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A new, fast, and straightforward synthetic route for the new cluster
compound [Nb6Cli12(CH3OH)a

4Cla2]‚6CH3OH, taking advantage of
the special solubility properties of tetracyanoborate salts has been
established, and the single-crystal X-ray structure of this compound,
which is a promising starting material for new cluster phases, has
been determined.

A characteristic feature of materials containing early
transition metals in oxidation states lower than the group
number is the formation of clusters via metal-metal bond-
ing.1 In reduced niobium halides and oxides, a common
structural motif consists of the [Nb6Xi

12Ya
6]n cluster unit. The

Nb6 octahedra are edge-bridged by 12inner ligands Xi ) F,
Cl, Br, or O. Six additional ligands occupy the terminal, so-
called outer (aussen) positions, Ya,2 which can be either
anionic or neutral ligands. Depending on the oxidation state
of the cluster and the charge of the ligands,n can range from
+2 to -4 for cluster complexes which are preparatively
accessible. Such cluster phases are available by means of
high-temperature solid-state, as well as solution-chemical,
methods.3,1e,1d In solution, the molecular clusters give
access to ligand-substitution reactions, which of course take
place preferably at the outer Ya positions. A variety of
materials have been reported for niobium chlorides with

Ya ) other halides,4,5 cyanides,6 thiocyanides,7 azides,8

methanolate,9 and others.1eMaterials prepared by such ligand-
substitution reactions have eventually very interesting prop-
erties, e.g. structural, spectroscopical, catalytical, or mag-
netical,10 like for example, the open-framework materials
[(CH3)4N]2[MnNb6Cl12(CN)6] or [Zn(en)]2[Nb6Cl12(CN)6]
(en ) ethylenediamine).6a,b

So far, the chemistry of such Nb (or Ta) cluster materials
is much less developed than that of, for example, comparable
Mo or W clusters.1e A reason for this seems to be that
inconvenient multistep procedures are needed to get suitable
starting materials for Nb cluster ligand substitution reactions.
In general, cluster anions [Nb6X18]n- (X ) Cl or Br, n )
2-4) as alkaline metal, alkaline earth metal, rare-earth
metal,11 or Ga, In, or Tl salts,12 which are prepared by high-
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temperature reactions, are dissolved in H2O, and a compound
described as [Nb6Cl12(H2O)4Cl2]‚4H2O13 (even though its
structure is not yet known precisely) is used in the next steps.
Unfortunately, the dissolution process is rather slow and the
present water molecules (or hydroxide ions) cause problems
during following preparative steps whenever ligands of same
ligand strength are planned to be bonded to the metal core
or strongly reducing/moisture sensitive materials are in-
volved.

In this communication, we report the straightforward
preparation and the crystal structure of the new compound
[Nb6Cli12(CH3OH)a4Cla2]‚6CH3OH (1), which contains the
neutral [Nb6Cli12(CH3OH)a4Cla2] (2) cluster unit with an
octahedral [Nb6Cli12]2+ cluster core.

1 is obtained from K4[Nb6Cl18] (or Na4[Nb6Cl18]),4,14which
is dissolved under anhydrous and inert gas (Ar) conditions
in CH3OH. Addition of K[B(CN)4] (or Na[B(CN)4])15 to the
cluster solution speeds up the formation and crystal growth
of the title phase, such that∼80% of the initially used cluster
phase is obtained as1 in form of dark green crystals within
3-4 days. In this reaction, four out of the six Cla atoms are
substituted by methanol molecules, as expressed by the
following equation:

To test the influence of the added tetracyanoborate, the
same reaction was tried without this salt. After much longer
reaction times (11 instead of 3-4 days), which also required
higher temperatures of the sand bath,1 was obtained in low
yield and poor crystallinity. This indicates clearly that the
addition of the tetracyanoborate salt largely improves the
synthesis of the title phase. The alkaline metal salts of the
[B(CN)4]- ion are highly soluble in polar and nonpolar
solvents15 and show a vanishing coordination ability. Fur-
thermore, the addition of K[B(CN)4] increases the concentra-
tion of the alkaline metal cation in the cluster solution and
such chloride ions originating from the exo positions of the
[Nb6Cl18]4- clusters are precipitated as KCl. The thereby
emptied coordination sites are filled with the next best
available ligand, methanol molecules in this case. Moreover,
the tetracyanoborate salt also increases the ionic strength of
the solution what leads to better crystallinity of the title phase.

The structure of1 consists of discrete neutral [Nb6Cli12-
(CH3OH)a4Cla2] cluster units and cocrystallized methanol
molecules. In the cluster unit, the octahedral Nb6 core is edge-
bridged by 12inner chlorine atoms. Four of the six apical
positions are occupied by methanol ligands, and the remain-
ing two by additional chlorine atoms arranged in atrans
configuration (Figure 1). The atoms of2 are arranged such
that the center of the cluster is located on an inversion center.

The average distance between the equatorial Nb atoms (Nb1
and Nb2) is 2.903 Å, and between the apical Nb3 atoms
and the other two symmetry-independent metal atoms unit,
the distance is 2.928 Å. The short average Nb-Nb distance
is very close to that found in, for example, [Nb6Cl12-
(EtOH)6]2+ (2.904 Å),16 whereas the average Nb(1,2)-Nb3
distance compares nicely with those Nb-Nb which are found
in other cluster phases with the [Nb6Cl18]4- unit. Examples
are the A4[Nb6Cl12(NCS)6]‚4H2O phases (A) K, Rb, NH4),
with Nb-Nb distances around 2.930 Å.6d The Nb-Cli

distances vary from 2.448(2) to 2.463(2) Å (av. 2.458 Å).
The Nb3-Cl1a distance is as expected longer with a value
of 2.581(2) Å. All these distances classify the cluster as [Nb6-
Cl12]2+ unit, with 16 electrons in the metal-centered cluster-
based orbitals.17

Because of the two different types of ligands on the apical
positions the metal octahedron is tetragonally elongated in
the direction of the trans chloro ligands (Cl1-Nb3‚‚‚Nb3#1-
Cl1#1, symmetry transformation #1: 1- x, 1 - y, 1 - z).
To the best of our knowledge, there have been so far only
two other, comparable Nb-chloro cluster phases structurally
characterized:trans-[Nb6Cl14{P(C4H9)3}4]18 and [Nb6Cl12-
(OH)2(H2O)4].19 Both have tetragonally elongated Nb6 octa-
hedra. This deviation fromOh symmetry can be explained
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K4[Nb6Cli12Cla6] + 4CH3OH98
∆, K[B(CN)4]

CH3OH

[Nb6Cli12(CH3OH)a4Cla2] + 4KCl V

Figure 1. Molecular structure of the centrosymmetric [Nb6Cli12-
(CH3OH)a4Cla2] cluster (2) in crystals of1 with atom numbering scheme
(thermal ellipsoids at the 50% probability level). Selected bond distances
(Å): Nb(1)-Nb(2), 2.9044(8); Nb1-Nb2#1, 2.9013(8); Nb(1)-Nb(3),
2.9256(8); Nb(1)-Nb(3)#1, 2.9325(9); Nb(2)-Nb(3), 2.9212(9); Nb(2)-
Nb(3)#1, 2.9345(8); Nb1-O1, 2.235(5); Nb2-O2, 2.269(5); Nb(3)-Cl1a,
2.581(2); Nb-Cli (average), 2.459(2) (symmetry transformation #1:
1 - x, 1 - y, 1 - z).
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by the so-calledmatrix effect,20 with the smaller (and neutral)
coordinating oxygen atoms of the methanol ligands exerting
a smaller matrix effect than the chloro ligands and thereby
allowing for shorter (and stronger) metal-metal bonds in
the equatorial plane of the Nb6 unit. Besides the above-

mentioned examples, some other Nb clusters with alcohol
ligands have been reported in the literature, but no detailed
structural data are available.21,22

The three-dimensional arrangement of the cluster units
follows a stacking along the unit cell directions, resulting in
a layered arrangement of the clusters, between which the
methanol molecules are located. This layered arrangement
is depicted in Figure 2.

Some preliminary tests of the solubility of the title phase
in THF gave dark green solutions, indicating fair solubility.
Thereby, the title phase, which is accessible by a quick and
simple procedure, opens the door to a much larger chemistry
with respect to new materials, catalysis, and open-framework
phases, to name a few, as was accessible before with the
poorly soluble water containing material.
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Figure 2. Layers of the neutral [Nb6Cli12(CH3OH)a4Cla2] clusters
between which the methanol molecules are located in crystals of
[Nb6Cli12(CH3OH)a4Cla2]‚6CH3OH (Nb and O regularly dotted, Cl randomly
dotted, C hatched, H atoms omitted for clarity, Nb-Nb distances empha-
sized, unit-cell edges shown).
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