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Owing to their enormous structural diversity and remarkable
physical properties, reduced transition-metal halides and
chalcogenides have attracted great interest for many years.[1]

These compounds often contain hexanuclear cluster units
with an octahedral arrangement of metal atoms. The cluster
units contain either eight bridging ligands with one above
each triangular face ([M6X8] type) or 12 bridging ligands with
one above each edge of the octahedron of metal atoms
([M6X12] type) (M = metal of the Group 3–8 of the periodic
table; X = halogenido or chalcogenido ligand).[1] In addition
to a multitude of compounds, which are synthesized by solid-
state high-temperature routes and contain cluster units linked
by halogenido or chalcogenido bridges, also compounds with
isolated cluster units synthesized by solution chemical routes
by cluster excision starting from a solid phase are described.[2]

In such isolated cluster units, the ligands at the exo positions
of the octahedron of metal atoms can be substituted by other
ligands, resulting in [M6X

i
12Y

a
6] units (Xi = inner, edge bridg-

ing ligand; Ya = outer, apical capping ligand)[3] of diverse
charge. In the case of niobium clusters with Xi = halogenido,
such complexes with Ya = cyanido,[4, 5] isothiocyanato,[5, 6]

azido,[7] other halogenido,[8] nitrile,[9] water,[10] or methanol[11]

have been described. The number of compounds with isolated
cluster units of the type [Nb6X

i
12] with Xi = Cl or Br is large.

Yet, similar compounds with isolated cluster units for Xi = O
and F are missing, not only for M = Nb but for all the metals in
the 4th and 5th Groups of the periodic table. Although oxido
niobates with [Nb6O

i
12] units, which are three-dimensionally

connected through intercluster-bridging oxido ligands, are
thoroughly investigated, in particular by Simon et al.,[12]

cluster compounds with isolated [M6O
i
12] cluster units

linked to their neighbors merely by weak interactions are
unknown.[13]

We report herein the first two representatives of a new
class of compounds,[13] reduced niobium alcoholates of the
[M6X12] type: [K(CH3OH)4]2 [Nb6(OCH3)18] (1) and

[Na([18]crown-6)(C2H5OH)2]2 [Nb6(OC2H5)12(NCS)6] (2).
They have been characterized by single-crystal X-ray diffrac-
tion,[14] elemental analyses, IR, FIR, and UV/Vis spectro-
scopic measurements and thermal analyses.

Both new cluster compounds are prepared in good yields
by heating the chloride-based cluster precursor with alcohol-
ates in sealed glass ampoules. During the reaction the outer as
well as the inner chlorido ligands are completely substituted
by alcoholate ions. Simultaneously, an oxidation of the cluster
unit takes place (Scheme 1).

To prepare 2, a further substitution reaction is required in
which the six exo positions of the cluster are occupied by
isothiocyanato ligands. Reports on the substitution of the
inner ligands of clusters which have an octahedral metal-atom
arrangement are rare.[2f, 13, 15] Both title compounds contain
Nb6 octahedra like the ones found in reduced transition-metal
halides and chalcogenides.[1] All the edges of the octahedra in
1 and 2 are bridged by the O atoms of the alcoholate ions
resulting in [Nb6(OR)12]

4+ units (1: R = CH3; 2 : R = C2H5).
The exo positions of the octahedron of niobium atoms are
occupied either by further alcoholate ions (1) or by isothio-
cyanate ions (2). In 1, two opposing faces of the metal-atom
octahedron have their three edge-bridging O atoms coordi-
nated to a potassium atom, whose coordination sphere is
completed by the O atoms of four methanol molecules. Thus,

Scheme 1. Conversion of the halogenide-based niobium clusters with
octahedral metal-atom arrangement with alcoholate ions into the new
niobium alcoholate clusters.
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the neutral centrosymmetric [K(CH3OH)4]2 [Nb6(OCH3)18]
ion triple, which is shown in Figure 1, is present in 1.

Compound 1 crystallizes in the monoclinic space group
C2/c. Figure 2 shows the ion triples are lined up along [101] in

the crystal. Between the methanol molecules surrounding the
potassium ions of adjacent ion triples short H···OH distances
are found. The O···O distances are in the range of 2.549 to
2.750 �, so they can be interpreted as hydrogen bonds.

Compound 2 crystallizes in the tetragonal space group
I41/a. In this compound, the charge of the 4̄ symmetry
[Nb6(OC2H5)12(NCS)6]

2� cluster ion (Figure 3), is compen-
sated by two sodium ions, each coordinated to a [18]crown-6
molecule.

As a result of the cations being coordinated to the crown
ethers there are no short distances between the cations and
the cluster anion in 2. Figure 4 depicts the arrangement of the
isolated cluster ions as well as the cations within the unit cell.
In addition to the O atoms of the crown ether molecule,
ethanol molecules are coordinated to the sodium ion on both
sides of the macrocyclic ligand. Thus, short Na···S contacts are
absent.

The structural parameters of the [Nb6O12] units of both
compounds are similar. The Nb�Nb distances vary insignif-
icantly, ranging from 2.8655(4) to 2.8808(4) � with an average
of 2.873 � for 1 and from 2.8497(5) to 2.8576(5) �, average of
2.855 � for 2. The mean values of the Nb�Oi distances are
2.081 � in 1 and 2.068 � in 2. Comparing these average values
to those of the [Nb6O

i
12] units in reduced oxido niobates with

discrete clusters, offering the same number of cluster-based
electrons, for example, in Mg3[Nb6O11], Mn3[Nb6O11],[16] or in
Na2(Sc4Nb2)[Nb6O12]3,

[17] the Nb�Oi distances are similar,
while the Nb�Nb distances are in the upper range of those
found in the oxido niobates. The lower charge density of the
alcoholate O atoms, compared to that of the O atoms of the
oxido niobates, is reflected in the metal–metal bond strength
and subsequently, in the Nb�Nb distances. Comparing the
Nb�Nb distances in [Nb6X

i
12]

4+ units for Xi = Cl and OR, it is
apparent that these bonds are significantly longer in the
chlorides (in which they are around 3.02 �).[18] The larger, so-
called matrix effect of the Cl atoms compared to the O atoms
is the reason for the longer metal–metal bonds.[19]

A comparison of the structural parameters of both title
compounds with the known mixed oxide–halide Nb clusters,
which have O atoms at edge-bridging positions, reveals the

Figure 1. Molecular structure of the ion triple 1 with cluster anion
(without methyl H atoms, Nb6 octahedron in polyhedral representa-
tion).

Figure 2. View of the arrangement of the isolated [K(CH3OH)4]2 [Nb6-
(OCH3)18] ion triples 1 with cluster anion in the unit cell.

Figure 3. View of the structure of the cluster anion [Nb6(OC2H5)12-
(NCS)6]

2� in the crystal structure of 2 (without H atoms, Nb6

octahedron in polyhedral representation).

Figure 4. View of the arrangement of the complex ions in the unit cell
of 2.
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following:[20] While the mean Nb�Oi distances, for example, in
Ti2[Nb6(Cli

8O
i
4)Cla

6] (2.026 �), are similar to those of the title
compounds, the Nb�Nb distances vary from 2.812 to 2.992 �,
with, as expected, the longer distances being found at the
chloride-bridged edges of the strongly distorted octahedron
of metal atoms.[21]

Comparing the title compounds to the reduced oxide–
halides of niobium, it is interesting to note that in compounds
with the general formula [Nb6Cl12�mOm](4m)+,above m = 2, the
orbital that is usually the highest occupied orbital (symmetry
a2u) has overall antibonding character and is thus no longer
occupied.[8g,12a, 22] Consequently, the number of cluster valence
electrons required to fill all the bonding orbitals is reduced
from 16 to 14, thus the twofold negative charge of the cluster
ion is plausible. The oxidation process of the title compounds
remains unclear. Cluster disproportionation reactions appear
to be possible, but have not been demonstrated yet. Similar
redox reactions have been observed in other cluster sys-
tems.[1c,n, 15,23] Interesting in this context is the relatively high
thermal stability of 2 shown by differential scanning calorim-
etry (DSC) measurements, in which the first exothermal
effects appear above 300 8C, and are probably due to
decomposition processes. In contrast, the DSC curve of 1
shows an exothermal peak at approximately 120 8C.

With respect to the known Nb6 halide clusters with
alcoholato or isothiocyanato groups as Ya functions, both title
compounds are also unique because they are the only ones
that do not have 16 cluster-based electrons. Therefore the
Nb�Ya bond lengths of the title compounds cannot be
compared to those of these other clusters. The average of
the Nb�Oa distances in 1 is 2.148 �, whereas in [Na(222-
crypt)]2 [Na(CH3OH)4]2 [Nb6Cl12(OCH3)6]·7CH3OH it is
2.159 �.[11a] If the Ya positions are not occupied by O atoms
of alcoholate ions but by those of neutral alcohol molecules,
the Nb�Oa distances are clearly longer, for example, 2.252 �
in [Nb6Cl14(CH3OH)4]·6 CH3OH[11c] or 2.233 � in [Nb6Cl12-
(C2H5OH)6] [Mo6Cl14]·3 C2H5OH·3(C2H5)2O.[11e] In 2 the Nb�
N distances average 2.231 �. Among the isothiocyanato
containing niobium chloride cluster compounds of the type
A4[Nb6Cl12(NCS)6] with A = K, Rb, NH4, Cs, Ph4P the Nb�N
distances are in the range 2.211 to 2.243 �.[5,6]

The new compounds demonstrate that not only the
substitution of the outer but also of the inner ligands in
[Nb6Cl18]

4� units is feasible. The synthesis of a multitude of
new cluster compounds based, for example, on pseudo
halogenido ligands as the Xi functions should be possible.
Likewise, the synthesis of new compounds with bi- or
multifunctional ligands seems to be possible, which might
contain new cross-linked cluster units featuring interesting
properties.

Experimental Section
1: K4[Nb6Cl18] (100 mg; 74 mmol) and a basic solution containing
18 equivalents of potassium methanolate (93.4 mg; 1331 mmol) in
methanol (4 mL) were heated to 115 8C in a sealed glass ampoule for
5 days. Afterwards, the dark solution was filtered and the solvent
evaporated under reduced pressure. Dissolving the solid in CH2Cl2

and a further filtration improves the purity of the product (filtrate).

Afterwards the solvent is replaced by methanol to crystallize the
product. Brown crystals are obtained by slow evaporation of the
solvent (yield: 61 mg, 57 % with respect to K4[Nb6Cl18]).

2 : Similar to 1, a solution of Na4[Nb6Cl18] (100 mg, 78 mmol) and
sodium ethanolate (95.1 mg, 1398 mmol) in ethanol (4 mL) was
prepared. 6 equivalents (with respect to the used Na4[Nb6Cl18]) of
dried NaSCN (37.8 mg, 466 mmol) and 2 equivalents of dried
[18]crown-6 (41.1 mg, 155 mmol) were added to the solution. Dark
red crystals appear during the slow evaporation of the solvent (yield:
132 mg, 77% with respect to Na4[Nb6Cl18]).

Further experimental details concerning the syntheses, X-ray
structures, elemental analyses, IR-, FIR-, UV/Vis spectroscopic
measurements, and thermal analyses are given in the Supporting
Information.
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