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Open-framework compounds have numerous technological
applications as heterogeneous catalysts, ion exchangers, and
as molecular sieves.'l Research in this field focuses on the
preparation of open-framework materials containing redox-
active centers which leads to a considerable increase of their
catalytic potential.’! The use of metal clusters as redox-active
centers is of special importance due to the remarkable
catalytic properties of cluster compounds compared to
mononuclear metal complexes.®! Our systematic investigation
of reduced niobium oxochlorides containing octahedral Nby
clusters led to the preparation of the layered material
described herein. Its crystal structure is based on an octahe-
dral Nb cluster core coordinated by eight inner chloride, four
inner oxide, and six outer chloride ligands: [ (NbsCli;O',)Cl%]
(Figure 1). These clusters share outer chloride ligands to form
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Figure 1. View of the [(NbsCli;O',)CI%] cluster unit in 1 highlighting the
plane containing outer chloride ligands (CI*?) that connect the clusters into
a two-dimensional network.

layers characterized by large six-membered rings. The ring
openings contain units of [Ti,Cly]>~ dimers surrounded by
thallium cations. The two-dimensional character of this
material is favored by the arrangement of the oxide and
chloride ligands which results in an anisotropic charge
distribution around the Nby cluster core.
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The novel, layered niobium oxochloride [{TL(Ti,Clo)}{(Nbs.
Cl,,0,)5(Ti;ClL,),}] (1) crystallizes in the space group P3cl,
with two formula units per unit cell. Its structurel® is
composed of layers shown in Figure 2. The basic cluster unit
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Figure 2. A projection of one layer in 1 on the ab plane. Dark gray
octahedra of [(NbCli;O},)Cl%] clusters and light gray [Ti;Cl;Oq] trimers
form a honeycomblike framework with cavities containing [Ti,Cly]*~ dimers
surrounded by Tl ions.

is a Nbg octahedron in which every edge is bridged by a
chloride or oxide ligand (“inner” CI' and O' ligands), and six
other chloride ligands attach to the Nb, octahedron in apical
positions (“outer” ligands, CI*). The cluster has the same
ligand arrangement and similar bond distances as those found
in Ti,NbsCl,,0,% (selected bond lengths [A]: Nb—Nb
2.8164(10)-2.9824(9), Nb—Cli 2.427(2)-2.484(2), Nb—CI*
2.585(2)-2.652(2), Nb—O 1.992(5)-2.033(5)). Each cluster
shares four outer chlorines (CI** in Figure 1) with four
adjacent clusters to form a two-dimensional network which
generates six- and three-membered rings similar to those
found in hexagonal tungsten bronzes (HTB).) Additional
linkages between clusters within the same layer are provided
by [Ti;CL,O,] trimers” (Ti—Ti 3.792(3) A) built from three
[TiCl,O,] octahedra that share one vertex (Figure 3a). Each
trimer connects three clusters through inner and outer
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Figure 3. a) [Ti;Cl;0q4] trimer built from three [TiCl,O,] octahedra that
share one vertex; b) [Ti,Cl]*~ dimer surrounded by thallium ions.
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chloride ligands. The [Ti;L3] units are common in reduced
titanium chlorides and are prone to metal-metal bond
formation.®! For example, Na,Ti;Clg® contains [TiyCl;]
trimers, and undergoes a phase transition resulting in the
formation of triangular titanium clusters and a decrease in
Ti~Ti distances from 3.717 to 2.996 A.

The openings of the six-membered cluster rings contain
[Ti,Cly]*~ dimers surrounded by TI* ions (Figure 3b). The
dimers are formed from two [TiCls] octahedra sharing one
face (Ti—Ti 2.977(8) A) and are aligned along the [001]
direction. Each dimer is surrounded by five TI* ions statisti-
cally distributed over six crystallographic sites. Similar
[Ti,Cly]*~ dimers surrounded by A* ions are found in the
series A;Ti,Cly (A =Cs, In).l]

Adjacent layers are stacked perfectly on top of each other
and differ only in the orientation of TI* and [Ti,Cly]*~ ions.
The ring openings in individual layers merge into channels
parallel to the [001] direction.

Layered frameworks similar to that found in 1 are present
in non-cluster compounds such as K[Al(OH),];(SO,), (alun-
ite),'1 K5(SbO,);(PO,),," and (NH,)(VO,);(SeO5),.I" Their
anionic frameworks have the general formula M;T,0,"~ and
consist of HTB-type layers made up of corner-sharing [MOg]
octahedra and [TO;] or [TO,] polyhedra. In the structure of 1,
the [NbCl'sO',] cluster core plays the role of the metal M,
outer chloride ligands correspond to oxide ligands of [MOg],
and [Ti;Cl,0Og4] trimers correspond to the [TO,] or [TO;] units.
In contrast to 1, the layers in these M;T,O," examples are
shifted with respect to each other resulting in the absence of
channels.

The formation of the HTB-type cluster framework in 1 is
favored by the presence of [Ti,Cly]*~ units which play the role
of a template around which the six-membered cluster ring is
assembled. A similar templating effect was observed in the
case of Nb,S,1,5,[*lin which triangular [Nb,I,,S] clusters form
a graphite-like network stabilized by [Nbls;] molecules.
Attempts to remove [Nbls] led to the decomposition of the
phase.[3 This decomposition is probably due to the fact that
the size of the ring opening fits only one iodide ligand. In the
case of 1, however, a cluster-ring opening can accommodate
an entire [Tls(Ti,Cly) ]** unit. Removal of [Ti,Cly]*~ dimers or
the whole [TI5(Ti,Cl,) ]** template could be possible due to the
electronic flexibility of the framework. Attempts to remove or
exchange these units are underway.

Compound 1 contains 50 valence electrons per formula
unit. The observed intracluster bond distances and the
analogy with other niobium oxochloride cluster com-
pounds,> 4l indicate that each cluster has 14 electrons, and
the remaining eight electrons belong to eight titanium atoms,
which corresponds to all titanium atoms being present in the
oxidation state + 3. The magnetic measurements!'”! (Figure 4)
show Curie behavior with an effective magnetic moment of
3.96 ug per formula unit which corresponds to 5.2 unpaired
electrons.'! This value is consistent with the model of
noninteracting Ti** ions in the [Ti;Cl,Og4] trimers (two trimers
per formula unit), and antiferromagnetically coupled Ti** ions
in the [Ti,Cly]*~ dimers (one dimer per formula unit) as is the
case in Cs;Ti,Cly.['7]

Compound 1 represents the first example of a layered
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Figure 4. Reverse molar magnetic susceptibility y,, ' (molemu™') of 1
over the temperature range 2-300 K.

HTB-type framework in cluster chemistry. Its layered struc-
ture confirms the relationship between the ligand arrange-
ment in the cluster unit and the cluster framework dimen-
sionality. These correlations and the structural analogies with
noncluster framework prototypes can serve as a basis for
future design of open-framework compounds containing
octahedral clusters.

Experimental Section

Compound 1 was initially obtained from the composition T1Ti,NbsCl;s0O,
corresponding to the addition of one equivalent of TICI to the starting
stoichiometry of the parent compound Ti,Nb,Cl,,0,. After the composi-
tion of the new phase was established from the crystal structure analysis,
the compound [{Tl(Ti,Cly) {(NbeCl,,0,);(Ti;CL),}] was obtained quanti-
tatively from stoichiometric amounts of Nb powder, Ti foil, TICI, Nb,Os,
and NbCl;. The mixture (handled under an inert atmosphere) was placed in
a silica tube, sealed under vacuum, heated for 4 d at 720°C, and cooled to
500°C over 4 d, followed by radiative cooling to room temperature. The
product was obtained as black hexagonal plates up to 2 mm in diameter.
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Crystal structure data for 1: trigonal, space group P3cl, (no. 165), a=
16.8990(5), ¢=18.0422(7) A, V=446213) A3, Z=2, pou=
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using Siemens SMART diffractometer equipped with a CCD area
detector. A total of 24153 reflections were collected over the range
2.78° <26 <55.00°; 3424 were independent. Lorentz, polarization,
and empirical absorption corrections (7, =0.26, T\, =0.78) were
applied, and the structure was solved and refined against F? with 3409
reflections (I > 0o([)) using the SHEXTL V5.1 package. Thallium sites
are disordered over two closely spaced (0.35(4) A) sites. The refine-
ment of the central ligand position in the [Ti;Cl,Og4] units showed that
it is 80(2) % occupied by a chlorine and 20(2) % by an oxygen (O7)

3

[

[4

[l

0570-0833/00/3906-1048 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 6



COMMUNICATIONS

atom. The [Ti,Cly] units are present about 90 % of the time, so that the
net stoichiometry is Tl g7¢16 Ti7813)Nb15Clsi 51(16)O12404)- The highest
residual electron-density peak (1.724 e A-3) is located between the
two titanium atoms that form the dimers. Anisotropic refinement of
all atoms except for O7 converged to R; =0.064, wR, =0.102. Further
details of the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karls-
ruhe.de) on quoting the depository number CSD-410776.

[5] E. V. Anokhina, M. W. Essig, A. Lachgar, Angew. Chem. 1998, 110,

538-540; Angew. Chem. Int. Ed. 1998, 37, 522 -525.

[6] P. G.Dickens, M. S. Whittingham, Q. Rev. Chem. Soc. 1968, 22,30 -44.

[7] The actual average composition of these units is Ti;Cls3O4, due to a

partial substitution of the central chloride ligand by oxide.

[8] a) D.J. Hinz, G. Meyer, T. Dedecke, W. Urland, Angew. Chem. 1995,

107,117, Angew. Chem. Int. Ed. Engl. 1995,34,71-73;b) J. Zhang, R.-

Y. Qi, J. D. Corbett, Inorg. Chem. 1991, 30, 4794 -4798; c) B. Krebs, G.

Henkel, Z. Anorg. Allg. Chem. 1981, 474, 149 -156.

a) B. Bajan, H.-J. Meyer, Z. Kristallogr. 1996, 211, 817;b) T. Gloger, D.

Hinz, G. Meyer, A. Lachgar, Z. Kristallogr. 1996, 211, 821.

[10] R. Wang, W. E. Bradley, H. Steinfink, Acta Crystallogr. 1965, 18,249 —
258.

[11] Y. Piffard, A. Lachgar, M. Tournoux, J. Solid State Chem. 1985, 58,
253-256.

[12] J. T. Vaughey, W.T. A. Harrison, L. L. Dussack, A.J. A. Jacobson,
Inorg. Chem. 1994, 33, 4370—4375.

[13] a) G.J. Miller, J. Alloys Compd. 1995, 229, 93-106; b) G. J. Miller, J.
Lin, Angew. Chem. 1994, 106, 357; Angew. Chem. Int. Ed. Engl. 1994,
33, 334-336.

[14] a) S. Cordier, C. Perrin, M. Sergent, Eur. J. Solid State Inorg. Chem.
1994, 31, 1049-1060; b) S. Cordier, C. Perrin, M. Sergent, Mat. Res.
Soc. Bull. 1997, 32, 25-33.

[15] The magnetic measurements were performed using a SQUID
magnetometer at 0.5 and 4 T in the temperature range 4-300 K.

[16] The Curie constant was obtained from the linear fit of y,,, versus 7!
at temperatures > 20 K, based on the Curie law y,,,,, = C/T. The linear
fit gives C=1.956 emumol~!, and a small diamagnetic contribution of
6.0 x 10~° emumol~. The expected magnetic moment for six unpaired
electrons is pg, = /6 X Wy =4.24 pg.

[17] B. Briat, O. Kahn, I. Morgenstern-Badarau, J. C. Rivoal, Inorg. Chem.
1981, 20, 4193 —-4200.

[9

—

Molecular Beacons: A Novel Approach to
Detect Protein—DNA Interactions**
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Protein— DNA interactions are known to play an important
role in a wide variety of biological processes. Binding of
proteins to genomic DNA is involved in various biological
processes including DNA replication, transcription, recombi-
nation, and repair.l'! To study these protein—DNA binding
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events, a variety of techniques such as band shift and
footprinting assays, affinity chromatography, fluorescence
analysis, and microscopy visualization have been devel-
oped.1 While all of these techniques provide insight into
one specific aspect of protein—DNA binding, optical and
fluorescence methods offer significant advantages in analyt-
ical sensitivity and simplicity. Here we describe a new
approach to study protein—DNA binding and to quantify
proteins using a recently developed oligonucleotide probe
that serves as a molecular beacon (MB).[6-11]

The molecular beacon is designed in such a way that it can
report the presence of a specific complementary nucleic acid
in homogeneous solutions.[) The molecular beacon is labeled
with a fluorophore at one end and a nonfluorescent quencher
at the opposite end. In solution, the molecular beacon forms a
hairpin loop which brings the fluorophore and quencher close
enough to allow quenching to occur by fluorescence reso-
nance energy transfer. Upon hybridization to a complemen-
tary sequence, the hairpin loop is broken and the fluorophore
and quencher are separated, resulting in the restoration of
fluorescence. The molecular beacon approach has great
advantages over other DNA probes, including the ability to
detect single-base mismatches, the capability of studying
biological processes in real time, and the possibility for in vivo
analysis. There have been several applications of molecular
beacons, such as sensitive monitoring of the polymerase chain
reaction,”] real-time detection of DNA —RNA hybridization
in living cells,®l DNA mutation analysis,”! and even detection
of pathogenic retroviruses.'”! Recently, a biotinylated single-
stranded DNA (ssDNA) molecular beacon was designed and
used for DNA-hybridization studies at a liquid—solid inter-
face and for the development of ultrasensitive DNA sen-
sors.''l Molecular beacons hold great promise in studies in
genetics and disease mechanisms as well as in disease
diagnostics. So far, however, all applications have been based
on the hybridization between a molecular beacon and DNA
or RNA molecules. The use of a molecular beacon for
studying protein — DNA interactions could be of great benefit
for understanding the many important biological processes
that require ultrasensitive and specific protein detection.
Herein, we report for the first time the interactions between
proteins and a molecular beacon.

The molecular beacon synthesized for this study is shown in
Figure 1. It was designed with tetramethylrhodamine (TAM-
RA; Molecular Probes, Eugene, OR) as the fluorophore and
4-(4'-dimethylaminophenylazo)benzoic acid (DABCYL; Mo-
lecular Probes) as the quencher. The molecular beacon was
synthesized by using DABCYL-derivatized controlled pore
glass (CPQG) as the starting material. The synthesis was started
from the 3’ end. The nucleotides were added sequentially by
using standard cyanoethylphosphoramidite chemistry. The 5
end nucleotide is conjugated to a (CH,),-NH linker arm,
producing a primary amine group at the 5-end. This amino
group was used to attach tetramethylrhodamine. The product
was purified by gel filtration chromatography and reverse-
phase high-pressure liquid chromatography (RP-HPLC).
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry was used to confirm the synthesis of the
designed molecular beacon (data not shown). In the absence
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