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The early transition metal oxide clusters with M�O
functionalities constitute a fast emerging class of compounds.
Their properties are of both intrinsic and applied interest and
envelop such diverse fields as analytical chemistry, biochem-
ical and geochemical processes, catalysis, materials science,
and medicine.[1] Metal oxide clusters with molecular weights
at par with proteins have been prepared and characterized.[1e]

The structure and bonding patterns in these molecular
aggregates remarkably resemble the complex transition metal
oxide surfaces[1a, 2] employed as catalysts for organic trans-
formations.[2d, 3] Many such catalysts are poorly understood
because of their inaccessibility to conventional physicochem-
ical techniques and therefore are not amenable to improve-
ments in their performances. With their proven role in
catalysis[4] and in the development of new oxide-supported
transition metal catalysts,[4f] metal oxide clusters offer attrac-
tive building units with well-defined properties[5, 1b] for the
preparation of catalysts and novel surfaces based on metal
(and mixed-metal) oxides whose performance could possibly
be rationalized in terms of their constituents at the molecular
level.[4a]

However, the technique of bringing suitable metal oxide
building units together to generate true metal oxide surfaces
and framework materials without the incorporation of addi-
tional conventional ligands is still in its infancy and has been
limited to the synthesis of mainly one-dimensional chains.[6]

Here, we report the synthesis and characterization of two

Within our study two questions remain. The large length
dependence of ÿ [qH]222 in the range of 7 to 20 residues has
been demonstrated by an independent method,[11] but its
cause is unknown. The preliminary two-state model outlined
above appears to be inconsistent with experimental [q]222

values reported for peptides with N> 30. Experiments to
explore these issues are in progress, but their outcomes should
not change our most important conclusion. For the class of
alanine-rich, lysine-containing peptides with 15>N> 27, the
literature equations relating FH to experimental [q]222 values
underestimate [qH]222,[12] and the corresponding FH values are
overestimated by 25 ± 50 %.

Experimental Section

Peptides were prepared as previously described[5d] and purified by repeated
reverse-phase high-performance liquid chromatography (RP-HPLC), and
characterized by MALDI-MS (matrix-assisted laser desorption ionization
mass spectrometry) and amino acid analysis. The purity of all compounds is
estimated to be higher than 95%. Solutions were maintained at pH 1 ± 2 for
consistency with NMR measurements, and NaClO4 buffers were used for
consistency with literature measurements. CD spectra were taken on a
thermostated Aviv 62DS circular dichroism spectrometer calibrated
according to literature procedures.[13] Concentrations of CD solutions were
determined within 5% error both by a quantitative ninhydrin assay[7b] and
by amino acid analysis.[14] Solutions of AcHel-(Ala4Lys)Ala2-NH2 (n� 4,5)
and selected nontemplated analogues were shown to be monomeric both
by CD dilution studies and analytical ultracentrifugation.
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novel three-dimensional framework materials, 1 and 2,
composed of well-defined vanadium oxide clusters.

[M3V18O42(H2O)12(XO4)] ´ 24H2O (M�FeII ; 1 M�CoII; 2 X�V, S)

Black prism-shaped crystals of 1 and 2 were isolated in 50 ±
60 % yield from the dark colored solution obtained from the
reaction of V2O5 with LiOH ´ H2O, hydrazinium sulfate, and
FeCl2 ´ 4 H2O or CoSO4 ´ 6 H2O in water at 84 ± 86 8C. The
compounds were characterized by elemental analysis, man-
ganometric titration of the reduced VIV sites, FT-IR spectro-
scopy, thermal methods, and X-ray single-crystal structure
analysis. The IR spectra of these compounds exhibit absorp-
tion bands attributable to H2O, n(SO4), n(VO4), n(VÿOterm),
and n(Vÿ(m3-O)) groups.

X-ray structure analysis[7] of single crystals of 1 and 2
revealed highly symmetrical isomorphous structures (Fig-
ure 1). In each case, the structure consists of {V18O42} cages[8]

Figure 1. View of the unit cell to show the extended structure of 1 which
contains arrays of {V18O42(XO4)} interconnected through {Fe(H2O)4}
bridging units. Water molecules have been omitted for clarity.

with crystallographic m3Åm (Oh) symmetry[7b] linked by bridg-
ing {M(H2O)4} groups into two interpenetrating three-dimen-
sional networks; a consequence of body-centered symme-
try.[7c] Each cage hosts a twofold disordered tetrahedral {XO4}
group. Based on crystallographic, chemical, and spectroscopic
evidence,[9] the final refinement model assumed a disordered
distribution of both the VO4

3ÿ and SO4
2ÿ anions for the {XO4}

group.
The host {V18O42} shell, constructed from 18 {VO5} square

pyramids sharing edges through 24 m3-oxygen atoms, is known
to incorporate VO4

3ÿ and SO4
2ÿ ions[8a] and act as a container

for other anions and molecules.[8b] It exists with different
electronic populations in two closely related structural forms
with different symmetries (Td and D4d) that are influenced by
the stereochemical needs[5a, 10] and the extent of interaction of
the encapsulated moiety with the V centers of the shell.[8a±c]

For example, in the Na6[H7VIV
16VV

2O42(VO4)] ´ 21 H2O clus-

ter,[8a±b] the {VO4
3ÿ} group (VÿO 1.71 �) interacts through

four m4-O atoms with the twelve V centers of the shell to form
covalent (Vÿm4-O)ÿVshell (m4-OÿVshell 2.39 �) bonds and
confers tetrahedral symmetry to the anion. The cages in 1
and 2 (with Oh symmetry) represent, interestingly, somewhat
different situations and illustrate further the structural
flexibility of the {V18O42} motif.

A view of the [V18O42(XO4)] cluster in 1 is shown in
Figure 2. All bond lengths in the cluster are within normal
ranges. The geometry around each V1 atom in twelve of the

Figure 2. The [V18O42(XO4)] cluster in the crystal structure of 1, with the
atom labeling scheme in the asymmetric unit. Displacement ellipsoids are
drawn at the 50 % probability level. The unlabeled central atom, bonded to
O4 atoms, represents X. Selected bond lengths [�] and angles [o]: 1: V1ÿO1
1.948(2), V1ÿO2 1.587(6), V2ÿO1 1.942(4), V2ÿO3 1.636(9), Fe1ÿO3
2.105(9); V1-O1-V2 98.16(14), V1-O1-V1 138.2(3); 2 : V1ÿO1 1.923(3),
V1ÿO2 1.590(9), V2ÿO1 1.954(7), V2ÿO3 1.652(15), Co1ÿO3 2.118(14);
V1-O1-V2 97.3(2), V1-O1-V1 138.7(5).

{VO5} groups is defined by a terminal oxo group (O2) and four
m3-oxygen atoms (O1). The geometry around V2 in the
remaining six {VO5} units is defined by four m3-oxo (O1)
groups and an apical m2-oxygen atom (O3) which is also
bonded to the MII center of one of the six {M(H2O)4} bridges
that interlink the [V18O42(XO4)] clusters. The coordination
sphere of MII is completed by four oxygen atoms (O6) from
the aqua ligands (MÿO(H2) 2.089 � in 1 and 2.047 � in 2),
each one exhibiting twofold disorder, and two trans m2-(O3)
groups. The elongated ellipsoid for O1, present in 1 and 2, is
probably a consequence of steric interactions that arise from a
short O ´´´ O contact (2.545(9) � in 1 and 2.521(13) � in 2)
between O1 and an O4 site that is only 50 % occupied.

The M1ÿO6 distance and the bond valence sum (BVS)[11a]

value (0.39) of the O6 group identify it as H2O. This
conclusion and the result of the manganometric titration of
VIV sites (�9.5 VIV per formula unit)[11b] correspond to the
stated formulation of 1 and 2. The packing in 1 and 2
(Figure 1) generates rectangular tunnels occupied by water of
solvation that is readily removed upon heating at about 70 oC.

The synthesis and characterization of 1 and 2 represent a
step in the direction of the preparation of transition metal
oxide based materials composed of suitable metal oxide
motifs with controllable properties. In view of the rapidly
expanding pool of well-characterized metal oxide clusters, this
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has potential to provide access to a variety of synthetic
materials. The heterometallic centers, such as FeII and CoII,
located in the walls of the tunnels in 1 and 2, may be
incorporated in new solids to fashion materials that may also
exhibit properties, such as catalytic activity, which are
associated with the heterometallic sites. We are currently
evaluating the catalytic and sorptive properties of 1 and 2 and
studying other metal oxide based materials containing differ-
ent heterometallic centers.

Experimental Section

1: An aqueous solution of LiOH ´ H2O (3 mL, 5 mmol) was added to a
stirred slurry of V2O5 (2.5 mmol) in water (10 mL) maintained at 84 ± 86 oC.
After the resulting solution was treated with hydrazinium sulfate
(2.5 mmol), the reaction mixture was heated for another 10 min. The dark
colored solution was diluted to 25 mL (pH� 4.6) and subsequently treated
with FeCl2 ´ 4 H2O (1.25 mmol) and heated for 3 ± 7 h. The resultant solution
was allowed to stand at room temperature in a stoppered flask for 12 h.
Dark prism-shaped crystals were filtered from the mother liquor, washed
with cold water to remove amorphous impurity, and dried in air at room
temperature to give 0.38 g (56 % yield based on vanadium) of 1. FT-IR
(KBr; 1200 ± 400 cmÿ1): nÄ � 1131 (m, SO4), 990 (s, VÿOterm), 807 (m, VO4),
689 (m, Vÿ(m3-O)), 631 (m, Vÿ(m3-O)) cmÿ1. Compound 2 was synthesized
in an analogous manner with the equivalent amount of CoSO4 ´ 6 H2O. FT-
IR (KBr): nÄ � 1131 (m, SO4), 990 (s, VÿOterm), 801 (m, VO4), 680 (m,
Vÿ(m3-O)), 630 (m, Vÿ(m3-O)) cmÿ1.
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