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Black single crystals of Ta4Se9I8 are obtained in a high yield by
heating Ta, Se, and I2 at 300 °C in 1:2.2:1.0 molar ratio. In the
structure, the tantalum atoms form a square, with four Se2 ligands
bridging the Ta−Ta edges and one capping the square. Each Ta
atom has two terminal iodine atoms. The compound is diamagnetic
and has only two electrons for metal−metal bonding.

Discrete chalcogenide clusters of tantalum are extremely
rare. TaV derivatives with no M-M bonding and clusters
with mixed oxo-chalcogenide and chalcogenide-halide
bridges aside,1 the only clusters falling into this category
are Ta2(µ2-S)24+ in [Ta2S2Cl4(PR3)4], closely related Ta4S4

8+

with a zigzag Ta4 chain in [Ta4S4Cl8(PMe3)6], a linear Ta4
unit in Ta4(Se2)8Br2, and tetrahedral Ta4(µ3-Se)45+ in
GaTa4Se8.2-5 The much better developed chemistry of Nb
chalcogenide clusters cannot always serve as a guide for the
preparation of their Ta analogues. Despite well-known
similarities in the chemistry of both elements, the methods
employed for the preparation of various Nb clusters often
give completely different products when applied to tantalum-
containing systems. For example, while heating stoichio-
metrical mixtures of elements gives rather stable binuclear
NbIV clusters, [Nb2(µ-Q2)2X8/2] and [Nb2(µ-Q2)(µ-X)2X4/2X2]
(Q ) S, Se; X) Cl, Br, I), their tantalum analogues are
nonexistent.6 The trinuclear clusters M3QI7 (Q ) Se, Te)
can be prepared for both Nb and Ta, but the Ta clusters have

much less thermal stability.7 We have embarked upon a
systematic study of the compounds which can form in high-
temperature reactions in ternary systems Ta-Q-X (Q ) S,
Se, Te; X) Cl, Br, I). In this paper, we describe a unique
tetranuclear Ta cluster, Ta4Se9I8, for which no Nb analogue
exists, and which contains a planar Ta4 core bridged by one
µ4-Se atom, and by fourµ2-Se2 units.

Single crystals of Ta4Se9I8 (1) are easily obtained by
heating Ta, Se, and I2 at 300°C in 1:2.2:1.0 molar ratio, in
the form of black well-shaped needles.8 The crystals are air-
stable, insoluble in common organic solvents, and diamag-
netic. Raising the temperature to 400°C significantly
decreases the yield. As in the case of [Ta(Se2)2]2(TaBr6) in
the Ta-Se-Br system,13a under conditions and with sto-
ichiometries leading to NbIV binuclear clusters [Nb2(µ-
Se2)2X8/2] (X ) Br, I),6a,bTa forms totally different products,
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and in higher formal oxidation state (+4.5 and+5 in the
case of the bromide,+4.5 in the case of iodide,1). This is
understandable since Ta forms lower oxidation states less
readily then Nb. Other reaction stoichiometries produce one-
dimensional chain cluster [Ta(Se2)2]2I (Se in excess) or
triangular Ta3SeI7 (Ta and I2 in excess).7,13b

Structure of1 is shown in Figure 1.10 The tantalum atoms
form a square, deviation from the plane being within(0.006
Å. Four Se2 ligands are asymmetrically coordinated to the
Ta-Ta edges in aη2,η2,µ2-manner. Four of selenium atoms
of the Se2 ligands lie almost in the Ta4 plane ((0.14 Å,
equatorial, Seeq), and another four deviate from the Ta4 plane
by about 1.86 Å oppositely to theµ4-Se atom (axial, Seax).
Each Ta atom has two terminal iodine atoms. The coordina-
tion polyhedron around Ta can be described as pentagonal
bipyramidal withµ4-Se and one of the I atoms trans to it in
the axial position (Itrans), and the two groups Se2 and another
I atom (Icis) in the equatorial position. The rather large
distances between metal atoms (3.3231(4)-3.3924(5) Å) are
in agreement with average Ta oxidation state of+4.5 in this
highly electron-deficient cluster. In [Ta(Se2)2]2(TaBr6) and
[Ta(Se2)2]2I, the distances between Ta atoms in the same
average oxidation state are 3.18-3.23 and 3.20 Å, respec-
tively.13 The Se-Se distances correspond to single bonds
as expected for the Se2

2- formalism. We have analyzed
molecular packing and intermolecular contacts in the crystal
of 1 using the TOPOS program set and found that one of
the terminal iodine atoms, I(1), forms four Icis‚‚‚Seax contacts
of 3.4838(9)-3.5816(9) Å (the sum of van der Waals radii

3.86 Å).14 The Seeq-Seax‚‚‚Icis angle is 167.7°. The molecules
are joined via those contacts forming chains running along
the a-direction (Figure 2). The molecular packing is rather
distorted due to these specific interactions and is topologically
related to the hexagonal close packing. Each molecule is
surrounded by eight nearest (the distances between the
molecular centroids are 7.74-9.98 Å) and four farther
molecules (11.63, 13.06 Å). The shortest distance of 7.74 Å
corresponds to two molecules in the chain (Figure 2).

The structure is interesting from several points of view. It
belongs to a still very rare type of square planar clusters.
The most recent addition to this family was K4[Ti 4(µ4-O)-
(µ-I)8I4] with short Ti-Ti bonds.15 For the group 5 elements,
such clusters were observed in [Nb4(µ4-S)2(µ-SPh)8(SPh)4]4-

and [Nb4(µ4-S)2(µ-SPh)8(PMe2R)4], which, being the NbIII

derivatives, have the required eight electrons for the four
single M-M bonds in the cluster. Accordingly, the Nb-Nb
distances are short (2.81-2.83 Å, typical Nb-Nb single bond
length value in the sulfido-bridged clusters1). However, this
cluster type topologically is rather close to [Ta4(µ4-Se)(µ-
Se2)4I8] if one takes into account equivalence of two bridging
SPh and one Se2

2-, and of four terminal iodines and one
µ4-S.16 It also shows a very strong structural similarity to
the recently prepared Ln(III)-Se clusters [Ln4(µ4-Se)(µ-Se2)4-
(THF)6I2] (Ln ) Tm, Ho, Er, Yb).17 And in a broader sense,
both 1 and the Ln clusters can be regarded as higher
homologues of M3(µ3-Q)(µ,η2-Q2)3 (M ) Ti, V, Mo, W, Re;
Q ) O, S, Se, Te) clusters with three metal atoms and three
bridging dichalcogen ligands instead of four.18 In both cluster
types, theµ2-Q2 ligands are tilted to Mn (n ) 3, 4) plane,
permitting the distinction to be made between axial and
equatorial chalcogen atoms. The M-Seeq bond distances are
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Figure 1. Molecule 1 in crystal (ellipsoids at 50% probability level).
Average bond distances [Å]: Ta-Ta, 3.3231(4)-3.3924(5), av 3.358[29];
Ta-Seeq, 2.6333(9)-2.6647(9), av 2.647[11]; Ta-Seax, 2.6003(8)-2.6425-
(8), av 2.624[15]; Ta-(µ3-Se), 2.5705(8)-2.5978(8), av 2.584[11]; Ta-I,
2.7282(6)-2.8076(5), av 2.746[26], Se-Se, 2.3367(11)-2.3581(10), av
2.345[10].

Figure 2. Chain of molecules in the crystal packing of1 (view along
c-axis). The short Se‚‚‚Icis contacts of 3.4838(9)-3.5816(9) Å are shown
as dashed lines.
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sufficiently longer than M-Seax (by 0.02-0.08 Å), though
this difference is less pronounced in the square clusters
probably due to the general elongation of metal-chalcogen
bonds. Each M atom both in M4Q9 and in M3Q7 cores
coordinates two terminal atoms. Moreover, just like1, the
crystal structures of M3Q7 clusters contain a negatively
charged atom or ion nearly equidistant from three Qax atoms,
with short nonbonding contacts between them. The contacts
are much shorter then the sum of van der Waals radii. Thus,
the bridging Se22- group in [Ta4(µ4-Se)(µ,η2-Se2)4I8] has
similar electrophilic character as Q2

2- in the M3Q7 clusters.
We have performed quantum chemical calculations for1

using the density functional theory (DFT) approach.19 The
calculated atomic arrangement in Ta4Se9I8 molecules was
found to be almost identical in bothC4V (idealized) andC1

(real) symmetry (within of 0.01 A), as well as the energy
level diagrams (Figure 3) and the binding energies (-88.87
and -88.89 eV, respectively). We will use onlyC4V-Ta4-
Se9I8 in the discussion. The calculated HOMO-LUMO
energy gap is 1.05 eV. The HOMO is a nondegenerate 23b2-
orbital (Figure 3), consisting of bonding 5d AO of 4Ta
(∼48%), antibonding 5p AO of 4Icis (∼25%), and antibond-
ing 4p and 4p AO of 4Seeq (slightly less of 10%); other
contributions do not exceed 5%. The calculated ground state

of Ta4Se9I8 molecule is spin-paired (diamagnetic) which
correlates well with the experimental data. Only two electrons
are thus available for metal-metal bonding, which gives the
bond order between each pair of Ta atoms as 0.25, in
accordance with the observed elongated Ta-Ta. The bonding
µ4-Se-Ta4 corresponds to MO 39e (-9.954 eV; not shown
in Figure 3). The LUMO is antibonding double degenerate
MO 49e consisting of 5d AO of 4Ta (∼68%), 5p AO of
2Itrans (13%), 5p AO of 2Icis (8%), and small contributions
of Se AO. The atomic net charges were calculated using the
Hirshfeld analysis:25 Ta 0.15; Seax 0.03; Seeq 0.05; µ4-Se
-0.06; Itrans-0.09; Icis -0.12. Thus, the observed Icis‚‚‚Seax

interaction may be favored electrostatically. The minor
charge values may indicate the preferentially covalent
character of the interactions in Ta4Se9I8. Calculations of the
Mo3S7 clusters similarly attribute a small positive charge to
the S atoms of bridging S2 group and a negative charge, to
µ3-S and terminal ligands.26

To conclude, in Ta4Se9I8 we have not only the first square
planar Ta cluster with interesting electronic structure, with
Ta in noninteger formal oxidation state, not only a rare
member of emerging M4Q9 family of clusters, but also a
higher homologue of triangular M3Q7 clusters, whose
versatile chemistry was used in construction of higher
nuclearity clusters. The deep structural and electronic analogy
between both types of clusters, stressed in this work, permits
us to envision similar rich synthetic possibilities for Ta4-
Se9I8.18
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Figure 3. DFT energy level diagrams for two [Ta4Se9I8]0 models and
schematic figures of HOMO and LUMO forC4V-Ta4Se9I8. Indicated are
the numbers and symmetry types of calculated MO.
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