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INORGANIC RINGS IN THIO- AND SELENOBORATES

OLAF CONRAD and BERNT KREBS

Anorganisch-Chemisches Institut der Universitat Miinster, Wilhelm-
Klemm-Str. 8,48149 Miinster, Germany

Dedicated to Professor Hartmut Bartiighausen

A comprehensive overview on the structural diversity of thio- and
selenoborates is given with special focus to the molecular features of
boron-sulfur and boron-selenium chemical systems in binary and ter-
nary compounds.
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INTRODUCTION

As early as 1901 Stock and coworkers reported the existence of the

"adducts" B2S3-BC13 and B2S3-BBr3,
[l] which by Wiberg and Sturm in

1953 were shown to be derivatives of a cyclic trimeric metathioboric

acid B3S3X3 (X = Cl, Br).l2] In the 1960's Muetterties, Schmidt, Siebert,

Hagenmuller, Chopin and others spent much effort in both solution

chemistry and solid state chemistry of boron-sulfur and boron-selenium

compounds and succeeded in the preparation and characterization of

compounds like (Et2N-BS)2,
[3) (C1BS)2S

[4] and (NaBS)3.
l5]

Over the past two decades an improved solid state preparation

technique, particularly the synthesis of high quality single crystals, has
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38 O. CONRAD and B. KREBS

made possible a rapid progress in the understanding of chalcogenobo-

rate chemistry. The tool of single crystal X-ray structure analysis gives

undisputable data on bond lengths, bond angles, coordination spheres,

and alike.

STRUCTURAL PRINCIPLES IN THIO- AND SELENOBO-
RATES

Starting from the binary boron sulfides B2S3, (BS2)n and BgSje and

boron selenide (BSe2)n
1683 (Fig. 1) four building blocks may be

extracted, that serve as characteristic structural features for each group

(BSJ.

FIGURE 1: Crystal structures of binary boron sulfides
and building blocks extracted
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INORGANIC RINGS IN THIO- AND SELENOBORATES 39

•

of chalcogenoborates: a trigonal-planar BS3 entity, a strained four-

membered B2S2-ring containing B2S4 unit, a B3S6 entity with a planar

six-membered B3S3 ring and the B2Q5 (Q = S, Se) unit presenting a

planar five-membered B2(Q2)Q ring with a direct Q-Q contact. The

corresponding anions of these building blocks are observed in a large

number of thioborates and in TlaBSe3. They are considered as salts of

the - in part hypothetical - thioboric and selenoboric acids, respectively.

In these discrete anions boron in solely trigonal-planar coordination is

present. However, most of the selenoborates and still a considerable

number of thioborates contain polymeric anions with boron in tetra-

hedral coordination, i. e. boron has been rehybridized from sp2 to sp3.

This corresponds to an elevation of the two-dimensional building units

into the third dimension by adding another chalcogen atom on top of

each BQ3 triangle. In this way a large variety of polymeric OD, ID, 2D

and 3D anionic frameworks is built. These include four-, five- or six-

membered rings that are spirocyclically fused or edge-sharing.

Boron in trigonal-planar coordination

The binary boron sulfides contain boron-sulfur rings that are connected

via sulfur atoms to form layers in B2S3, chains in (BS2)n and

macrocyclesinBgSi6.t68] All rings, chains, layers andmacrocycles are

perfectly planar. In B2S3 the predominant structural elements, a B3S3

ring and a strained 1.3.2.4-dithiadiboretane ring, are present in a 2:1

ratio. The connection pattern forms a planar, layered structure that con-

tains a 34-membered (BS)n macrocycle. (BS2)n and (BSe2)n include

1.2.4.3.5-trithia-(selena)diborolane rings. In the case n = » infinite
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40 O. CONRAD and B. KREBS

planar chains of B2Q3Q2/2 are formed. In one special case (n = 4) four

B2S3 rings are connected via sulfur atoms to form a porphin-analogous

macrocyle. The transannular sulfur-sulfur distances of more than 4.6 A

in this compound could be suitable for the formation of d8 and d9

transition metal complexes. MO calculations on a hypothetical

[CuB8Si6]2+ complex indicated a stabilization comparable to correspon-

ding thioether complexes.191

C)
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Cs2B2S4 Li2B2Sf

FIGURE 2: Boron in trigonal-planar coordination: CS2B2S4,
and K3B3S6
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INORGANIC RINGS IN THIO- AND SELENOBORATES 41

In solvent chemistry a large number of derivatives of B3Q3 and

B2Q3 ring compounds have been reported/4'10'111 many of which have

been characterized by means of single crystal X-ray structure

determination. The main structural feature of the high-temperature

synthesized compounds, the planarity of the boron-chalcogen system, is

observed in many of these products as well. Obviously the substitution

of the exocyclic chalcogen atoms by organics or halogens has some

influence on the geometry of the ring system.

Besides a large number of orthothioborates several

metathioborates with an anionic inorganic ring have been synthesized

by high temperature techniques. Among these Na3B3S6, K3B3S6 and

Rb3B3S6[7'121 contain a six-membered B3S3 ring (figure 2). They are

alkaline salts of (HSBS)3.[I3] Li2B2S5 and Na2B2S5
I14] include a five-

membered B2S3 ring and Cs2B2S4[15] holds a strained four-membered

B2S2 ring. These compounds can be considered as salts of the

hypothetical dimeric metathioboric acid "H2B2S4", and the hypothetical

cyclic perthioboric acid "H2B2S5", respectively. In correspondence to

the charge location on the exocyclic sulfur atoms of the anions the mean

B-S distance in the rings (1.82 A) is somewhat larger than the exocyclic

ones (1.77 A). Up to now no cyclic selenoborate with boron in trigonal-

planar coordination has been reported. It is likely that due to steric

inadequacies (p-p)rc interactions don't give any stabilizing energy gains.

Consequently a tetrahedral coordination of boron is observed in most

boron selenium compounds. Nevertheless, stabilization of trigonal-

planar coordination in B3Se3 and B2Se3 rings can be achieved with
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42 O. CONRAD and B. KREBS

exocyclic -I-substituents as is observed in (XBSe)3 and

(X = Br, I) as well as in ((Ctf^BSefc and (CeHshBaSea111'16]

Boron in tetrahedral coordination

If in a molecule trigonal-planar coordinated boron coexists with sulfide

or disulfide, the formation of intermolecular donor-acceptor complexes

is possible. This gives dimeric, trimeric or even polymeric molecules.

An early example of this kind is X2B-SCH3 (X = Cl, Br) that in solid

state is trimeric.1171 Boron is tetrahedrally coordinated with a mean B-S

distance of 1.95 A. In boron-chalcogen ring compounds two cases of

intermolecular interaction may be present:

• Interaction of exocyclic chalcogen atoms with boron atoms in a ring

• Interaction of boron and chalcogen atoms inside of different rings

FIGURE 3: Formation of a donor-acceptor complex in TIBS2
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INORGANIC RINGS IN THIO- AND SELENOBORATES 43

In figure 3 the formation of the polymeric (BSOn anion in TIBS21181 is

shown as interpreted as donor-acceptor complex formation of exocyclic

sulfur atoms and endocyclic boron atoms of B3S63" units. In this case

four-membered B2S2 rings are formed that other than in B2S3 contain

tetrahedrally coordinated boron. Consequently the formerly planar six-

membered B3S3-ring now is in the chair conformation and is connected

to three more B3S3-rings via B2S2-rings. A layered structure of poly-

merized B3S6 units is formed. A rehybridization of boron from sp2 to

sp3 has taken place.

o

FIGURE 4: Formation of B4S10 and B10S20 macrotetrahedra

In figure 4 a possible interpretation of the formation of the

adamantane-like B4S104" anion is proposed. With just one additional

sulfide this macrotetrahedron can be built starting from planar boron-

sulfur units. Each sulfur atom of a planar BS33* entity coordinates to one
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44 O. CONRAD and B. KREBS

of the boron atoms in a B3S3-ring, that needs to be rehybridized to sp3.

A sulfur atom on top of the remaining boron atom completes the B4S104"

-unit. This relatively highly charged fragment is found in Ph^Sio.1 7 ' I 9 1

Covalent interactions between lead and terminal sulfur atoms are

discussed to partially compensate the charges. The ,,superadamantane"

B10S20 unit is built in a similar way. These fragments are found in a

variety of compounds with different types of polymerization. In

(x = 2) chains of B10S18S2/2 are present,'201 in

FIGURE 5: Macrotetrahedral polymeric thioborate networks

Ag6BioS!8 and Na6BioSi8
[2OJ all corners of a B10S16S4/2 are connected to

neighbouring units and two independent, interpenetrating infinite three-
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INORGANIC RINGS IN THIO- AND SELENOBORATES 45

dimensional networks are formed in this way. The smallest possible unit

of this kind, a BS/'-anion, has never been observed due to its high

charge, but it is a very strong Lewis base. In L^Bi9S33[201 it serves as a

linkage between B10S16S4/2 entities to again form two independent,

interpenetrating infinite three-dimensional networks. Another example

of this kind is found in LisBySia,120^ where an alternation of B4S6S4/2-

tetrahedra and BioSi6S4/2-supertetrahedra forms the networks.

Compounds with infinite networks of macrotetrahedra form a very rigid

three-dimensional anionic framework with fairly large voids and

channels. These spaces are of a similar energetic environment;

consequently the movement of cations is not much hindered. Solid state

NMR spectroscopy on 7Li-nuclei in LisBvSo, 09619833,

Li6+2x[BioSi8]Sx and Li4.2XSr2+xBioSi9 showed in some cases remarkable

dynamics of the cations.1211

SrB2S4

FIGURE 6: The crystal structures of BaB2S4 and SrB2S4

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
8
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



46 O. CONRAD and B. KREBS

Not only Lewis basicity is important for the formation of donor-

acceptor complexes but also sterical demands of the cations. The anion

in BaB2S41221 forms an infinite chain of spirocyclically fused six-

membered B3S3 rings. Figure 6 shows this situation. The bridging boron

atoms inside a six-membered ring are tetrahedrally coordinated,

whereas those with a terminal sulfur atom are trigonal-planar coordi-

nated. The nearest distance between a terminal sulfur atom of one chain

to a trigonal-planar boron atom in a neighbouring chain is 3.62 A.

i

FIGURE 7: Formation of (BSe3')n by nucleophilic attack of diselenide

In SrB2S4[l81 the situation is comparable, but here the donor-

acceptor complex has been formed. All boron atoms are in sp3-

hybridization and a four-membered B2S2 ring has been formed.

Obviously the larger Ba2+ ion prevented the formation of the infinite

two-dimensional cation. An alternative way to look at the cation

structure is given in figure 6: In BaB2S4 infinite chains of corner-sharing

BS4 tetrahedra with an additional B-S bridge are present, in
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INORGANIC RINGS IN THIO- AND SELENOBORATES 47

these chains of corner-sharing BS4 tetrahedra are connected to

neighbouring chains via a B2S6 unit of two edge-sharing tetrahedra.

Most of the thioborates with boron in tetrahedral coordination

do not contain a disulfide fragment, whereas all known selenoborates

with tetrahedrally coordinated boron contain diselenide units. The

nucleophilic attack of diselenide to (BSe2)n is shown in figure 7. This

process results in an infinite chain of spirocyclically fused five-

membered B2Se3 rings with boron in tetrahedral coordination.

Selenoborates and icosahedral boron-clusters

Just recently the novel chalcogenoborate Csg[Bi2(BSe3)6] was synthe-

sized starting from caesium selenide, boron and selenium.[23] This com-

pound contains a B12 icosahedron completely saturated with chalcogen

ligands (figure 8). Thus, during the synthesis the B12 icosahedron is

preserved rather than being fragmented by nucleophilic attack, as is

known from all earlier chalcogenoborate syntheses. The new

Csg[Bi2(BSe3)6] contains chelate-bonded trigonal planar selenoborate

entities that complete the Bn icosahedron to form a persubstituted

c/oso-dodecaborate anion. Thus, the caesiumhexaselenoborato-c/oyo-

dodecaborate is the first representative of a new type of boron cluster

compounds.

The electronic counts of the selenium-substituted dodecaborate

unit obey Wade's rules for cluster compounds. The closo-clustcr

contains 2n+2 binding electrons in a B12 unit, six negative charges are

located mainly on the terminal selenium atoms leaving two negative

charges on the central cluster. The [Bi2(BSe3)6]8' species is of additional
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48 O. CONRAD and B. KREBS

general interest because of the complete substitution of a c/cs0-borate

by non-hydrogen atoms. These results open new ways to the

understanding of the reaction paths toward a novel class of boron-

chalcogen compounds. On the other hand they give access to a new

field of interesting materials, first of all by replacement of selenium by

the homologous sulfur. The size of the selenoboratoborate anion is

particularly interesting for the use of small cations like Li*, Ag+, or Cu+

to synthesize new ionic conductors. As another strategy to synthesize

polyhedric chalcogenoborates one can probably start from metal borides

with pre-formed B ^ , B6, or other clusters rather than from elemental

boron.

FIGURE 8: [Bi2(BSe3)6] -anion in Cs8[Bi2(BSe3)6]
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