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Ta,BTeg: Tantalum Telluride Cluster Chains
with Encapsulated Boron Atoms**

Holger Kleinke, E. Wolfgang Finckh, and
Wolfgang Tremel*

Clusters of the types MgX,"t and MgXg"* have been known
for many years for Group 5 and 6 transition elements.[" 2! For
the more common MgX;, type, various binary and ternary
niobium and tantalum compounds have been made that
contain MgX,**** clusters along with different halide
anions.>* The electronic rules for the stability of these
cluster compounds are mainly dictated by the (idealized)
cubic symmetry and the connectivity within the cluster cores.
The M¢X,,"" cluster phases are generally stable for electron
counts between 14 and 16;! typical electron counts for MgXj
clusters range between 19 and 24 with an upper limit of 24.[
Given the generality that something close to these “magic”
electron counts is required for cluster stability, it is clear that
the MgX; type is preferred for Group 6 chalcogenides, as
observed in the Chevrel phases,”! whereas the M¢X;, type is
adopted by Group 5 halides such as Ta,Cl;s.[*!

Analogous clusters of the Group 3 and 4 elements will be
seriously electron deficient, but this shortage may be com-
pensated for by encapsulating heteroatoms in the center of
the cluster where the heteroatoms donate their electrons to
the (otherwise) empty cluster orbitals.’] Alternatively, to
electronically saturate electron-deficient cluster species,
counterreduction of the clusters may be achieved by the
inclusion of cations into the cluster network.'”! The knowl-
edge of the electronic and structural principles has lead to the
discovery of an enormous variety of centered early transition
metal halide clusters during the past decade.!']

So far, a corresponding chalcogenide interstitial cluster
chemistry does not exist. McCarley!'?l as well as Simon and
Kohler! developed a systematic chemistry of the “reduced”
niobates and molybdates such as NaMo,O,.l'YI The structures
of these materials are based on isolated and fused MO, units
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whose inherent electron deficiency is compensated for by
charge-balancing cations. In contrast, the structures of early
transition metal sulfide, selenide, or telluride clusters are
almost exclusively based on MogQyg cluster units. Alternative
cluster topologies are infinite chains of interpenetrating
icosahedrall™™ or face-sharing square-antiprismatic units;!'!
Ta,S,C, which contains layers of edge-sharing C-centered
Ta, octahedra, is a notable exception.['”]

Here we report on the synthesis, structure, and properties of
an unusual centered M¢X,, chalcogenide cluster phase. From
structural chemistry it is well known that size effects and
radius ratios control the structure of materials to a major
extent. Similarly, the size of the heteroelement determines the
structure of compounds in the sytem M-A-Te (M =Nb, Ta;
A =Group 13 element). In attempts to replace gallium
(covalent radius r.,=1.26 A) in the ternary phase Tais
Ga,Te,,/'¥! by the isoelectronic, but much smaller, group
homologue boron (r,,, = 0.88 A) leads to the formation of the
novel cluster compound Ta,BTeg with an interstitial boron
atom.["’]

The structure of Ta,BTeg is shown in Figure 1.2% Ta,BTe,
crystallizes in the space group Pbam with two formula units
per unit cell, and all atoms are situated on mirror planes
perpendicular to ¢ at z=0 and ;. The structure consists of

Figure 1. View of the Ta,BTey structure along ¢ (Te: white open spheres,
Ta: gray spheres, B: black spheres).

TacBTe,, clusters, whose twofold axis is along the viewing
direction and which contain a B atom in the center. The
individual clusters are condensed by sharing of common
edges. As a result, linear chains of centered edge-sharing Tas-
octahedra are obtained which are coordinated by Te atoms
above all free edges and exhibit the connectivity
«[Tal,,Ta2,(B)Tel} , Te2} ,Te35Te4} 3], according to the no-
menclature of Schifer and von Schnering.? Figure 2 shows in
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Figure 2. Portion of one infinite cluster chain in the structure of Ta,BTey
with the atomic labeling scheme. Selected distances [A]: Tal-B1 2.309(2),
Ta2—B1 2.198(3), Tal—Tal 2.938(7), Tal—Tal 3.564(1), Tal—Ta2 3.174(4),
Tal—Ta2 3.203(4), Ta2—Ta2 3.564(1), Tel—Tal 2.803(6), Tal—Te2 2.735(6),
Tal—Te4 2.848(5), Ta2—Tel 2.783(5), Ta2—Te2 2.752(5), Ta2—Te3 2.939(6),
Te3—Te4 2.915(3).

a side view of a portion of one infinite cluster chain of the
composition (Ta,)(Tay,)B(Te,),,(Te)=Ta,BTes. The four
crystallographically distinct Te atoms in Figure 2 have three
different functions: Four Tel and Te2 atoms bridge the top
and bottom edges of the cluster, two Te4 atoms bridge the
equatorial plane, and the Te3 atoms, which are not shared by
adjacent clusters of the chain, provide links to parallel but
rotated chains (dq,_p, =2.786(8) A) according to Ta,B(Te'),-
(Tei=?),(Ted). Thus, the structure is three-dimensional, but
highly anisotropic, and the crystals extremely fibrous.

A structural description of Ta,BTe; is based on the
hierarchy of interactions. The Ta atoms are surrounded in a
pseudooctahedral fashion by Te and B atoms. Ta2, which is
situated at the apical position of the Tas octahedra, is
surrounded by five Te atoms, and Tal at the equatorial plane
of the octahedra is surrounded by four Te atoms. The
octahedral coordination of Ta2 is completed by one, the
coordination environment of Tal by two Ta-B contacts
(dra=2309(2) A (2 %), dppp=2198(3) A). The equiva-
lence of the two symmetry-independent Te atoms is apparent
from the Ta—Te bond lengths, but may also be seen from the
computed Ta—Te overlap populations (see below). The
average Tal—Te distance is 2.809 A and Ta(2)-Te-distance
2.802 A, in accordance with the structures of related com-
pounds.?!

The presence of the interstitial boron atom is reflected in
the metal—-metal distances. Interstitial atoms expand the
cluster; thus the average Ta—Ta distance is significantly longer
than typical Ta—Ta distances of 2.9-3.0 A in tantalum halide
[M¢X,,]"* clusters.”d The idealized octahedra from which these
chains are constructed are characteristically distorted. The
Ta—Ta distances at the shared edge (drp,—1. =2.938(7) A)
between two adjacent Tas octahedra are comparable to the
Ta—Ta distances in Ta metal (dp ,=2.92 A). The van der
Waals repulsion between the Te atoms along the cluster chains
(dyere = 3.564(3) A) leads to a strong elongation of the Tay
octahedra along the chain direction ¢, whereas the average
Ta—Ta distance between the apical and equatorial positions of
the octahedron is 3.189 A. Furthermore, the presence of two
distinct Ta—B separations may be related to the distortion of
the Tag clusters. Ta—B distances correspond to the average
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M-B distances in B-centered Zr, clusters (e.g. dz,—s =2.304 A
in K,Zr¢BClis),?2 but they are considerably shorter than
typical Ta—B distances in binary borides (e.g. 2.45 A in
Ta,B).? Thus, many structural features of the [Ta;BTe,]
species match those of related clusters among the rare earth
halides. Remarkably, chalcogenide cluster compounds con-
taining interstitial atoms are extremely scarce; Ta,S,C,[17]
M, ATe, (M=Nb, Ta; A=Ga, Si, Cr, Fe, Co), [ and
Nb,Te,O1,24 are the only known examples so far.

Chains of related construction have been found in Sc,Cl¢Z
(Z =B, N)®! and NaMo,O,.I"Y The principal difference is that
in the structure of Sc,Cl,Z and NaMo,O, the chains are
interconnected by isolated chlorine and oxygen atoms,
respectively (instead of Te,>~ groups in the case of Ta,BTey),
and sodium atoms are located in the cavities between four
chains in NaMo,Oq.

It is difficult to describe the electronic structure of Ta,BTeg
in simple valence terms. Formal electron counting leads to the
formulation [(Ta?>**),(B3*)(Te?")4(Te,?"),]. According to a
theoretical analysis for NaMo,Og, the optimum number of
M-M bonding electrons is 131! (compared to 11 for
Ta,BTeg). Bond order summations using Pauling’s formulal?]
do not lead to conclusive results. We have performed band-
structure calculations using the extended Hiickel method®” to
obtain a better understanding of the electronic structure. The
density of states (Figure3) is situated at a small local
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Figure 3. Left: Calculated density of states diagram for Ta,BTeg (light
gray: total density, dark gray: Ta contribution, white: B contribution).
Right: Obital population analysis of Ta,BTe; (COOP curves; light gray:
Ta—Ta, dark dark: Ta—B). The Fermi level is marked by a horizontal bar.

maximum. The projections of the Ta and B contributions in
Figure 3 show that the energy states below — 15 ¢V are mainly
localized on the Te atoms, whereas the states in the energy
window between —15 and —11.5 eV have Ta 5d and Te 5p
character with some B 2p admixture. An indication for the
highly covalent interactions is the strong mixing of Ta- and Te-
centered states in this energy interval. The orbital population
analysisl® (Figure 3) revealed that for Ta,BTeg all strongly
Ta—B and Ta—Ta bonding states are occupied, whereas the
Ta—Te and Te—Te antibonding states are beginning to be
filled. These results are compatible with the picture that, as a
consequence of short Te—Te interactions along the chain
direction, a fraction of the “anion” states is raised above the
Fermi level; therefore, the electron deficiency of Ta,BTe; is
less than expected from a comparison with the related oxide
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NaMo,O,. Conductivity studies reveal, in agreement with the
computational results, metallic properties for the title com-
pound.

Four-probe single-crystal conductivity measurements along
the needle axis ¢ show that Ta,BTes exhibits metallic behavior
over the temperature range 4—250 K, with a room-temper-
ature conductivity of 2 mQ~'em~! (Figure 4). No indications
of a metal —insulator transition were observed. The electrical
conductivity is indicative of a material with a partially filled
band at the Fermi level.
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Figure 4. Plot of conductivity versus temperature for a single crystal of
Ta,BTe; (measured along the needle axis c).

Ta,BTeg provides a conceptual link between the condensed,
empty cluster systems encountered among the oxoniobates
and oxomolybdates and the condensed rare earth and
zirconium halide clusters with interstitial atoms. In the former
class of compounds, matrix effects??! (i.e., the size of the metal
oxide clusters) prevents interstitial atoms from being encap-
sulated in the cluster; the electron deficiency of the cluster is
compensated for by countercations in intercluster cavities. On
the other hand, the cluster halides of Group 3 and 4 transition
metals can “optimize” the cluster electron count by a broad
variety of interstitial atoms and additional countercations.
Matrix effects do not prevent Group 5 tellurides—formally
isoelectronic to the oxoniobates—from balancing their elec-
tron deficit by the formation of centered clusters. The smooth
encapsulation of boron in Ta,BTes may be due to thermody-
namic (competing boron telluride phases are not stable),
structural (cluster proportions optimal for the bonding of
boron interstitials), or electronic factors (electron count).
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Template-Mediated Synthesis of a Polymeric
Receptor Specific to Amino Acid Sequences**

Jens U. Klein, Michael J. Whitcombe,
Francis Mulholland, and Evgeny N. Vulfson*

The idea of template-mediated assembly in biological
systems was first introduced by Linus Pauling to explain the
working of the immune system.['l We now know this elegant
hypothesis to be incorrect but the principle of using a target
molecule to create its own recognition site was fruitfully
exploited by chemists in the preparation of artificial poly-
meric receptors by molecular imprinting.? The resulting
materials have been shown to display specificities similar to
polyclonal antibodies®™4 and bind ligands with a single
dissociation constant.[*3 However, it is the recognition of
oligonucleotide, -saccharide, or -peptide sequences that is
often seen as the real test of the ability of “plastic antibodies”
to compete with their natural counterparts. Herein we will
address the latter problem by describing the preparation of
imprinted polymers specific for amino acid sequences.

Several considerations were taken into account when
designing a suitable oligopeptide templatel® for the purpose
of this study. Firstly, it was preferable to have a relatively short
target molecule such that it could be synthesized in the
required quantities by conventional solution-state chemistry.
A relatively small target peptide was also preferred as a
consequence of the necessity for chemical modification,
recovery, and characterization of the template. Secondly, a
highly functionalized oligopeptide would enable us to probe
the contribution of individual interactions/functional groups
by substitutions in the amino acid sequence. At the same time,
a net charge of zero would be advantageous to eliminate
possible artefacts that arise from nonspecific “ion-exchange
type” interactions between the oligopeptide and receptor.
Finally, the incorporation of an aromatic amino acid residue in
the sequence should facilitate the analysis. Thus, a sequence
containing lysine (Lys) and aspartic acid (Asp) in the terminal
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positions with a bulky tryptophan (Trp) residue in the middle
was selected as satisfying all of the above requirements.

The peptide Lys-Trp-Asp (1) was preferred to Asp-Trp-Lys
for purely synthetic reasons, and the target 1 was prepared in
seven steps in 13% overall yield. The synthesis was accom-
plished by using conventional activated-ester coupling from
suitably protected amino acid precursors. A portion of the
tripeptide product was then further modified to prepare the
template. Carboxylic acids were the natural choice of
functionality to interact with amino groups of the lysine
residue in the polymer’s binding sites. Hence, the tripeptide 1
was treated with 2-methacryloyloxybenzoyl chloride” (2) to
obtain the template 3. The key feature of this approach is the
presence of a relatively labile ester bond between the
methacrylic acid residue and the hydroxybenzamide moiety,
the cleavage of which would leave the carboxy group in the
precise spatial arrangement to interact with the target
tripeptide as well as a small “void” in the polymer to facilitate
the template removal and re-binding of 1 (Scheme 1).

This simple approach also enabled us to position carboxy
groups exclusively in the recognition sites, thus minimizing
nonspecific interactions between ligands and the polymeric
matrix itself.’] The carboxylic acid groups of the template 3
were targeted by noncovalent complexation with 2-vinyl-
pyridine” (4), as depicted in Scheme 1. In order to achieve a
reasonable degree of complexation 4 was used in a fourfold
molar excess over the template 3, and the polymerization
reaction was carried out in acetonitrile. The choice of solvent
was influenced by template solubility and the necessity to
stabilize hydrogen-bonding interactions that were essential
for the successful imprinting of the tripeptide template. Not
only was this important to promote the formation of the
complex between the template 3 and monomers 4, but also to
restrict the conformation of the o-hydroxybenzamide spacer
groups by intramolecular hydrogen bonds. The latter should
help to position the methacrylic acid residue precisely in the
polymer binding site.l'’] Divinylbenzene was selected as the
cross-linker to ensure that no degradation of the polymer
matrix would occur under the hydrolytic conditions used for
template removal. The polymers were prepared photochemi-
cally at 4°C (see the experimental section). Nonimprinted
polymer was synthesized under exactly the same conditions,
the template being replaced by two equivalents of methacrylic
acid, to ensure that the final chemical composition of the
polymers were identical.

Once prepared, the polymers were tested with solutions of 1
in aqueous acetonitrile to evaluate their binding properties.
Specific binding was seen at all ratios of aqueous/organic
solvent (inset in Figure 1) but the binding of 1 to the polymer
dropped significantly from 47 % in acetonitrile/water 4:1 to
28 % in pure water, where the tripeptide was noticeably more
soluble. Binding studies were therefore made at 80%
acetonitrile where high specific binding and a reasonable
range of ligand concentration could be used. Isotherms were
then determined for two polymer concentrations (15 and
90 mgmL~; Figure 1). It is evident from these data that the
imprinted polymer shows considerable binding of the peptide,
even at concentrations as low as 0.02mwm, while the non-
imprinted and the unhydrolysed imprinted polymer (not
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