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During the last decade it was impressively demonstrated by
several groups that the solvothermal technique is not only a
promising route for the preparation of new and exciting open
framework oxidic compounds but also for the syntheses of
fascinating thio- and selenometalates.[1±7] Since the pioneering
work of Sch‰fer and co-workers,[8] about 50 new thioantim-
onates have been prepared and characterized. In most
compounds antimony occurs as SbIII and, because of the
variable coordination behavior caused by the stereochemi-
cally active lone pair),[9] the dimensionalities of the anionic
SbxSy frameworks range over 1D chains, 2D layers, and 3D
interconnection of the SbSx primary building units. Thioanti-
monates(v) always contain tetrahedral [SbVS4]3� ions that are
not further interconnected or condensed. To date the coex-
istence of SbIII and SbV within a polymeric thioantimonate
anion was never observed.

Normally solvothermal syntheses are performed using
organic molecules as structure-directors. Recently, we dem-
onstrated that transition-metal complexes can also be used as

™template∫ molecules[11±13,15±18] . During our systematic experi-
ments with the in situ formed [Ni(dien)2]2þ ion (dien¼ dieth-
ylenetriamine) as the structure-directing molecule, we syn-
thesized and fully characterized the first mixed-valent thio-
antimonate anion 1

1[Sb4S9]4� which contains SbIII and SbV. The
title compound was obtained under solvothermal conditions
as yellow polyhedra that are stable to air, in water, and in
acetone. The results of a large number of syntheses performed
at different temperatures and for different reaction times
suggest that the [Ni(dien)2]2Sb4S9 is formed at higher temper-
atures and in short reaction times. The compound crystallizes
in the monoclinic space group P21/c.[10]

The 1
1[Sb4S9]4� ion is composed of three SbIIIS3 pyramids

(Sb2, Sb3, and Sb4), which share common corners leading to
the formation of an Sb3S7 moiety (Figure 1). The Sb1 atom is
in a tetrahedral coordination environment of four S atoms to
form a SbVS4 tetrahedron. The interconnection of the Sb3S7

unit and the SbVS4 tetrahedron through the S4 atom yields the
[Sb4S9]4� ionic chain. The bond lengths in the SbIIIS3 units are
between 2.331(1) and 2.637(1) ä, with S-SbIII-S angles ranging
from 88.33(3) to 102.21(4)8. The longest Sb�S bond is between
Sb2 and S4 joining the Sb3S7 and SbS4 units.

The SbIII±S interatomic distances, as well as the angles, are
in the range reported in the literature.[2,5,7,11±15] The SbV1±S
interatomic distances are significantly shorter than SbIII�S
bonds and vary between 2.294(1) and 2.390(1) ä, with
S-Sb1-S angles ranging from 106.02(4) to 113.64(4)8, which
indicate only a slight deviation from the ideal tetrahedral
geometry. SbV1±S interatomic distances and S-SbV-S angles
are in the range found in the literature.[12,16,17] The anionic
chains have a sinusoidal shape and run along [010] (Figure 2).
The SbVS4 tetrahedra are located at the exterior of the central
Sb3S7 backbone of the anion. The compound decomposes in
two steps starting at about Tonset¼ 257 8C, as evidenced by
differential thermal analysis±thermogravimetric analysis±
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Figure 1. The 1
1[Sb4S9]2� ion with labelling. The SbVS4 unit is shown as a

tetrahedron. The displacement ellipsoids are drawn at the 50% probability
level. Selected bonds angles [8]: S1-Sb1-S2 113.64(4), S1-Sb1-S3 110.33(4),
S1-Sb1-S4 110.36(4), S2-Sb1-S3 109.86(4), S2-Sb1-S4 106.02(4), S3-Sb1-S4
106.30(4). Symmetry code for S8a: �x, �0.5þ y, 0.5�z.



mass spectrometry (DTA±TG±MS) experiments. The degra-
dation is accompanied by two weight losses (�Dmexp1¼ 30.5%
and �Dmexp2¼ 3.5%) and by one strong endothermic peak in
the curve at Tp¼ 270.8 8C with a shoulder at Tp¼ 277 8C, and
one small broad endothermic signal at Tp¼ 328 8C. The
experimental mass change corresponds roughly with the loss
of the dien ligands in the first step (�Dmtheo4(dien)¼ 31.6%) and
the emission of H2S in the second step (�Dmtheo(H2S)¼ 2.6%,
m/zH2S¼ 34). The shoulder in the spectrum at Tp¼ 277 8C was
often observed during the thermal decomposition of com-
pounds containing [M(dien)2]2þ (M¼Fe, Ni) com-
plexes.[11,12,15] In the gray decomposition product Sb2S3, NiS,
and NiSbS were identified by X-ray powder diffraction.

The mixed-valence character of [Ni(dien)2]2Sb4S9 is unam-
biguously demonstrated by the 121Sb Mˆssbauer spectrum
shown in Figure 3, which also includes the spectra of some
suitable reference compounds. The lineshape parameters
obtained by least-squares fitting are listed in Table 1. Clearly,
the spectrum of [Ni(dien)2]2Sb4S9 is a superposition of two
lineshape contributions. The contribution centered near
�12.5 mms�1 reflects all the typical lineshape parameters of
SbIII compounds.[19] The lineshape is asymmetrically broad-
ened by the effect of strong nuclear electric quadrupolar
interactions. These interactions reflect a large electric field
gradient, created at the 121Sb site by the local ligand
distribution and the partially hybridized electron pair. The
contribution near �5.7 mms�1 is attributable to the SbV site.
For this species, no quadrupolar interactions are detectable,

which suggests a highly symmetric local environment, as is
typically observed for pentavalent antimony in solids. The
area ratio determined from the transmission integral fit is
76.8:23.2, which is in close agreement with the value (3:1)
expected from the crystallographically determined structure.
This result also confirms that at 4.2 K the Lamb±Mˆssbauer
factors for both antimony species are very similar.

Experimental Section

Yellow polyhedra of [Ni(dien)2]2Sb4S9 were obtained by treating a mixture
of elemental Ni (0.058 g, 1 mmol), Sb (0.121 g, 1 mmol), and S (0.096 g,
3 mmol) in a 50% water solution of dien (2 mL) under solvothermal
conditions. The slurry was heated in an autoclave to 140 8C, held at this
temperature for ten days and cooled to room temperature within 3 h. The
products were filtered off, washed with water and acetone, and dried under
vacuum. The yield was 10% based on Ni. The main product (55%) was
identified as [Ni(dien)2]3(SbS4)2,[12] and is stable to air, in water, and in
acetone. Stirring the reaction mixture during the synthesis, increasing the
temperature to 180±200 8C, and reducing the reaction time to about 1.5 h
resulted in a phase-pure product (45% based on Ni). Elemental analysis
(%) calcd: C 14.72, H 4.01, N 12.87, S 22.10; found: C 13.43, H 3.61, N 10.97,
S 21.39.

DTA-TG-MS measurements were performed on a STA-409CD device
from Netzsch. All measurements were corrected for buoyancy and current
effects, and were made with a heating rate of 4 Kmin�1 in Al2O3 crucibles
under a dynamic helium atmosphere (flow rate: 75 mLmin�1, purity: 5.0).
37.2 keV Mˆssbauer spectra were obtained in transmission geometry using
a Ba121mSnO3 source (activity 18 MBq) from New England Nuclear. The
samples were investigated within polyacrylate containers of 3 cm2 area;
typically 100±200 mg of sample was used. Sample thicknesses were adjusted
to 10 mg Sb cm�2. To maximize the Lamb±Mˆssbauer factors the samples
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Figure 2. Arrangement of the anion in [Ni(dien)2]2Sb4S9 with a view along
[001] (a) and [010] (b).

Figure 3. 121Sb Mˆssbauer spectra of thioantimonates. From top to bottom:
Na3SbVS4 (4.2 K), [Ni(dien)2]2Sb4S9 (4.2 K), [Ni(dien)2]3Sb12S21¥H2O[18]

(78 K), and [Ni(dien)2]2Sb4S8
[11] (78 K).

Table 1. 121Sb Mˆssbauer isomer shifts (IS), quadrupolar splittings (QS),
and linewidths (G) of the thioantimonate compounds of the present study.
All values are given in mms�1.

Compound IS (� 0.2) QS (� 0.4) G (� 0.2) Oxidation state

Na3SbS4 �5.5 0.0 2.6 SbV

[Ni(dien)2]2Sb4S9 �5.7 0.0 2.6 SbV

�12.5 �14.3 3.8 SbIII

[Ni(dien)2]2Sb4S8 �11.0 �15.9 2.7 SbIII

[Ni(dien)2]3Sb12S21¥H2O �11.4 �14.8 4.0 SbIII
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Oligosaccharides are known to be important molecules in
various biological processes; therefore, they have gained
increasing interest in recent years.[1] However, in contrast to
oligopeptides[2] and oligonucleotides[3] which are routinely
constructed on automated synthesizers employing standar-
dized building blocks and polymer supports, no generally
applied synthetic methodology has yet appeared for the solid-
phase synthesis of complex oligosaccharides.[4] Success in this
challenging task would provide several advantages over
solution-phase techniques: 1) the required standardized
building blocks could become commercially available, 2) an
excess of building blocks and/or reagents could be used to
drive reactions to completion, 3) the synthesis could become
much faster, and 4) purification procedures could become
simpler.

Another fundamental key issue for solid-phase oligosac-
charide synthesis is the availability of a high-yielding and
stereoselective glycosylation strategy. Of the various glycosyl
donors employed for this purpose,[5±11] O-glycosyl trichloro-
acetimidates[12] are suitable because of their high glycosyl-
donor properties in the presence of just catalytic amounts
of a (Lewis) acid. In combination with solvent and temper-
ature effects, type of catalyst, protecting-group pattern,
and anchimeric assistance these donors also permit the
desired control of the stereoselectivity at the anomeric
center.[13]

An additional requirement for solid-phase oligosaccharide
synthesis is access to branching which is found in many
oligosaccharides and glycoconjugates but not in peptides
and oligonucleotides. Thus, for chain extension and branch-
ing, besides permanently protected functional groups,
to be liberated only after completion of the solid-phase
oligosaccharide synthesis, a suitable temporary-protecting-
group pattern is required. This temporary-protecting-group
pattern provides the orthogonality required for branching
and should also accommodate the demands of the
linker which necessitates an additional temporary functional
group.

Based on our recent studies on new temporary protecting
groups,[12,14] new linker types,[14] and the synthesis of branched
oligosaccharides,[12e,15] we report herein a novel strategy which
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were measured at low temperatures (4.2 K or 78 K). The source was kept at
room temperature. Spectra were recorded over a velocity range of �
25 mms�1 using an NaI(Tl) scintillation counter. Fitting of the spectra
was carried out on the basis of the theoretically expected lineshape arising
from the allowed transitions between the quadrupolar-split energy levels of
the ground state (I¼ 5/2) and the excited state (I¼ 7/2).
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