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A plethora of zero-dimensional chalcogenide cluster com-
pounds are known, especially for the early transition met-
als.[1±3] For Group 4 and 5 metals, the stability of such clusters
is often critically dependent on the presence of interstitial
atoms.[4] Such interstitial atoms have been introduced adven-
titiously in syntheses involving solution chemistry,[2] an
example being the synthesis of [PPh4]2[Ti3O(S2)3Cl6] from
the reaction of TiCl4 with S(SiMe3)2 in CH2Cl2.[5] Introduction
of interstitial atoms into solid-state clusters has progressed
from the adventitious[6] to the deliberate.[3, 4, 7, 8] Almost all
such solid-state syntheses involve the combination of the
elements at high temperatures, often achieved by arc melting.

Since the synthesis of K4Ti3S14 in 1987 by the reaction of Ti
metal with a K2Sn (n� 2) flux,[9, 10] the so-called ªreactive flux
methodº has been used extensively to synthesize a wide
variety of alkali metal (A) or Cu/metal (M)/polychalcogenide
(Qn) compounds, especially for metals from Groups 4 or 5.[9±21]

The structures of many of these compounds comprise the
hexagonal closest packing of one-dimensional M/Q chains,
separated by A atoms.[22] The A/Group 4/Qn structures are
especially interesting, because they all contain linear M/Q
chains. Although isolated two-dimensional M/Q layers and
one-dimensional M/Q chains are known in solid-state bina-
ry[23±26] and ternary Group 4 metal chalcogen compounds,[15, 27]

no zero-dimensional M/Q clusters have been found in A/M/Q
compounds.[28]

We find that the low-temperature reactive flux method can
be modified by the deliberate introduction of diverse poten-
tial interstitial species to afford zero-dimensional cluster
compounds. We illustrate this with the synthesis of the solid-
state cluster compound K4Ba[Ti6OS20] from a reactive flux
similar to that used in the synthesis of the one-dimensional
compound K4Ti3S14, but augmented by the deliberate intro-
duction of TiO2. Specifically, this compound results in yields
of approximately 70 % from the reaction of K2Sn, BaS, Ti, and
TiO2 at 823 to 873 K.

Two different crystal modifications of K4Ba[Ti6OS20] (hex-
agonal, space group P6322 and orthorhombic, space group
Fddd) are obtained, depending on the heating regime. Both

consist of well-separated [Ti6OS8(S2)6]6ÿ anionic clusters and
K� and Ba2� cations. The clusters are essentially identical in
the two modifications; one such [Ti6OS8(S2)6]6ÿ cluster is
illustrated in Figure 1. It consists of an O-centered Ti6

octahedron inscribed in a cube of eight S atoms with an S2
2ÿ

group bonded on the outside of the cube to each Ti4� center.

Figure 1. Structure of the [Ti6(O)S8(S2)6]6ÿ cluster.

Although the idealized symmetry of [Ti6(O)S8(S2)6]6ÿ could be
as high as D3d, it is D3 in the hexagonal modification and D2h

in the orthorhombic modification. A similar core is found in
the structures of [Zr6SS8Cp6] (Cp�C5H5)[29] and
[V6OSe8(PMe3)6].[29] Bond lengths within the anion are given
in Table 1. These are normal. In particular, the TiÿO distances
of 2.2824(5) to 2.2943(7) � are expected for a TiÿO single
bond, the SÿS distances of 2.058(1) to 2.064(1) � are expected
for an SÿS single bond, and the Ti ´´ ´ Ti distances are too long
to be bonding. The absence of such bonding is consistent with
the K/Ba ratio as given and the presence of Ti4�.

Experimental Section

Synthesis: The following reagents were used as obtained: K (Aldrich,
99.5 %), BaS (Alfa, 99.7 %), Ti (Aldrich, 99.7 %), TiO2 (Aldrich, 98.9�%),
and S (Alfa, 99.5 %). K2S was prepared by stoichiometric reaction of the
elements in liquid NH3. Both crystal modifications of K4Ba[Ti6OS20] were
prepared by the reactions of K2S, BaS, Ti, TiO2, and S in the molar ratio of
1:0.25:1:0.25:7. The mixtures were loaded into two carbon-coated fused-
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Table 1. Selected distances for the [Ti6OS8(S2)6]6ÿ clusters in
K4Ba[Ti6OS20].

Space group P6322 Space group Fddd

TiÿS1 2.376(1) Ti1ÿS1 (�2) 2.375(1)
TiÿS2 2.370(1) Ti1ÿS4 (�2) 2.4273(7)
TiÿS3 2.384(1) Ti1ÿS5 (�2) 2.5285(7)
TiÿS3 2.532(1) Ti2ÿS2 2.3743(8)
TiÿS3 2.536(1) Ti2ÿS3 2.3786(8)
TiÿS4 2.472(1) Ti2ÿS4 2.4364(8)
TiÿO 2.2890(7) Ti2ÿS4 2.5701(8)
S1ÿS2 2.058(1) Ti2ÿS5 2.3778(8)
Ti ´´ ´ Ti 3.235(2) Ti2ÿS5 2.5375(8)
Ti ´´ ´ Ti (�2) 3.237(1) Ti1ÿO 2.2943(7)
Ti ´´ ´ Ti 3.240(2) Ti2ÿO 2.2824(5)

S1ÿS1 2.064(1)
S2ÿS3 2.0608(9)
Ti1 ´´ ´ Ti2� 2 3.2241(7)
Ti1 ´´ ´ Ti2� 2 3.2483(7)
Ti2 ´´ ´ Ti2 3.224(1)
Ti2 ´´ ´ Ti2 3.2318(1)
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Polymerization to Ethene Trimerization with a
Hemilabile Ancillary Ligand**
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The chemistry of transition metal complexes with hemi-
labile ancillary ligands (i.e., with multidentate ligands that
have a mixture of tightly bound and substitutionally labile
functionalities) is enjoying an increasing popularity.[1] These
hemilabile ligands can stabilize reactive metal centers by the
chelate effect, but keep the metal accessible for substrate
molecules by virtue of the substitutionally labile character of
one of the functionalities. Examples of such hemilabile ligands
include phosphine ± ether, cyclopentadienyl ± alkene, and
phosphine ± arene ligands. In some cases, hemilabile ligands
were found to influence the selectivity and stability of
transition metal catalysts.[2] Here we report that the catalyst
system [(h5-C5H4CMe2R)TiCl3]/MAO (MAO�methylalum-
oxane) is transformed from an ethene polymerization catalyst
into an ethene trimerization catalyst, producing 1-hexene, by
simply changing the ligand substituent R from a methyl to a

silica tubes under an argon atmosphere in a glove box. These tubes were
sealed under a 10ÿ4 Torr atmosphere and then placed in a computer-
controlled furnace. The sample in the first tube was heated to 823 K at
1.5 K minÿ1, kept at 823 K for three days, very slowly cooled at 4 K hÿ1 to
423 K, then cooled to room temperature to afford black hexagonal plates of
the hexagonal modification in about 80% yield. The sample in the second
tube was heated to 873 K at 1.5 Kminÿ1, kept at 873 K for two days, when
the furnace was turned off. Black needles of the orthorhombic modification
were obtained in about 70% yield. The reaction mixtures were washed free
of alkali metal chalcogenides with dimethylformamide and then dried with
acetone. Analysis of these crystals with an energy-dispersive X-ray (EDX)-
equipped Hitachi S-4500 scanning electron microscope showed K/Ba/Ti/S
approximately in the ratio 5:1:10:30; the presence of O was observed but
could not be quantified.

General crystallographic details : Bruker Smart 1000 CCD diffractome-
ter,[30] graphite-monochromatized MoKa radiation (l� 0.71073 �), T�
153 K. Data were collected by an w scan of 0.38 in groups of 606, 606,
and 606 frames at f settings of 08, 1208, and 2408 for the hexagonal
modification and in groups of 606, 606, 606, and 606 frames at f settings of
08, 908, 1808, and 2708 for the orthorhombic modification. The exposure
times were 15 s frameÿ1. Intensity data were collected with the program
SMART.[30] Cell refinement and data reduction were carried out with the
use of the program SAINT,[30] face-indexed absorption corrections were
carried out with the program XPREP,[31] and the frame variations were
further corrected with the use of the program SADABS.[30] The structures
were solved with the direct methods program SHELXS and refined with
the least-squares program SHELXL of the SHELXTL-PC suite of
programs.[31] The final refinements included anisotropic displacement
parameters and a secondary extinction correction. Crystal structure
analysis of K4Ba[Ti6OS20]: black hexagonal plate, 0.040� 0.078�
0.084 mm, hexagonal, P6322, a� 9.3386(4), c� 18.130(1) �, V�
1369.3(1) �3, T� 153 K, Z� 2, 1calcd� 3.004 gcmÿ3, qmax.� 28.888, 11429
reflections measured, 1175 unique, 1064 observed with I> 2s(I), m�
52.12 cmÿ1, min/max transmission� 0.685/0.816, R1� 0.0374, wR2�
0.0895. Black needle, 0.096� 0.112� 0.248 mm, orthorhombic, Fddd, a�
11.106(2), b� 15.338(2), c� 32.265(5) �, V� 5496.0(13) �3, T� 153 K,
Z� 8, 1calcd� 2.993 g cmÿ3, qmax.� 28.858, 16008 reflections measured,
1749 unique, 1590 observed with I> 2s(I), m� 51.94 cmÿ1, min/max trans-
mission� 0.459/0.713, R1� 0.0336, wR2� 0.0894.

Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (�49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository numbers CSD-411697 for the orthorhombic
modification and CSD-411698 for the hexagonal modification.
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