33.9%, and the remaining 64.2% are accounted for
the H···H contacts of neighboring anions with the
shortest distance of ~2.15 Å.

In each case, the thallium cation is surrounded by
four faces of the boron cage (Fig. 3) of four different

[B10H10]2– anions.

An analysis of the Hirschfeld surface of two com-
pounds shows that the proportion of the M–B contact
in the copper complex significantly increases, in con-
trast to salt II (5.4% compared to 1.9%), while the pro-
l. 67  No. 5  2022
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portion of M–H contacts in complex I is 23.8%, and
in salt II it is equal to 33.9%, which is related to the

large ionic radius of Tl+.

The resulting complex compounds, the structure of
which is a three-dimensional framework, can be used
for the targeted synthesis of organometallic polymers
(MOFs) [35–40] with the participation of boron clus-
ter anions.

Note that complex compounds with boron cluster
anions are used as extractants of heavy metal salts,
components for obtaining thermal protective coatings,
in medicine, catalysis, etc. [41–45]. 

CONCLUSIONS

Thus, we synthesized copper(I) and thallium(I)
coordination compounds with the general composi-
tion [M2[B10H10]]. The compounds were studied by IR

spectroscopy and single-crystal X-ray diffraction. In
copper(I) complex [Cu2[B10H10]]n, the closo-decabo-

rate anion is coordinated by metal atoms forming
three-center M–H–B bonds; the Cu–B distances are
2.143(2)–2.320(2) Å. The IR spectrum of the com-
pound contains the ν(BH)MHB band, which also indi-

cates the coordination of the boron cluster anion. In
thallium(I) salt Tl2[B10H10], it can be assumed that the

binding of the cation to the anion is ionic; the Tl···B
distances are 3.17–3.65 Å. The IR spectrum contains
only ν(BH) bands of non-coordinated BH groups.
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