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PREFACE

Polyoxometalates are discrete early transition metal-oxide cluster anions and comprise
a class of inorganic complexes of unrivaled versatility and structural variation in both
symmetry and size, with applications in many fields of science. Recent findings of both
electron-transfer processes and magnetic exchange-interactions in polyoxometalates with
increasing nuclearities, topologies, and dimensionalities, and with combinations of different
magnetic metal ions and/or organic moieties in the same lattice attract strong attention
towards the design of nano-composites, since the assemblies of metal-oxide lattices ranging
from insulators to superconductors form the basis of electronic devices and machines in
present-day industries. The editors organized the symposium, “Polyoxometalate Chemistry
for Nano-Composite Design” at the Pacifichem 2000 Congress, held in Honolulu on
December 17–19, 2000. Chemists from several international polyoxometalate research
groups discussed recent results, including: controlled self-organization processes for the
preparation of nano-composites; electronic interactions in magnetic mixed-valence
cryptands and coronands; synthesis of the novel polyoxometalates with topological or
biological significance; systematic investigations in acid-base and/or redox catalysis for
organic transformations; and electronic properties in materials science.

It became evident during the symposium that the rapidly growing field of
polyoxometalates has important properties pertinent to nano-composites. It is therefore easy
for polyoxometalate chemists to envisage a “bottom-up” approach for their design starting
from individual small-size molecules and moieties which possess their own functionalities
relevant to electronic/magnetic devices (ferromagnetism, semiconductivity, proton-
conductivity, and display), medicine (antitumoral, antiviral, and antimicrobacterial
activities), and catalysis. The resulting exchange of ideas in the symposium has served to
stimulate progress in numerous interdisciplinary areas of research: crystal physics and
chemistry, materials science, bioinorganic chemistry (biomineralization), and catalysis.
Each participant who contributed to this text highlights some of the more interesting and
important recent results and points out some of the directions and challenges of future
research for the controlled linking of simple (molecular) building blocks, a reaction with
which one can create mesoscopic cavities and display specifically desired properties. We
believe that this volume provides an overview of recent progress relating to
polyoxometalate chemistry, but we have deliberately chosen to exclude discussion of
infinite metal oxide assemblies.

Acknowledgment. The editors would like to thank Nissan Chemical Industries, Ltd.,
Rigaku, and the Donors of the Petroleum Research Fund of the American Chemical Society
for contributions towards the support of the Symposium.

Toshihiro Yamase
Michael T. Pope
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CHEMISTRY WITH NANOPARTICLES:
LINKING OF RING- AND BALL-SHAPED SPECIES

P. Kögerler1 and A. Müller2 *

1Ames Laboratory
Iowa State University
Ames, IA 50011, USA

2Department of Chemistry
University of Bielefeld
33501 Bielefeld, Germany

INTRODUCTION

The fabrication of well-ordered arrays of well-defined nanoparticles or clusters is of
fundamental and technological interest. As this is a difficult task, different techniques have
been employed.1 An elegant approach would be to link well-defined building blocks in a
chemically straightforward procedure yielding a monodisperse or a completely homo-
geneous material. We succeeded now to cross-link assembled nanosized metal-oxide-based
clusters/composites – novel supramolecular entities – under one-pot conditions.

Pertinent targets include the synthesis of materials with network structures that have
desirable and predictable properties, such as mesoporosity2 (due to well-defined cavities
and channels), electronic and ionic transport,3 ferro- as well as ferrielasticity, luminescence
and catalytic activity.4 The synthesis of solids from pre-organized linkable building blocks
with well-defined geometries and chemical properties is, therefore, of special interest.5 In
this article, we will focus on the relationship between some polyoxomolybdate-based
wheel- and ball-shaped clusters and network structures derived from these precursors.6

Accordingly, a strategy will be presented that allows the intentional synthesis of solid-state
materials, both by designing and utilizing known clusters that can be treated as synthon-
based building blocks (and thus these synthons can be linked together), with preferred
structure and function.

Polyoxometalate Chemistry for Nano-Composite Design
Edited by Yamase and Pope, Kluwer Academic/Plenum Publishers, 2002 1



P. Kögerler and A. Müller

BUILDING BLOCKS OF THE NANOPARTICLES

The basic cluster entities – the synthons – involved in this approach can furthermore
be decomposed to characteristical transferable building groups.7 For instance, building
blocks containing 17 molybdenum atoms can be given as an example of a
generally repeated building block or synthon which can be considered to form anions
consisting of two or three of these units. The resulting species are of the type (e.g.,

1, a two-fragment cluster, or
of the type (e.g., 2, a
three-fragment cluster, see Figure 1.8 It has now been well
established that a solution containing species can be reduced and
acidified further to yield a mixed-valence wheel-shaped cluster (and derivatives thereof)

3 (due to inherent problems with the
determination of the exact composition, the initially published formula9 was flawed with
regard to the reduction and protonation grade).10 Formally, this cluster can be regarded as a
tetradecamer with symmetry (if the hydrogen atoms are excluded) and structurally
generated by linking 140 octahedra and 14 pentagonal bipyramids.

Using the general building block principle for this “classical” giant-wheel-type cluster
the structural building blocks for other ring-shaped clusters can be deduced and expressed
in terms of the three different building blocks as (n = 14). The
building blocks of the type and are each present 14 times in the
“original” cluster and the corresponding analogous (synthesized without the NO ligands)
isopolyoxometalate cluster 4 (having 14 instead of

2



14 groups) which turned out to comprise the prototype of the soluble
molybdenum blue species.10 Furthermore, a larger    “giant-wheel” cluster with
symmetry can also be synthesized under similar conditions; the larger cluster geometrically
results if two more of each of the three different types of building units are (formally)
added to the “giant-wheel” cluster.11 This presents a hexadecameric ring structure,
containing 16 (n = 16) instead of 14 of each of the three aforementioned building blocks
(Figure 2).

This consideration is interesting from the point of view that it is possible to express the
architecture of these systems with a type of Aufbau principle. Furthermore, the
symmetrical group can be subdivided again into one and two units
(i.e. two groups linked by an It is interesting to note that the

building blocks are found in many other large polyoxometalate structures and
itself can be divided into a (close-packed) pentagonal group – built up

by a central pentagonal bipyramid sharing edges with five octahedra – and
two more octahedra sharing corners with atoms of the pentagon (Figure 3). The
mentioned pentagonal group comprises a necessary structural motif to
construct spherical systems: while twelve edge-sharing (regular) pentagons form a
dodecahedron the introduction of linkers in between the pentagons results in
an extended structure that preserves the symmetry (Figure 4). In
this so-called Keplerate-type structure the centers of the pentagons define the vertices of an
icosahedron while the centers of the linker units define the vertices of an icosidodecahedron.

Chemistry with Nanoparticles 3
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SPHERICAL NANOPARTICLES: SYNTHESES AND STRUCTURE

Recently we reported the first spherical nanostructured Keplerate cluster
5a, as found in 5

with 12 pentagonal groups defining the vertices
of an icosahedron which are connected by 30 linkers.12 Subsequently

4



we succeeded to substitute these linkers by centers resulting in the formation of a
relatively smaller icosahedral cluster

found in 150 in which 30
centers (the largest number of paramagnetic centers found in a discrete cluster until

now) act as linkers or spacers between the 12 pentagonal fragments, the
essential building blocks for spherical species (Figure 5).13 We could also obtain the
"reactive" analogue

of 6 which condenses to a layer framework occurring in
80 8

during the drying process of 7 at room temperature.14 Furthermore we are able to follow
this process and to characterize the relevant intermediate

9a, found in 100 showing the
discrete ball-shaped units, too.15 For further details on these compounds see Table 1.

A special preparation method, leading to the mixture of compound 6 and a similar one
7, suggests that the clusters 6a and 7a (reactive) exist under equilibrium conditions with
different capsule contents. The difference between 6a and 7a is that the latter species
contains less acetate ligands and more dinuclear ligand units in its cavity corresponding to:

Interestingly, 7 (and therefore 8 and 9 in principle) could be obtained by three
different methods. As the ligands inside the cavity e.g. of 7a are highly disordered the exact
formula cannot be given. (Best descriptions: one three

groups and ten acetate ligands.) The same is of course true for the
resulting condensation product 8 and intermediate compound 9. The presence of the
negatively charged dinuclear units in the icosahedral species is not surprising

Chemistry with Nanoparticles 5



because the complete substitution of 30 linkers of the anion 5a (with
rather high negative charge) by the 30 centers alone would cause a positively charged
cluster of the resulting relatively smaller spherical species. The source of the dinuclear

units, the presence of which leads to a neutral cluster compound, are the
linkers of 5a which get air-oxidized during the substitution reaction.

GETTING GIANT SPHERICAL CLUSTERS LINKED AND CROSS-LINKED

It turned out that the discrete clusters of the type under the present packing
conditions of 7, which seems to be important, are reactive units even under room
temperature and solid state conditions as the process finally results in the linking to form
the layer structure of 8 (Figure 6). Remarkably the same process does not occur when
rhombohedral crystals of 6 are dried; the linking is performed via Fe–O–Fe bridge
formations between adjacent units which require deprotonation of the ligands at the Fe
sites and subsequent condensation (see eq. 1). The initial step is dehydration, i.e. loss of
crystal water (eq. 2) and the last step is the condensation reaction corresponding to equation
(3).16 We are not able to distinguish clearly whether the cluster unit or the crystal water
molecules act as proton acceptors.

6 P. Kögerler and A. Müller
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Remarkably these consecutive processes can be detected from the determination of the
crystal structures of 7, 8 and 9. The activity of the processes seems to be directly
proportional to the rate of loss of crystal water molecules, i.e. the actual drying conditions.

The freshly precipitated (not dried) crystals of 7 but also the crystals of 9 contain the
identical discrete spherical clusters of the type. This is not surprising as
reactions occur under solid state conditions. Each sphere contains 12 pentagonal fragments
of the type with a central bipyramidal group which is linked by
edge-sharing to five octahedra. These pentagonal fragments are connected by 30

linkers so that the overall shape of 7a has approximately icosahedral
symmetry. Each group is connected to oxygen atoms of two
octahedra of two neighboring pentagons resulting in an octahedron. Interestingly,
the 102 metal atoms and their terminal ligands lie in
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two concentric spherical shells. In 7, the intermolecular distance between the (two)
centers is 6.74 Å, while this distance is 5.35 Å in 9. Finally, in 8 the distance
between Fe centers of different entities is 3.79 Å (Figure 7).

The value of 130 emu K for compound 6 measured at room
temperature corresponds nearly to 30 high spin centers emu K

whereas the corresponding value for compound 8 is consistent
with 26 uncorrelated centers with This clearly
indicates that four of these 30 centers are strongly (antiferromagnetically) coupled.l4

In the same manner, the supramolecular metal-oxide-based entity consisting of the
icosahedral capsule of the type as host and the reduced Keggin cluster

(Keggin anion diameter ~ 14 Å) as nucleus (guest) can get linked
(according to a modeling investigation before the synthetic approach it turned out that the
Keggin anion just fits exactly into the capsule).17

In an acidified aqueous solution (pH 2) containing only polymolybdate, iron(II)
chloride, and acetic acid as well as a relatively small amount of phosphate in the presence
of air, a stepwise assembly process takes place leading to this new type of composite
material, i.e. the neutral layer compound 10.
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While 10 can also be assembled by adding the normal Keggin anion
directly to the aqueous reaction mixture according to our first approach, the other reaction
(experimental section, method 1) corresponds to a molecular cascade with the formation of
the Keggin ion as the initial step. Correspondingly, the reaction takes a different route (with
no formation of 10!) in the presence of larger amounts of phosphate, and adding the Keggin
unit seems to accelerate the capsule formation as a template. It is important to start from

(which gets gradually oxidized) rather than from as the latter educt results
immediately in a not well-defined precipitate.

The building block of each layer of 10 is the spherical icosahedral giant oxidized
cluster cage of the type but which now has a reduced metal-oxide-based cluster
– the tetrahedral two-electron reduced Keggin ion – as nucleus (Figure 8).
Like in the layer compound 8, each of the cluster-cluster composites is linked to four others
via Fe–O–Fe bonds to form a layer structure.

Selected physical properties of 10 are summarized in Table 2. They not only prove the
existence of the two separate, non-covalently bonded parts of each supramolecular entity
but show also its interesting topological, spectroscopic, electronic and magnetic properties.
The reduced Keggin cluster can be identified nicely by means of the resonance Raman
effect showing only the vibrational bands of this unit. The nanocapsules of the type
{ forming a system of magnetic dots (each individual discrete dot
represents as yet the strongest known molecular paramagnet due to the presence of 30
centers with 150 unpaired electrons) encapsulate the reduced nuclei (quantum dots) as
guests which can be regarded as potential electron storage elements. It should be noted that
the free Keggin cluster can be reduced by one electron, and further reduced in several two-
electron steps in association with concomitant protonation thus keeping its charge constant.
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The non-covalent host-guest interactions are worthy of consideration as the reduced
electron reservoir-type Keggin ion fits exactly into the capsule cavity (the shortest

bond lengths, typical for hydrogen bonding, are of the order 2.6 Å). This type
of composite/supramolecular entity with a reduced nucleus in an oxidized shell is
unprecedented. The band observed at ~ 550 nm which contributes to the
color can tentatively be assigned to a novel charge transfer transition of the type reduced

The knowledge of the chemistry of nanocapsules which are variable in size and
linkable allows us the synthesis of new types of materials. It is even possible to open the
capsules, exchange their contents, and close them again l8 which allows the fabrication of
different types of cross-linked composites with core-shell topology. We refer to a new class
of novel composite (a cluster encapsulated in a cluster) type material, in which the
electronic/magnetic structure of the composite (quantum/magnetic dot) can in principle be
tuned by changing the relevant properties of the constituents, for instance by changing the
electron population of the nucleus (Keggin anion). Remarkably the nanoobjects can also get
linked to chains in which the entities are linked via an Mo-O-Fe and an
Fe-O-Mo bond to each nearest neighbor.19

nucleus oxidized shell.
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GIANT RING-SHAPED CLUSTERS AS SYNTHONS FOR PERIODIC
STRUCTURES

An extremely interesting observation is that it is possible to obtain “giant-wheel”-type
species, which are structurally incomplete, comprising defects when compared to the parent
isopolyoxomolybdate cluster 4.10 These defects – which initiate linking in a
way not well understood – manifest themselves as missing units, but statistically
these defects can sometimes be seen as under-occupied units when the distribution
is affected by rotational or translational disorder within the crystal structure. When wheel-
type clusters with defects are considered the numbers of each type of building block are not
identical as a fraction of the groups have been removed. As a result the overall
negative charge on the “giant-wheel” increases by two for each of the removed
groups. These compounds also can be expressed in terms of the “giant-wheel” architecture,
with the general formula where the value x corresponds to
the number of defects introduced into the system (in the case of the “giant-wheel”
structures, only those that have n = 14 have been discovered with defects to date).

Important for linking of the cluster is the increase of the nucleophilicity
at special sites which can be realized either by removing several positively charged

groups with bidentate ligands like formate (that means via formation of defects),20

or by placing electron-donating ligands like on the inner ring surfaces.21 This leads
to a linkage of the ring-shaped clusters via Mo-O-Mo bonds to form compounds with layers
or chains (e.g., one derived from ring units with the formula

(Figure 9) according to a type of crystal engineering (see below). Single
crystals of the chain-type compound exhibit interesting anisotropic electronic properties
that represent promising fields for further research. In compounds of that type channels are
present, the inner surfaces of which have basic properties in contrast to the acidic channels
in zeolites.23 The layer compound can take up small organic molecules such as formic acid,
which according to the basicity of the system are partly deprotonated. The reduction of an
aqueous solution of sodium molybdate by hypophosphorous (phosphinic) acid at low pH
values results in the formation of nanosized ring-shaped cluster units (defined above)
which assemble to form layers of the compound
300 12 (Figure 10).21 The assembly is based on the synergetically induced
complementarity of the amphiphilic groups and corresponds to
the replacement of ligands of rings by related terminal oxo groups also of the
type units of other rings acting formally as ligands (and vice versa). The
increased nucleophilicity of the relevant O=Mo groups at the latter type ring is induced by
coordinated ligands (Figure 11).

SUMMARY

By exploiting the concept of transferable building groups it is possible to deliberately
generate highly symmetric nanometer-sized polyoxomolybdate-based clusters with the
option to link them to 1-, 2-, and 3-dimensional networks. The building block concept even
allows to size the ring- or sphere-shaped entities e.g. by using different linkers between the
building groups (as in the case of the Keplerate-type clusters) or by varying the number of
groups (as in the case of the tetradecameric and hexadecameric ring clusters). Inclusion of
guest molecules in the spherical Keplerate-type clusters results in further functionalized
supramolecular composite structures. The potential to attach different ligands to the
prototypal cluster structures in order to alter the nucleophilicity of certain sites allows to
control condensation processes that result in the formation of network structures including
mesoporous systems. The assembly of well-ordered arrays of these nanosized molecules is
therefore controllable to a great extent via a number of options.
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INTRODUCTION

Currently, polyoxometalates range in size from simple dimetalates such as to
discrete water-soluble polyoxoanions containing more than 200 metal atoms, and species
with relative molar masses of 40,000.1 There is little doubt that even larger complexes can
be synthesized, although complete characterization of these in the solid state and in solution
will become increasingly challenging. There are important reasons for the development of
the chemistry of such giant anions, which can be expected to exhibit both localized
(molecular) and cooperative (solid state) properties. Controlled directed syntheses of
ultra-large polyoxometalates with new structural frameworks can lead for example to
further applications in catalysis, host-guest chemistry, and molecular recognition, as well as
to new magnetic and optical materials.2 Indeed the “emergence” of new or special
properties resulting from increase of molecular size and complexity, exquisitely
demonstrated by the structure and function of enzymes for example, is an additional
powerful incentive.

We shall define a composite polyoxometalate as one containing two or more
polyoxoanion “building blocks” and linker atoms or groups. Although the structures of
such composite species suggest that they can be rationally synthesized by combination of
building block with linker, in many cases the complete structure is formed from
mononuclear components in a one-pot reaction .

The following examples,
and illustrate some of the possibilities and

complications.

Polyoxometalate Chemistry for Nano-Composite Design
Edited by Yamase and Pope, Kluwer Academic/Plenum Publishers, 2002 17



LANTHANIDE AND ACTINIDE CATION LINKERS

Mixed Ligand Peacock-Weakley Anions

Anions of type 2 above were first synthesized by Peacock and Weakley 8 in 1971, and
the first reports of crystal structures of such (1:2) complexes and

† This lacunary structure is anticipated to be metastable on the basis of the so-called Lipscomb criterion
[W.N.Lipscomb, Paratungstate ion, Inorg.Chem. 4:132 (1965) ]

N. Belai et al.18

In 1, 2, 3 and 4 the building blocks are the independently stable and isolable anions
and respectively. The linkers in 1 and

2 are six-coordinate and eight-coordinate cations, i.e. 1 and 2 can simply be
egarded as oordination complexes, and can be synthesized by direct reaction of linker with
building lock. The synthetic pathway for anions 3-5 becomes less clear-cut, for the
linkers” must now be described as and respectively.
The “building block” in 5, is an unknown lacunary derivative of a
hypothetical† anion, Although 5 has been prepared starting with and
the known of (and an arsenate analog,    can be
prepared using any further insights into the mechanism of formation of 5
are lacking.

In the present paper we report some of our initial explorations of possible “rational”
routes to composite polyoxometalates. Emphasis is placed on species that are
hydrolytically stable in aqueous solution.
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appeared about ten years later.4,9 Recent investigations10 have
confirmed the earlier structures and provide more detailed metrical information. The
intermediate 1:1 complexes, e.g. which have been characterized in
solution (electrochemistry, NMR spectroscopy, luminescence lifetime measurements,
etc),11 often associate into “dimeric” or polymeric assemblies upon crystallization (Figure
1).12

There are two common structural types of ligand building blocks observed in
Peacock-Weakley anions, exemplified by and Both of
these are stable in aqueous solution and this stability allows the straightforward
determination of conditional formation constants, and for the 1:1 and 1:2 complexes
respectively (see Table 1 for examples)

Some data13 have been reported for complexes of the metastable isomer of
but these may be ambiguous in view of the facile isomerization in

aqueous solution. Although 1:1 complexes of the ”1 isomer with trivalent lanthanide
cations have been convincingly characterized,11(b) isolated salts of presumed 1:2 complexes
sometimes prove to contain both and ligands, e.g.

and
In an attempt to deliberately introduce different ligand building blocks into the same

species we examined the interaction of with mixtures of the stable anions
and see Figure 2.
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Pentatungstate Building Blocks

The decatungstolanthanide complexes or 8, also first

characterized by Weakley 15 are clearly structurally analogous to those described above.
In this case the ligand building blocks are lacunary versions of the hexatungstate anion

However, unlike , and related anions,
has never been detected as a stable species in either aqueous or nonaqueous

solution, or in the solid state‡. Solution chemistry of the hexatungstate anion is limited to
non-hydrolytic solvents.

In addition to the several examples of 8 with different lanthanide and actinide
central atoms, there exists a handful of other polyoxometalate structures that incorporate

groups,1(b),16 Without exception all of these complexes have been synthesized in
one-pot processes starting with as the source of tungsten. As shown in Figures 3
and 4, appropriate mixtures of and yield solutions
containing the composite anion

‡ The decatungstate anion,     symmetry, can be viewed as a condensed dimer of
units

The spectrum in Figure 2 reveals the presence of (peak d, 8.5
ppm) and (peaks a and e, 11.3 and -10.1 ppm respectively). The
remaining three peaks, b, c, and f, are consequently assigned to the mixed-ligand complex

The relative proportions of each of the three species are
affected by the solution pH. For example, the ratio of :

: is ca 17:27:56 at pH 2.7 and 15:40:45 at pH
5.2

N. Belai et al.
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The formation of the mixed anion shown in Figures 3 and 4 can be described as a
ligand displacement reaction,

The displaced pentatungstate moiety ultimately is converted into one or more so-far
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unidentified species, characterized by W-NMR resonances at -4.4, -18.0, -92.9, and -179.8
ppm (three of these are indicated by asterisks in Figure 4). That the pentatungstate ligand
has kinetic stability in aqueous solution is established by an experiment in which a mixture
of and yield both La and Ce mixed anions (Figure 5).
The following equilibria, with the observed species underlined, may be postulated.

Of these, (3) has been independently measured and (2) is the only source of
The presence of unreacted and the formation of in the final
solution is not yet established.

The use of lanthanide cations as linkers in anions like 2 and 6, can be extended to the
synthesis of even larger entities (7). We have recently shown that the building blocks
themselves may be composite polyanions. Thus, reaction of 3 with lanthanide cations
leads to “dimeric” (9) and “polymeric” (10) assemblies.

Equations (8), Ln = Ce, Nd, Sm, Eu, Gd, and (9), Ln = La, Ce, Gd, do not tell the complete
story. Assembly of these large polyoxometalates requires high salt concentrations,
typically 1-4 M NaCl, and for 10, the addition of the stoichiometric amount of or to
occupy the central cavity of the group. In aqueous solution, NMR data
demonstrate that the dimeric and polymeric structures undergo partial or complete
dissociation into the components.5(b)



ORGANIC LINKERS

The interaction of potential bridging ligands such as pyrazine and 4,4N-bipyridine with
transition-metal-substituted Keggin anions, e.g. has led to the
formation of linked Keggin species (so-called “dumbbell” complexes).18 These have for the
most part been identified in solution by NMR spectroscopy, and are of course subject to
dissociation via ligand exchange processes. The robustness of the dumbbell species will
depend upon the nature and oxidation state of the substituent transition metal cation, but
little has been done to explore further possibilities in this area. Some surprises may be in
store: for example cobalt(III) proves to be quite labile regarding terminal ligand exchange
when embedded in a polytungstate matrix.18(c)

We have chosen to examine organogermanium and organotin derivatives of
polytungstates since the Ge-C and Sn-C bonds are extremely robust and hydrolysis-resistant.
Moreover we have shown earlier that RMCl3 react cleanly with lacunary anions to give the
desired substituted species in high yield.19 All of the following tungstate derivatives are
stable in neutral or acidic aqueous solution.

Functionalization of the organic groups is readily achieved by standard procedures using
the appropriate terminal alkene and trichlorogermane, or -stannane, e.g.

Prospects for Rational Assembly of Composite Polyoxometalates 23



CONCLUSIONS

The directed synthesis of large inorganic polyoxometalates with specific structural and
stereochemical features remains an elusive but not unattainable goal. We have shown that
opportunities exist for straightforward assembly of stable or metastable polyoxometalate
subunits using principles of both coordination chemistry and organic synthesis. Among
the many advantages offered by such synthetic approaches is the generation of chiral
structures for molecular recognition and catalytic selectivity that we are currently pursuing.

24 N. Belai et al.

Subsequent reaction according to equation (10) yields the functionalized polytungstate.20

Although such species are robust enough to undergo subsequent reactions, e.g.

it is generally more convenient to carry out the organic modification before incorporation
into the polytungstate, e.g.

This strategy, and the ready availability of acrylate esters allows the straightforward
synthesis of assemblies of multiple polyoxometalate units. Thus the composite star anion
11 was synthesized starting with pentaerythritol-tetraacrylate, the formation of

and subsequent reaction with
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INTRODUCTION

Vanadium-oxide compounds, including molecular systems and solids, are of current
interest. Consequently, the vanadium oxide chemistry, in general, and of vanadium oxide
clusters (polyoxovanadates) in particular, has seen exciting development in recent years1. A
large number of clusters of different shapes and sizes and solids containing vanadium atoms
in a variety of oxidation states and geometries have been prepared and characterized.
Oxovanadate clusters containing up to hundreds of atoms, with dimensions up to several
nanometers are known2. In principle, they offer suitable building units for the fabrication of
nanostructured solids whose properties could possibly be correlated to the constituent
clusters. The potential of this method has recently been demonstrated by us3-4.

Polyoxometalates and their derivatives can be amalgamated with a variety of ligands.
An impressive array of vanadium-oxide-phosphate based materials with new electronic and
structural properties has been prepared by combining the tetrahedral ligand with
oxovanadate moieties5-8. Some of these materials have open-framework containing very
large cavities and channels similar to those observed in conventional aluminosilicate-based
zeolites9.

As compared to the however, the chemistry of system remains
unexplored. The studies in this area have either been confined to few molecular compounds
or concerned with the possible catalytic roles of compounds in the industrial
production of sulfuric acid10-15. This is despite the recent molecular modeling studies which
predicts the potential of the tetrahedral group as suitable building block for the
construction of new metal-sulfate based materials16. Since vanadium exhibits rich
coordination chemistry bonding to a variety of organic ligands17, their incorporation in the
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system offers opportunity for making new inorganic-organic hybrid (composite)
materials. The suitable combination of oxovanadate sulfate fragments and organic ligands
may, in principle, pave the way for new composite-, including nanocomposite materials.
Such composite materials may exhibit new and interesting properties not found in purely
organic or inorganic phases.

We have been exploring the synthesis of composite materials by employing
vanadylsulfate (VO/SO4)-based motifs in combination with simple organic ligands. This
article describes some of the progress we made in this direction. The discussion is limited to
few representative examples from our lab. A more detailed review of the work will appear
in a future publication.

SYNTHESIS

Molecular Precursors

The first step in our effort to prepare the desired materials was to identify suitable
starting materials. Simple vanadium compounds and appropriate sulfate ion sources may be
considered as the precursors for providing building blocks suitable for constructing new

based solids. There are, however, relatively few vanadium(IV) molecular
precursors, such as and available for this purpose. The
preparation of the commonly available results in the formation of at least
three distinct phases containing varying numbers of water molecule(s)15d,e. In an attempt to
provide reproducible and convenient molecular precursors for this work, we have prepared
two useful complexes- l9 and

These molecular compounds, which we have fully
characterized by single crystal x-ray structure analysis, TGA, manganometric titration and
spectroscopic studies, are reproducible and readily prepared in decent yields by the
following hydrothermal synthetic methods.

Synthesis of Method 1: A mixture of
piperazine and dilute (2 M, 5 ml) in the molar ratio 3:10:6:10

was placed in a 23 ml Parr Teflon-lined autoclave which was subsequently heated for 48
hours in a programmable electric furnace maintained at 160°C. After cooling the autoclave
at room temperature for 4 hours, the resultant solution was filtered and blue filtrate was kept
in a closed glass tube that was allowed to stay at room temperature. The rectangular plate-
shaped blue crystals, which separated over a period of 10-14 days, were filtered from
mother liquor and dried in the air.

Method 2: A mixture of V metal (-325 mesh), Na2SO4, piperazine,
and dilute (1 M, 5 ml) in the molar ratio 5:3:5:5:3:3:5 was placed in a 23

rnl Parr Teflon-lined autoclave which was subsequently heated for 72 hours in a
programmable electric furnace maintained at 180°C. After cooling the autoclave at room
temperature for 4 hours, the resultant solution was filtered and blue filtrate was kept in a
closed glass tube that was allowed to stay at room at temperature. The rectangular plate-
shaped blue crystals, which separated over a period of 10-14 days, were filtered from the
mother liquor and dried in the air.

Synthesis of Method 1: A mixture of
(1 M 5 ml) and in the molar ratio
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4:5:6:5:10 was placed in a 23 ml Parr Teflon-lined autoclave which was subsequently
heated for 48 hours in a programmable electric furnace maintained at 160°C. After cooling
the autoclave at room temperature for 4 hours, the resultant solution was filtered and blue
filtrate was kept in a closed glass tube that was allowed to stay at room temperature. The
rectangular plate-shaped blue crystals, which separated over a period of 30 days, were
filtered from the mother liquor and dried in the air.

Method 2: A mixture of
and dilute (1 M 5 ml) the molar ratio 4:5:5:3:3:5 was placed in a 23 ml Parr Teflon-
lined autoclave which was subsequently heated for 48 hours in a programmable electric
furnace maintained at 180°C. After cooling the autoclave at room temperature for 4 hours,
the resultant solution was filtered and blue filtrate was kept in a closed glass tube that was
allowed to stay at room temperature. The rectangular plate-shaped blue crystals, which
separated over a period of 20 days, were filtered from the mother liquor and dried in air.

Both of these compounds are reproducible and easily prepared in decent yields (70%
for l9, and 20% for

(based on Vanadium) by the hydrothermal reactions described above.
Although or do not appear in the characterized final
products, their presence is needed in the reaction mixtures probably to maintain the
appropriate and/or ionic strength of the reaction medium to obtain better single
crystalline forms of the complexes. The compounds could also be prepared by employing
slightly different stoichiometries and reactants. Crystals of

and are
stable in air and soluble hot water.

Materials With Extended Structures

Although, there are some fragmentary reports on the oxovanadium sulfate solids
containing reduced, oxidized, and mixed-valance vanadium centers12-15, composite materials
containing oxovanadium sulfate moieties incorporating organic ligands have been
practically unknown. We have prepared some interesting type of inorganic-organic hybrid
materials. These extended structure solids constitute some of the first examples of fully
reduced oxovanadium sulfate based composites. We will describe them with
the help of two examples, 18 and
bipyridine)2]. These compounds were prepared in crystalline form and in high yield by
employing the following hydrothermal methods and characterized by a number of
physicochemical techniques including infrared spectroscopy, thermogravimetry, elemental
analysis, manganometric titration, bond valance sum calculations, and complete single
crystal x-ray structure analysis. The molecular compounds

and
described above, are useful precursors for synthesizing the new materials.

Synthesis of A mixture of
[76], 2,2'-bipyridine and water in the

molar ratio 1.25:5:2:278 were placed in a 23 ml Parr Teflon-lined autoclave which was
subsequently heated for 48 hours in a programmable electric furnace maintained at 180°C.
After cooling the autoclave at room temperature for 4 hours, brown crystals of

were filtered from mother liquor, carefully washed
with water, and dried in the air at room temperature. The yield of the product was 55%
(based on vanadium).
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The compound can also be prepared by the following alternative method: A mixture of
VO(acac)2 , and water in the molar ratio 3:10:10:277 was placed in a
23 ml Parr Teflon-lined autoclave which was subsequently heated for 48 hours in a
programmable electric furnace maintained at 160°C. After cooling the autoclave at room
temperature for 4 hours, brown crystals of [86] were
filtered from mother liquor, carefully washed with water, and dried in the air at room
temperature. The yield of the product was 70% (based on vanadium).

Synthesis of A mixture of
[76], 2,2'-bipyridine, and dilute sulfuric acid

in the molar ratio 1.25:5:2:10 was placed in a 23 ml Parr Teflon-lined
autoclave which was subsequently heated for 48 hours in a programmable electric furnace
maintained at 180°C. After cooling the autoclave at room temperature for 4 hours, mono-
phasic needle like green crystals of was filtered from the
mother liquor, carefully washed with water, and dried in the air at room temperature. The
yield of the product was 50% (based on vanadium).

Although during the course of our on-going work we have discovered some alternative
methods, not described here, for preparing and

, the synthetic procedures given above provide convenient
ways of synthesizing pure compounds in good yields. Crystals of

and are stable in the air and insoluble in
common solvents

SPECTROSCOPIC PROPERTIES

The FT-IR spectra of and
exhibit, in addition to piperazine and DABCO

peaks, very strong peaks at and respectively, which is characteristic of
v(V=O). There are multiple strong features in the region which are
attributable to groups. Low energy peaks for v(V-O-S) are present in their
characteristic region The infrared spectra of
bipyridine)2] and also exhibit intense absorption bands
between and 1000 cm-1 due to v(V=O). The v(VO) bands appear at and

for and at for
modes appear at and   for

and respectively.
The multiple strong bands in region are attributable to the bridging
ligands in the compounds. The strong splitting of the modes

region) in the spectra signals the significant deformations of the tetrahedral geometry of
which has been proven in each case by the single crystal structure analyses of

18 and (2,2'-bipyridine)2]. Peaks at
and , assigned to and

attributable to are due to the doubly bridging sulfate group in
Peaks at

and assigned to and
attributable to are due to the triply bridging sulfate groups in

The intensities and positions of these peaks correspond to
the observed values in the IR spectra of
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and related compounds containing doubly and triply bridging sulfate ligands13-15. The spectra
of (2,2'-bipyridine)2] and (2,2'-bipyridine)2] also contain
the characteristic features of 2,2'-bipyridine ligands.

STRUCTURE

The two compounds and
have analogous structures. Their structures consist of layers

of the coordination compound (Figure 1) which are separated by
anions and organic (piperazinium- in

and doubly protonated DABCO-
in cations. Figure 2 shows the

unit cell content of Within a layer
molecules are held through intermolecular hydrogen bonds involving

sulfate oxygens and water ligands in The cations
interact with layers through multiple hydrogen bonds involving -NH
centers in and centers in

The oxygen atoms of the free sulfate anions interact with hydrogen
atoms of water ligands in layers through multiple hydrogen bonds in both
complexes.

The sulfate group is directly bonded to the vanadium center of
molecule (Figure 1) in these complexes. The octahedral geometries around vanadium(IV)
centers are defined by four oxygen atoms from water ligands, a terminal oxo ligand (Ol)
and another oxygen atom from tetrahedral sulfate ligand. The V-O1 bond length, 1.595 Å. is
comparable with the corresponding value observed in  15d but shorter
than those found in anhydrous (1.630 Å )15e and (2,2’-bipy)2]
(1.618 Å)18. The bond trans- to V=O(1) group is much longer (2.247 Å) than the
remaining three long bonds (2.0038 - 2.0375 Å) and the V-center is slightly above
the plane defined by four oxygens (O2, O3, O5, O6), a pattern observed earlier also 15d. The
S-O distances in the group lie in 1.453 - 1.488 Å range, the longest one involving the
oxygen atom coordinated to the vanadium(IV) center. These distances are comparable to the
four S-O bond lengths (1.465 - 1.492 Å) found in the non-coordinated group that is
not covalently bonded to any other atom. Unlike near regular tetrahedral structure of the
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non-coordinated the overall geometry around sulfur in the coordinated sulfate group
is a distorted tetrahedron.

The crystals of contain two types of
piperazines (one disordered with two essentially equal components and one situated about
the crystallographic center of symmetry). The crystallographic data, the results of the bond
valence sum calculations20 and manganometric titrations of the reduced vanadium(IV) sites.
and charge balance consideration indicate that all piperazines are doubly protonated.

The extended structure of (2,2'-bipyridine)2]18 is shown in
Figure 3. It is composed of the building block units given in Figure 4. The structure may be
considered to contain ribbons constructed from infinite zigzag inorganic chains, [-

shown in Figure 5, incorporating 2,2'-bipyridine
ligands. The neutral inorganic chains are composed of pairs of vanadium(IV)
octahedra, , fused through a common edge, which are linked
by sulfate tetrahedra through octahedral-tetrahedral corner sharing (Figure 5). The organic
backbone of 2,2’-bipyridine ligands extend sideways from either face of the inorganic
ribbons penetrating in the interchain regions separating the adjacent parallel inorganic
chains from each another. Each organic stack is, in turn, bound by two consecutive stacks of
inorganic chains.

The octahedral geometry around each vanadium atom in the structure is defined by
with each center coordinated to a terminal oxo group, two

groups, two nitrogen donor atoms from a chelating 2,2’-bipyridine ligand, and an oxygen
donor atom from a ligand. This arrangement generates four-memebered, - -

rhombus-shaped metallacycles. The core
represents a unique structural feature of the 2,2’-bpy system. The two terminal
oxo groups adopt anti- configuration with one V-Oterminal vector pointing above and the
other below the plane of the rhombus. The 2,2’-bipyridine is present in
usual chelating bidentate mode forming five-membered -V-N-C-C-N- ring.
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The ligand adopts -bridging mode linking two centers (Figure 4), one from
each of the two nearest motifs through two of its oxygens. The overall
geometry around sulfur is a distorted tetrahedron. The planes of the two nearest

motifs, linked by are significantly twisted with respect to
each other resulting in the zigzag feature of the chain. The structure exhibits intrachain
hydrogen bondings characterized by short O(2A) H-(O) (1.895- 1.953 Å).

As is clear from the synthesis section, a slight changes in the reaction condition used
for preparing leads to another compound

which has a much different structure and larger V ratio than
that observed in

The fully reduce compound has a two-dimensional
double chain structure. The extended ladder-like structure consists of parallel running
inorganic double-chains decorated by organic ligands. As shown in Figures 6 the individual
chains are composed of alternating octahedra and tetrahedra joined by
common vertices. The sulfate groups in the chains are acting as triply bridging groups. Each

uses its two oxo groups to bond with two vanadium centers in the same chain and
coordinate to another vanadium center in the second chain through a third oxygen atom.
This results in the formation of interlinked double chains. The overall geometry around
sulfur is a slightly distorted tetrahedron. The octahedral geometry around each vanadium
centers, is defined by a terminal V-O group (V-O = 1.582 Å), two from the adjacent
sulfate groups in the same chain, an another from a sulfate group in the adjacent chain
and two nitrogen donor atoms from a chelating 2,2'-bipyridine ligand (V-N = 2.133 and
2.259 Å). The cross-linked double chains contain series of fused eight-membered

rings. 2,2'-bipyridines, symmetrically chelated to vanadium centers, are
almost perpendicular to the plane of the equatorial oxygen atoms present in the coordination
spheres of the vanadium centers. The metrical parameters are comparable to those observed
in The overall composite structure may be viewed as made
up of a series of ‘inorganic ladders’ flanked by 2,2'-bipyridine ligands which also separate
the adjacent ladders.

Bond lengths in (2,2'-bipyridine)2] and
compare well to each other as well as to the corresponding distances involving

centers in the reduced compounds and
in the mixed-valence species

in general, slightly longer than the corresponding values involving 
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sites (e.g., in (M = K, )13, 13, 11.
 (sulfate as ) and in l2.

(sulfate as ) in (sulfate as
a bidentate chelating ligand)).

MAGNETIC PROPERTIES

Figure 7(a) shows the temperature dependent magnetic susceptibility for
. The compound exhibits Curie Weiss paramagnetism at

high temperature (T>140K) with the fitted parameters C = 0.807emu.K/mole,
g = 2.07 and TIP = 0.0087. The inverse magnetic susceptibility data are plotted in Figure
7(b) with the fitted curve. At lower temperature, the magnetic susceptibility exhibits a broad
maximum which is consistent with the presence of short-range antiferromagnetic coupling
between vanadium (IV) centers.

THERMAL PROPERTIES

The compounds described in the foregoing paragraphs are fairly stable. The
thermogravimetric analysis of indicates no
noticeable weight loss up to 120 °C. The coordinated water molecules are lost in two steps
in the temperature range 126-260 °C. This is followed by the decomposition of organic
cations and sulfate groups in the temperature range 300-390 °C leaving an incompletely
characterized residue.
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The TGA and DTGA curves of (2,2'-bipyridine)2 ] shown in Figure
9. The compound is thermally stable up to about 300 °C. It loses weight in the temperature
range 300-390 °C corresponding to the liberation of a water molecule and decomposition of
sulfate into sulfur oxides. The organic (2,2'-bipyridine) ligands undergo decomposition at
fairly high temperature (450-525 °C) leaving a stable reduced vanadium oxide phase. The
observed total weight loss corresponds to the complete decomposition of sulfate and 2,2'-
bipyridine ligands and liberation of a molecule of water. The IR bands due to the sulfate and
2,2'-bipyridine ligands disappeared from the IR spectrum of the black residue, which
exhibits features at and Heating the residue up to
1000 °C transforms it into a bluish-purple material that has not been completely
characterized. The infrared spectrum of the bluish-purple material exhibit peaks at 998(m)

and The differential thermogram reveals that, like the
removal of water molecules and sulfur oxides, the decompositions of the two organic
ligands also proceed almost simultaneously.

The thermogravimetric analysis of indicates that the
compound is thermally stable up to 400 °C. The compound undergoes weight loss in the
temperature range 400°C - 485°C, corresponding to the decomposition of 2,2'-bipyridine and
sulfate ligands into gaseous products.

CONCLUSION

The molecular and solid systems described here represent an interesting class of
compounds. and
constitute the examples of fully reduced oxovanadium sulfate based hybrid materials with
novel extended structures. Their preparations appear to be a significant step towards the
development of organic ligand systems and its potential in providing new
materials. These results point out that a large number of oxovanadium sulfate phases
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incorporating organic ligands with novel structures remain to be discovered. The results
also suggest that use of robust rod like organic ligands may lead to the formation of

organic based composites with three-dimensional structures. Some of these
possibilities are being explored in our laboratories and the outcome of this effort will be
published elsewhere.
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INTRODUCTION

Oxygen is not only the most abundant terrestrial element but is also highly reactive;
consequently, oxides exist for most of the elements with the exceptions of radon and the
lighter noble gases,1 and inorganic oxides are ubiquitous in the geosphere, the biosphere,2

and the noosphere of this group’s collective imagination. In addition to the hydrogen
oxide that forms the basis of life, oxygen is found in combination with silicon and
aluminum in the form of complex aluminosilicates which make up the vast proportion of
igneous rocks.3 Not only are most ores and gems examples of solid state oxides, but bone,
shells, teeth, spicules and wood represent structurally complex oxides fashioned through
biomineralization.4,5

The intense contemporary interest in solid state oxides reflects their properties, which
endow these materials with applications from heavy construction to microelectronic
circuitry. The huge range of solid state properties is a result of the diversity of chemical
compositions and structure types exhibited by the inorganic oxides.6-30

However, while many naturally occurring oxides and minerals and even synthetic
oxides possess complex crystal structures, the majority are of relatively simple composition
and exhibit highly symmetrical structures with rather small unit cells, Although such
simple oxides possess undeniably useful properties, there exists, in general, a correlation
between the complexity of the structure of a material and the functionality which it
displays.31 Thus, many of the remarkable materials fashioned by Nature contain mixtures
of inorganic oxides coexisting with organic molecules, and it is now apparent that organic
components can dramatically influence the microstructures of inorganic oxides, hence
providing a method for the design of novel materials.

The control of inorganic structure by an organic component reveals an interactive
structural hierarchy in materials. In such materials, the inorganic oxide contributes to the
increased complexity, and hence functionality, through incorporation as one component in a
multilevel structured material where there is a synergistic interaction between organic and
inorganic components.31 Since this interaction within these hybrid organic-inorganic
materials derives from the nature of the interface between the organic component and the
inorganic oxide, synthetic and structural studies of materials exhibiting such an interface

Polyoxometalate Chemistry for Nano-Composite Design
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will contribute to the development of structure-function relationships for these materials.
There are now four major classes of materials in which organic components exert a

significant structural role in controlling the inorganic oxide microstructure:32 zeolites,33

mesoporous oxides of the MCM-41 class,34 biomineralized materials,2,4,35 and microporous
octahedral-tetrahedral or square pyramidal-tetrahedral transition metal phosphate
frameworks (TMPO) with entrained organic cations.36,37

The common feature distilled from the four classes of materials listed above is the
influence of the organic component in controlling the nucleation and growth of the
inorganic oxide. Organic components alter the inorganic oxide microstructure as a
consequence of the synergism between the organic and inorganic components which allows
imprinting of structural information from the organic molecule onto the inorganic
framework. Implicit in the evolution of such organic-inorganic hybrid materials is a shift
from the thermodynamic to the kinetic domain, such that equilibrium phases are replaced
by structurally more complex metastable phases.38 However, traditional solid-state
syntheses produce thermodynamic products, often by solid-solid interactions at
temperatures of ca. 1000 0C, conditions which will not retain the structural features of the
organic component. Necessarily, low temperature techniques, in an approach resembling
small molecule chemistry, must be adopted. Hydrothermal synthesis39-41 has been found
to provide a powerful technique for the preparation of organic-inorganic hybrid materials
with retention of the structural elements of the reactants in the final products.

Metal organophosphonate phases are representative hybrid materials which have been
extensively studied with respect to the structural consequences of steric demands of the
organic subunit, spacer length modifications, and additional functionality.42, 43 Metal
organophosphonate oxide phases, constitute a subclass of these hybrid
materials which conflates the structural versatility of metal oxides with the complexity of
organosphonate architectures.

In the specific case of oxovanadium-organophosphonate phases, the structural
chemistry is profoundly influenced not only by the organic spacer, but also by the
introduction of organic cations as charge compensating and space filling entities with
multipoint hydrogen bonding interactions to the oxide component. 44 However, the
structural consequences of introducing metal-organic subunits as potential
structure-directing agents have not been explored. Furthermore, while metal
organophosphonate chemistry in general has witnessed considerable development in recent
years, the oxomolybdenum phosphonate family is relatively undeveloped. Curiously,
while numerous soluble oxide clusters of the type have been described,
the only structurally characterized examples of solids are provided by the isomophous
two-dimensional phases In this contribution, we describe
preliminary studies of the modification of oxometal-organodiphosphonate phases by
secondary metal-organic subunits, thus exploiting both the spatial transmission of structural
information by the diphosphonate ligand and the surface modification of the oxide by a
multidentate organonitrogen ligand. Several prototypical structures of the

(M = V and Mo) are described.

Results and Discussion

Significant advances in materials chemistry are driven by the discovery and design of
novel solid phases. One strategy for the development of rational design for solid materials
focuses on the introduction of organic components as molecular building blocks which
imprint structural information on the solid or allow transmission of architectural motifs in a
spatially extended construction. This approach offers the advantage that constituents of
varying size, shape and functionality are available through the power of organic synthesis.
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Furthermore, exploitation of fundamental coordination chemistry for solid state synthesis
affords a variety of metal ions with preferred coordination geometries and numerous ligand
architectures for the construction of metal-organic composite materials. Such hybrid
inorganic-organic materials exhibit useful physical properties with applications to optics,46

magnetism,47 transport,48 thermochromism,49 and conductance.50

The coordination chemistry approach provides an effective strategy for the
modification of the oxide microstructure. However, at the temperatures of most solid state
reactions, there is little hope of accomplishing the assembly of a compound of predictable
structure from two or more species, while retaining the bond relations between most of the
constituent atoms. Furthermore, as consistently demonstrated with mineralogical examples,
as well as in the laboratory, it is not possible to prepare open framework solids at elevated
temperatures or pressures and, therefore, low temperature synthetic routes are obligatory for
these metastable solids. However, it is difficult to achieve the intimate mixing and
reaction of solid state starting materials at the low temperatures (usually < 250 °C) required
to prevent collapse of the open framework oxides. Fortunately, the wealth of Nature’s
remarkable structurally complex mineral species indicates that hydrothermal synthesis
provides a low-temperature pathway to crystalline inorganic-organic hybrid materials.

While organoamine constituents have been conventionally introduced as
charge-balancing counterions in zeolite synthesis and in the preparations of V-P-O phases,
in this application the organic component serves as a ligand to a secondary metal site, a first
row transition or post-transition metal cation. Consequently, a coordination complex
cation is assembled which serves to provide charge-compensation, space-filling and
structure-directing roles.

The structure of the organoamine-secondary metal complex cation is derived, of
course, from the geometrical requirements of the ligand as well as the coordination
preferences of the metal. The ligand set may include chelating agents which coordinate to
a single metal center or bridging ligands of various extensions which may provide a
polymeric cationic scaffolding for the entraining of the V-P-O substructure. One strategy
adopts appropriate stoichiometric control to form mononuclear metal-organoamine ligand
chelate complex cations which are coordinatively unsaturated and hence
capable of bonding to the oxo-groups of the oxide substructure, so as to provide linkage
between the oxide subunits.

The properties of this cationic component may be tuned by exploiting the preferred
coordination modes of various transition and post-transition metal cations. For example,
while a Cu(II)-organoamine fragment will likely exhibit 4+2 or 4+1 coordination
geometries, the Cu(I) counterpart will result in low coordination numbers with tetrahedral
or trigonal planar geometries predominating. Similarly, a Ni(II)-based cation will adopt
more regular octahedral coordination, while Zn(II) species may adopt various coordination
modes.

The contemporary interest in metal organophosphonate coordination chemistry has
received considerable impetus from the applications of such materials as sorbents, catalysts
and catalyst supports.51, 52 The structural chemistry of the metal organophosphonate
system is extremely rich53,54 and is represented by mononuclear coordination complexes,55

molecular clusters,56-60 one-dimensional materials, 61 and layered phases.62 Extensive
investigations have been reported on layered phosphonates of divalent,63-66 trivalent,67,68

tetravalent,69-73 and recently hexavalent elements.76 Several examples of three
dimensional metal organophosphonate frameworks have also been described since the first
report by Bujoli.75-78

Oxovanadium-organophosphonate chemistry79 includes solid materials with one-, two-,
and three-dimensional structures, incorporating either single valence V(IV) or V(V) sites or
mixed valence V(IV)/V(V) sites,80-85 as well as molecular species exhibiting a remarkable
structural diversity.56-59, 86-93 A noteworthy and common feature of these clusters is the
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organization of the V-P-O framework about a template, generally present as a guest or
captive species. The range of templates is quite diverse, including neutral molecules,
anions and even cations. Template effects are, of course, also a persistent theme of the
solid state chemistry of the system.

As noted above, oxometal organophosphonate phases are a well-documented family of
materials for which structural modification through incorporation of an organic subunit is
effected through variations in the steric demands of the organic, the tether length, and/or the
presence of additional functional groups. The structural demands of the
organophosphonate may be combined with the influences of secondary metal-organoimine
components to exploit both the spatial transmission of structural information by the
disphosphonate ligand and the surface modification of the oxide material by a multidentate
organonitrogen ligand.
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Since structural modifications are consequences of both the tether length of the
disphosphonate ligand and of the nature of the M(II)-diimine subunit,
one approach to the development of the chemistry is to vary the spatial extension of the
organodiphosphonate for a variety of M(II)-organodiimine subunits. Two series have been
studied to date, for the oxovanadium family with LL = 2,
2' bipyridine, x = 1, 2 and 3 and with LL = 1, 10-phenanthroline, x = 1, 2 and 3.

The structure of shown in Figure 1,
consists of two dimensional layers constructed from conrner-sharing Cu(II) square
pyramids, V(V) square pyramids and phosphorus tetrahedra. The coordination sphere of
the Cu(II) site is defined by the nitrogen donors of a bipyridine ligand and two oxygen
donors of a chelating methylenediphosphonate ligand in the basal plane, and an aqua ligand
in the apical position. The basal plane of the vanadium center consists of two oxygen
donors from a chelating methylenediphosphonate ligand and two oxygen donors from each
of two monodentate methylenediphosphonate groups; the apical position is occupied by the
terminal oxo-group. Each methylenediphosphonate ligand links one copper and three
vanadium sites.

The layer structure of may be described as
undulating networks with a period of 12.0Å and an amplitude of

4.5Å, decorated with groups which project into the interlamellar regions.
The network, shown in Figure 1b, is constructed from seven
polyhedral connect rings linked through corner-sharing interactions into a
two-dimensional covalently linked layer. The groups are sited above
and below the cyclic cavities.

As shown in Figure 2, the structure of consists
of a two-dimensional network, again constructed from corner-sharing vanadium
square pyramids, phosphate tetrahedra and copper square pyramids. The
vanadium(IV) site is defined by four oxygen donors from each of four phosphonate groups
in the basal plane and an apical oxo-group which bridges to the Cu(II) center. The copper
geometry consists of the nitrogen donors of the bpy ligand and two oxygen donors from
two phosphonate ligands in the basal plane and the bridging oxo-group in the apical
position. The oxo-bridge is asymmetric with a V-O bond distance of 1.611(2)Å and a
Cu-O distance of 2.394(2)Å. Each terminus of the diphosphonate ligand bridges
one copper and two vanadium sites. Consequently, the structure may be described as

chains, tethered through the ethylene bridges of the
diphosphonate ligands into a two-dimensional covalently linked network. Within the
one-dimensional oxide substructure, the common cyclic motif of corner-sharing

square pyramids and tetrahedra is observed. These rings are linked
through the vanadium sites into a chain, which is decorated by the moieties,
linked to the vanadium oxo-group and the oxygen donors of the diphosphonate ligands not
involved in the ring formation. This results in the additional ring motifs

and The connectivity gives rise to a distinctive partitioning of
the layer structure into inorganic chain substructures and tethering organic domains. The

subunits project into the interlamellar regions above and below the plane.
The structural consequences of tether lengthening in

are significant. While structure
contains vanadium centers with terminal oxo-groups, the oxo-groups in the ethylene
analogue bridge to the copper sites. Consequently, although the copper geometries in both
the methylene and the ethylene analogues are square pyramidal one oxygen
donor in the methylene analogue is provided by an aqua ligand, in contrast to the bridging
oxo group in the ethylene case. The networks, shown in
Figures 1b and 2b, are quite distinct, with the former displaying fourteen-membered

rings and the latter fourteen-membered rings.



44 R. C. Finn and J. Zubieta

While the structure of the network of
is quite dintinct from other examples of

oxovanadium-methylenediphosphonate layered materials, the
network of the ethylene species is reminiscent of the oxovanadium-phosphonate layer of
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The covalent connectivities of the
oxovanadium-phosphonate network structures of and this
latter material are identical, and the terminal oxo-group and pendant P-O groups observed
in serve to anchor the moiety to
the layer structure in

The structure of the propylenediphosphonate derivative [Cu(2,2' bpy)(VO)
is analogous to that of ethylene-bridged analogue, as shown in

Figure 3. The structures share the common structural motifs of
chains and cyclic rings within the chains. The

propylene groups bridge chains into a two-dimensional network. However, the
consequences of tether extension are apparent in the relative orientations of the

moieties. In contrast to in which the
units link to phosphonate oxygen donors on the same edge of the

oxovanadium phosphonate chain and consequently orient the bpy plane approximately
parallel to the V-V vectors of the chain, the groups of

coordinate oxygen donors from phosphonate
groups on opposite edges of the chain, with a concomitant orientation of the bpy plane
perpendicular to the V-V vectors of the chain. It would appear that chain lengthening in
the propylene analogue relieves the steric strain which would result from the perpendicular
orientation of bpy units in a shorter tether system.

It is noteworthy that substitution of 1,10-phenanthroline for 2,2' bipyridine results in a
structurally unique series of materials. For example, the network structure of

illustrated in Figure 4, contrasts with that of
in several important features. The aqua ligand

in the latter material resides on the Cu(II) site. Consequently, the copper links to the
V-P-O network only through two phosphonate oxygen donors. The vanadium center
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coordinates to four phosphonate oxygen donors. However, the aqua ligand of
is situated on the V(IV) center which consequently

links to only three phosphate oxygen donors. Whereas tracing the covalent connectivity
of the oxovanadium-diphosphonate substructure of
reveals a network substructure, the V-O-diphosphonate substructure of

consists of one-dimensional chains. These chains are connected
through the square pyramids into the two-dimensional structure. It is
evident that while the subunit of
serves to decorate the surface of the oxovanadium-diphosphonate network, the

subunit of is an integral component of
the network.

The structure of the ethylene bridged analogue
is also quite distinct from that of

As shown in Figure 5, the structure of the former is constructed from chains of
corner-sharing V(V) tetrahedra and diphosphonate groups,
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linked through copper square pyramids. Several features of the structure are note worthy.
The presence of binuclear units of corner-sharing V(V) tetrahedra is unique, and the +5
oxidation state is unusual for oxovanadium-organophosphonate structures in general.

The structural complexity of this family of materials is also manifested in the structure
of As shown in Figure 6, the network
structure of this propylene diphosphonate analogue, like that of the previously described

is constructed from V-P-O-Cu chains
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linked through the propylene bridges of the disphosphonate into a two-dimensional network.
However, the detailed connectivity within the inorganic chains of

is quite distinct from that of
The oxide chain of the o-phen derivative

contains a trinuclear submotif of two V(IV) square pyramids corner-sharing with a central
V(IV) octahedron. The trinuclear units are bridged by tetrahedra to form the
puckered one-dimensional chain. In addition, the central vanadium site of the trinuclear
unit engages in a corner-sharing interaction through a bridging oxo-group with the

subunit, which serves to decorate the exterior of the chain.
In comparing the three 2,2' bipyridine phases discussed above to the three

1,10-phenanthroline containing materials, the striking feature is the contrast in the
nuclearities of the vanadium oxide substructures of these materials. While the
2,2' bipyrinde family exhibits exclusively mononuclear V(IV) sites as submotifs, that is, no
V-O-V bridging, the examples of the o-phen family contain higher oligomers, binuclear
V(V) sites in and trinuclear V(IV) sites in

Similarly, the presence of V(V) sites in the
ethylenediphosphonate derivative is unusual, as all other examples of this class of
compounds contain V(IV) sites, exclusively, with the exception of the mixed valence

described below. We can only
conclude that under reaction conditions favoring the isolation of metastable species, the
complexities inherent in the variable oxidation states, coordination polyhedra and degree of
aggregation of vanadium oxides are fully realized.

Another curious feature of the Cu-1,10 phenanthroline series is the isolation of a
three-dimensional phase with in addition to the two-dimensional

discussed above. As shown in Figure 7, the
structure of consists of

layers linked through vanadium square pyramids into a covalently linked
framework. The layers are constructed from chains of corner-sharing
V(V) and tetrahedra, linked through Cu(II) square pyramids. Each diphosphonate
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ligand projects two oxygen vertices into the interlamellar region, which bond to the square
pyramidal V(IV) sites which serve to link the V-P-O networks.

Attempts to modify the structures by introducing steric bulk and/or additional
functionality on the organoimine ligand are represented by

As shown in Figure 8, the V-P-O network is
constructed from corner-sharing V(IV) and V(V) square pyramids and tetrahedra.
The square pyramidal subunits decorate the surfaces of the layer.
The motif consists of a trinuclear unit of corner-sharing polyhedra. The central
vanadium site exhibits a terminal oxo-group and bonds to the two peripheral vanadium
centers through oxo-groups and to two phosphonate oxygen donors. Each peripheral
vanadium site is additionally coordinated to three phosphonate oxygen atoms and to a
copper site through a V-O-Cu bridging oxo-group. Each methylenediphosphonate ligand
acts as a bidentate chelator of a Cu(II) site and bridges four vanadium centers from three
trinuclear units. The unusual connectivity pattern generates 16 membered rings

resulting in considerable void volume which is occupied by water molecules of
crystallization.

The oxomolybdenum core based materials are represented by
and the

propylene-diphosphonate materials
and

The structure of shown in Figure 9,
consists of one-dimensional chains constructed from corner-sharing Cu(II) square pyramids
and phosphorus tetrahedra, and corner-and edge-sharing Mo(VI) octahedra. The
coordination sphere of the Cu(II) site is defined by the nitrogen donors of the chelating
o-phen l igand, an oxygen donor from each group of the chela t ing
methylenediphosphonate ligand and an oxo-group bridging to a molybdenum site.
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Binuclear Mo sites constructed from edge-sharing octahedra are embedded in the chain.
The geometry about the Mo1 site is defined by two cisoid terminal oxo-groups, three
oxygen donors from the diphosphonate ligands, one of which bridges to the Mo2 site, and a
bridging oxo-group. The second molybdenum center exhibits a terminal oxo-group, an
oxo-group bridging to the Cu site, an oxo-group bridging to the Mo1 center, two oxygen
donors from the phosphonate ligand and an aqua ligand. Each molybdate binuclear unit
bonds to three diphosphonate ligands. The diphosphonate units, in turn, chelate a Cu site
and employ the remaining four oxygen donors to link three adjacent binuclear molybdenum
sites.
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The profound structural consequences of increasing the diphosphonate tether length by
one methylene group are evident in the two-dimensional structure of

shown in Figure 10. The
structure may be described as bimetallic oxide phosphate chains linked through ethylene
bridges of the diphosphonate ligands into a layer structure. The

chains are constructed from noncylic clusters linked through
diphosphonate ligands and square pyramidal Cu(II) sites. The copper centers bond to two
nitrogen donors from a chelating phenanthroline ligand, two oxygen donors from two
different diphosphonate ligands and an oxo-group bridging to a molybdenum site. Each

unit of the diphosphonate provides two oxygen donors to adjacent copper sites in
an O' type bridge while the third oxygen bonds to an octahedral molybdenum center.
The ethylene groups of the diphosphonate ligands serve to bridge adjacent inorganic chains.
The tetranuclear molybdate cluster embedded in the chain structure exhibits several unusual
features. The molybdenum centers are arranged in a non-linear chain of edge-sharing
polyhedra with octahedra at the termini and square pyramids in the interior locations. The
octahedral sites are defined by two cisoid terminal oxo-groups, an oxo-group bridging to a
square pyramidal site, a triply-bridging oxo-group, an oxygen donor from the
diphosphonate ligand and an aqua ligand. The five-coordination at the second site results
from a terminal oxo-group, an oxo-group bridging to the copper site, two triply-bridging
oxo-groups and a doubly-bridging oxo-group.

The contrasting dimensionalities of and
are not totally unprecedented. In the

oxovandium diphosphonate family, is
one-dimensional, while is two-dimensional,
reflecting the propensity of the methylene-bridged diphosphonate to form six membered
chelate rings {M-O-P-C-P-O} rather than provide extension and tethering of neighboring
structural units, the modality adopted by the ethylene-bridged ligand.
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Somewhat surprisingly, the structure of the propylene derivative,
shown in Figure 11,

is one-dimensional. The structure may be described as cyclic clusters, linked
through diphosphonate ligands into a chain which is decorated by
and subunits. There are, thus, two distinct Cu(II) environments: a square
pyramidal site defined by four nitrogen donors from two o-phen ligands and a bridging
oxo-group to a molybdate cluster; and an octahedral site linked to a single o-phen chelate,
two aqua ligands, a phosphonate oxygen donor and a bridging oxo-group from the cluster.
The diphosphonate ligands serve to bridge adjacent clusters, coordinating exclusively to
molydenum sites at one terminus and to Mo and Cu centers at the other. The
molybdate cluster is structurally analogous to the well known molecular
cluster,94,95 consisting of a ring of edge-sharing octahedral. The cyclic structure of the
cluster of is distorted
from that of the symmetrical molecular analogue by the linking of the

subunit which expands the Mo-O(phosphonate) bond length at this
doubly-bridging site.

The isolation of this one-dimensional material suggested that a building block
approach to such chain structures is conceivable. However, attempts to link preformed
clusters through diphosphonate ligands of various tether lengths under non-hydrothermal
conditions proved futile. Furthermore, adopting pH and stoichiometry conditions favoring
such cluster formation under hydrothermal conditions did not yield the analogous

chains (n = 1, 2 or 4) but rather required the presence of
Cu(II) and phenanthroline to yield and

and an unidentified material,
respectively. While cluster preorganization and linkage is an attractive strategy for
structural design, it appears that such synthetic building blocks persist only under narrowly
defined conditions, whereas in general dissociation is evident and the system “selects” the
appropriate structural unit from the species present in the hydrothermal mix.
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These arguments are reinforced by the isolation of
under the same conditions as those employed for the synthesis of

As shown in
Figure 12, the structural consequences of replacing o-phen by bpy are profound. The
structure of the bpy-containing material consists of two-dimensional networks constructed
from binuclear molybdate subunits, phosphonate tetrahedra and ‘4+2’ Cu(II) octahedra. A
most unusual feature of the structure is the presence of binuclear units of face-sharing

octahedra. Each Mo· site is defined by a terminal oxo-group, an oxo-group
bridging to the second Mo of the unit, an oxo-group bridging to a Cu site, and two
phosphonate oxygen donors. The copper site is bound in the equatorial plane to the
nitrogen donors of the bpy ligand, and two oxygen donors from the diphosphonate ligand
chelating through an oxygen of each terminals, in addition the Cu is weakly bound
by axial interactions to the oxo-groups of Mo sites from two adjacant binuclear units. As
shown in Figure 12, the structure may be described as oxomolybdate phosphate chains,
linked by propylene bridges into a two-dimensional Mo/O/P/C network. The
groups decorate both surfaces of this layer.

The isolation of these hybrid phases illustrates the synergistic influence of
diphosphonate tether lengths and the metal-organic component on the structures of hybrid
oxide materials. The organic tether serves to expand the distance between molybdate
polyhedra or clusters and may consequently influence the dimensionality of the material.
However, the structural influences of the variabilities of polyhedral type and polyhedral
connectivities available to the oxometalate substructures are also determinants which may
produce unanticipated structural motifs. For example, the common tendency of the V/P/O
and Mo/P/O families to form two-dimensional substructures, based on the
prototype, would suggest that an oxomolybdate material incorporating a diphosphonate of
sufficiently extended tether length to buttress such layers would allow adoption of a three
dimensional connectivity. The steric constraints of the or
subunit can, of course, passivate the surface of the oxide and result in lower dimensional
materials, as noted for The
one-dimensional structure of

may reflect several influences: the persistence of the
core and the incorporation of significant numbers of passivating

subunits, in this case both and
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INTRODUCTION

The substitution of oxygen by sulfur atoms in the framework of a polyoxoanion is expected
to modify both the chemical and redox properties of those species. Unfortunately, this
substitution is generally accompanied by the partial reduction of metal centers together with the
degradation of the oxometallic structure. The first works reported by Holm1 in this area
evidenced the efficiency of the hexamethyldisilathiane as a good sulfurating agent of
polyoxoanions but only sulfur containing compounds of limited nuclearity were obtained through
this way.

A different strategy was imagined by Klemperer2 consisting in introducing in the polyanion
backbone a less reducible metal such as or Based on this approach,

were isolated as solids and fully characterized after the oxo-parent was sulfurated by
the Lawesson reagent3 or another adequate sulfur donor4. We have developed a new strategy
consisting in the stereospecific addition of a preformed thiofragment on a vacant polyoxoanion.
The precursor was obtained by oxidation in water of the

anion by iodine. The oxidation was performed in acidic medium in which
the dithiocation is very stable and does not self-condense, or reacts with the parent complex.5 The
homologous was obtained in DMF, but conversely to it
revealed poorly stable in aqueous acid conditions to rapidly degrade with evolution. Thus,
the addition of on the divacant gave easily

since a perfect adequacy in size and electronic behavior exist between the
thiofragment and the cavity of the polyoxoanion.6 This adequacy can be broken by varying the
size of the vacant polyanion which can display a cavity too large or too small to contain the
dithiocation. This is typically the case for the trivacant the thio-precursor
cannot fill the large vacancy but bridges two polyanion units to give a
sandwich-type polyanion.7 The same type of structure was obtained with the monovacant

for which the cavity revealed too small to insert the dithiocation: two
units bridge two polyanions with the possibility of different isomers for the resulting
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Considering the large number of available polyvacant structures, it is
clear that a wide family of thio-polyanions can be obtained on these bases. However, these
strategies do not permit to prepare sulfur rich polyanions.

By analogy with polyoxometalates,9 we recently postulated that the condensation of a sulfur
containing precursor remained the best way to prepare new species having both high sulfur
stoichiometry and high nuclearity.10

THE FIRST MEMBERS OF A NEW FAMILY

A facile synthetic approach toward the formation of condensed species derived from the
precursor consists in the addition of a base to a solution of the hexaaquo-

dication. Thus, on adding a concentrated solution of KOH to a solution of the dithiocation up to
about pH=4, in the presence of iodide, a yellow solid is isolated and analyzed as

The dissolution of (1) in water leads to the crystallization of the neutral wheel
represented in Figure 1 and in Equations 1 and 2.10

The structure of (2) consists in a ring formed of six dinuclear units connected by 12
hydroxo-double bridges delimiting a central cavity of 11Å lined by six water molecules.

The molecular ring is composed of alternately edge- and face-sharing octahedra, this type of
enchainments being rare in polyoxoanion chemistry.

In DMF containing halides the recrystallization of (1) gives the two dianions
The molecular structure, common to (3) and
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(4), is remarkable for displaying a cyclic arrangement of ten atoms doubly bridged by
hydroxo groups around a central cavity capped by two halide ions.
The reaction scheme illustrating the syntheses of these different compounds is given in Eq 1, 2,
and 3.

The molecular structures of (3) and (4) have been determined by X-Ray diffraction methods. The
two halides are located on each side of the plane containing the wheel, and penetrate deeply in the
ring as illustrated in Figure 2 : the X-X distances are short, 4.78Å for iodides (sum of ionic radii,
4.40Å) and 3.82Å for chlorides (sum of ionic radii, 3.62Å).

An aqueous solution of (1) has a pH of about 4.3 for a concentration of in
By addition of 2.4 equivalents of KOH and excess of KCl, the pH of the solution

raised to 5.9 allowing the crystallization of
The cyclic backbone of (5) contains ten molybdenum atoms bonded through
double bridges and is capped by a chloride ion. This situation is quite comparable to that
observed for (3) and (4) except only one halide ion is capping the cyclic ring.13 The (3-)
negative charge of the anion is balanced in the solid state by three potassium cations which
imposes the presence in the ring of three aquo and two hydroxo ligands instead of the five water
molecules observed in (4). These two types of ligands were clearly identified by the length of the
Mo-O bonds shorter in the case of OH-ligands (2.337(9)-2.3805(10)Å) than for aquo-ligands
(2.487-2.517(13)Å). A view of the molecular structure of is given
in Figure 3a.

In the solid state, all the cations are engaged in connections with the generating the
nice porous three-dimensional structure represented in Figure 3b. Two types of channels (16x8Å
for the largest and 8x10Å for the smallest) are observed, resulting from the perpendicular
arrangements of two containing sheets.
The various channels do not contain any cation and are occupied only by water molecules which
give the structure its microporous character. The thermal stability of the structure is quite poor
because of the large number of water molecules completing the coordination sphere of the cations
or filling the channels.
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The acid properties of the precursor depend on the site where the water
molecule is attached. The deprotonation of equatorial water molecules (the most acid) is at the
origin of the polymerization process which finally leads to and rings. The acido-basic
equilibria are reversible so that the dithiocation is restored by simple addition of an acid to any
soluble condensed architectures.
The axial coordination sites, trans to the Mo=O bond, are less acid explaining the presence of
water molecules inside the rings. As the condensation takes place at the equatorial positions,
soluble inorganic chains are formed and are closed by a double olation-reaction. The formation
of rings is probably due to an entropic factor since a cyclic conformation, rather than a linear
chain, increases the entropy of the solvent, generates the elimination of two water molecules and
reduces the interactions with the solvent by minimizing the surface.

The solubility of (1) is closely dependent on the halide concentration. When (1) is dissolved
in pure water, the neutral ring rapidly precipitates. Conversely, concentrated solutions of
(1) can be obtained by maintaining a high halide concentration. This observation confirms that
soluble species such as characterized in the solid state, unambiguously exist in
solution. The specific interaction between the neutral ring and halide ions provokes a structural
rearrangement of the metallic backbone, the nuclearity decreasing from 12 to 10 to induce the
formation of the charged anion.
The negative charge of the neutral and poorly soluble ring to form permits
the dissolution of the inorganic ring in aqueous medium. On this basis it can be assumed that the
structure of (1), formed in solutions containing high concentrations of halide, corresponds to the
formula The different equilibria related to the

precursor are represented in Figure 4.

The molecules of water located in the cavity achieve the coordination of the Mo-centers. The
length of these bonds (2.56-2.75Å) suggests the water molecules are labile as would be
molecules of solvent. This property, together with the electrophilic potentiality of the cavity, due
to the presence of cations, can favor the insertion in the ring of anionic groups of adequate
size.
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STRUCTURATING INFLUENCE OF   GROUPS, X=P, As

Owing to the sizes of the former ten- and twelve-membered rings, phosphate and arsenate
groups were chosen to play the role of quite ideal guests for these cationic hosts since their
charge can be easily tuned by the control of the pH of the solution. Two different types of
compounds were obtained, depending on the initial concentration in phosphate or arsenate.

Weak content

With weak concentrations in XO4, in the range 0.02-0.08 and for the ratios
1<Mo/X<3, the cyclic (6), noted and

noted X=P, (7), X=As, (8), were crystallized.14

The cavity of about 10Å in diameter contains a diprotonated phosphate group As the
gobal charge of the anion is balanced in the solid by two tetramethylammonuim cations, it was
necessary to introduce a hydroxo group in the cavity which was characterized by the short Mo-O
distances of2.354(10) and 2.422(10)Å.
The structure of (6) represented in Figure 5 is based on the
cyclic enchainment of five fragments bonded by double hydroxo bridges.
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The 12-membered skeleton in (7) is distorted by the pincer effect of the two phosphate anions and
hydrogen bonding interactions within the cavity. The same type of geometry is obtained with

replacing

In the solid state, the polyanionic wheels are mutually connected by the sodium cations. The
cations are edge bonded forming parallel columns on which are attached the different wheels as
represented in Figure 6.14

31P NMR spectra of solutions containing at a
concentration of were recorded at 298K and are represented in Figure 7. Three
peaks are observed at and ppm, respectively. The first peak located at
1.05 ppm corresponds to uncoordinated phosphate while the two others are attributed to
coordinated phosphates.
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The attribution of these two peaks was established through the study of P:As exchange from
synthetic mixtures of and and from spectra of solutions of at
different concentrations.

These results show that both and exist in equilibrium in solution. The
structures of the two species have already been characterized in the solid state, (6), (7). That
means that the dissolution of in water is accompanied by a structural change,
being fluxional enough to generate and vice versa.14

High content

When an excess of phosphate or arsenate is added to a solution of
X/Mo >2, the structurating role of groups leads to the formation of the hexanuclear wheel

X=P, (8) and X=As, (9), noted These compounds are stable in
solution only in the presence of excess of but can be isolated quite quantitatively by
precipitation or crystallization. The molecular structure of (8) represented in Figure 8 consists of
the assembly of three dithiocations condensed around a central group and connected to three
outer phosphates. The inter-fragment connections are ensured by an oxo and a hydroxo groups.

Two types of connections between units have been encountered so far, face sharing
in and edge sharing in structures. These two different bonding schemes are
represented in Figure 9.
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STRUCTURATING INFLUENCE OF CARBOXYLIC ACIDS

Acetic acid

The condensation of the  fragment leads to the formation of cyclic structures,
the size and shape of which seem to be controlled by the template anion present in solution. With
phosphate, the nuclearity of the metallic skeleton fits with the size of the anion which can be a
single phosphate group like in or two phosphate groups like in The size and
reactivity of the acetate anion are comparable with that of phosphates explaining that acetates can
be introduced in the inorganic ring which adapts its shape to the new template. The dissolution
of (1) in acetate buffer gives after crystallization yellow needles analyzed as

The molecular structure of (10) is represented in
Figure 10 showing the  is fluxional enough to arrange around three acetate groups in a
nice heart-shape.

Dicarboxylic acids

There is a double interest to use dicarboxylic acids as templates. The first one is they are
easily available with various alkyl chain lengths which permits to tune the size of the molybdic
ring by the length of the carbon chain. The second interest is they are good chelating agents
through the two terminal carboxylate groups that limits the exchange phenomena observed with
phosphates or acetates. Thus, the three following dicarboxylates were chosen, oxalate
glutarate and pimelate Two protocoles of syntheses can indifferently be
used, consisting in the addition of carboxylate anions to a solution of (1), or to a solution of

In both cases the pH of the solution is adjusted to about 5-6 by addition of a base
and the reaction mixture cristallyzed.

Oxalic acid. (11) was obtained as tetramethylammonium or
lithium salt starting from (1). Four units are linked by hydroxo-groups and
condensed around a central oxalate in a quite perfect circular arrangement as represented in
Figure 11. All the Mo atoms in the cyclic skeleton adopt an octahedral geometry formed of a
terminal M=O double bond, two hydroxo and two sulfido bridging groups and an oxygen of the
oxalate.19

Glutaric acid. (12) was obtained by precipitation
by CsCl of a solution of (1) previously hydrolyzed about pH = 6-10. Crystals for X-ray
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diffraction determinations were obtained by recrystallysation of the precipitate in water. The
molecular structure of (11) represented in Figure 13 shows a distorted cyclic arrangement of the
inorganic backbone. The distorted inorganic ring contains ten molybdenum atoms, five of them
being pentacoordinated, probably because of steric constraints due to the longer chain.19

Pimelic acid. (13) was isolated through the same
protocole of preparation.19 The distorted ring contains twelve Mo-atoms, six of them being
pentacoordinated like in (12), see Figure 11.
As represented in Figure 11, a direct connection exists between the nuclearity of the wheels and
the size of the central carboxylate, The wheel adapts its size and
shape to the size of the template during the condensation process.

Selectivity of the template effect. The selectivity of the method of synthesis is illustrated
by the narrow distribution of the polyanions in solution. Dilute mixtures of and
carboxylic acid at pH = 4.5 have been examined by Electro Spray Mass Spectroscopy (ESMS).
Each ESMS spectrum reveals that the parent peak of the expected anion is unambiguously
observed in solution as predominant species. The experimental m/z values correspond exactly to
that deduced from single-crystal X-ray diffraction, Table 1.19
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For the additional peaks observed in the range 321<m/z<785 have been attributed
to template free anionic species.

The selective preparation of and is clearly dependent
on the template influence of the carboxylate anions on the size of the oxothiometallic rings. On
the NMR spectra of these Mo-carboxylates anions in solution in only the signals
characteristic of coordinated carboxylates are present. Conversely to phosphate groups,
carboxylates are strongly bonded in the ring without any evidence of exchange process. However,
considering the width of the peaks, a possibility of dynamic of the chains in the rings can be
postulated.

Dynamics. NMR spectra of containing additional uncoordinated are
represented in Figure 12. The spectrum of contains a quintuplet at –0.86 ppm
and a triplet at –1.01 ppm with a 1:2 relative intensity, attributed to the groups of the
encapsulated glutarate. Similarly, the peaks related to the groups of appear as
two broad lines at –0.20 ppm and –0.53 ppm.19

On the basis of its intensity, the –0.20 ppm line was attributed to two equivalent groups,
while the other at –0.53 ppm was attributed to the overlapped resonances of the two remaining

groups.

The NMR spectra of represented in Figure 13 contains two sharp lines at 2.31
and 8.03 ppm attributed to uncoordinated water and to eight equivalent hydroxo-bridges, but does
not show any temperature dependence.
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That means that the eight-membered ring is strongly maintained in a rigid shape by the central
oxalate.

In Figure 14 are given the NMR spectra of Three
groups of lines are observed, as expected for the three types of protons present in the alkyl chain,
in water and in hydroxo bridges.
The signals related to the groups of the carboxylate are located at about 0.0 and –1 ppm,
values close to that observed in The water lines are located in the 4-2 ppm range, the
remaining 7-10 ppm lines being attributed to the hydroxo-bridges. The relative intensity of the
signals of the protons of the akyl chain and of the hydroxo bridges is 0.6, as expected for the six
protons of the three and for the 10 protons of the hydroxo-bridges.
The decrease of the temperature provokes dramatic changes in the spectrum of
both in the region of the hydroxo-bridges and of the

in
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The broad peak observed at 316 K, attributed to the hydroxo-bridges gradually splits into several
sharp lines up to displaying ten resonances at 256 K. Simultaneously, seven identified lines arise
from the two 1:2 overlapped lines of the central glutarate initially observed at 316 K. Below 256
K, the complexity of the pattern decreases simultaneously on both the regions. At 226 K, the
resonances of hydroxo bridges and glutarate consist only of five main peaks at 9.78, 8.78 and
8.36 ppm and –0.78 and –1.06 ppm, respectively. The intensities of these lines (1:2:2 and 1:2,
respectively) agree with a postulated symmetry for the anion.
Such a symmetry is higher than that determined in the crystal by X-ray diffraction and
corresponds to a symmetric conformation of the central alkyl chain. Below 276 K an additional
line separates from that of uncoordinated water (between 3 and 4 ppm) and gradually shifts to
reach 4.91 ppm at 226 K. This additional peak was attributed to water exchange because the
molybdenum atoms in a square pyramidal coordination can bind a single water molecule. A
possible polyhedral representation of the conformer is given in Figure 15.
On the basis of its intensity, the broad signal at 9.80 ppm is assigned to the two equivalent
protons labelled Hb while the two remaining lines at 8.80 and 8.40 ppm are attributed to the four
equivalent and protons.

The different changes observed in the NMR spectra of recorded at variable
temperature in are directly related to the fluxionality of the molecule. At room
temperature, the central guest glutarate moves in the cavity as the hand of a watch owing to the
concerted hopping of the two terminal carboxylate groups over the ten molybdenum atoms in the
ring.
Such a dynamic is strongly supported by the versatility of the atoms which can adopt both
octahedral and pyramidal coordinations. At 226 K, the hopping of the dicarboxylate is totally
blocked on the NMR time scale, which gives a single frozen conformation containing a water
molecule (2Hw) coordinated to a Mo atom.
The same type of behavior is observed with leading to the possibility of two frozen
arrangements.19 The NMR study allowed to evidence, between 226K and 336K, the
fluxionality of and in contrast to the rigidity of
Replacing the alkyl carboxylic acid by an aromatic tri- or tetra-carboxylic acid blocks the motions
in the wheel.
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CONCLUSION AND PERSPECTIVES

represents a powerful building unit which allows to generate new polyanionic
architectures, unknown in polyoxo-chemistry, by controlling the pH of the solutions, and the type
and number of templating anions involved in the condensation process. Through their flexibility,
the wheels are relevant to molecular recognition for selective encapsulation of anions with
various charges and shapes and are also relevant of solid state chemistry for giving infinite solids
exhibiting porosity.

Such a chemistry can probably be extended to tungsten analogues by condensation of the
isostructural and isoelectronic but other thio-precursors are also available and
represents good candidates for this chemistry, being a good example of such a
possibility.17
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INTRODUCTION

Polyoxometalates can be versatile inorganic building blocks for construction of
molecular-based materials. The use of polyoxometalates, in combination with inorganic or
organic components has been realized in the construction of molecule-based materials.
Prominent examples of inorganic materials can be found in the work by Muller on giant
molybdates.1-5 We have been interested in materials comprised of lanthanide polyoxoanion
building blocks. We report herein our efforts in the studies of lanthanide complexes of

and isomers of the monovacant Wells-Dawson anion,
and as building blocks to new lanthanide polyoxometalate materials.

By means of their multiple coordination requirements and oxophilicity, lanthanide
(Ln) cations are suitable to link polyoxometalates together to form new classes of materials
with extended metal oxygen frameworks. For example, lanthanide and actinide ions can
complex to surface oxygen atoms: surface supported actinide, Th(IV), and lanthanide,
Er(III), complexed to a triad of surface oxygen atoms of the units anion form
oligomeric species.6 Recently, complexes of lanthanide ions bound to the surface of

units have been reported.7 In the case of tungstates, lacunary
and      units and               units have been linked by lanthanide ions to form small,

clusters8 and recently, the largest tungstate recorded, a
cyclic assembly Extended polymeric structures in the solid
state have been isolated from La(III) and Ce(III) complexes with the lacunary

10
species.

We are studying the solution and solid state properties of lanthanide complexes of the
monovacant Wells-Dawson anions. A firm understanding of the solution and solid state
chemistry is a prerequisite for the use of these units as building blocks in the preparation of
new molecular based materials.
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The crystal structure of anion 2 shown in Figure 2
demonstrates that the Lu(III) ion substitutes for two units in the “cap” regions of
two The Lu(III) ion is in a square antiprismatic coordination
environment with 8 oxygen atoms—four from each of the two ligands.
The Lu-O bond lengths exhibit a range of 2.249(18) to 2.388(18) Å. The two
polyoxometalate “lobes” are disposed in a syn fashion. This structure is similar to the partial
structure of  The molecule has  point group symmetry,

consistent with the and solution NMR spectroscopic results.11

The crystal structure of anion 1, Figure 1, shows that the Lu(III) ion is substituted for a
unit in the “belt” region of the tungsten-oxygen framework of the parent Wells-

Dawson ion, The bond lengths from Lu to the four oxygen atoms of the
framework are 2.26(2), 2.34(2), 2.24(2), and 2.34(2) Å. Moreover, the crystal structure
shows that four water molecules are bound to Lu(III), with Lu-O distances of 2.38(3),
2.44(2), 2.39(3) and 2.45(2) Å, so that Lu is fully coordinated with 8 O atoms in a square
antiprism geometry. The presence of 4 molecules bound to Lu(III) is consistent with
luminescence lifetime measurements of the analogous Eu complex, which has four water
molecules bound to Eu(III).

Five of the seven potassium ions required for neutrality were found in the crystal
structure in close proximity to the anion. The other potassium ions (at least 8 per unit cell, 2
per molecule) are likely disordered along with an unknown amount of water in the channels.
The elemental analysis on the crystals is consistent with this assessment: two to three
potassium ions, water and some acetate per molecule are disordered in the infinite channels
that lie parallel to the b axis in the unit cell.

74 Q. Luo et al.

MONOVACANT WELLS-DAWSON ANIONS

We have previously reported studies of the Ln complexes of both the
and isomers, including complete multinuclear NMR data.11,12 Under
synthetic conditions of room temperature, lithium acetate buffer at pH=4.7, the 1:1

species form. Under similar conditions, in the case of the
isomer, the 1:2 species forms. No complete single-crystal X-ray diffraction

structures have been determined before now because of difficulties in obtaining suitable-
quality crystals. The sole available structure determination, showing the tungsten
framework only, was reported in 1979 for the 1:2 Ce(IV) complex

No Ce-O distances were reported because the O atoms were
not located in the low-grade (R = 19 %) structure determination. We have solved and
refined the complete crystal and molecular structures of two lutetium complexes,

(1) and                                     . The former structure (1) is the first of its
kind for any metal complex of Both structures provide information on the

coordination environments, which have been compared with metrical results from
the corresponding XAFS (X-ray absorption fine structure) analyses of the solid-state
complexes.14

(1) Elemental analysis was performed on the crystals:
Calc.: W, 62.34; Lu,

3.49; P, 1.23; K, 5.85; C, 0.24; H, 0.77. Found: W, 59.49; Lu, 3.01; P, 1.15; K, 5.80; C,
0.16; H, 0.40. TGA on the crystals shows 18.7 Lithium was not found in the elemental
analysis data.

13

(2)
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3 is less soluble in water than anions of similar size, probably due to the covalent
bonding of the Eu(III) to a terminal oxygen of an adjacent polyoxoanion and the surface
binding of the cations. The luminescence data in a dilute solution provide compelling data
that the extended structure dissociates upon dissolution in water and allows one to follow
the equilibrium.

Figure 4 shows the excitation spectrum resulting from dilute solutions (100 nM to 250
mM) of the 1:2 complex. Two peaks are observed: the peak at
580.44 nm corresponds to the complex; the peak at 579.81 nm
corresponds to the 1:1 species. These concentrations bracket the
equilibrium of the 1:1 and 1:2 Eu: species. The formation constant for
the equilibrium
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LACUNARY POLYOXOMETALATES AS BUILDING BLOCKS

(3) Reaction of the lacunary with excess
and precipitation with KCl, followed by recrystallization from hot water, resulted in

the 1:1 species. A polyoxometalate array is assembled through the
building block, . The crystal structure of the anion, 3, Figure 3,
shows clearly that two identical moieties are connected
through two Eu–O–W bonds to form a dimer. An inversion center relates the two
polyoxometalate units. Potassium ions bind to terminal oxygen atoms of two dimers giving
rise to chains along the crystallographic a axis, and a mesh-like structure along the
crystallographic b and c axes. The surface bound potassium ions results in the formation of
discrete channels forming a porous 3D structure.l5,16
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is in the
micromolar range, consistent with the measurements of other workers for the Eu(III) and
Ce(III) complexes.17,18

Luminescent lifetime measurements in and allow determination of the
number of coordinated water molecules, q, according to the following equation.
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For msec and msec, whereas for the
1:1 complex,  msec and msec. Solving the equation, q = 0.12
for consistent with the crystal structure, where no water molecules
are coordinated to the [Luo, 2000 #292] For the complex, q=
4.19, consistent with four water molecules coordinated to the for the 1:1 complex.
Previously, the excitation spectrum and luminescence lifetime of the
species have been reported,12 leading to q=4 for that species, consistent with the number of
bound water molecules for the 1:1 complex reported here.

The polyoxoanion, 4, is the assembly of 4 units,
cations and 3 additional species (Figure 5). 4 is isolated as a potassium salt.

A unique feature of this family of complexes is the formation of a “tertiary” structure
derived from the monomeric units linked together via surface binding potassium cations.
Packing of the anions perpendicular to the crystallographic a axis shows a zig-zag
geometry; potassium cations sew together the strands to form a two dimensional network.
Packing along the c axis shows an interlocking structure; potassium cations tie together the
dimeric units as well as the linear strands.

Both and NMR provide good evidence to suggest that the cluster remains
intact in solution. The unit, itself, is not stable under aqueous conditions forming
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other polyoxoanions upon decomposition.19 The Y, W network discussed above apparently
holds the units together tightly according to spectroscopic data. Two resonances are
observed in the NMR spectrum consistent with the symmetry. The NMR
spectrum of the Y analog shows 19 resonances with one of intensity 1 and three of about
double intensity than the other fifteen, suggesting overlapping resonances. 22 resonances
are expected as the complex consists of 22 non-equivalent tungsten atoms.

Reaction of Eu(III)and and Aluminum cations, 5

Isolation of the reaction product of Eu(III) and with aluminum cations
results in the formation of a dimer, identical to 3, above;
however in 5 the dimeric units are connected by aluminum (III) cations binding to terminal
oxygen atoms of adjacent dimers forming a porous network, shown in Figure 6.
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CONCLUSION

Lanthanide polyoxometalates can be used in conventional syntheses to build up two
dimensional materials. Linking up lacunary subunits is accomplished by lanthanide binding
to terminal oxygen atoms of an adjacent polyoxometalate, forming dimers. The appropriate
cations can link the dimers into a lattice, as found in the case of

FUTURE WORK

In the preparation of materials, aqueous lanthanide and polyoxometalate chemistry is
fraught with problems owing to multi-equilibria. Occluded water is often hard to remove
and may preclude some applications. Additionally, in aqueous syntheses, different
counterions complicate the issue as shown from our work and that of others. Therefore, it
is very difficult to “predict” complexes and structures that will be formed in reactions
carried out in water. We intend to branch into syntheses using organic soluble lacunary
polyoxoanions and organic soluble or organometallic lanthanide precursors. We hope to
establish reactions that can be depended on to produce complexes that can be reliably used
in synthesis of extended materials.
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INTRODUCTION

Organometallic oxides lie at the border line between organometallic and coordination
chemistry. The field was originally explored by F. Bottomley1 and W. A. Herrmann2 and
co-workers, and as far as organometallic derivatives of polyoxometalates3 are concerned by
the groups of W. Klemperer,4 R. Finke5 and K. Isobe.6 We came in the field while
examining the comprehensive coordination chemistry of the lacunar pentamolybdate7

and we thus described supported organometallics like

During these studies, we also observed
some degradation-aggregation processes involving the pentamolybdate and leading to the
formation of molecular organometallic oxides. Some topological and electronic
considerations led us then to recognize that it should be possible to substitute appropriate
organometallic moieties for metal oxo units9 within the intimate structure of
polyoxometalates.10 This drove our impetus to further explore the chemistry of these
organometallic oxides.

Organometallic derivatives of polyoxometalates are commonly divided into two
classes, as initially proposed by R. Finke.5a In and

the organometallic moieties are considered to be
supported on the polyanion framework. This is in accordance with short Mo-O bonds for
those oxygens further linked to the rhodium center. In this case, Mo-O bond lengths are
more characteristic of terminal rather than doubly-bridging oxygens and are comparable to
the two other ones delimiting the lacuna. In both species, the nucleophily of the surface
oxygens has been enhanced by the substitution of pentavalent niobium atoms for
hexavalent tungsten atoms and by the presence of the lacuna in the Lindqvist related
pentamolybdate.
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The second class of derivatives is composed of the so-called integrated organometallics.
or the triple cubane

belong to this family. In these cases, the organometallic fragments complete the polyanion.
Organometallic derivatives of polyoxometalates are perfectly characterized at the

molecular level and in turn provide models for the grafting of an organometallic catalyst on
an oxide surface, especially in the case of the supported derivatives. Beyond, they also
display their own reactivity and catalytic activity.5d Some synergy between the
organometallic and oxide parts has been reported in the literature,15 as well as bifunctional
activity.16 The mobility of organometallic fragments at an oxide surface could also be
reproduced on a polyanion.17

ORGANOMETALLIC DERIVATIVES OF POLYOXOMETALATES RELATED TO
OLEFIN METATHESIS

As alkylidene and alkylidyne complexes are still under active investigation because of
their catalytic activity in metathesis type reactions, we decided to benefit from our own
experience in the functionalization of polyoxometalates to try to introduce an alkylidene
function in an oxide core. Our aims were two fold : (i) provide some insights for a better
understanding of the reaction where itself is used as a metathesis precatalyst
and try to characterize potential intermediates ;18 (ii) provide an alkylidene function in a
special oxo environment to evaluate the role of ancillary oxo ligands on the catalytic
activity, since theoretical calculations19 had suggested that ligands should favour
the formation of the metallacycle proposed as an intermediate in the Herisson and Chauvin
mechanism20 for olefin metathesis. It is worth noting in this context that the catalysts
developped by R. R. Schrock, some of which are commercial, bear, besides the alkylidene
function, an organo-imido and peculiar alkoxo ligands.

The first strategy to introduce an alkylidene function in a polyoxometalate is to
benefit from the analogy of reactivity between the {MoO} and organic {CO} functions, as
it has been exploited in the formation of organo-imido derivatives of polyoxometalates.21-23

We have thus studied the reactivity of phosphonium ylides towards
polyoxomolybdates, in organic solvents, as an extension of the Wittig reaction.24 However,
whatever the ylide used, stabilized or not, with various substituents either on the carbone
or phosphorus atoms, and the polyoxomolybdate considered,
or even (dedtc = diethyldithiocarbamate) the reaction only results in the
reduction of the polyanion and quantitative formation of the corresponding phosphonium
cation, in agreement with the following mechanism.

The monoelectronic reduction of the polyanion, also observed by NMR in the case of
the dodecaphosphomolybdate, suggests the intermediate formation of a radical cation

which further evolves to the phosphonium cation by hydrogen
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abstraction, for example from solvent or residual water. The radical character of the reaction
is further supported by the formation of diphenyldisulphide when thiophenol is initially
introduced to the reaction medium.

An alternative strategy for the functionalization of polyoxometalates relies on self-
assembly processes. Up to now we failed to introduced a Schrock-type alkylidyne in the
lacunar undodecaphosphotungstate. As the current trend in olefin metathesis reaction now
favours ruthenium catalysts, such as the Grubbs’s ones, we turn to ruthenium precursors
and to more stable Lappert-type carbene fragments, stabilized in the by
nitrogen atoms. The reaction of with the carbene precursor

yields, after partial degradation and subsequent aggregation
processes, the first carbene derivative of a polyoxometalate :

Its structure is related to that of
previously reported by J. Fuchs et al :25 two subunits are linked

through a moiety and an extra center ; the whole anion
encapsulates a potassium cation, interacting with 10 oxo ligands and two water molecules.
The two units are moved forwards from each other. According to the whole charge,
the ruthenium center should be in the +III oxidation state. This was confirmed by its
electrochemical behavior and its magnetic and spectroscopic properties.

However, the reactivity at the ruthenium center is questionable, since it seems difficult
to create some unsaturation. This would be easier for a ruthenium bearing a labile ligand, as
for example an arene ligand which could be displaced by photolysis. Indeed, Fürstner et al
have recently reported that the compound can act as a
metathesis catalyst after irradiation and release of the p-cymene group.26 This prompted
us to investigate self condensation-type reactions involving both

precursors. Two supported ruthenium compounds
and have been fully characterized,
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including single crystal X-ray diffraction. The photoactivation of
has also been investigated and monitored by

NMR. The chemical shift of the species obtained after irradiation in water is that of
as previously reported by M. Pope et al.27 Moreover, carrying

out the irradiation in the presence of some DMSO yields also
characterized by its chemical shift. On the other hand, if the photolysis is performed in
the presence of oxygen, the Ru(III) species is obtained, with all
spectroscopic and electrochemical features in agreement with those of the literature.27 The

species thus prove to be convenient intermediates for a
straightforward preparation of pure catalyst.

ISOLOBAL ANALOGIES AS SYNTHETIC GUIDES

We have recently proposed that the fragments (M = Mo, W)
and or for example) should be
considered as isolobal9 on the basis of (i) related molecular structures of some
polyoxometalates and some organometallic oxides and (ii) theoretical calculations reported
in the literature, which concluded to the isolobal analogy between and
fragments.28 We have thus brought into light the structural relationships within pairs of
compounds like and

and
and

within the rhomb-like species
and or within the cubane-like

species and Two
members of each of the former pairs are related by formal substitution of
fragments for fragments.
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To further validate this concept of isolobal analogies, we have also explored the
reactions of units, which also obey to the electronic
description, with oxomolybdate and oxotungstate precursors. The tetranuclear core

related to could indeed be
obtained, as it was independently shown by G. Süss-Fink and his group34b and by us. The
nature of the products of such reactions strongly depends on the reaction conditions. In the
case of the precursor and in methanol, two different products have been
isolated and characterized by X-ray diffraction :

we will come back later on, and
The later is structurally related to the

derivative described by K. Isobe et al,35 which is not so

alternatively be described as belonging to the same familly as the or as
beeing related to the methoxo derivative by formal substitution of
two organometallic fragments for two fragments. It could then be
described as two superimposed but shifted tetranuclear planar arrangements.

INTERPLAY OF CUBIC UNITS

These self-assembly processes have also been explored in the presence of tungstate.
In this case, the products can be more easily described as cubic arrangements. In
acetonitrile, the reaction between tungstate and fragments yields

a tetratungstate cubic core stabilized by four
units.37 The molybdenum analog obtained in

water, was initially reported by the group of G. Süss-Fink and, because of its shape, its
molecular structure was compared to a windmill.34 A central cubic core stabilized by
six fragments has also been described by R. Finke et al.5c

The complex evolves in MeCN to yield a unprecedented
double-cubane species and in water to yield a dodecametallic
species The later can be
viewed as composed of two cubes linked by two units and supporting
each a fragment, which coordination sphere is further completed by a
water molecule. This compound could also been obtained straightforwardly in water, in
good yield.38

surprising since is also a fragment. This compound could
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In the case of fragment, the tungsten analog of the above pentamolybdate
can be isolated.38 The molecular structure of these

(M = Mo, W) can alternatively be described
on the basis of two edge-sharing cubes or as a central lacunar Lindqvist-type
anion stabilized by three supported organometallic cations, one bearing an extra water
molecule. These two different approaches in the description of the molecular structure also
apply to the description of the hexavanadate derivatives and

In other words, this raises the question of supported
versus integrated organometallic fragments. We failed to find a general cristallographic
criterion to discriminate between these two different descriptions, which mainly relie on
the preliminary identification of a parent polyanion.
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NUCLEATION AND GROWTH PROCESSES

At this stage, we could also address the question of nucleation and growth processes
involved in these self-assembly reactions. In some cases, the molecular structures display a
planar or a rhomb-like arrangement of the coordination polyhedra, like for

and
In some other cases, they rather display cubic

arrangements like in or
Both arrangements obey to the generic formula but they differ in the

oxygen connectivities. What are the factors which could then favour one of the two types
of arrangements upon the other ? To assemble four octahedra we can think of assembling
first three and then adding the fourth. Starting with a close-packing arrangement of three
octahedra we could then equally obtain a rhomb-like arrangement or a cubane-type. In the
presence of trisalkoxo-ligands, and whatever the solvent, the triangular cavity created by
the edge-sharing of the three octahedra is generally capped and this prevents the formation
of cubic units. Planar arrangements are then observed. In the presence of methoxo ligands,
which could only partially fill the cavity, or in other words which could behave as triply
bridging ligands, both rhomb-like or cubane types have been obtained with molybdenum, as
exemplified in the case of derivatives. A pentamolybdate core can also be
recognized in as  in

In the case of tungsten, methoxo derivatives
are less common and no product other than

even if we suspect the formation of a mono-cubane. On the other hand, in solvents other
than methanol, the isolated species, both for molybdenum and tungsten do not display any
planar arrangement but either a cubic or, more generally, a more compact arrangement,
which could thus tentatively be seen as more stable.

STEREOCHEMICAL NON RIGIDITY OF

All the above described species have been characterized in solution by multinuclear
NMR, in collaboration with R. Thouvenot. The NMR spectrum of

recorded in chloroform, is thus reproduced below. It is fully consistent with
the molecular structure as determined by X-ray diffraction, so demonstrating that it is

could be definitively characterized from reaction with        fragments in methanol,
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retained in solution, with four sets of oxygen signals respectively assigned, from low to
high field, to terminal oxygens, to the two types of doubly bridging and to quadruply
bridging oxygens. However, it is at variance with the results reported by G. Süss-Fink et al
on the molybdenum analog but with an NMR study carried
out in dichloromethane.34b This led us to reprepare the molybdenum-windmill and to
reinvestigate its NMR features.37 The spectrum obtained in dichloromethane is indeed in
agreement with that published by G. Süss-Fink et al. It displays three main signals, none of
which in the region of the doubly bridging oxygens, from which it could be inferred that the
structure in solution departs from the windmill-form. It can however be compatible with a
triple-cubane form of the same generic formula Such a form
had indeed been characterized by the group of K. Isobe as a derivative in

and its NMR spectrum is similar to that reported by G. Süss-
Fink.

However, minor signals, especially in the region of the doubly bridging oxygens, were also
detected in the spectrum of  and were shown to grow on going
from dichloromethane to chloroform. This behaviour was checked to be reversible on going
back from chloroform to dichloromethane. A similar evolution can also be detected by
and NMR experiments. These observations led us to the conclusion that the windmill
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and the triple cubane forms are very probably in equilibrium in solution, eventhough only
the windmill-form is isolated in the solid state. The equilibrium is driven to the right in
dichloromethane and the two forms are in equivalent proportions in chloroform. This
stereochemical change probably involves a concerted motion of only two

units.

In addition to this equilibrium, which is slow on the NMR time scales, a faster
dynamic process has been detected as the temperature is raised : the signals attributed to
the doubly-bridging oxygens become broader and hard to observe above 313 K. This
coalescence very likely reflects a concerted motion of the four organometallic units along
the diagonal faces of the central cubic core.

From a careful examination of the spectra of all the species
we have characterized, we can draw the conclusions

that the equilibrium windmill-triple cubane depends on (i) the solvent, as we have seen
previously, (ii) the metal since was found to be rigid, (iii) the
arene ligand since was also found to be rigid.
Some calculations at the DFT level are under current investigation in the group of
M.Bénard and M.-M. Rohmer in Strasbourg for a better understanding of the determining
parameters. Preliminary results indicate the windmill-form as the more stable in the case of
M = Mo and that the energy gap between the two forms, always in the case of
molybdenum, depends on the nature of the arene group.

CONCLUSION

Several famillies of organometallic oxides have been described and especially the first
carbene derivative of polyoxometallates. The concept of isolobality between some oxo and
organometallic fragments has been extended to containing species, which
could turn out to be convenient precursors for catalytic purposes. Stereochemical non
rigidity has been evidenced in the system which is under further
investigation.
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Organometallic oxide clusters containing cubic or incomplete cubic frameworks are
very useful for homogeneous or heterogeneous catalysts in the oxidation and metathesis of
unsaturated hydrocarbons.1 Theoretical studies modeling catalytic hydrocarbon transfor-
mations on integrated cubic metal oxide clusters show that coordinatively unsaturated metal
sites and valley sites play an important role in the activation.2 We recently reported a
novel organometallic oxide cluster with multiple valley sites,

3 having a so-called double-book shelf-like structure. It
converts into different frameworks such as the face-sharing triple-cubane-type cluster

the incomplete double-cubane-type cluster
and the face-sharing quadruple-cubane-type cluster under different con-
ditions. The mechanism for the formation of the double-book-shelf cluster was investi-
gated by electrospray ionization mass spectrometry (ESI-MS),4 which aided in the detection
of unstable species generated in solution.5 In that study, an ESI mass spectrum showed an
isotopic envelope for an intermediate in the formation of the cluster,

generated by the reaction of and
in methanol at –78 °C. Understanding the mechanism for the formation of

these clusters may provide strategies to synthesize desired oxide clusters for use as catalysts
in the transformation of hydrocarbons.



Here, we report the synthesis and characterization of an organorhodium tungsten
oxide cluster having a windmill-like skeleton (3) and mechanism for the
formation of 3 by ESI-MS in acetonitrile. A modified sprayer for ESI-MS was used to aid
in the detection of any unstable species in the reactionswhich may form on a millisecond
time scale.

Cluster 3 can be synthesized from the reaction of (1) with two
equivalents of (2) in acetonitrile under a nitrogen atmosphere.‡ Orange
crystals were obtained by recrystallization with methanol-acetone. Single crystal X-ray
analysis of 3 revealed it consists of a tungsten tetranuclear framework of forming
a distorted cubic core as a center capped by four moieties each binding to a triply
bridging oxygen atom and to two terminal oxygen atoms (Fig. 1).§ The four tungsten
atoms are coordinated to three oxygen atoms, of which two are bound to two different rho-
dium atoms and another is free. The W–O bonds can be classified into two different cate-
gories. The first one consists of W—O bonds with double bond character and includes the
W—O bonds with terminal oxygen atoms (1.713(10) Å) and with oxygen atoms bridging
two rhodium atoms (1.78(1)–1.812(9) Å). The second has single bond character and in-
volves quadruply bridging oxygen atoms (O1, O1*, O1’, and O1”). The W—O bond dis-
tance is 2.374(8) Å and is much longer than those in the first category. This suggests that
the bonds might to be cleaved to produce which has a ladder-type

RESULTS AND DISCUSSION
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framework. The O—Rh—O bond angles are in the range of 74.1(4)–81.5(5) °, resulting
in the rhodium groups having a “piano stool” type arrangement. As well, each Cp*Rh
group is located at a vertex of a distorted incomplete cubic framework. The structure is
very similar to 6 They also contain valley sites that may
be active sites for the activation of hydrocarbons. The chemical behavior of 3 in different
solvents was investigated and it was found that 3 decomposes to 1 in and converts to
the triple cubane type cluster in water.**

Fig. 2 shows an ESI mass spectrum involving the mixing of two acetonitrile solu-
tions of 1 and 2, respectively. In the measurement, only a negative ion peak at m/z = 521
appeared as a new peak when the two solutions were mixed at the tip of the mixing sprayer

and the effluent from the tip was introduced directly into a sector type mass spectrometer.
The peak had a very low intensity and a characteristic distribution of isotopomers that
matches well with the calculated isotopic distribution for Moreover,
the two signals at m/z = 798 and 858 can be assigned to and

respectively, from calculated distributions of isotopomers.
These two peaks also appeared when an acetonitrile solution containing both 1 and 2 in a
1 : 1 ratio was stirred for 10 min at room temperature, and injected into a sprayer. How-
ever, the peak for was not observed in the spectrum, suggesting that it has a short life
time during the reaction of 1 and 2.

Scheme 1 shows a proposed mechanism for the formation of 3 through the interme-
diates and In the ESI-MS experiments, was found to be very reactive during
the condensation of 1 and 2. The intermediate may dimerize to form as indicated
by the peak at m/z = 858 which represents was not di-
rectly detected in the mass spectrometry experiments due to its neutral charge. Moreover,
the molecular ion peak for 3 was not observed because of its low solubility in acetonitrile.

The windmill-like framework of 3 can be formed by connecting parallel rectangles
of two complexes, with the faces of their molecular planes perpendicular to each
other. On the other hand, the triple cubane framework*** seems to form by the formation



of bonds between two complexes with the faces of their molecular planes parallel to
each other. Such a mechanism is also supported by the fact that differences in the reaction
temperatures of the reactions lead to the clusters with different frameworks. 3 was isolat-
ed selectively at 60 °C or above, and the triple cubane type cluster was formed at tempera-
tures below 30 °C. Moreover, the triple cubane type cluster isomerizes to 3 in acetonitrile
at 60 °C or above. The investigation of this isomerization is in progress.
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Acknowledgment

We thank the financial support by a Grant-in-Aid for Scientific Research on Priority
Areas (No. 10149101 “Metal-assembled Complexes”) and on (C) (No. 11682201) from
Ministry of Education, Science, Sports and Culture, Japan.



REFERENCES

1. a) C. Zhang, Y. Ozawa, Y. Hayashi, K. Isobe, Oxidation of cyclohexene with t-butyl hydroperoxide cata-
lyzed by transition metal oxide clusters, J. Organomet. Chem.. 373: C21 (1989); b) K. Isobe, A. Ya-
gasaki, Cubane-type clusters as potential models for inorganic solid surfaces, Acc. Chem. Res. 26:
524 (1993); c) K. Takahashi, M. Yamaguchi, T. Shido, H. Ohtani, K. Isobe, M. Ichikawa, Molecular
modeling of supported metal catalysts: and

are catalytically active in the selective oxidation of propene to acetone, J.
Chem. Soc. Chem. Commun. 1301 (1995); d) M. Ichikawa, W. Pan, Y. Imada, M. Yamaguchi, K. Is-
obe, T. Shido, Surface-grafted metal oxide clusters and metal carbonyl clusters in zeolite micropores;
XAFS/FTIR/TPD characterization and catalytic behavior, J. Mol. Catal. A 107: 23 (1996).

2. a) K. Sawabe, N. Koga, K. Morokuma, Y. Iwasawa, An ab initio molecular orbital study on adsorption at
the MgO surface. I. chemisorption on the cluster, J. Chem. Phys. 97: 6871 (1992); b) R.
Cain, L.J. Matienzo, F. Emmi, Potential energy hypersurface for ammonia adsorbing onto nickel ox-
ide, J. Phys. Chem. 94: 4985 (1990).

‡ Synthesis of 3: To a solution of (0.50 g, 0.81 mmol) in was added a
solution of (1.20 g, 1.60 mmol) in with stirring at r.t. under Ar.
The mixture was heated at 60 °C for 6 h and the resulting orange solid was collected by filtration and
washed with a large amount of acetonitrile and acetone. (yield: 0.67 g, 85.0% based on Rh) Anal.
Calcd for C, 24.72; H, 3.11%. Found: C, 25.03%; H, 3.22.

931(s), 812(s), 742(s), 588(m), and 493(m).
§ Crystal data for 3: single crystals of 3 suitable for X-ray crystallography were obtained by

recrystallization from methanol/acetone. An orange crystal of dimensions 0.24_x 0.18 x 0.10 mm
was sealed in a capillary. Cluster 3 crystallizes in the tetragonal space group I 4 (no. 82) with a =
13.0710(6), c = 14.8142(6) Å, Z = 2, and A total number of
2917 reflections were collected on a Rigaku RAXIS-RAPID Imaging Plate with graphite-
monochromated radiation in the limit of at 296 K. The reflections with I >

were corrected for Lorentz-polarization factors but not for extinction. An absorption cor-
rection was applied using an empirical method. All crystallographic calculations were carried out
using teXsan programs. The positions of the rhodium and molybdenum atoms were obtained by
SIR92 direct methods. The remaining atoms were located on different Fourier maps. Hydrogen
atoms were fixed at calculated positions and used for structure-factor calculations. 145 variables
were refined by full-matrix least-squares techniques using 2523 independent reflections and convert-
ed to R = 0.035, and GOF = 1.40. A final difference Fourier map yielded

Mass spectrometric experiments were performed on a JMS-700S spectrometer equipped with a modified
mixing sprayer. The sprayer consists of triaxial stainless steel pipes of dimensions (inner pipe:

I.D., O.D.; middle pipe: I.D., O.D.; outer pipe: I.D.,
O.D.), and the inner and middle layers can flow different solutions introduced using a syringe pump
and an automated pump system (HP, Agilent 1100 Series). gas was flowed through the outer pi-
pe to assist in liquid nebulization. Spraying can occur within ca. 20 ms after mixing the reactants.
Reactive species generated between ca. 20–100 ms can be tracked. The three layers have similar
sectional areas at the tip of the sprayer, allowing for the control of the ratio of two solutions by con-
trolling only the flow rate of the solutions. In addition, the middle pipe can be moved within ±2
mm in parallel with the others, and contributes to controlling the time scale of mixing. In these ex-
periments, each acetonitrile solution of 1 and 2 was introduced into the inner and middle, re-
spectively. The sprayer was held at a potential of –6.0 kV, and the orifice potential was maintained
at 0 kV. The flow rates of the solutions were The negative-ion ESI mass spectra
were measured in the range of m/z 0 to 3000.

** A detailed discussion will be given in another report.
*** It is an isomer of 3 with a composition of and its structure is very similar to that of the

molybdenum analog A detailed structure of the cluster and its reactivity will be
reported elsewhere.

Endnotes

An Organorhodium Tungsten Oxide Cluster with a Windmill-Like Skeleton 101



102

3. S. Takara, T. Nishioka, I. Kinoshita, K. Isobe, A novel organometallic oxide cluster with multi-valley sites:
synthesis and structure of and its framework trans-
formations, Chem. Commun. 891 (1997).

4. S. Takara, S. Ogo, Y. Watanabe, K. Nishikawa, I. Kinoshita, K. Isobe, Direct observation by electrospray
ionization mass spectrometry of a key intermediate in the formation of the
double-bookshelf-type oxide cluster Angew. Chem. Int. Ed. Engl. 38:
3051 (1999).

5. a) J. W. Sam, X. J. Tang, J. Peisach, Electrospray mass spectrometry of iron bleomycin: demonstration that
activated bleomycin is a ferric peroxide complex, J. Am. Chem. Soc. 116: 5250 (1994); b) J. Kim, Y.
Dong, E. Larka, L. Que, Jr., Electrospray ionization mass spectral characterization of transient iron
species of bioinorganic relevance, Inorg. Chem. 35: 2369 (1996); c) C. Hinderling, D.A. Plattner, P.
Chen, Direct observation of a dissociative mechanism for C—H activation by a cationic iridium(III)
complex, Angew. Chem. Int. Ed. Engl. 36: 243 (1997); d) D. Feichtinger, D.A. Plattner, Direct proof
for complexes, Angew. Chem. Int. Ed. Engl. 36: 1718 (1997).

6. a) G. Süss-Fink, L. Plasseraud, V. Ferrand, H. Stoeckli-Evans, an am-
phiphilic organoruthenium oxomolybdenum cluster presenting a unique framework geometry, Chem.
Commun. 1657 (1997); b) V. Artero, A. Proust, P. Herson, R. Thouvenot, P. Gouzerh,
Arene)ruthenium oxomolybdenum and oxotungsten clusters. Stereochemical non-rigidity of

and crystal structure of Chem. Commun.
883 (2000).

K. Nishikawa et al.



ROLE OF ALKALI-METAL CATION SIZE
IN ELECTRON TRANSFER
TO SOLVENT-SEPARATED
1:1 ION PAIRS

Ira A. Weinstock,1,2 Vladimir A. Grigoriev,2 Danny Cheng2 and Craig L.
Hill2

1USDA Forest Service, Forest Products Laboratory
One Gifford Pinchot Drive
Madison, WI  53705

2Emory University
Chemistry Department
1515 Pierce Drive
Atlanta, GA 30322

INTRODUCTION

Numerous published reports show that additions of electrolytes or salts to solutions of
charged electron-donor or acceptor complexes dramatically alter rates of charge- or
electron-transfer processes.1-10 In electron-transfer oxidations of organic or inorganic
substrates by negatively charged acceptors, additions of alkali-metal cations generally result
in increases in electron-transfer rates. While examples include reductions of classical

electron-acceptors.20,21 Such POM acceptor anions are typified by (1), a
POM of the Keggin structural class (Fig. 1). In both solid-state POM-salt structures and in
solution, counter cations are always present. However, while uses of POM-based
materials and solutions in diverse applications from materials chemistry to catalysis grow,
the effects of counter cations are often ignored. At the same time, in studies that have
addressed the roles of counter cations, substantial effects on synthesis, structure22 and
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coordination complexes, such as and polyoxometalates
(POMs)16-19 stand out as a large and increasingly useful class of anionic
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reactivity20,21,23,24 have been reported.† Of these, alkali-metal-cation catalysis of
homogeneous electron-transfer reactions is central to the use of soluble POMs in oxidation
and catalysis.20,21

Alkali-metal cation catalysis of electron transfer to Acceptor-anions is generally
attributed (1) to the formation of stable association complexes (ion pairs) between cation
and Acceptor-anion or (2) to formation of stable ternary association complexes that
additionally include the Donor as well.20 (These are distinct from the ternary “activated
complexes” formed later along the reaction coordinate.)10,11 In case (1), increase in for
electron transfer is often attributed to a positive shift in the reduction potential of the
acceptor complex upon cation association. Such positive shifts in reduction potential are

† Additional reports concerning electron Donor-Acceptor interactions in POM systems, many involving
POMs and their counter cations: (a) C. M. Prosser-McCartha, M. Kadkhodayan, M. M. Williamson, D. A.
Bouchard, C. L. Hill, Photochemistry, spectroscopy, and X-ray structure of an intermoolecular charge-transfer
complex between an organic substrate and a polyoxometallate, J. Chem.
Soc., Chem. Commun. 1986, 1747; (b) M. M. Williamson, D. A. Bouchard, C. L. Hill, Characterization of a
weak intermolecular photosensitive complex between an organic substrate and a polyoxometalate. Crystal and
molecular structure of (DMA=N, N-dimethlacetamide), Inorg. Chem.,
1987, 26, 1436; (c) J. A. Schmidt, E. F. Hilinski, D. A. Bouchard, C. L. Hill, Electron donor-accepter
complexes of polyoxometalates with organic molecules. Picosecond spectroscopy of

Chem. Phys. Lett. 1987, 138, 346; (d) C. L. Hill, D. A. Bouchard, M.
Kadkhodayan, M. M. Williamson, J. A. Schmidt, E. F. Hilinski, Catalytic photochemical oxidation of organic
substrates by polyoxometalates. Picosecond spectroscopy, photochemistry, and structural properties of
charge-transfer complexes between heteropolytungstic acids and dipolar organic compounds, J. Am. Chem.
Soc. 1988, 110, 5471 (e) P. Le Maguerès, L. Ouahab, S. Golhen, D. Grandjean, O. Pena, J. C. Jégaden, C. J.
Gómez-García, P. Delhaès, Diamagnetic and paramagnetic keggin polyoxometalate salts containing 1-D and
2-D decamethlferrocenium networks-preparation, crystal-structures, and magenetic-properties of

Inorg. Chem. 1994, 33, 5180 (f) L. Ouahab, Organic/inorganic supramolecular assemblies
and synergy between physical-properties, Chem. Mater. 1997, 9, 1909 (g) D. Attanasio, M. Bonamico, V.
Fares, P. Imperatori, L. Suber, Weak charge-transfer plyoxoanion salts-The reaction of Quinolin-8-ol(Hquin)
with phosphotungstic acid and the crystal and molecular-structrue of J.
Chem. Soc., Dalton Trans. 1990, 3221; (h) X. -M. Zhang, B. -Z. Shan, Z. -P. Bai, X. -Z. You, C. -Y. Duna,
Electrochromism and X-ray crystal structure of a mixed-valence charge-transfer complex

Chem. Mater. 1997, 9, 2687 (i) P. Le Maguerès, S. M.
Hubig, S. V. Lindeman, P. Veya, J. K. Kochi, Novel charge-transfer materials via cocrystallization of planear
aromatic donors and spherical polyoxometalate acceptors, J. Am. Chem. Soc. 2000, 122, 10073-10082.
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frequently observed upon addition of cations to solutions of Acceptor-anions.14,25-28

More precise definition of the physicochemical role of the cation, however, requires
that three generic issues be addressed:7 (1) the stoichiometry of association complex
formation; (2) the association constants, for formation of these complexes; and (3) the
physicochemical (structural and electronic) properties of different complexes
(i.e., stoichiometrically identical complexes differing only in the nature of ‡ Once
stoichiometry (issue 1), has been established, it is then possible to differentiate between KIP

values (2), and the physical properties of specific complexes (3). In polar,
coordinating solvents, for example, alkali-metal cations typically accelerate rates of
electron transfer to anionic Acceptors in the order In labile systems such
as these, however, difficulties encountered in assigning precise stoichiometries have
hampered efforts29 to separate trends in values from often parallel trends in
physicochemical properties of different complexes.

We herein summarize data that address issues (1) to (3) and provide new information
regarding the physicochemical role of alkali-metal cation size in electron-transfer to
1:1 ion pairs. To achieve this, (1, Fig.
1), was used as a stoichiometric 1e- acceptor in the oxidation of a phenolic electron
donor, 3,3',5,5'-tetra-tert-butylbiphenyl-4,4'-diol to
3,3',5,5'-tetra-tert-butyldiphenoquinone (DPQ) (eq 1; each equiv. of 1 is reduced by to

Before addressing the role of alkali-metal cations, the conditions required for

‡ In summarizing the effects of added electrolyte and ion pairing, Wherland (ref. 7) concludes that, “study of
the effects of ion pairing would be greatly facilitated if the structures, concentrations and lifetimes of... ion
paired species could be more directly evaluated ... .”

Electron and proton transfer in formally H-atom transfer processes has been examined in some detail. The
following are representative informative articles: (a) R. A. Binstead, T. J. Meyer, H-atom transfer between
metal complex ions in solution, J. Am. Chem. Soc. 1987, 109, 3287-3297; (b) C. M. Che, K. Lau, T. C. Lau, C.
K. Poon, Proton-coupled elecron-transfer reactions-mechanisms if 2-electron reduction of
trans-dioxoruthenium(VI) to trans-aquooxoruthenium(VI) and disproportionation of trans-dioxorythenium(V),
J. Am. Chem. Soc. 1990, 112, 5176-5181; (c) H. H. Thorp, Photophysical studies of copper phenanthrolines
bound to DNA, Chemtracts: Inorg. Chem. 1991, 3, 171-184 (d) R. Manchanda, H. H. Thorp, G. W. Brudvig,
R. H. Crabtree, Proton-coupled electron-transfer in High-Valent oxomanganese dimers-role of the ancillary
ligands, Inorg. Chem. 1991, 30, 494-497 (e) R. A. Binstead, M. E. McGuire, A. Dovletoglou, W. K. Seok, L.
E. Roecker, T. J. Meyer, Oxidation of hydroquinones by and

- Proton-coupled electron transfer, J. Am. Chem. Soc. 1992, 114, 173-186 (f) R. I.
Cukier, Mechanism for proton-coupled electron-transfer reactions, J. Phys. Chem. 1994, 98, 2377-81 (g) G. K.
Cook, J. M. Mayer, C-H bond activation by metal oxo species-oxidation of cyclohexane by chromyl chloride,
J. Am. Chem. Soc. 1994, 116, 1855-1868 (h) G. K. Cook, Mayer, J. M. J. Am. Chem. Soc. 1995, 117,
7139-7156; (i) K. A. Gardner, J. M. Mayer, Understanding C-H bond oxidations-H.H-transfer in the
oxidation of toluene by permanganate, Science (Washington, D. C.), 1995, 269, 1849-1851 (j) M. J. Baldwin,
V. L. Pecoraro, Energetics of proton-coupled electron-transfer in high-valent systems-models for
water oxidation by the oxygen-evolving complex of photosystem. II., J. Am. Chem. Soc. 1996, 118,
11325-11326. (k) M. S. Graige, M. L. Paddock, J. M. Bruce, G. Feher, M. Y. Okamura, Mechanism of
proton-coupled electron-transfer for Quinone(QB) reduction in reaction centers of rhodobacter-sphaeroides, J.
Am. Chem. Soc. 1996, 118, 9005-9016; (1) K. Wang, J. M. Mayer, Oxidation of hydrocarbons by

via hydrogen-atom abstraction, J. Am. Chem. Soc. 1997, 119, 1470-1471 (m)
J. M. Mayer, Hydrogen-atom abstraction by metal-oxo complexes-understanding the analogy with organic
radical reactions, Acc. Chem. Res. 1998, 31, 441-450 (n) S. A. Trammell, J. C. Wimbish, F. Odobel, L. A.
Gallagher, P. M. Narula, T. Meyer, Mechanisms of surface electron transfer. Proton-coupled electron transfer,
J. J. Am. Chem. Soc. 1998, 120, 13248-13249 (o) R. I. Cukier, D. G. Nocera, Proton-coupled
electron-transfer, Annu. Rev. Phys. Chem. 1998, 49, 337-369 (p) S. J. Spencer, J. K. Blaho, J. Lehnes, K. A.
Goldsby, Ph-dependent metal-based redox couples as models for proton-coupled electron-transfer reactions,
Coord. Chem. Rev. 1998, 174, 391-416; (q) S. M. Hubig, R. Rathore, J. K. Kochi, Steric control of
electron-transfer -changeover from outer-sphere to inner-sphere mechanisms in arene/quinon redox pairs, J.
Am. Chem. Soc. 1999, 121, 617-626 (r) J. P. Roth, S. Lovell, J. M. Mayer, Intrinsic barriers for electron and

†

†
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kinetically well behaved reaction between 1 and were determined, and the
mechanism of electron transfer was established at constant ionic strength, and constant

concentration,

The formation of 1:1 ion pairs is then
demonstrated.

Finally, the physicochemical role of alkali-metal cation size in electron transfer from
to ion pairs (eq 3) is established by correlation of kinetic data (changes in values
as a function of with data obtained by paramagnetic NMR spectroscopy, cyclic
voltammetry and single-potential step chronoamperometry.21

RESULTS AND DISCUSSION

Mechanism of Oxidation of to DPQ at Constant

The stoichiometry shown in eq 1, mechanism and conditions necessary for kinetically
well behaved electron transfer from to 1 at constant were rigorously established
using GC-MS, and NMR and UV-vis spectroscopy. All reactions were carried
out using in lithium acetate buffered 2:3 (v/v) at
60 °C. The concentration of was held constant by addition of LiCl.

hydrogen-atom transfer-reactions of viomimetic iron complexes, J. Am. Chem. Soc. 2000, 122, 5486-5498 (s)
M-H. V. Huynh, P. S. White, T. J. Meyer, Proton-coupled electron-transfer from sulfur: A S-H/S-D kinetic
isotope effect of greater-than or equal to 31.1, Angew. Chem., Int. Ed. 2000, 39, 4101-4104; (t) Y.
Georgievskii, A. A. Stuchebrukhov, Concerted electron and proton-transfer-transition from nonadiabatic to
adiabtic proton tunneling, J. Chem. Phys. 2000, 113, 10438-10450; (u) H. Decornez, S. Hammes-Schiffer,
Model proton-coupled electron-transfer reactions in solution-Predictions of rates, mechanisms, and kinetic
isotope effects, J. Phys. Chem. A 2000, 104, 9370-9384.
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At constant and (lithium acetate buffer) the reaction rate is first order in
(0.3 to 3.6 mM) and in [1] zeroth order in (0.1 to 3.2

mM) and in [acetate] (LiOAc; 10 to 200 mM at constant and is independent of ionic
strength. In order to vary the ionic strength without changing either LiCl or

was used as electrolyte. Doubling of the ionic strength from
16.9 mM (10 mM LiCl) to 40.4 mM had little effect on the reaction rate.†

Using UV-vis to measure the rate of formation of (initial-rate method), taking into
account the 2:1 stoichiometry shown in eq 1, and defining the reaction rate as

the empirical rate law for reaction of 1 with at constant
and is given by eq 4.

The dependence of the reaction rate corresponding
to the pH range 5.19 to 6.89) was investigated at constant (0.1 M LiOAc) by varying
the concentration of HOAc. Acid dissociation of to BPH- becomes kinetically
significant at pH values larger than 5.5 (i.e., at values smaller than At
pH values greater than 5.5, linear plot of values
versus reveals an inverse dependence on The reaction rate becomes
independent of at high values of ca. M and larger, which
correspond to pH values below 5.5).

Temperature-dependence data gave activation parameters of kcal
and cal No evidence of pre-association31 between and

1 was observed in combined and NMR studies. In addition, pH (pD)-dependent
deuterium kinetic-isotope data indicated that the O–H bond in remains intact during
rate-limiting electron transfer from to 1. At pH 5.45 and pD 5.44 and
d-tert-butanol), a value of 2.0 ± 0.3 was obtained. At pH 3.90 and pD 3.90, however,
a value of 1.2 ± 0.2 was observed. The decrease in values as the pH (pD)

† Formal molal-scale values are approximated here by molar-scale values calculated by using molarities in
place of molalities, m, in the Debye-Hückel relationship,
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decreases is not due to changes in the extent of O–H (O-D) bond breaking in the
bimolecular reaction of with 1, but rather, is attributed to a slightly larger
acid-dissociation constant for than for A reaction mechanism consistent
with all the kinetic and mechanistic data is provided in eqs 5-9.

Steady-state approximation applied to intermediates in eqs
gives the following expression:

in which and are rate constants for reaction of 1, respectively, with            and
with mono-anionic and is the first acid-dissociation constant of Given
that values are estimated to be ca. experimental
values ranged from ca. to M), eq 10 simplifies to eq 11, a more general form of the
empirical rate law (eq 4).

Electron-Transfer to Solvent-Separated 1:1 Ion-Pairs,

The data presented above describe the reaction conditions necessary for obtaining
selective oxidation of to DPQ by kinetically and mechanistically well defined
outer-sphere electron transfer to 1 at constant In the work presented below,
concentrations of anionic are kept at kinetically insignificant levels by using
alkali-metal acetate MOAc/HOAc buffers to keep solution pH values at 4.76. Under these
conditions, the reaction rate is described by eq 12, in which from eq 4 is now equal to

(i.e., the term in eq 11 is not kinetically significant).

We now establish the 1:1 stoichiometry of the ion pairs,
determine the formation constants of each, and investigate in detail the role

of alkali-metal-cation size on ion-pair structure and on the energy and rate of electron
transfer from to the pairs.
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Electron Transfer in the Absence of Ion Pairing. A value for in the absence

of ion pairing was obtained by using an effectively non-associating quaternary

alkylammonium cation as counter cation to 1. Of the alkylammonium ions
investigated (R = ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl), only tetra-n-hexylammonium
gave salts of 1 (obtained from by cation-exchange) that were
sufficiently soluble in 2:3 (v/v) at 60 °C. The cation is
sufficiently large and hydrophobic that it, effectively, does not form ion pairs with 1 in the
low dielectric and substantially hydrophobic solvent-system, 2:3 (v/v) at 60
°C (the dielectric constant is estimated from literature data to be 23.9).37 Evidence in
support of this conclusion is provided by cyclic voltammetry. If ion pairing between

and 1 or occurred, increase in the concentration of would result
in a positive shift in the potential of the couple.38 However, no change in values
of solutions of 1 (1 mM) were observed as concentrations of
(tetra-n-hexylammonium nitrate, THAN) were varied from 25 to 200 mM (Fig. 2).†

† The reference electrode used consisted of 0.01 M and 0.1 M THAN in 2:3 (v/v)
Acceptable results (at least quasi-reversible electrode kinetics and acceptably small

liquid-liquid junction potentials) required electrolyte concentrations of at least 25 mM.
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Initial-rate methods were then used to measure for oxidation of by

Reactions were carried out in 2:3 (v/v) at 60 °C, using 0.5 mM and
2.0 mM To obtain a suitable buffer without introducing additional cations,
tetra-n-hexylammonium hydroxide and acetic acid were
combined in water prior to addition of t-BuOH. Rate constants, were also determined
at larger (50 and 100 mM) THAN concentrations. The value observed in the absence
of added THAN (2.0 mM total from is the rate constant for oxidation of

by effectively non-paired 1. Consistent with minimal association between

THA and 1 in solution, no change in values (within experimental error) is observed
after additions of 100 and 200 mM THAN (Fig. 3, below).

Electron Transfer in the Presence of Association by
Reaction rates, were then obtained for reactions of and as a function of
added [MCl] along with buffers prepared by combining LiOAc,
NaOAc and KOAc, respectively, with HOAc; 20 measurements in all). For each
cation, or values increase with (Fig. 3). Because values
are insensitive to changes in ionic strength (cf. plot of initial rate versus [THAN] in Fig. 3),
changes in values as a function of are associated with association between and
the 5- anion, 1. The challenge presented by this data, however, is to differentiate between
contributions to the ordering in values attributable to ion-association
stoichiometries, to values, and to the physicochemical properties of stoichiometrically
identical association complexes.

At infinite dilution, the dissolved POM salts are fully dissociated into counter cations,
and POM anions. At finite values, however, association between and the

POM occurs. Based on electrostatic arguments39-42 and experimental data,38,43-45 ion
association occurs sequentially: for formation of the 1:1 pair in eq 13 is larger
than values for the formation of higher order, i.e., 2:1, 3:1, etc., association complexes.
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In eq 13, the equilibrium concentration of is given by mass-balance as
Expansion of eq. 13 to include rate constants, and associated with

unpaired 1 and with 1:1 pairs, respectively, gives:

Substitution of for and rearrangement gives:

The complex rate constant in eq 15 is a rectangular hyperbolic function. It is exactly equal
to at infinite dilution (the limit) and asymptotically approaches as
increases to large values.46,47

The solid curves in Fig. 3 were calculated by simultaneous non-linear least-squares
regression of reaction-rate data at all alkali-metal cation concentrations (20 values
using three different cations) to the complex rate constant in eq 15. The calculation was
performed subject to the stipulation that all three curves converge to a single value.
(Convergence to a single value, at infinite dilution is implicit to derivation of eq 15.)
Simultaneous analysis of the three curves (one for each of the cations, and
provides unique values for rate and equilibrium constants, and i.e., for

and
The rate constant in eq 15 is formally a function of activities of all species present.

However, 1 and possess small initial concentrations, and these concentrations are
identical at the outset of each experiment. As a result, variation in the activities of these
components are much less significant than changes in the activities of the alkali-metal
cations themselves (the experimental variable). The cation concentrations vary from 5 to
over 200 mM (based on grams of MCl salt added per liter of solution). Therefore, to
obtain meaningful and values by non-linear regression of the kinetic data, the
number of adjustable parameters was restricted to the most significant activity coefficient,

38,48†

† The values shown in Fig. 3 and used to fit the data to eq. 13 are the sum of from: added MCl,
POM counter–cations and buffer. However, association between and is also possible. The
association constant for the formation of pairs, would be explicitly included in eq. 13 by
substituting for However, self association of the added 1:1 metal halide salts is but
one of several phenomena that contribute to values of and is one reason why is retained in eq 13.
Values used for the activity coefficient, were calculated using an extended Debye-Hückel law with a linear
empirical-correction term: inwhich is the activity coefficient of a
single ion of charge z, A (1.825 and B are
constants that change with the temperature and dielectric constant of the solvent, and a and b are adjustable
parameters. Values of A and B used to generate the solid curves in Fig. 3 were, A = 2.55 and
B = 0.563 Values for “a” were approximated by use of standard values commonly
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The stoichiometry in eq 13 was established by recourse to three lines of evidence (see
Fig. 3): (1) agreement between values and the complex rate constant in eq 13 over a
statistically required range of values,49,50 (2) convergence of the three curves (for

and at the to a single value, and (3) near identity between the
single value and the value determined using (absence of
kinetically significant ion association). In the effective absence of ion association, a
value of (Fig. 3, determined using and THAN) was
obtained. (The two systems—THA and alkali-metal cations—differ in subtle yet
potentially significant ways from one another. First, the THA system uses a THA acetate
buffer whose degree of self association in 2:3 differs from that of the
alkali-metal acetate buffers. Secondly, the extent and possible effect of interaction
between THA and has not been quantified. Finally, in the effective absence of
association between THA and 1 or the reduction potential of the couple is
sufficiently negative that rapid back reaction between and prior to irreversible
fragmentation of the successor complex, can no longer be excluded.)

Having established the stoichiometry in eq 13, values for and were reliably
assessed (eq. 15). Calculated values for increase in the order ± 10,
54 ± 10 and (uncertainties are 95% confidence intervals). The
values increase as the crystallographic radii of the cations become larger. Although
electrostatic arguments based on contact ion pairs between hard spheres dictate that
values should decrease as the radii of the associated ions increase,51 the ordering of
values reported here is consistent with the formation of solvent-separated ion pairs (see 7Li
NMR investigation of ion-pair structure, below). As the crystallographic radii of the
cations increase, their charge densities decrease as e/r. Accordingly, the radii of the
solvated-cations decrease from to to Having established ion-pair
stoichiometry, the rectangular hyperbolic functional dependence of values on also
allows us to assign unique rate constants, to the three pairs. The rate constants
increase in the order and . Using this
information as a starting point, it is now possible to assess the energetic and structural role
of alkali-metal-cation size in electron transfer. This is achieved by combined use of cyclic
voltammetry, NMR and chronoamperometry.

Cyclic voltammetry was used to assess the dependence of the reduction potentials
values) of solutions of 1 (1 mM) on the concentrations of added alkali-metal salts, MCI,

and Reaction conditions were identical to those used to obtain the data
in Fig. 3. For each cation, values for reduction of 1 to (reduction of V(V) in 1
to V(IV)) increased with (Fig. 4; 22 values).

assigned to and in water (Butler, J. N.; Cogley, D. R. Ionic Equilibrium:  Solubility and pH
Calculations; John Wiley & Sons: New York, 1998, p. 47) and “b” was set equal to zero.
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† In previous work (V. A. Grigoriev, C. L. Hill, I. A. Weinstock, Role of 'cation size in the energy of
electron-transfer to 1/1 polyoxometalate ion-pairs J. Am. Chem. Soc.
2000, 122, 3544-45), a rectangular-hyperbolic function was used to model the change in as a function of

While not rigorously correct, use of the rectangular-hyperbolic function provided a practically
useful and internally consistent method for establishing association stoichiometry. However, eq 16 is not
only rigorously correct, but provides values for both and

The kinetic data in Fig. 3 are fundamentally distinct from the thermodynamic data in
Fig. 4. As established above (see eq 4), the rate of oxidation of is independent of

As a result, the formation constant, for pairing between and is neither
directly pertinent to, nor accessible from, data. The situation is quite different,
however, when measuring the reduction potentials of solutions of 1 in the presence of
In this case, the standard Gibbs free energies of formation of all reactants and
products of the heterogeneous electrode reaction (electron transfer from the electrode to 1
in solution) contribute to the value of the couple.28,54 Therefore, the concentrations
of 1 and and must all be considered (Scheme 1). This is evident in the
Nernstian expression that describes the dependence of E1/2 on which includes both

and (eq 16;38†by convention, for formation of is labeled while
for formation of is labeled



114 I. A. Weinstock et al.

In the absence of independently determined values for or eq 16 can, at best,
provide ratios. However, the values calculated using the data in Fig. 3 and eq
15 (21, 54 and 65 L respectively, for and correspond to the
values in Scheme 1 and eq 16. Hence, use of the kinetic data in Fig. 3 in conjunction
with the thermodynamic data in Fig. 4 provides access to values not readily
obtained by either approach alone.

The values associated with each of the three alkali-metal cations,
and were calculated by simultaneous non-linear least-squares fitting of the data in
Fig. 4 to eq 16 (solid curves in Fig. 4). To restrict the number of adjustable parameters,
only the most essential activity coefficients, i.e., those shown‡  in eq 16
were used. Furthermore, the same Debye-Hückel parameters used to calculate in eq 15
were used here to calculate and In addition, the non-linear regression was
performed with the stipulation that the three curves in Fig. 4 converge to a single value,

as approaches zero. Excellent fit (solid curves in Fig. 4) lends independent
support for the values calculated from the kinetic data in Fig. 3. Finally, calculated

values are 130 ± 30, 570 ± 120 and 2000 ± 300 L respectively, for
and (uncertainties are 95% confidence intervals).
Formation constants increase with the crystallographic radii of the ions.

According to the Eigen-Fuoss model51 for contact ion pairs between hard spheres in an
unstructured dielectric continuum, values possess an inverse exponential dependence on
the distance, d, (more exactly where

between the centers of the two
associated ions. The observed increase in values from to thus suggests that d
values decrease as the crystallographic radii of the cations become larger. To the extent
that the electrostatic arguments used to derive the Eigen-Fuoss model apply, this increase in

values implies the formation of solvent-separated ion pairs within which the solvated
radii of the cations decrease from to Upon reduction of 1 to calculated
formation constants increase by factors of ca. 6 for 11 for and 31 for

Consistent with Coulombic attraction between ions within solvent-separated pairs,
increase in K with incremental increase in the charge product, from 5- to 6-, is greater
for the more tightly associated ion pairs of the less highly solvated cations.

Ion pairing between and 1 and was also investigated by analysis of the
functional dependence of NMR chemical-shift values on the total concentrations of
and of reduced (Fig. 5). Evidence for the formation of solvent-separated pairs
was provided by the small value of the molar paramagnetic contact shift in NMR
spectra of paramagnetic solutions of (Fig. 5b).56, 57

Eight solutions of in 2:3 (v/v) (0.3 to 15 mM in 1; 1.5 to 75 mM
were heated to 60.0 °C in the NMR probe. Exchange between free and paired ions

is rapid on the NMR time scale and a single NMR signal is observed (rapid-exchange
limit). The chemical shift of the NMR signal moves downfield as the fraction of
paired to 1 increases with the concentration of The data in Fig. 5a show effectively

‡ The coefficient is associated with which is varied over a wide range; both and are
experimentally significant and, from a mathematical perspective as well, values possess a significant
functional dependence on the term

and
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no pairing at the low-concentration limit and the formation of
1:1 ion pairs, as the concentration of increases. At each the chemical
shift of the single, coalesced NMR signal is the weighted mean of contributions from
free and paired ions. Non-linear least-squares regression of the data to a model
describing the change in chemical shift upon 1:1 association as a function of gives a
formation constant, of 65 ± 35 L (uncertainty is a 95% confidence interval).
Despite a very small range of values, this value is within statistical uncertainty of the
value obtained independently from data (i.e., 21 ± 10 L from eq 15).

Once convinced that the NMR technique gave a reasonable value for spectra
of paramagnetic solutions of were obtained (Fig. 5b). Here, the chemical shift,
increases linearly with the concentration of The value56 is a linear combination
of contributions from the bulk susceptibility a concentration-dependent result of
macroscopic interactions) and the contact shift, that arises from spin-density transfer
from the paramagnetic center, V(IV), in

At the rapid exchange limit (our case), is also concentration dependent. Therefore,
both and must be evaluated as molar values (ppm L ).57    The data in Fig. 5b
give = 3.62 ppm L from which values of = 4.72 and = -0.55 ppm L

are obtained (333 K and s = 1/2, i.e., a single unpaired electron).56 The very small
contribution of to suggests that the associated ions (whose formation is indicated in
Fig. 5a) are substantially electronically insulated from one another by solvent, i.e., they
exist in solution as solvent-separated ion pairs.57

Molecular sizes of the 1:1 pairs were compared as effective hydrodynamic radii,
estimated using the Stokes-Einstein equation: (D is the diffusion coefficient
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of a sphere of radius r in a solvent of viscosity 58,59† The viscosity of 2:3 (v/v)
was measured at 60 °C using a capillary viscometer. The concentrations of

and needed to give solutions containing 93% 1:1 paired and 7% unpaired 1
were estimated by mass balance values from Table 1, below).
(Chloride salts of each cation, LiCl (202 mM), NaCl (110 mM) and KC1 (85 mM) were
added to separate 1.0 mM solutions of and Finally, the diffusion
coefficients, D, of the 1:1 ion pairs, and were determined by
single-potential-step chronoamperommetry.21 While the absolute values of the ionic radii
assigned to and are approximate, the Stokes-Einstein equation provides an
internally consistent means for comparing relative molecular volumes, each associated with
a specific diffusion coefficient, D.

In pure water, the diffusion coefficients of solutions of 1 (even at relatively large MCl
concentrations corresponding to the plateau regions in Fig. 3) are identical for added LiCl,
NaCl or KCl, and give the same Stokes-Einstein radius (5.6 + 0.2 Å) as that reported for
unpaired Keggin anions in water (i.e., 5.6 Å for and for In the
present case (2:3 (v/v) :t-BuOH at 60 °C), however, 1:1 ion association occurs. Now,
the diffusion coefficients (and corresponding Stokes-Einstein radii) decrease as the
crystallographic radii of the associated cations become larger (Table 1, below). While the
crystallographic (Shannon and Prewitt) radii of hexacoordinate and ions
increase, respectively, from 0.90 to 1.16 to 1.52 Å,61 their solvated radii decrease with
charge density, e/r, in the same order52 (radii of hydrated and ions in water
decrease from ca. 3.40 to 2.76 to 2.32 Å as the waters of hydration decrease from ca. 25.3
to 16.6 to 10.5).62 The effective hydrodynamic radii of the solvent-separated 1:1 ion pairs
thus decrease accordingly as the radii of the “naked” alkali-metal cations become larger.

Outer-sphere electron-transfer from to 1 involves ion pairing, local ordering of
solvent molecules (coordination of water to steric (t-butyl groups in and
orientational (specific orientations of both Donor and Acceptor) constraints. These
phenomena are not consistent with the simplifying assumptions used to calculate essential
parameters in theoretical models, such as that of Marcus, that relate standard free-energies
of reaction, to electron-transfer rates, In particular, changes in nuclear
coordinates, (both and associated with the alkali-metal cation and with the water
molecules within the cation’s solvation sphere must be evaluated. However, there is no
readily applicable quantitative model for doing this. Moreover, even in stoichiometrically
well characterized systems such as ours, the precise location of the associated cation within
the Donor–Acceptor complex as a function of progress along the reaction coordinate is
unknown. Due to these uncertainties, no comprehensive model for the role of associated
cations in electron-transfer to ion pairs such as is available.

The absence of such a model63 is due, in part, to the problems encountered in
determining the structure and physicochemical properties of specific ion pairs and in
correlating these properties with reaction-rates. This problem is addressed by the data in
Table 1, which establish relationships between the physicochemical properties of the
solvent-separated pairs and electron-transfer rates. In Scheme 2, these relationships
and properties are associated with the key species (stable pairs as well as transient
precursor and successor complexes) pertinent to assessing the rate and energy of
electron transfer from to 1. As the crystallographic radii of the cations increase from

† Effective hydrodynamic (Stokes-Einstein) radii of Keggin anions obtained in water from
diffusion-coefficient data match those determined in water by velocity ultracentrifugation and from viscosity
and density data.
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0.90 Å to 1.16 Å to 1.52 Å the Stokes-Einstein radii of the
solvent-separated pairs decrease from 8.3 Å to 7.7 Å to 6.8 Å (see
discussion above). Additionally, as expected based on Coulombic arguments, the decrease
in ion-pair size is associated with an increase in formation constants, This trend in

values alone could explain the commonly encountered observation that effectiveness in
specific-cation catalysis increases with cation size: At equal values, a larger fraction
of the Acceptor anions is paired when than when

However, we are now in a position to compare the relative rates of electron transfer to
fully formed ion pairs that differ from one another only in the nature of Each ion pair
is associated with a unique rate constant, These rate constants are theoretical limiting
values that represent extrapolation of the kinetic data (Fig. 3) to the hypothetical case in
which all the anions, 1, exist in solution as 1:1 pairs with cations. These calculated rate
constants, increase in the order (0.065 L

At the same time, the reduction potentials of solutions containing 93%
paired and 7% unpaired 1 (Table 1) increase from to As depicted in Scheme 2,
these thermodynamic values include contributions from energies associated with the
formation of pairs, with reduction of V(V) in 1 to V(IV) (electron transfer), and with
the simultaneous formation of pairs. Also, as increases in size (crystallographic



118 I. A. Weinstock et al.

radius), the hydrodynamic radii of the 1:1 pairs (Table 1) decrease. Based on
Coulombic arguments, reduction of the smaller, more “intimate” ion pairs should be more
energetically favorable. Furthermore, electrochemical data reveal that, as increases in
size (crystallographic), values increase substantially. These increases in
values are attributable to favorable increases in the energy of formation

of the pairs. Thus, as the crystallographic radii of the ions
increase, the energies associated with ion-pair formation make larger (and more favorable)
contributions to the standard free energy of reaction, These increases in
ion-pairing energy are likely reflected in the relative energies of reductions of to

(i.e., in the electronic transitions Scheme 2).
Thus, as is reduced to contributions to (Scheme 2) associated with
ion-pair formation itself (proportional to increase with the
crystallographic radii of Using the and values in Table 1, contributions
from ion-pair formation energy to increase from -1.2 kcal

to-1.5 kcal to-2.3 kcal
Clearly, the changes in ion-pair formation energy observed upon reductions of to

include changes in solvation energy that are not readily assessed. In addition, the
precise effect of change in on the rate of electron-transfer requires detailed
information about changes in nuclear coordinates (i.e., the reorganization energies,
associated with local changes in both solvent structure and ion position). Ready
calculation of values associated with changes in these complex systems is beyond the
current level of theory. However, for modestly favorable (negative) values, increase
in is generally associated with a decrease in the effect of on the magnitude of

and a resultant increase in the rate of electron transfer.

EXPERIMENTAL

Materials and Methods. 3,3',5,5'-tetra-tert-butylbiphenyl-4,4'-diol
Polysciences, Inc., 99%) was analyzed by GC-MS and NMR and used as received.
Other chemicals, tert-butyl alcohol (t-BuOH; 99.5%), deuterium oxide (99.9% D),
2-methyl-2-propan(ol-d) (>98% D), lithium acetate dihydrate (99.999%), sodium acetate
(99%), potassium acetate (99%), tetra-n-hexylammonium nitrate (THAN; 99%) and
tetra-n-hexylammonium hydroxide (40% in water), were of the highest purity available
from commercial sources and were used as received. All reactions were carried out under
prepurified grade Argon. The POMs 66

and were
prepared and purified according to published procedures. Purities of and
were verified by and and —after oxidation by or27Al NMR.

and POM salts were prepared by cation exchange from corresponding salts
(Amberlite IR-120 (plus) ion-exchange resin converted to or forms). Purities of
the or forms of the POMs were confirmed by elemental analysis and
spectroscopically and NMR and UV-vis). Anal. Calc. (found) for

Na 3.79 (3.64), Si 0.92 (1.10), V 1.68 (1.81), W 66.6
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(67.1), H 0.66 (0.66), K 0.00 (<0.01). NMR, ppm: -81.87; NMR, ppm:
-551.3. Anal. Calc. (found) for Li 1.16 (1.07), Si 0.94
(0.79), V 1.70 (1.70), W 67.6 (68.0), H 0.81 (0.80), K 0.00 (<0.01).  NMR, ppm:
-551.0; NMR, ppm: -81.94. Anal. Calc. (found) for

Li 1.28 (1.25), Si 0.89 (0.87), V 1.62 (1.59), W 64.3 (64.2), H 1.28 (1.26), K 0.00
(<0.01). NMR, ppm:-81.92; NMR, ppm:-551.0 (after oxidation in by

to UV-vis, nm L Anal. Calc. (found) for
Li 1.43 (1.37), Al 1.86 (1.76), W 69.6 (68.1), H 0.62

(0.58), K 0.00 (<0.01). NMR, ppm: 72.06 and 8.78 (1:1 intensity ratio).
was prepared by extracting aqueous solutions of 1 into an

organic solvent containing tetra-n-hexylammonium nitrate (THAN). Typically, (3.6 g,
1.13 mmol) was dissolved in 20 mL deionized water and extracted using 40 mL of a
solution containing 5 equiv. of THAN (2.06 g, 5.65 mmol). The organic layer (yellow)
was separated and the aqueous phase extracted a second time using 20 mL of The
two organic portions were combined and washed 3 times with 40 mL water. The organic
solution was then concentrated to dryness (rotary evaporation) and the solid obtained was
dried overnight in vacuum at room temperature. Anal. Calc. (found) for

C 33.25 (33.36), H
6.04 (6.07), N 1.74 (1.69). NMR (in ppm: -540.7.

NMR Spectroscopy. A 400 MHz (Inova) instrument was used to acquire
NMR spectra. POM solutions used for NMR study (except NMR)

were prepared in pH 4.76 lithium-, sodium- or potassium-acetate buffers. POM stability
was monitored by NMR spectroscopy after extraction (removal) of organic reaction
products. Paramagnetic formed during reactions with was
oxidized by to diamagnetic 1. External NMR references for and
were, respectively, 1.0 M LiCl in 0.10 M
ppm), 50 vol% in ppm) and 10 mM in 0.60 M NaCl
=-533.6 ppm relative to neat chemical shifts are reported relative to at
ppm).

Cyclic Voltammetry. Cyclic voltammetric (CV) measurements of POM solutions
and salts in acetate-buffered 2:3 (v/v) water/t-BuOH; the water component

was first adjusted to pH 4.76 using HOAc and MOAc, were carried
out at 25 or 60 °C under argon using a BAS CV-50W. A three-electrode cell
(glassy-carbon working electrode, platinum auxiliary electrode and Ag/AgCl reference
electrode) was used. Unless stated, sweep rates of 100 mV/s were used. Cation,
concentrations were varied by additions of LiCl, NaCl or KCl. CV measurements of
solutions containing tetra-n-hexylammonium (THA) cations required use of a
reference electrode (a Ag wire was immersed in 2:3 (v/v) containing
(10 mM) and tetra-n-hexylammonium nitrate (THAN, 100 mM)).

UV-vis Absorbance Measurements. Kinetic data were obtained by electronic
absorption (UV-vis) spectroscopy (Hewlett-Packard 8451A diode array spectrometer). A
quartz cuvette equipped with a gas-tight side arm was filled with either POM or
solution and the side arm and mouth were sealed with rubber septa. POM solutions and
solid were degassed (3 freeze/pump/thaw cycles), and the cuvette was placed in the
sample compartment, equipped with thermostat (± 0.01°) and stirrer, of the UV-vis
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spectrometer. Once at temperature, the reaction was initiated by injecting (or POM)
stock solutions into the POM solution with constant stirring (800 RPM). For
prolonged reactions (> 1 h), a quartz cuvette with a stopcock side arm and a Teflon stopper
were used for better protection against gas leaks. The extinction coefficient, of

at nm, used to obtain kinetic data by UV-vis
spectroscopy, was determined by linear regression of absorbance versus POM
concentration data. (Although nm, 520 nm was used in order to minimize
overlapping with tailing from the strongly absorbing charge-transfer band
located in the UV region.) Values for were obtained at 25 and 60 °C.

Product Yields and Reaction Stoichiometry. For product analysis studies,
(0.02 mmol) was dissolved in 4.0 mL of 0.1 M aqueous LiOAc buffer solution (pH 4.76) in
a 25-mL Schlenk flask. Next, t-BuOH (6.0 mL) was added and the solution degassed. An
aliquot of degassed stock solution (0.005 to 0.02 mmol in t-BuOH) was injected by
gas-tight syringe through a septum into the flask charged with the POM solution, which
was kept under Ar at 60 °C with constant stirring (800 RPM). After reaction, the organic
products were extracted using three 5-mL portions of (the POM salts remained in
the aqueous phase). Roto-evaporation of the combined extracts left a solid residue.
This residue was dissolved in for NMR measurements
(3',4'-dichloroacetophenone as an internal quantitative standard) and GC-MS analysis
(Hewlett Packard 5890). The aqueous solution (after extraction by was diluted
with water to precisely 25 mL to give a POM solution of known concentration. The
concentration of present in the aqueous solution was quantified by both UV-visible
spectrometry L and oxidative titration using standardized

as oxidant and ferroin as indicator.67 In 2:3 (v/v) :t-BuOH at 60 °C,
is cleanly oxidized by 2 equiv. of 1 to 3,3’,5,5’-tetra-tert-butyldiphenoquinone (DPQ,

100% by NMR and GC-MS; see eq 1). The Stoichiometry in eq 1 was established by
using a range of ratios. and DPQ are the only organic compounds
observed by NMR, and no intermediates of partial oxidation of are observed.

Reaction-Rate Data. Kinetic data (initial reaction rates) were determined by
recording the absorbance at 520 nm once every 2 seconds for 0.5 h (POM conversion <
5%). The timer was started upon initiation of each reaction (injection of or POM)
and was controlled by the Time-Based Measurement program in the HP UV-Visible
Chemstation General Scanning Software. For each experiment, at least 3 reproducible
measurements of reaction rate (or rate constant) were obtained. pH values in water and in
water/t-BuOH mixtures were measured using a Corning model 240 pH meter, equipped
with a Semi-Micro Combination electrode. Unless otherwise noted, pH values listed are
those of the aqueous buffer solutions (pH = 3.90 to 5.76) prior to mixing with t-BuOH.
For experiments designed to determine the pH dependence of the reaction rate, pH values
were measured directly in the water/t-BuOH mixtures just before initiation of reaction.
Due to gradual drift in pH-meter readings in the mixed-solvent system, a reproducible
measurement protocol was used.34 The glass electrode of the pH meter was calibrated
using aqueous standards (pH 4.00 and 7.00), immersed in the mixed-solvent solution, and
left to equilibrate for 2 min. Three readings were taken (one immediately, and the next
two after 2-min intervals), and the average of the 3 readings was taken as the apparent pH.

Rate Law. Orders of reaction with respect to the concentrations of 1,
and (investigation of general-base catalysis) and ionic strength were established
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by initial-rate methods using salts and in LiOAc buffered
(2:3, v/v) under Ar at 60 °C. In each case, stock POM solutions were prepared in LiOAc
buffered water and stock solutions were prepared in t-BuOH. Unless noted, ionic
strength was kept constant by addition of LiCl. All solutions were degassed thoroughly,
combined quantitatively under Ar, and heated to 60 °C. Reactions were initiated by
injections of stock POM or solutions. To determine rate dependence on [OAc-],
relative LiOAc/HOAc concentrations were varied while keeping the ionic strength constant.
To determine the dependence of reaction rate on ionic strength at constant was
varied by adding LiCl or Kinetic isotope data were
obtained using in 2:3 (v/v) and in 2:3 (v/v)

Cation-Anion Association. To derive the functional dependencies of rate constant
and POM redox potential on cation concentration, it is assumed that 1 and are in rapid
equilibrium with the corresponding ion pairs (eqs 19 and 20).

Respective equilibrium constants are shown in eqs 21 and 22.

is the activity coefficient for Use of eqs 21 and 25 and rearrangement give eq
26.

The activity coefficients, correspond to those of unpaired and paired 1 and and of
ions, and must be included in order to correct for non-ideal behavior resulting from
significant changes in ionic strength upon variation in cation, concentration.

An expression describing the dependence of the reaction rate
or and of the observed rate constant on consistent with the proposed
mechanism of oxidation of by 1 (eqs 5-9), was derived using eqs 23-25:
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Substitution of initial rate and initial concentrations          and gives eq 27:

It is apparent from inspection of eq 27 that the observed rate constant, possesses a
rectangular hyperbolic functional dependence on

The dependence of the half-wave potentials on the was analyzed using a
Nernstian equation modified to include two association constants (by convention,

38

E° is the standard potential for unpaired 1 at zero ionic strength, the other symbols
are conventional or described above.

The activity coefficients in eqs 28 and 29 were calculated using an extended
Debye-Hückel law with an empirical linear correction term:48

The activity coefficient, is that of a single ion of charge z. The terms
and B are temperature-dependent constants

that change with the dielectric constant of the solvent, while a and b are adjustable
parameters.

Kinetic and electrochemical data, respectively, were fitted to eqs 28 and 29.
Non-linear least-square fits of the observed rate constant and the formal redox potential
versus were carried out using the Solver Function in Microsoft Excel-98. Sums of
deviation-squared values were minimized by varying a and b in eqs
28-30. The ratios and were assigned a value of 1. Additional limitations
and constraints imposed on the adjustable parameters to improve fitting are discussed
above.
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NMR Studies. Solutions of (0.3 to 20 mM) or of (0.5 to 10 mM)
were prepared in 2:3 inserted into an NMR tube. A coaxial tube containing
1.0 M LiCl in used as an external reference, was inserted and the samples heated to 60
°C in the NMR probe. NMR spectra were recorded using fine digital resolution (0.061
Hz; 0.0004 ppm).

Experimentally-verified solution behavior was used to established boundary
conditions needed to derive an expression for the functional dependence of the chemical
shift on the total concentration of These conditions are as follows: (1)
In very dilute solutions, is completely dissociated into and 1, (2) at larger
(within experimental limits), 1:1 ion pairing occurs (eq 31), and (3) exchange between
freely solvated and associated cations is rapid on the NMR time scale. As a result,
the observed chemical shift, is the weighted mean of the chemical shifts of the signals
due to unpaired, and paired, ions (eq 32).68-70

An expression for the concentration of paired species, [Li1], as a function of the total
concentration of in terms of the association constant, was derived using eq 31
and appropriate mass-balance expressions:

Combining eqs 32 and 33, an expression for the observed chemical shift as a function of
the total POM concentration is obtained:

Experimental chemical-shift values, as a function of were fitted to eq 34 by
non-linear least-square regression by varying the parameters and The activity
coefficient of was calculated using the parameters a and b obtained from non-linear
least-squares fit of the kinetic data. The ratio was assigned a value of 1.
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INTRODUCTION

The compositional and structural diversity of polyoxometalates,1 coupled with their
remarkable catalytic, magnetic, medicinal, redox, and photophysical properties,2 justifies
their description as class of inorganic compounds "unmatched in terms of molecular and
electronic structural versatility, reactivity and relevance".1b The development of rational
methods for the systematic modification and functionalization of polyoxometalates is a
challenging endeavor, but is one which offers the prospect of exploiting more fully the
desirable attributes of these systems.

In the specific case of the Lindqvist-type hexametalates (Figure 1), one
effective strategy for producing modified derivatives involves the formal replacement of
one (or more) of their terminal oxo ligands with other isolobal ligating atoms or groups. If
one considers the oxo ligands as being closed-shell entities, then attractive targets for
this approach include the nitrido, organoimido, and

diazoalkane (hydrazonato) ligands. Similar, if not always strictly identical,
considerations can be applied to nitrosyl3 and diazenido4 acceptor
ligands, as well as to hydrazido5 and pentamethylcyclopentadienyl6 donors,
all of which have been demonstrated to serve as oxo surrogates in Lindqvist systems. In
this contribution, we will focus on organoimido and diazoalkane derivatives of the
Lindqvist hexametalates and
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ORGANOIMIDO HEXAMETALATES

Mono-functional systems

The p-tolylimido species was the first member of this class to be
accessed. Following its original brief mention as having arisen from an assembly reaction
involving and in moist solvent,5 a direct metathetical
synthesis employing ol and afforded the product in high yield and
allowed its complete characterization, including an X-ray structural determination.7 An
analogous direct reaction employing furnished the phenylimido derivative

while direct metathetical reactions using isocyanates RNCO were used
to prepare the corresponding systems

The n-butylimido species (1-Bu) is representative of this series and its structure is
shown in Figure 2. The metrical parameters associated with the Mo-imido linkages in the
mono-substituted imido-hexamolybdates feature short Mo-N bond lengths and near-linear
Mo-N-C angles, consistent with the presence of considerable triple bond character.
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As a class, the systems are more difficult to reduce than is the
hexamolybdate parent, displaying values which are shifted cathodically by ca. –200
mV with respect to that of This fact clearly demonstrates that organoimido
ligands are superior electron donors in comparison to the oxo ligand. The electronic spectra
of the alky limido species are not
significantly perturbed from that of but those of the mono-arylimido systems
are both bathochromically shifted and considerably more intense

Multiply-functionalized systems

The demonstrated ability to accommodate polyfunctionalization is a noteworthy
aspect of the organoimido-hexamolybdate series. To date, all of the reported examples bear
arylimido ligands exclusively, but there is no reason to preclude the existence of stable
(poly)alkylimido hexamolybdate species. Known systems include cis-
,8 the very interesting trans- species,11 and the homologous
series for the latter group, a
comprehensive account of their syntheses, structures, multinuclear
NMR and electronic spectra, and electrochemical behavior has recently appeared.12 The
protonated hexakis-derivative has also been prepared and structurally
characterized.13 The bis-, tris-, and tetrakis-(NAr) hexamolybdate derivatives 2-Ar, 3-Ar,
and 4-Ar adopt cis-, fac-, and cis- structures, respectively (Figure 3) rather than the
presumably less crowded trans-, mer-, and trans- alternatives, suggesting that the presence

of an extant [NAr] ligand preferentially activates its cis-sites for subsequent substitution.
Progressive substitution within the series induces a slight but

steady redshift in their electronic spectra values, accompanied by a nearly additive
increase in the molar absorptivity values for these bands. The successive incorporation of
[NAr] ligands into the framework likewise induces a steady decrease in the
species' values by ca. -220 mV per [NAr] group.

A Hexatungstate Analogue:

The oxo ligands within the hexatungstate have proven to be inert to
metathetical exchange with various or RNCO imido delivery reagents. To date,
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only one organoimido-hexatungstate species has been reported, namely
This yellow complex can be isolated in low yield (ca. 10%) from

the reaction of and ArNCO in either 1,2-dichloroethane or pyridine solvent.
The structure (Figure 4) closely resembles that of its Mo analogue, and the perturbations in
the properties of the hexatungstate core induced by oxo/[NAr] substitution mirror those of
the corresponding Mo systems. Thus, the value of is more negative
than that of (c.f. the corresponding disparity of–0.25 V between the

analogous Mo systems), and its electronic spectrum is both

red-shifted and more intense than that of the hexatungstate
Unlike certain systems, is quite stable with respect to
hydrolysis: deliberate addition of (1-10 equiv.) to its solutions at 56°C
produced no detectable decomposition as monitored by techniques over a one
month period.

DIAZOALKANE-HEXAMETALATE COMPLEXES

Diazoalkane complexes, find widespread use in various catalytic
and stoichiometric organic transformations.16 Typically, such species are prepared by
direct reaction of with low-valent metal complexes (i. e., those bearing two or
more d-electrons). As ligands in high-valent systems, however, diazoalkanes have not
found the broad utility of their organoimido relatives,17 in part because of synthetic
restrictions. One reason for our interest in preparing diazoalkane-polyoxometalate systems
stems from the recognition that the functionality within the unit derives from a
different pool (aldehydes, ketones, quinones, etc.) than does that of the [NR] ligand
(amines or carboxylic derivatives), and thus their incorporation could broaden and
complement the existing range of functional groups in polyoxometalates bearing organo-
nitrogen ligands.

If the diazoalkane ligand is considered to bind as a "hydrazone–derived"
entity, then its similarity to an organoimido species is evident; this suggested the
possibility of phosphine-mediated metathetical delivery using
phosphazine reagents, by analogy to the corresponding reactivity of
iminophosphoranes as shown in Figure 5. This strategy has furnished examples of
diazoalkane-hexametalates.



A Diazoalkane-hexamolybdate:

The phosphazine reacts cleanly with in
pyridine to afford orange 6 in high yield as the
salt.18 Its structure (Figure 6) indicates that the bound diazoalkane ligand is adequately
described by the dianionic formalism: both the short Mo-N bond length

(1.738(11)Å) and the near-linear Mo-N-N bond angle (172.0(10)°) of 6 are similar to
corresponding values observed in organoimido-hexamolybdate structures, and are
consistent with the presence of considerable triple bond character. Cyclic
voltammetry studies of 6 revealed a one-electron reduction wave shifted cathodically (by
–0.19 V) compared to that of the value of is
comparable to that observed for systems and indicates that, as is the case
for ligands, the ligand is superior to an oxo ligand as an electron
donor.

A Diazoalkane-hexatungstate:

As was true in the case of the imido-hexatungstate we have not yet
been able to accomplish a direct metathetical synthesis of a diazoalkane-hexatungstate
through reaction of with a phosphazine reagent, but an assembly route was
successful. Equimolar amounts of and react in
refluxing 1,2-dichloroethane over a period of three days to produce a red-orange solution;
following evaporation, dissolution in and precipitation by addition of an
orange residue was obtained which was recrystallized with difficulty from by
slow admission of vapor. Several crops of were harvested prior to
the obtention of orange crystals of 7, in ca. 10%
yield. The crystal structure† of the anion within 7 in shown in Figure 7. In the electronic
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spectrum of 7, the lowest energy absorption occurs at and
is assigned as arising from nitrogen-to-tungsten charge transfer. A second prominent band is
observed at 284 nm and is assigned as a transition within the

ligand: in the spectrum of the parent hydrazone this feature is
observed at nm For comparison, the electronic spectrum of the

analogous Mo system 6 displays bands at = 397 nm and 311 nm

The ligated diazoalkane of 7 exhibits metrical parameters (W(2)-N(1) = 1.747 Å;
W(2)-N(1)-N(2) = 173.9°) which resemble those found for its Mo analogue 6. Distortions
in the core resulting from diazoalkane binding are evident in the displacement of
the central O(13) atom toward the nitrogen-bearing W(2) atom (W(6)-O(13) = 2.395 Å;
W(2)-O( 13) = 2.218 Å) and in the lengthening of the bond lengths at the diazoalkane
binding site as compared with those at the trans-oxo site

1.907(9)Å av).

FUNCTIONALIZED ORGANOIMIDO LIGANDS IN HEXAMETALATES

A second generation of organoimido-hexamolybdate species is beginning to emerge, in
which the substituent (R) within the bound [NR] ligand bears a secondary functional
group. Appropriately functionalized systems offer promising opportunities in crystal
engineering (designed supramolecular chemistry), molecular materials (covalent attachment
of redox-active, photo-responsive, and/or spin-carrying groups), hybrid covalent polymers,
surface-adsorbed systems, etc. Examples of functionalized organoimido-hexamolybdates
include the covalent donor-acceptor ferrocenylimido system

and the coupled bis-systems
in which a second imido-hexamolybdate unit

serves as the "functionality".20

The covalent incorporation of polymerizable functionality into the hexamolybdate
framework has been accomplished by the synthesis of the p-styrylimido-hexamolybdate

is obtained in 90% yield from the direct
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reaction of with in pyridine; its structure is shown in
Figure 8. Solutions of 8 in acetonitrile are hydrolytically stable and exhibit an intense
orange color As expected, 8 is electrochemically
active: cyclic voltammetry reveals a one-electron reduction at (vs.

Initial studies employing 8 as a co-monomer in conventional free radical-induced
copolymerizations with styrenes have yielded promising results. Reaction of 8 with four
equivalents of 4-methylstyrene (4 -MS), in the presence of AIBN as initiator (0.18 equiv.),
was conducted in 1,2-dichloroethane at 60°C for 48 h, and led to the isolation of a greenish
solid (9) in 65% yield (by mass). In the IR spectrum of 9, there was a complete absence of
bands in the vinylic v(C=C) region, but the 'doublet' pattern characteristic of mono-
substituted imido-hexamolybdate species was observed in the region (975(sh),

In the 1H NMR spectrum of 9, no traces of the vinylic resonances of either
precursor could be discerned, and all oberved spectral features (broadened resonances for
both pendant aryl groups and for the aliphatic backbone; sharp resonances for the
countercations) were consistent with those of the expected copolymer. A comparison of
relative integrated intensities indicated that 9 incoporates ca. 2.7 (4-MS) units for each unit
of 8, as stylized in Figure 9; elemental analysis results agree with this formulation.

Analogous copolymerizations using varying [4-MS]:[8] ratios have allowed some
degree of compositional control over the resulting materials. Thus, using an eight-fold
excess of 4-MS produced a composition with ca. 3.5 (4-MS) units per unit of 8, while a
twelve-fold excess of 4-MS afforded a composition approximating 4.5 (4-MS) units per
unit of 8. With increasing 4-MS incorporation, the materials become increasingly soluble in
non-polar solvents such as benzene and toluene. Further studies of these systems,
including molecular weight determinations, are underway, as are investigations of imido-
hexamolybdates bearing methacryl and other polymerizable entities.



OUTLOOK AND PROSPECTS

The organoimido and diazoalkane Lindqvist derivatives constitute a versatile class of
intrinsically modified polyoxometalates, whose peripheral substituents can be used to
advantage in further elaboration. In contemplating the prospects for polyoxometalate-
based nanocomposite materials, it seems clear that the strategy of integrating functionality
into such systems by the covalent incorporation of suitable nitrogenous ligands has much
to offer. Despite frequent (and annoying) encounters with synthetic roadblocks, it should
be possible to access hexametalate species bearing an array of useful remote functionality;
as an example, imido-hexamolybdates currently under development in our laboratories
include systems bearing carboxylic acid and various pyridyl groups,22 Generalizing this
chemistry to encompass other polyoxometalate systems, especially Keggin derivatives,
remains a significant challenge, but one which is ripe with opportunity. We continue to
pursue these attractive targets.
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NOTES

†Crystal Data for 7

irregular orange block, orthorhombic, space group
pbca, a=15.9010(8), b =16.8950(8), c = 43.241(2) Å , V= 11616.7(10) 2 = 8, Dc =

T = 173(2) K, Of the79082 reflections
collected 13829 were unique and 7566 were observed An
absorption correction was applied Full-matrix least-squares on
converged with and Crystallographic files in .cif format are
available from the author (e-mail: eam@ksu.edu).
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INTRODUCTION

In most aqueous polyoxometalate systems, numerous, often highly negatively charged
species, are formed. The speciation is therefore very sensitive to the ionic medium
background; and especially to the cations. It is therefore important to use a ”constant” ionic
medium, where the cation concentration is kept constant and the anion concentration is
allowed to vary somewhat. It is of great advantage if the medium ions do not hydrolyse in
the pH range studied. Therefore, the most frequently used medium cations/anions are

and A commonly used medium is for instance the artificial seawater
medium 0.600 M Na(Cl). The formation constants determined in a specific medium are of
course only valid in this medium and for the temperature used in the study. Constants
obtained in different ionic media, and also for the same ionic medium at different total
concentrations, vary substantially. Moreover, in some cases species of different nuclearities
are formed (e.g. in the hydrolysis of Mo(VI), where a hepta- or an octamolybdate can be
formed). The ultimate goal is to determine the ionic strength parameters and/or the extent
of medium cation complexation to the polyoxometalate species. Then, the system in
question can be modeled at any ionic medium concentration. If the medium contains large
bulky organic cations, the complexation to the polyoxometalate species can be expected to
be weak and the formation constants obtained at moderate medium concentrations should
be similar to those at infinite dilution.

Having studied speciation in polyoxometalate systems for three decades, we found it
worthwhile to make a quantitative study of a system to try to determine the extent of
medium cation complexation to polyoxometalate anions. We thereby chose the
system since is an ideal NMR nucleus, making this system extremely suitable for the
powerful EMF-NMR technique. Moreover, the analysis of the experimental data can be
performed with the least squares computer program LAKE,1 capable of simultaneously

Polyoxometalate Chemistry for Nano-Composite Design
Edited by Yamase and Pope, Kluwer Academic/Plenum Publishers, 2002 139



140 L. Pettersson

treating combined EMF-NMR data. As inorganic medium cation, we chose and as
bulky organic cation, tetrabutylammonium

Owing to electronic repulsion, medium anions should not be expected to form any
complexes with polyoxometalates. They may though have an indirect and competing effect
by forming ion pairs with the cations in the medium. The only systems where we so far
have found a direct complexation are in peroxomolybdate systems, where and
(but not form strong complexes with diperoxomolybdates.

This paper will present some earlier findings of the ionic medium dependence in the
binary and systems, and some preliminary results from the ongoing
study of the four-component system in medium. Data can be
completely explained with strong and weaker complexation to the highly
negatively charged vanadate species.

MOLYBDATES

There have been a number of investigations of the equilibrium speciation in the
aqueous system. Most studies have been carried out by
means of potentiometric titrations in constant ionic medium. In addition to the monomeric
species and (2,1), Sasaki and Sillén2  proposed a
series of heptamolybdates to predominate in 3.0 M medium, namely
(8,7), and in very acidic solutions
the high-nuclear species (34,19) and the cation (5,2). The numbers in parentheses refer to
the values of p and q in the equilibrium reaction. From an investigation in 0.600 M Na(Cl)
media, Yagasaki et al.3 found that an octameric ion is formed instead of
(11,7). Figure 1 shows Z(pH) data points obtained from potentiometric titrations on
80 mM from these two media and an unpublished study in 3.0 M medium. The

experimental points from the 0.600 M Na(Cl) medium are taken from Ref. 3, and those at
the 3.0 M medium from our reinvestigation of the system, where the speciation
proposed by Sasaki and Sillén was confirmed (only minor adjustments of the formation
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constants were needed to fit our data). As seen from Figure 1, the medium dependence is
considerable. The hydrolysis starts approximately 0.6 pH units earlier when is
increased by a factor five. More surprisingly, the hydrolysis differs substantially in the two
3.0 M media. This indicates that the ionic strength is not the only parameter determining
the speciation and that and may form complexes of different strength with the
hydrolysis product first being formed, the highly charged anion. This species has
a Z value of 8/7 = 1.14 as marked in the figure. Figure 2 shows the molybdate distribution
at two different concentrations and 20 mM) in the two media. The most
striking feature is that an octameric ion (12,8) is formed instead of (11,7), and that the high
charged complex is weaker and the uncharged species (2,1)
stronger in the lower medium.

VANADATES

The hydrolysis of pentavalent vanadium, V(V), is very complex. Besides monomeric
species, a variety of polyoxovanadate species with the nuclearities 2-6 and 10 are known to
form in equilibrated solutions. The charges vary from +1 to –6. As a consequence the
speciation is strongly dependent both on the total concentration of V, and on the ionic
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medium. It was not until the early 80's that the full speciation was established for the
whole pH range in the same ionic medium.4 Previously, there was the argument as to
whether the polynuclear species in the neutral, the so-called metavanadate range, were
trimers, tetramers or both.5 By combining potentiometric and NMR data, the co-
existence of mono-, di-, tetra-, penta-, and hexanuclear (only at very high species, all
having a charge per vanadium equal to -1, was established.4,6

In Figure 3, potentiometric titration data from 0.600 M Na(Cl) are shown.4 All species
found are included in the figure and the line to the left of each formula shows the Z and z
values of the species. Later studies in other ionic media showed that the ionic medium
dependence is considerable. A compilation of the formation constants obtained at pH > 7 is
given in Table 1. It is worth noting that the species formed are identical with the exception
that some of the high-nuclear species having high charges can not be detected in low ionic
media. This is in contrast to the molybdate system (see above), where different ionic
medium background can change the nuclearity of species formed. The formation constants
obtained have been used to model the speciation in different ionic media, as exemplified in
Figure 4, showing the vanadium distribution at two different concentrations
and 20 mM) and in different media. As expected, the medium dependence is pronounced.
For example, in the metavanadate range at low the tetramer is the dominant species in
the medium with the highest concentration and the monomer in the medium with lowest
concentration (Figure 4 a). The distribution diagram at higher (Figure 4 b) again shows
that high-charged species, e.g. the unprotonated decavanadate and divanadate
species are strongly favored at higher medium concentrations.
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The ionic medium dependence on the chemical shift value for highly charged
vanadate species strongly indicates interaction with medium cations (Figure 5). In the two
lowest constant ionic media studied (50 mM TBA(Cl) and 10 mM Na(Cl), the chemical
shifts of the mono- and dimetavanadate species are similar, in contrast to the tetra- and
pentameric species and Thus, cations in the medium seem to form
complexes/ion-pairs with the highly negatively charged vanadate ions.

To examine this further in a quantitative way, a study was initiated aiming at
determining the formation constants of the ion-pairing complexes formed in the +

system, by varying all the three components,
measuring the pH and recording 51V NMR data of each separately prepared solution. The
combined pH and NMR data were then analyzed with the LAKE program. Such an
equilibrium analysis should give the medium independent constants (r = 0) at very low

and the complexes (r > 0) at increased To ascertain the validity of the
medium independent constants obtained, an analogous study of the corresponding +

system has been started as well. As a final
check the mixed cation system

is under study.
In this paper the results obtained so far in the high pH range (pH 10.8-12) will be

presented. In this so-called pyrovanadate range, the vanadate system is quite simple (c.f.
Figure 3). Only two NMR resonances have to be considered, arising from monomeric and
dimeric species. Not taking possible cation complexation into account, the dimer is formed
according to 2 This means that high favors the dimer. The
formation constant of this (0,2) species varies considerably with the ionic medium as
shown in Table 1. In the media for which the constant could be determined, the value for
the medium of highest concentration, i.e. 3.0 M is almost two logarithmic units



higher than in 0.05 M TBA(Cl). This strong medium dependence is clearly illustrated in
Figure 6, showing NMR spectra at constant but different Since the medium
charge per vanadium is –2, the lowest possible is 2 times Thus, the bottom
spectrum represents a self-medium condition.

In the search for medium complexes we first treated data at the lowest possible
concentrations (self-medium solutions at low to establish the medium

independent constants and obtained This value was not allowed to vary in
subsequent calculations. Then all data were treated. As previously found at high
two extremely minor resonances arising from an unprotonated linear trimer is
discernable in such solutions.7 However, at the present high pH values, the amount is too
low to make it possible to determine its formation constant. An approximate value of a
monosodium complex, that fairly well explained these resonances, was used in the
calculation in the search for all other complexes. All 35 experimental points were perfectly
explained with non-sodium and sodium complexes of mono- and divanadates. An attempt
to explain the data with extended Debye-Hückel expressions was not successful.

Then the complexation in tetrabutylammonium solutions was investigated. In
this system the NMR integral values of all 21 solutions could be perfectly explained with
non-TBA and TBA complexes. However, the complexes were found to be weaker
than the sodium complexes. No complex of monovanadate, for instance, was needed
to explain the data.

Finally, NMR data were recorded and evaluated from 21 mixed solutions
and calculations were performed on all and solutions (77 in total).
When including a mixed cation divanadate complex all data were explained within the
experimental errors. The result from the final calculation on all data is shown in Table 2.
These data comprise the following concentration ranges (in mM): 0 < < 2976, 0 <

< 600, and 2 < < 300. Cation complexation can, without using any Debye-
Hückel expressions, explain all vanadate NMR integrals in these vast concentration ranges.
It should be noted that the pyrovanadate species are rather highly charged (-2/V) and this
may be the reason why cation complexation is the predominant parameter.

To illustrate the equilibrium conditions, distribution diagrams have been calculated
using the constants from Table 2 and are shown in Figures 7 and 8 for and

respectively. These diagrams are calculated at high to have substantial
amounts of the dimer present. As seen from Figure 7, the complexation to divanadate
starts at lower free concentration of the cation than is the case for
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Concerning the complexation, the conditions in artificial sea water medium, 0.6
M Na(Cl), will be taken as an example. Figure 7(a) shows that at log the main
species giving rise to the dimeric resonance is and and that is
a very minor species. However, for the monomeric resonance, the species
contributes more than To illustrate the increase of dimeric over monomeric
species with increasing cation concentration (c.f. Figure 6), the sum of monomeric and
dimeric species, respectively, are shown in the figure as well (bold dashed curves). At low
cation concentration where no cation complexes are formed, only ca. 12% of vanadium is
bound in dimeric species at mM, but at M, the monomer and dimer are
present in equal amounts.

The formation constants are not as accurately determined as the constants.
The experimental data are though perfectly explained and the reason for the rather high
values (see Table 2) is probably due to the more restricted



concentration range studied (0.6 M compared to 3.0 M). The earlier study at constant 0.050
M TBA(C1) was performed to obtain the vanadate speciation in a medium where
complexation to medium cations should be negligible and thus represent conditions at
infinite dilution. This assumption seems to be essentially correct. At log TBA = -1.3, only a
very minor amount of is formed according to Figure 7 b.

The conditions in mixed cation (Na + TBA) = 600 mM solutions at mM are
illustrated in Figure 8. This diagram represents an approximate self-medium. The
distribution curves of non-cation species are marked with dashed lines and the mixed
cation dimer with a bold line. Since complexes are stronger than
complexes, the non-cation species decrease with increasing Moreover, the mixed
cation species has its optimum in somewhat enriched TBA solutions.

COMPLEXATION WITH MEDIUM ANIONS

One would not expect medium anions to form complexes with polyoxometalates.
However, in an ongoing study of peroxomolybdates in 0.300 M medium, we
have found that sulfato species are formed at low pH (pH < 3) having the composition

with p = 2 and 3. This unexpected finding made us test if
the commonly used medium anions and also form complexes with
peroxomolybdates. We found this to be the case for but not for

CONCLUDING REMARKS

We have from our study on pyrovanadate equilibria in the pH range 10.8 – 12 at
25 °C found that the medium dependence in Na(Cl), TBA(Cl), and Na,TBA(Cl) media can
be explained with medium cation complexation to the vanadate species. Although vast
medium concentration ranges have been covered, no Debye-Hückel parameters have to be
used. Moreover, since and medium independent equilibrium constants have
been determined, the pyrovanadate system can be modeled at any and
An analogous study on the system in the pH range 7 – 12 is in progress and it
seems that medium cation complexes can explain all EMF/NMR data.
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INTRODUCTION

The chemistry of polyvanadates has developed drastically during the last decade.
Scores of new species have been reported in recent years. 1 Many of these newer
polyvanadates are of mixed-valence and very large. The examples of fully oxidized
polyvanadate, on the other hand, are still relatively limited. This is especially true for
heteropolyvanadates. Structurally characterized heteropolyvanadates in which all vanadium
atoms are in V oxidation state remain to be a rarity. Only a handful of such examples have
been reported to date.2 This apparent lack of information and interest does not necessarily
mean that the chemistry of fully oxidized polyvanadates itself is limited and uninteresting.
Recent findings from our and other laboratories suggest just the opposite,3 although they are
not as large as mixed-valence polyvanadates. The present article focuses on the synthesis
and structural characterization of some smaller polyvanadates that are fully oxidized.

Synthesis

Reaction of with an equimolar amount of in acetonitrile at an
ambient temperature yields a dark red, hygroscopic compound. This compound gives a
single NMR peak at –547 ppm in acetonitrile.* The compound is too hygroscopic for

* All NMR chemical shifts are referenced externally against
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further characterization. However, it yields crystalline and
salts when reacted with and respectively. These salts give
the same single-peak  NMR spectra as the compound initially obtained.
The elemental analyses of the crystalline materials obtained from acetonitrile/diethyl ether
mixed solvent suggested they are salts of a new vanadoselenite anion,

When is reacted with in a 3:1 molar ratio, on the other hand, a
different compound is obtained. This compound is colorless and gives two NMR peaks
at –556 and –566 ppm in a 2:1 intensity ratio. It analyzes as

after crystallization from acetonitrile/diethyl ether.

The composition of both and anions implies that they have
ring structures. This was confirmed by the x-ray structural analyses.

Solid State Structures

X-ray structural analysis revealed that
single crystals of
are composed of cations and
discrete anions having the
structure shown in Figure 1.† The crystal
structure of
was also studied by x-ray diffraction. The
result revealed that an asymmetric unit of

contains six
cations, one water molecule and two

discrete anions having the structure
shown in Figure 2.‡ The water molecule of
crystallization is hydrogen-bonded to one of the
anions [O23…O1 2.71(8) Å, O23…O6 2.86(8)
Å].

Both and
anions are composed of tetrahedral and
trigonal pyramidal units that share
vertices to form ring structures. In

the tetrahedra and
trigonal pyramids connect alternately in a
centrosymmetric manner to complete a

ring. The conformation of this ring
can be loosely classified as twisted-chair
(TC), although it lacks a two-fold rotation
symmetry and a mirror plane necessary for

† Single crystals of are, at 253 K, monoclinic, space group with a =
12.2931(3) Å, b = 13.5101(3) Å, c = 20.9793(5), , and Z = 4.

‡ Single crystals of are, at 93 K, orthorhombic, space group with a =
22.328(5) Å, b = 44.099(9) Å, c = 12.287(3) Å, and Z = 8.
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an ideal TC.4 The anion is located on a crystallographic inversion center and thus has a

tetrahedron in the structure. This substitution results in a loss of the center
of symmetry and has a chiral structure. The less regular structure of the

ring in can be attributed to the cooperative conformational change
associated with the accommodation of a larger unit in place of the unit.

Tetrahedral units are rare for polyvanadate structures,3b, 3c, 4c, 5
 and the current

anions are the first examples of a heteropolyvanadate that is exclusively made up of such
units to our knowledge. The ring found in the structure has been
observed for and as a
building unit of infinite structures. However, the V
atoms are in IV oxidation state in these compounds. The
compound has the same composition as the
salts of but this hydrothermally
synthesized compound has an infinite layer structure that
has little resemblance to that of . The
compound that is most closely related to
from the structural point of view is
although here the V atoms are in IV oxidation state and
octahedral and the ring structure is completed by
tetrahedral units instead of trigonal pyramidal
units. Still is molecular and has a
discrete structure. It also has a symmetry and its

ring has a conformation very similar to that of
the ring in

Solution Characterization

The anion gives two  NMR peaks in
a 2:1 intensity ratio in solution. These peaks are
assignable to the two V atoms that sandwich the
unit (–556 ppm) and the unique V atom that is
sandwiched between two units (–566 ppm). The
anion gives a single NMR peak at 71.9 ppm. Its 

NMR is given in Figure 3 together with the
assignments. § The assignments have been made
according to the peak intensities and the known
correlation between NMR chemical shifts and metal-
oxygen bond lengths.10 Although they are structurally
distinct, the oxygens A and B give a single unresolved
peak. Chemical shift difference of the oxygens bound to
Se seems to be small. This is in agreement with the
general observation that the heavier main group elements
yield only a limited range of chemical shifts.11, 12, 13

The anion gives a single peak in both
 (–547 ppm) and NMR spectra. Its
 NMR spectrum is shown in Figure 4. Here again the

oxygens bound to Se give an unresolved single peak.

§ The and  NMR spectra were referenced externally against saturated in and neat
respectively.

rigorous  symmetry. One of the trigonal pyramids in this ring is substituted with a
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All the , , and NMR spectra described above are consistent with the
structures shown in Figures 1 and 2, and strongly suggest that both and

anions maintain their respective solid state structures in solution. One more
thing worth mentioning is the almost quantitative nature of their formation reaction.

The chemical equations above indicate that no byproducts would form. The NMR
experiments confirmed this (Figure 5). When and are mixed in 1:1
molar ratio, the peak for is the only peak observed in the NMR spectrum
of the reaction mixture. When [V]/[Se] = 3, only the peak is observed.
Moreover, an equimolar mixture of and is obtained when [V]/[Se] = 4:1.
Basically no peak other than those of and is observed in the
range

Something different occurs, however, if the relative amount of Se is increased beyond
[V]/[Se] = 1. At [V]/[Se] = 1/3 the dark red mixture gives a single, extremely broad
NMR peak at –528 ppm The compound in this mixture has so far evaded
our effort for further characterization.

Since its first preparation, has been widely used as starting material
for polyvanadates that are soluble in aprotic solvents.3b, 4c, 5c, 14, 15 However,

itself has not been fully characterized to date. It is assumed to be a tetrameric
compound with a ring structure, because it readily gives
organometallic compounds that have a ring. But this assumptions has never been

THE ANION, OR SUPPORTED ON MOLECULAR OXIDE
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confirmed by an x-ray structure analysis. What makes the things complicated is its 

NMR spectra. The compound gives two  peaks in solution, not a single-peak spectrum
expected for a anion that has a ring structure. We found some clue to this mystery
in the solid state structure and solution behavior of its tetraethylammonium analogue,

Preparation and Crystal Structure

The compound is readily obtained by reacting with an appropriate amount of
aqueous

This hygroscopic powder can be crystallized
from acetonitrile/m-xylene mixed solvent.
X-ray structural analysis revealed that these
crystals are composed of
cations, water molecules of crystallization,
and discrete anions having the
structure shown in Figure 6. † Much to our
surprise, the water molecules are not just
filling the lattice, but they are bound on the
surface of the anion through
hydrogen bonds (O2…O7 2.792 Å, O4…O7
2.853 Å). The water molecules are bound
tightly. The compound does not lose these
water molecules even if it is dried under
vacuum over for more than 12 hours.
The overall structure of the
anion closely resembles that of

a vanadate-
supported organorhodium compound. In
other words, the current compound can be
described as two water molecules supported
on the surface of

Solution Behavior

As mentioned above, gives two  NMR peaks in acetonitrile
solution: one at –571 ppm and the other much smaller peak at –578 ppm. Relative
intensities of these peaks depend on the water content of the sample. The peak at the higher
field is small when the sample is dry. Its intensity increases when the samples is wet or
water is added to the solution. Similar phenomenon is observed for the
tetraethylammonium analogue, The tetraethylammonium analogue also
gives two  NMR peaks in acetonitrile; –569 ppm and –574 ppm. Here again the
intensity of the higher field peak increases when the sample is wet.

Details will be published elsewhere.
† Single crystals of are, at 293 K, monoclinic, space group with a =
14.0187(3) Å, b = 10.5729(2) Å, c = 16.0212(4), , and Z = 2.

* *

.* *
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How can we explain this? Formation of another species by hydrolysis is one
possibility. However, this explanation is not consistent with the concentration dependence
of the  NMR spectra of The two peaks observed for the solutions of

change their relative intensities with concentration. At lower
concentrations, the peak at the lower field increases. The higher field peak grows when the
concentration is increased. If the higher field peak arouse from hydrolysis, the reverse
concentration dependence should have been observed.

Our tentative explanation for this behavior is hydration, not hydrolysis, of the
in solution. In other words, formation of vanadate-supported water molecules.

The water molecules shown in Figure 6 is bound on the surface of with some
strength. It is plausible that some of them remain trapped on the vanadate in solution. The
51V NMR peak at the higher field can be assigned to this hydrated species. The lower field
peak then can be assigned to the unhydrated species. The hydrated species would naturally
increase when water is added to the solution. It would decrease under more dry conditions.
Solvent molecules would compete with the water molecules, and as a result we would
observe less hydrates at lower vanadate concentrations. Hydration seems to stabilize the

anion in solution. In dilute solutions, where the unhydrated anion is predominant,
gradually transforms itself into a pentamer, . On the other hand, the 

NMR spectrum of a saturated solution of where the hydrated
is the major species, does not change after two days. Efforts are underway

to further confirm this hypothesis.
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INTRODUCTION

In the past few years polyoxometalate (POM) molecular science has grown vastly and
major developments have occurred in chemistry, physics and applications. Thus, in
chemistry a strong effort has been devoted to rationalize and control the formation of these
high-nuclearity metal-oxygen cluster anions in terms of self-assembly processes, as well as
to develop the supramolecular chemistry of these species. Efforts in this direction nucleated
with the development of a coordination chemistry of POMs and with the synthesis of
organic and organometallic derivatives. The understanding of the electronic structure of
these compounds has also been an active focus of research in molecular physics. In this
context, POMs have shown to be ideal chemical objects to study metal oxide conductivity,
intramolecular and intermolecular electron transfer in mixed-valence systems, magnetic
interactions in large clusters, and theory of multinuclear NMR chemical shifts and electron
spin couplings. On the applications front, POMs have proven to be enormously valuable
industrial catalysts (especially for "green" chemistry), potent antitumor and antiviral agents,
and, more recently, useful inorganic components for novel molecular materials with
magnetic, photophysical and electrical properties.1

During the past ten years our group has been involved in two aspects of this
development namely the study of the magnetic properties of POMs, and the use of these
molecular anions as inorganic building blocks for the construction of organic/inorganic
molecular materials with magnetic or/and electrical properties. In molecular magnetism we
have shown that these compounds provide ideal examples of magnetic and mixed-valence
clusters of increasing nuclearity, wherein magnetic exchange interactions as well as electron
transfer processes can be studied at the molecular level.2 In connection with the molecular
materials, we have shown that POMs can be combined with organic donors of
the tetrathiafulvalene (TTF) type to form radical salts with unprecedented organic packings
and coexistence of localized magnetic moments with itinerant electrons.3 Furthermore, we

Polyoxometalate Chemistry for Nano-Composite Design
Edited by Yamase and Pope, Kluwer Academic/Plenum Publishers, 2002 157



158 J. M. Clemente-Juan et al.

have shown that they can also be incorporated into Langmuir-Blodgett films to produce
organic-inorganic hybrids containing well-organized monolayers of polyoxometalates.4

In this paper we illustrate with novel examples the considerable impact of POMs in
molecular magnetism and molecular materials. In the first part we show that ideal examples
of large magnetic clusters can be designed, wherein magnetic exchange interactions can be
chemically tuned and physically studied at the molecular level. In the second part we report
the synthesis of highly conductive molecular materials based upon polyoxometalates and
perylene. In the last section we show the possibilities offered by POMs to obtain
multifunctional materials.

MAGNETIC CLUSTERS

Polyoxometalates provide excellent examples of magnetic clusters. Recent reviews
accounting for the state-of-the art in this area can be found in references 2 and 5. The ability
of tungstates, and to a less extent of molybdates, for acting as ligands toward 3d-transition
metal ions leads to the encapsulation by the polyoxometalate framework of a variety of
magnetic clusters possessing different spins and showing either ferromagnetic or
antiferromagnetic exchange couplings. The bulky nonmagnetic polyoxometalate framework
guarantees an effective magnetic isolation of the cluster, imposing at the same time its
geometry. Furthermore, its chemistry allows the assembly of stable anion fragments into
larger clusters. A chemical control of the magnetic nuclearity is therefore possible. The
above characteristics make these complexes ideal candidates for modeling the magnetic
exchange interactions in clusters of increasing nuclearities and definite topologies. In this
section we will present two examples that illustrate the possibilities offered by
polyoxometalate chemistry to produce well-insulated magnetic clusters with predictable
magnetic properties for which a detailed information on the nature of the magnetic
exchange interactions can be extracted.

Compounds

The first polyoxometalate salt, contains a

pentanuclear magnetic cluster (Figure 1).6 This polyanion consists of two ligands

encapsulating a rhomb-like unit of edge-sharing octahedra
where the W occupies one of the two short diagonal sites. Each tetrahedral unit of the

core is connected through oxo groups to two of the octahedra in the
central trimer.
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The salt contains an
heptanuclear cluster (Figure 2). Its structure is unprecedented and is formed by two
reconstituted Keggin units These two units are linked together by a central unit
formed by a tetrahedral Co site and seven edge-sharing octahedra. The magnetic
cluster can be viewed as formed by two triangular units of edge-sharing
octahedra bridged by a central tetrahedral site sharing vertices with these two units.

Note that the related

In this type of polyoxometalates the exchange interaction between edge-sharing

octahedra has been proved to be ferromagnetic. In contrast, the study of the
anion indicates an antiferromagnetic exchange between the

octahedral sites and the tetrahedral one. Taking into account these previous
results, we should expect in the two magnetic clusters reported here the coexistence of
ferromagnetic exchange interactions between the edge-sharing octahedral Co(II) ions, with
antiferromagnetic interactions between tetrahedral and octahedral Co(II) pairs. In order to
understand the magnetic properties of these clusters the anisotropy of the exchange
interaction must also be considered. The anisotropy arises from the ground state of the

From Magnetic Models to Multifunctional Materials

9and  with magnetic nuclearities 2, 4 and 9, are
also known.

Magnetic Properties

7                                                 8
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high-spin octahedral Co(II) ions, which splits into six Kramers doublets by spin-orbit
coupling and the low symmetry-crystal field. At low temperature only the lowest Kramers
doublet is populated and this can be described by an anisotropic S = 1/2 spin state. On the
contrary, the tetrahedral Co(II) ion has a ground state which is described as a spin only

S = 3/2.
The magnetic properties for the cluster are in full agreement with these

expectations (Figure 3). Thus, the product shows a continuous decrease upon cooling
which indicates the presence of dominant antiferromagnetic exchange

interactions.

However, the information provided by the magnetic data is insufficient for the
determination of the magnetic parameters since this technique can only provide reliable
information on the sign of the two types of exchange interactions, but is almost insensitive
to the presence of an exchange anisotropy. To get more direct information on this point
Inelastic Neutron Scattering (INS) spectroscopy has been used.10 The INS spectra shows up
to three cold peaks which correspond to magnetic transitions from the ground state to the
first excited states (Figure 4).
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The energy of these peaks directly gives the energy splitting pattern due to the
exchange interactions. It can be satisfactorily reproduced by assuming an anisotropic
exchange Hamiltonian (1) and making use of the parameter information obtained from the
more simple related clusters

The best fit gives the following set of parameters:

This result

demonstrates that the two kinds of exchange interactions have different sign and that they
are anisotropic.

The magnetic properties of are shown in Figure 5. In this case the presence of a

maximum in at low temperatures indicates that the ferromagnetic interactions are the
dominant ones. As expected, the magnetic coupling within the two units is
ferromagnetic. As the exchange interaction between tetrahedral Co and octahedral Co is
expected to be antiferromagnetic, the two ferromagnetic units must have parallel

magnetic moments. Accordingly with the exchange pathway topology of the cluster, the
following Hamiltonian (2) has been proposed:

From a simultaneous fit of the magnetic susceptibility curves at different fields we
have obtained the following set of parameters:
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These parameters are qualitatively in

agreement with the parameters obtained for the other related clusters.
To conclude this part it is important to emphasize that this kind of study has been

possible thanks to the great versatility of polyoxometalate chemistry in providing examples
of largely insulated magnetic clusters of increasing nuclearities, definite topologies and high
symmetries, which can be easily deuterated in big amounts to perform INS studies. The INS
study of these clusters in combination with other magnetic techniques should provide a
unique opportunity to progress in the understanding of the magnetic exchange interaction
phenomenon in polynuclear metal complexes, as well as in its parametrization using
effective Hamiltonians. Finally, the unique possibility provided by polyoxometalate
chemistry to obtain magnetic clusters of various nuclearities having similar nearest
neighbor geometries, has enabled to use the small magnetic clusters as fragments to
understand the properties of higher nuclearity magnetic clusters.

CONDUCTIVE MOLECULAR MATERIALS

In view of their unique molecular characteristics, polyoxometalate complexes have
been extensively used to obtain organic/inorganic solids formed by stacks of partially
oxidized organic donor molecules.3 Owing to their specific shapes and large
sizes and charges, these molecular metal-oxides have shown to stabilize many
unprecedented structural packings in the organic component. In most of them the electrons
are strongly localized and show semiconducting behaviors, but in a few cases large
electronic conductivities and metallic behaviors are also observed.11 So far however only
the TTF-type donors have been used to construct these hybrid molecular materials. Here we
show that polyoxometalates can also be combined with the perylene molecule (Figure 6) to
afford conducting molecular solids.

In fact, perylene has been used to produce many cation-radical salts with simple

inorganic monoanions and charge-transfer

salts with organic acceptors such as TCNQ16 and per-fluoroanil.17 Electrical conductivities
at room temperature up to have been measured in some cases. On the other

hand, perylene salts with magnetic anions such as and

anions (M = Au, Co, Cu, Fe, Ni, Pd, Pt; mnt = maleonitriledithiolate)19,20 have
also been reported. The last series constitutes a unique example of coexistence of
conducting organic chains with magnetic inorganic chains.
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A general feature of the perylene salts is its one-dimensional electronic character due
to the absence of atoms on the perylene molecule that could allow in-plane interactions.
Thus, the transport properties of the perylene-containing solids are mostly determined by
the packing pattern of the organic molecules and their degree of partial oxidation. While the
former depends on the geometry and volume of the anion, the charge distribution within the
organic stacks varies with the number of charge-compensating anions and its charge.
Taking advantage of this fact, we have combined polyanions with the same size and shape
but with two different charges with the aim of studying the differences induced by the
variation of this charge on the transport and magnetic properties of the perylene salt. Three

polyoxometalates of the Lindquist type, namely and
(see Figure 6) have been used to obtain single crystals of the compounds

and The compounds are semiconductors with room

temperature conductivities as high as These values represent the highest
conductivities so far reported in radical-cation salts containing polyoxometalates.

The overall structure of these compounds consists of slightly interpenetrated layers of
polyoxometalates and perylene molecules in the ac plane alternating in the b direction
(Figure 7). The organic layer has 3 types of crystallographically independent perylene
molecules, named A, B, and C. These layers are formed by chains of parallel A and B type
molecules running along the c axis.  These chains are separated by perpendicular C type
molecules (Figure 7). In the chains the two kinds of dimers (AA and BB) are alternating
and display a criss-cross type arrangement. As far as we know, this is a new organic
packing mode. From the electronic point of view the different charge of the polyanions has
shown to have important consequences on the electronic band filling of the perylene
sublattice and hence on the transport and magnetic properties. Thus, for the salts containing
the dianions and the charge carriers responsible for conductivity

have been found to be positive, while for that containing the trianion they have
been found to be negative. At the same time, the magnetic properties have changed from
diamagnetic in the former salts to paramagnetic in the latter. Other polyoxometalates having
larger nuclearities, higher charges and/or more interesting electronic properties can now be
used to prepare novel hybrid salts based upon the perylene molecule.



164 J. M. Clemente-Juan et al.

MULTIFUNCTIONAL MOLECULAR MATERIALS

The search for bi-functionality in molecular materials constitutes a contemporary
challenge in materials science. Using the two-network approach described in the previous
section it has been possible to construct hybrid crystalline solids formed by a partially
oxidized donor network that support electronic conductivity or even
superconductivity, and transition metal complexes containing magnetic moments. Some
relevant examples worth to mention are the paramagnetic conductors 21 and
superconductors22 obtained by combining the discrete paramagnetic anions

and with the
organic donor bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) or its selenium derivative
bis(ethylenedithio)tetraselenafulvalene (BETS), and the ferromagnetic conductor formed by
the polymeric magnetic anion and BEDT-TTF,23 which represents the
first example wherein two useful solid-state properties (metal-conductivity and
ferromagnetism) coexist in a single molecular crystal.

Since polyoxometalates are electron acceptors and can incorporate one or more
paramagnetic centers at specific sites of the polyoxoanion structure, they have enabled the
formation of materials with coexistence of delocalized electrons in both sublattices,24 or
with coexistence of localized magnetic moments and delocalized electrons.25 Here we
report a different approach to prepare hybrid materials formed by two functional molecular
networks. The approach is based on the use of the Langmuir-Blodgett technique. In the past
we have shown that this technique allows to obtain well-oganized LB films wherein
monolayers of POM's are alternating with bi-layers of the organic surfactant
dimethyldioctadecyl-ammonium cation This method is general and has been
used to insert in between the organic layers a variety of POMs of increasing nuclearities.26

Thus, monolayers of magnetic POMs of the type and
that encapsulate a ferromagnetic cluster,27 (Figure 8),

as well as the giant POM that encapsulates a
nonanuclear magnetic cluster (M = Co and Ni), have been constructed.
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So far however, the electronic properties incorporated to the film are those coming
from the POMs, as the organic amphiphilic cation only plays a structural role. A step
forward is to incorporate as organic component a TTF derivative which can introduce into
the LB film an electron delocalization. With this aim, we have used the amphiphilic organic
molecule SF-EDT (Figure 8), as it has already shown a good ability to form stable
monolayers in the air-water interface that can be transferred to a solid substrate to produce
well-defined lamellar structures. As POM we have used the polyanion

that contains the ferromagnetic cluster (Figure 8).
Using the LB technique, an alternating LB film has been constructed which is formed by
successive monolayers of POM/DODA/SF-EDT (Figure 9).

The lamellar structure so obtained has been demonstrated by infrared (IR) linear
dichroism and X-ray diffraction experiments. In order to introduce electron delocalization
into the SF-EDT layers, the LB film has been oxidized with iodine vapors. A charge
transfer band centered at has been observed in the IR spectrum of the oxidized
film, which is a clear evidence of the presence of a mixed-valence state in the SF-EDT layer.
This feature demonstrates the presence of an electron delocalization within the organic
monolayer at the local level. On the other hand, EPR spectroscopy on films deposited on
quartz substrates has shown the presence of the ferromagnetic cluster. This hybrid film
represents the first example of organized LB films formed by alternating monolayers of
polyoxometalate clusters that possess high magnetic moments, and SF-EDT
donor molecules that support an electron delocalization. It demonstrates that the LB
technique can be a useful approach to create multilayered structures comprising two
different types of functional molecular units, which is the critical step towards the
construction of multifunctional molecular materials exhibiting magnetic, electrical and
optical properties.

CONCLUSIONS

In this article we have presented some recent achievements of the polyoxometalates in
the fields of molecular magnetism and functional molecular materials. In the context of the
molecular magnetism we have shown that POMs provide ideal examples of magnetic
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clusters with coexisting ferro and antiferromagnetic exchange interactions which can be
investigated using a variety of magnetic techniques, including the Inelastic Neutron
Scattering spectroscopy, to get a thorough characterization of the magnetic levels in these
large clusters, and to test the validity of the spin hamiltonians commonly used in magnetism.

In the context of the molecular materials we have shown that these cluster anions can
be combined with perylene organic donors to form crystalline radical salts with
unprecedented organic packings and large electrical conductivities. On the other hand, we
have shown that nanostructured hybrid films formed by monolayers of ferromagnetic
polyoxometalates alternating with of mixed-valence TTF-type monolayers can be
constructed by using the Langmuir-Blodgett technique. More and more complex systems
are expected to be obtained in the future starting from molecular units. POMs have shown
to be very useful building blocks in this context.
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INTRODUCTION

Reaction of with gives similar to
the reaction of with to yield A crystal
structure determination of shows that the
structure of consists of two anions linked via
three equatorial Mn atoms with square-pyramidal coordination by exterior as unshared
ligands and four oxygen atoms belonging to On the other hand, the structure of
the related complex shows that one Cu atom is in
square-planar coordination through four oxo groups and two Cu atoms are in exterior sites (of
exterior ) with square-pyramidal coordination. The three equatorial Mn/Cu atoms are
well-separated in 5.255-5.297 Å/4.669-4.707 Å. We report here the synthesis and structural
characterization of isostructural tris(vanadyl)-substituted tungsto-antimonate(III)

and -bismutate(III) with large separation
of 5.3-5.5 Å, which reveal the weak spin-exchange interaction between centers linked by

bridges and provide simple models for understanding intramolecular spin-spin
interactions between centers of the magnetically intriguing
high-nuclearity-polyoxovanadates.3'4 So far, the presence of the weak intramolecular
coupling of vanadyl cluster fragment in the polyoxovanadates has been revealed
for bridges(A=    and ) with distances of 4.5-5.7 Å.3 Although in

the presence of the magnetically isolated -triangle (with
distances of 5.290(5)-5.603(4) Å) layer sandwiched by two antiferromagnetic

hexagonal layers at 20 K<T<100 K has been proposed, there was no evidence of the
intramolecular spin-exchange interaction in the vanadyl triangle.5 We also describe potent
antiviral activities of the tris(vanadyl)tungstoantimonate(III) anions against a wide variety of
the enveloped viruses which infect high-risk individuals, such as infants born with prematurity,
cardiovascular failure, pulmonary dysplasia, and immunodeficiency. This finding indicates
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that the tris(vanadyl)tungstoantimonate(III) anion derivative is important as a candidate for a
new antiviral drug.

EXPERIMENTAL

The anion has been prepared as crystalline of potassium salt
used as a starting material

was obtained according to the literature6 and identified by IR spectrum.
4 mmol) was added to a solution containing

(3.1 g, 12 mmol) in buffer (pH 4.8, 70 ml) at room temperature.
The dark-brown solution was heated at 60-70°C for 1 h and filtered off. The filtrate was
cooled to room temperature. Addition of finely ground KCl solids (12 g, 0.16 mol) to the
filtrate led to formation of brown precipitates which were recrystallized from hot water.
Dark-brown plate crystals were produced within 2-3 days with yield of 8.0 g (70 % based
on W). Anal. Calc. for K, 7.51; V, 2.67; Sb, 4.25; W, 57.78.
Found: K, 7.7; V, 2.7; Sb, 4.2; W, 56.2 %. IR (metal oxygen stretching region, KBr disk,

988(m), 943(s), 901(m), 857(s), 740(vs), 692(s). Electronic spectrum in
nm 550(sh, 900), 759 (525).

The anion has been prepared as crystalline of potassium salt
(2): used as a starting material was

obtained according to the literature7 and identified by IR spectrum.
(12.2 g, 4.2 mmol) was added to a solution containing (3.1 g, 12 mmol) in

buffer (pH 4.8, 150 ml) at room temperature. The dark-brown
solutiob was heated to 40-45°C for 3-4 h and then filtered off. Addition of finely ground
KCl solids (20 g, 0.16 mol) to the filtrate led to formation of brown precipitates which were
recrystallized from warm water (at 45°C). Dark-brown plate crystals of the desired
product were obtained within 1 weak with yield of 5.5 g (45 % based on W). Anal. Calc.
for K, 7.85; V, 2.56; Bi, 7.005; W, 57.78. Found: K, 7.6; V, 2.7; Bi,
7.4; W, 57.0 %. IR (metal oxygen stretching region, KBr disk, 990(m), 938(s),
897(m), 847(s), 727(vs), 659(m, sh).

IR and UV-vis spectra were recorded on Jasco FT-IR 5000 and Jasco V-570
UV/VIS/NIR spectrometers, respectively. The contents of K, V, Sb, W, and Bi were
determined by X-ray fluorescence analysis on a JEOL JSX-3200 spectrometer. The water
content was measured by thermogravimetric method on an ULVAC-TGD9600/MTS9000
instrument. ESR measurement was carried out on a JEOL X-band ESR spectrometer
(JES-RE3X) equipped with a temperature-controlling unit (ES-DVT3). The magnetic
susceptibility in the range of 4-300 K was measured under the magnetic field of 1.0 T with
a Quantum Design, MPMS-5S SQUID magnetometer and the experimental data were
corrected for diamagnetic contribution using standard Pascal constants.

Single crystals of 1 and 2 with 0.12 x 0.10 x 0.03 and 0.2 x 0.1 x 0.05 mm sizes were
collected on a Rigaku-RAXIS-RAPID imaging-plate diffractometer employing the
monochromatized radiation at 0 and -100°C, respectively. All of
the calculations were performed using the TEXSAN software package for the structure
determination.

Crystal data for (1): M=5727.08, triclinic, space group (No.2),
a=12.725(1), b=18.203(1), c=20.670(2) Å,
V=4629.5(7) Z=2, Dc=4.108 The structure was solved by
direct methods (MULTAN 88) and refined using a full-matrix least-squares refinement
procedure; 19552 unique reflections 10246 observed reflections with
J?=0.067, 680 refined parameters, and Lorentz polarization and
absorption correction (ABSCOR) were applied to the intensity data. The transmission
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factors range from 0.302-0.691. K9-K12 and O atoms were refined isotropically, and all
other non-hydrogen atoms were refined anisotropically. The site occupancies of K11 and
K12 atoms are fixed at 0.5 throughout the refinements, since distance (2.87(5) Å) between
these (symmetry-related) atoms is very short, which may be brought about by the
disordered structure of these atoms. This let us formulate 1 as

to maintain electrical neutrality.
Crystal data for (2): M=5975.66, triclinic, space group (No.2),

a=12.6455(5), b=18.1169(8), c=20.7898(7) Å,
V=4587.8(3) Å3, Z=2, The structure was solved by direct
methods (SIR 92) and refined using a full-matrix least-squares refinement procedure;
19347 unique reflections 12426 observed reflections with R=0.047,

707 refined parameters, and Lorentz polarization and a numerical
absorption correction (Numas and Shape) were applied to the intensity data. The
transmission factors range from 0.143-0.345. K11, K13, and O atoms were refined
isotropically, and all other non-hydrogen atoms were refined anisotropically. The site
occupancies of K12 and K13 atoms are fixed at 0.5 throughout the refinements, since
distance (3.11(1) Å) between these atoms is very short, which may be brought about by the
disordered structure of these atoms.

The cells for DFV (dengue virus), FluV-A (influenza virus), RSV (respiratory
syncytial virus), PfluV (parainfluenza virus), CDV (distemper virus), HIV (human
immunodeficiency virus), and HSV (herpes simplex virus) are CV-1, MDCK, HEp-2,
HMV-2, Vero, MT-4 (or Hela CD4), and RPM18226 cells, respectively. The cells were
suspended in the culture medium at cells/ml and infected with corresponding virus.
After 4-6 days of incubation at 37°C, the cell viability was determined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.8 Antiviral
activity was estimated by the reduction of a 50% tissue-culture-infective dose
under the treatment of 1 and other polyoxometalates.

CRYSTAL STRUCTURES

The anion (Fig. 1a) of 1 consists of two ligands linked by three
exterior groups into an assembly of virtual D3h symmetry.9 Each V atom is
coordinated to four oxygen atoms (with V-O distances 1.92(2)-1.99(3) Å) and an exterior
vanadyl O atom (with V-O distances 1.56(3)-1.59(3) Å ) in a square pyramidal geometry.
The V atoms are on average 0.54(1) Å above the plane of the four oxygen atoms belonging
to ligands. V atoms in the equatorial vanadyl triangle (with V-V-V
angles of 59.4(1)-60.4(1)°) are 5.411(8)-5.464(8) Å apart. This well-separated long
distance is significantly longer than distances for isostructural
anions.1, 2 The structure of anion is stabilized by three equatorial ions linking three

square-pyramids in alternate positions to produce the 6-member ring with
distances of 7.64(1)-7.80(1) Å and K-K-K angles of 59.2(1)-61.2(1)° (Fig. 1b). The
least-square plane containing vanadyl- and K-triangles (V1,V2,V3,O39,O42,045 and
K1,K2,K3) is positioned at symmetrical distance from the two Sb atoms Sb1 and Sb2 in

distance of 4.780(3) Å. The incorporation of K triangle into the the
anion is reminiscent of a recent s t r u c t u r e of the

tris(phenyltin)-substituted complex in which the
anion is stabilized by the incorporation of three ions.10 The

crystal s t ruc ture of (2) also exhibi ted the
anion to be stabilized by three equatorial -cations with the same

linkage. Thus, it is possible to say that the ,
anion is commonly stabilized by a capping and to form a
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horizontal plane of the six-member ring at the belt. The overall structure of anion (Fig.
1b) for 2 obtained under essentially the same experimental conditions, is almost the same as
for 1: the central vanadyl V atoms (in distances of 1.59(1)-1.61(1) Å with exterior O atoms)
are 5.376(4)-5.474(4) Å apart and on average 0.591(7) Å above the square pyramidal plane
of the four O atoms (with V-O distances 1.94(1)-1.98(1) Å). A short distance
(4.5035(9) Å) compared to the distance in 1 arises from longer Bi-O distances
(2.09(1)-2.11(1) Å) compared to Sb-O distances (1.98(1)-2.00(1) Å) in 1, as reflected by
the fact that the O-Bi-O angles of the trigonal pyramid are smaller
than the O-Sb-O angles

ELECTROCHEMISTRY

The neutral ligand tungstoantimonate(III) as a sodium salt
was electrochemically inactive at the potential range of 0.3-0.8 V vs. Ag/AgCl (Fig. 2a).
The cyclic voltammogram of 1 showing a rest potential at 0.13 V in aqueous solutions at
natural pH level of 5.8 exhibits three anodic peaks at 0.25, 0.35, and 0.44 V (vs. Ag/AgCl)
which are accompanied by a composite cathodic peaks at 0.19, 0.30, and 0.39 V as three
quasi-reversible one-electron oxidations corresponding to
and (Fig. 2b). Three successive sets of the redox peaks were observed for the
aqueous solutions of 1 at 3<pH<11 without significant change in the peak potential. The
stepwise coalescence of the anodic/cathodic peak couples occurred at pH<3: the 0.35/0.26
V peak couple as a result of the coalescence of the first and second ones was observed at
pH=2.4 (Fig. 2c) and the 0.46/0.35 V peak couple as a result of coalescence of the three
peak couples at pH 1.5 (Fig. 2d). The neutralization of the highly acidic samples at pH<3
brought about a restoration of the pattern consisting of three redox peak couples. The
redox currents were decreased at pH>11. Such results of the pH dependence of the cyclic
voltammograms of 1 indicate that the framework is maintained at
pH<11 . Similarly, is stable at pH<11. The cyclic voltammograms
of 2 (1 mM) at 3<pH<11 exhibit the three composite couples around 0.26/0.23, 0.37/0.44,
and 0.47/0.44 V due to three sets of quasi-reversible one-electron redox reactions. In the
case of 2, however, other redox peaks as well as the coalescence of the redox peak couples
at pH< 3 appeared probably due to the difference in the redox potentials between the
protonated and unprotonated species. Fig. 2e shows the cyclic voltammogram of 2 at
pH=1.4. The cyclic voltammogram of the anion of

showing a coalescent pattern of three
composite redox peak couples around 0.50 V in 1,2 dichloroethane1 showed also three
quasi-reversible redox peaks around 0.30/0.24, 0.44/0.38, and 0.56/0.50 V for the aqueous
solution at pH=6.5, and the electrochemical formation of at more than 0.7 V led to the
decomposition of the anion.

MAGNETIC INTERACTION

The magnetic exchange that may be expected in with a free ion ground term, d1

electron structure, and spin S=1/2 is the isotropic Heisenberg spin Hamiltonian
The magnetic spin-exchange interaction within the vanadyl coplanar triangle will enable
three spins (S=1/2 for each) to be coupled into a quartet (S=3/2) and two doublets (S=1/2).
The ESR spectrum (Fig. 3a) of 1 (11.3 mM) dissolved in water at 300 K is the broad
structured multi-line band around g=1.94 that seems to
include an isotropic signal with a 22-line pattern assignable to hyperfine interactions with
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three equivalent 1=7/2 The number of features that are present in the
spectrum and their positions is indicative of a spin quartet. The broad Gaussian ESR line
reflects very weak extended exchange interactions within the vanadyl triangular cluster, and
poor peak resolution prevents accurate determination of the hyperfine parameter

The signal intensity increased with an increase in the temperature with an
accompanying development of line-resolution, for example, mT with the 22-line
intensity ratio of nearly 1:3:6:10:15:21:28:36:42:46:48:48:46:42:36:28:21:15:10:6:3:1
(average line width of ~1.7 mT) at 350 K (Fig. 3b). The 300-K multi-line ESR spectra
due to the exchange-coupled vanadyl aggregates in solutions have also been observed for
binuclear vanadyl complexes which provide the broad isotropic spectra of 15-line pattern
arising from the triplet state.11 The same is the case of 2: there was a broad isotropic ESR
signal (g=1.946 and with a 22-line pattern, for example, with
and 30 mT at 290 and 350 K, respectively. A spectrum of the powdered solid at 300 K
showed a single broad line with some ill-resolved structure that was perhaps related to the
underlying hyperfine pattern or to anisotropy in the g factor. The ESR spectrum of

in aqueous solutions (Fig. 3c) showed an
isotropic 6-line hyperfine pattern mT for each line) assigned to hyperfine
interactions with an isolated single Mn nuclear for the Mn triangle at g=2.006 and

at 300 K, suggesting that the intramolecular spin-exchange interaction
is negligibly small in the Mn triangle of The spectrum with
the 6-line hyperfine pattern vanished below 280 K, probably due to a strong zero-field
splitting.

Molecular magnetic susceptibility data for 1 and 2 powders (Fig. 4) were fitted to
the theoretical expression for the susceptibility of an exchange-coupled triangle with three
identical magnetic sites,

The solid line for 1 in Fig. 4a shows the fit obtained with g=1.779 and J=-1.4(l)
and similarly with g=1.849 and J=-1.4(l) cm-1 for 2. The occurrence of the intramolecular
antiferromagnetic coupling for 1 and 2 was also supported by the temperature dependence
of the products (Figs. 4a and 4b). The values at 300 K (1.05 and K)
of 1 and 2 are close to the spin-only value for the 3 centers (1.13 K),
indicating the presence of three electrons with essentially uncoupled spin. The
intramolecular antiferromagnetic coupling of 1 and 2 implies that the lowest multiplets of
the vanadyl triangle are the two S=1/2 states (four magnetic levels) and are about 2 cm-1

below the S=3/2 state (as affirmed by the 300-K 22-line ESR spectrum) for
with the separation of 5.43-5.44 Å. Such

formation of the S=1/2 states (corresponding to =0.37 K) results from the spin
frustration in the vanadyl coplanar triangle which occurs at temperatures lower than 10 K.

In contrast, as can be seen in Fig. 4c, the  plot against temperature for the powder of
exhibits essentially the same plateau value

(12.4 K which corresponds to at T>~10 K. This reveals that the
anion have a S=15/2 ground state (with a spin-only value of

9.95 ) due to the presence of three unpaired  sites (S=5/2 for each) substantially
uncoupled and exhibits no significant intramolecular antiferromagnetic interaction between

Å compared with the separation of 5.4-5.5 Å. Thus, the tendency to lose the
spin-exchange over long distances 5.3-5.5 Å seems to be due to a strong zero-field splitting
in the S=5/2 ground state for each site, where unpaired electrons will be separately
positioned in each of five d orbitals.

(1’), the mixed-valence triangular vanadyl

the sites at T>~10 K irrespective of slightly short separation of 5.255-5.297
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Aggregate with disorder) was prepared by the reaction of
(12 g) with (1.5g) under the condition (for 3 h at

similar to the case of 1. The ESR spectrum of 1’ in aqueous solutions at 300 K showed
also the broad signal comprising unresolved 22 lines, implying that the spin-exchange
coupling of 1’ reflects the disorder of three sets of the interaction within the

triangle.

ANTIVIRAL ACTIVITY

1, 1’, and other polyoxometalates were examined for antiviral activities against DFV,
FluV-A, RSV, PfluV-2, CDV, HIV, and HSV-1. 1 and 1’ showed activities against all
viruses examined. values of 1 and 1’ were less than 1 against RSV, PfluV-2 and
HIV, and lower than those of ribavirin. Like ribavirin, 1 and 1’ exhibited a relatively high

against FluV-A (Tab. 1). As predicted, none of the compounds evaluated were
markedly cytotoxic in stationary cells (Tab. 2). Anti-HIV effects of 1 and 1’ were further
examined in the MT-4 and HeLa CD4 cell lines infected with 100 together with
the effect of DS5000 and AZT as positive controls. Both 1 and 1’ exhibited high selective
index (SI) compared with positive controls DS5000 and AZT (Tab. 2). The

anion of 1’ as a mixed-valence species for 1 also exhibits strong
potency for the same variety of viruses, especially RSV and HIV. The results in Tabs. 1
and 2 indicate that both 1 and 1’ have a broad spectrum against the enveloped viruses,
implying that with the tri(vanadyl)-ring
sandwiched by two ligands, inhibits either fusion between the virus
envelope and the cellular membrane or adsorption of the virus onto the cell membrane.13
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Interactions of oxometalates with proteins has been of considerable interest since the
initial discovery of the anti-HIV activity of 9-antimonio(III)-21-tungsten(VI)-sodate

and a series of polyoxometalates.2, 3 These studies were followed by a series of
reports concerning the beneficial effects of this class of complex anions. The ribosomal
structure represents a high point in these studies.4-11 In these crystallo-graphic studies the
polyoxometalate anions play a critical role as seen through MIR and MAD phasing. The
early low-resolution phase sets established by the use of oxometalate derivatives have been
dramatically extended by the use of other heavy atom derivatives to give 2.4 Å resolution
for the larger ribosomal subunit.5,6,9 However, details of the bonding interactions of these
anions with the macromolecular structures typically have not been reported since the
oxometalates were only used in connection with the low-resolution data.5,11 Few structural
model studies have been carried out with simple organic ligands; this work documents
some of the anticipated molecular types of interactions.12-14

Studies with simple oxometalates have also been carried out, and even the smaller
anions of this class of compounds are found to have affinities for proteins.2 Specifically,
in mixtures of oxovanadates, the tetramer and the decamer are found to be better
inhibitors than the other oxovanadates in solution for many enzymes (for representative
publications see Ref. 15-18). Since many of these enzymes are proteins which lack any
significant positively charged surface regions, the affinity between oxometalate and protein
appears to be governed by factors other than charge.2 Several studies have also been
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carried out exploring additional types of protein-oxometalate interactions.19-21 Our studies
have led us to propose that two types of proteins exist, one in which Coulombic interactions
are most important,21 and a second type in which efficacy is based on dispersion forces,
hydrogen bonding and oxometalate-protein complementarity.2

Given the applications of oxometalates in crystallographic studies and their potential
pharmacological use, information regarding the interaction of oxometalates with proteins
and how the oxometalates enter cells is needed. Such investigations require selection of
an appropriate biological assay to report on the problem under examination. We have
previously examined the interaction of Keggin and Dawson compounds with isolated
soluble enzymes using spectrophotometric and NMR assays.22 However, the examination
of membrane-bound enzymes requires a different approach. The effect of oxometalates on
growth can be used as an initial screen for specific oxometalate interaction with the cell
surface.23 At this time we do not know the mechanism of such interaction and whether
protein-oxometalate interactions are involved. However, it is important to document the
interaction and investigate the compounds’ efficacy before undertaking further mechanistic
studies. Herein we report a screen of the effect of simple oxovanadate, decavanadate,
Keggin and Dawson oxotungstates on the growth of yeast S. cerevisiae.

EXPERIMENTAL

Materials

The chemicals used for preparation of the oxometalates were of reagent grade and
obtained from several sources. The chemicals used for the growth experiments were of
analytical grade and obtained from Sigma Chemical Company. The yeast strain used was
the auxotrophic S. cerevisiae strain LL20 which was obtained from Joel
Huberman.23,24 The rich media used was Yeast Extract-Peptone- 2% dextrose (YPD).
The minimal medium used was Yeast Nitrogen Base with amino acids (YNB) with 2%
dextrose. Yeast Extract, BactoPeptone and Yeast Nitrogen Base were obtained from
Difco Laboratories, Detroit, Michigan. The media in some experiments were buffered
with 100 mM tris-succinate in order to maintain the same pH during the entire
experiment;24 see Growth Measurements section below.

Preparation of oxometalates and determination of purity

reasonable, and their compositions and purities were determined by using elemental
analysis, FT-IR, TG/DTA, and and when appropriate NMR spectroscopy.32

Elemental analyses were performed at Mikroanalytisches Laboratorie Pascher, Germany
and at Desert Analytics, Tucson, Arizona. TG/DTA curves were measured on a Seiko
SSC 5000 TG-DTA 300 thermometer with a temperature ramp of 4 °C per min and the
temperature range scanned was 20 °C to 550 °C under air atmosphere unless otherwise
noted. The absorption spectra were recorded on a Lambda 4B spectrophotometer and the
IR spectra were recorded on a JASCO 300 FT-IR spectrometer as KBr disks at ambient
temperature. The NMR spectra were recorded on an ACP-300 MHz Bruker or a JEOL
EX-400 FT NMR spectrometer. The NMR spectra were recorded at 121 or 162 MHz

were prepared according to literature methods. The yields were

The oxometalates
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using 80% as an external reference. The NMR spectra were recorded at 79 or
105 MHz using as an external reference.33,34 NMR spectra were recorded at
4.22 MHz.

Oxometalate Properties

Absorption spectra are obtained for each compound to determine which optical density
(OD) to use for the growth experiment, and at what pH to prepare the solutions and the
growth media. These studies also defined what pH value to use for the reference sample
(control). The solubility of the oxometalates were first determined in distilled water and
then in growth media. With a few exceptions, all the compounds used in this study were
soluble and stable at 5.0 mM in distilled water. However, the solubility was significantly
less for compounds (0.50 mM) and (1.3 mM) in the growth media. The
stability of the complexes were determined in the stock solutions prepared in distilled water
and then in media. The polyoxoanion solution in media is prepared without buffer to
increase the solubility and to assure that the pH in media does not overpower the pH
resulting from the oxometalate.

Growth Measurements

Yeast growth at 30 °C was monitored as changes in light scattering as seen in the
changes in optical density (OD) with time; the OD measurements were made after 0, 6, 12
and at 24 hours. Commonly the light scattering is measured at 600 nm The

was used in this work if the oxometalate absorbs at 600 nm. (The media itself does
not show any significant absorbance at either 600 or 800 nm.) If absorption was observed
in the oxometalate-media mixture at both wavelengths, the wavelength with the smaller
absorption was chosen for observation. Cell stocks and growth experiments concerning
vanadate were incubated in 10-20 ml volumes in Erlenmeyer flasks and aerated using a
G76 Gyrotory water bath (New Brunswick Scientific, Edison, NY). Other growth
experiments were done in 2.5 or 5.0 ml volumes in 18 x 150 mm capped culture tubes
aerated on a TC-7 Roller Drum from New Brunswick.

Yeast strains acidify the pH with growth and yeast growth typically results in a pH
drop of 0.5 unit for freely growing yeast in buffered media after 24 hours.23 In unbuffered
media the pH drop is greater. In most experiments containing the poly-oxoanions no
buffer was added to the media. The pH of the medium was monitored at each time-point
when growth was monitored. A buffered control at the same pH as the original media
containing the polyoxometalate was used as a control to evaluate the inhibition exhibited by
the oxometalate.

The yeast strain was maintained on yeast extract-peptone-2% dextrose (YPD) plates at
0 °C, which were good for two months. Single colonies were re-suspended into 5 mL of
YPD liquid media for overnight growth. A 1:20 dilution was made into minimal medium
(yeast nitrogen base with amino acids and 2% dextrose containing 5 mg/mL histidine and
lysine buffered to pH 6.5 with 100 mM tris-succinate). This stock was good for 2-3 weeks
at 0°C. The evening before an experiment the stock was diluted into the buffered or
unbuffered medium to generate cells growing in the log phase the following day (1:20 to
1:100 dilution depending on the cell concentration of the stock and the incubation time).
For each experiment, cells were diluted into a culture containing tenfold more cells than
desired for the experiment. The experiments were started by diluting this culture 1:10 into
fresh media to obtain an of about 0.1. The growth stocks used to generate the yeast
samples contained tris-succinate buffer, and the overnight incubations of yeast before each
experiment contained either this buffer23,24 or no buffer if the experiment involved the
addition of polyoxometalates to the samples. Each experimental point represents the
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mean ± the standard deviation of the OD of three experimental cell cultures containing
media with or without the polyoxoanions. The final growth OD is the original sample
value less the OD of the media without cells.23,24 This subtraction is needed to correct for
any changes in absorption of the polyoxometalate containing media in the presence of cells.
The pH of each growth point is also determined. Each time point involves taking 0.8 to
1.0 mL of sample. The three time points for each sample are pooled and the pH
determined ofthe pooled sample.

RESULTS

Defining Growth Experiments for Comparing Effects of Compounds

In a study where a wide range of compounds are to be screened, developing an assay
that can be investigated in the absence of buffer would be preferable. Yeast is an
organism that grows under a wide range of conditions, and this flexibility may be well
suited for screening the effects of a wide range of compounds. In such an assay, yeast
cells are grown overnight to obtain cells in the early log phase. These cells are re-
suspended in growth media containing the oxometalate under examination. The
parameters important to yeast growth are temperature, nutrients, salts, pH of the medium
and having cells that are in exponential growth. The optimum growth temperature for
yeast is 30 °C and this temperature was used throughout these studies. The yeast will
grow in a minimal medium in the presence of a variety of nutrients (including
and often a buffer (to maintain the pH of the solution during growth). Since buffers are
likely to react with some of the more reactive oxometalates, attempts were made to
investigate the possibility that the experiments could be carried out in the absence of buffer.
Studies were conducted at a series of pH 2 - 9 in which the growth (OD) and the pH of the
medium were monitored (data not shown). We found that the yeast grew with similar
rates in the pH range 3 to 7.2. At pH 2, 8 and 9 no growth was observed and at pH 2.5 the
growth was slightly slower. These results suggest that the effects of the various
oxometalates on the yeast growth can be compared at different pH. Thus, the screen of
compounds may be carried out at the respective pH where oxometalates are most stable.

The pH of the medium is decreased during the growth of the yeast. For yeast
growing freely in 100 mM tris-succinate buffer from pH 3 to 7.2 the pH of the medium
decreased slightly. The decrease was greatest in the pH 7.2 samples, where the pH had
dropped one unit after 24 hours of growth, but in general a decrease of 0.5 pH units were
observed in the samples. Although changes were greater in the absence of buffer, the pH
never went below 2.5. Since the changes in the pH of the medium during the incubation
may affect the oxometalate composition it was necessary to measure the pH at each time-
point.

Given the high charges of some of the oxometalates, the possibility that ionic strength
would affect growth was investigated. In the present study up to 5.0 mM oxometalate
would be added and compared with similar levels of electrolyte. No observable effect of
250 mM NaCl and KC1 on growth was found; the effects of 1, 1.5 and 2 M NaCl was also
tested and at these significantly higher levels growth was inhibited. These studies show
that should inhibition be observed at 5.0 mM oxometalate, the effect is due to the
oxometalate and is not merely an ionic strength effect.

In summary, we have shown that the effects of oxometalate on yeast growth can be
compared from pH 3 - 7. Determining yeast growth in this pH range would be a viable
assay. Using this growth assay we are well placed to examine the effects of a series of
Keggin and Dawson oxometalates.
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Inhibition of S. cerevisiae Growth by Vanadate:        is the Inhibiting Species

Vanadate is known to inhibit yeast growth.23 There is no inhibition in 1.0 mM
vanadate but at 5.0 mM vanadate the inhibition is complete and no growth is observed at
pH 6.5. Based on the concentration dependence of this inhibition and on spectroscopic
characterizations by the Willsky group,23 it seemed possible that the inhibitory species was
one of the higher oligomeric forms of vanadate.35 Specifically it was found that the cell-
associated fraction from cells growing normally did not contain high concentrations of
or any oligomeric vanadate. The cell-associated fraction from cells that were inhibited by
vanadate did contain high concentrations of and some oligomeric vanadate could be
observed.23 These data, combined with understanding the speciation chemistry of
oxovanadates led us to recognize that inhibition occurred when small concentrations of
tetrameric vanadate was found in the spectra of the cell-associated fraction. Thus, we
hypothesized that the inhibition was due to and designed a set of experiments to
examine this hypothesis.35 Yeast cells were grown overnight and a series of cultures were
prepared in which from 0 to 5.0 mM vanadate was added and the growth monitored at 0, 4,
8 and 20 hrs. The yeast growth is shown in semi-log plots showing as a function of
time (Figure 1). The yeast incubated in the presence of less than 1.5 mM vanadium(V)
did not show any inhibition of growth, however, in all the yeast cultures containing 2.0 mM
or more vanadium(V) growth, inhibition was observed.

Studies were conducted in which the growth was monitored as a function of time, and
at the same time NMR spectra of the original growth media were recorded.17,33,35

These spectra allowed the calculation of the concentration of species of the vanadium(V)
that existed in the growth medium.17 Figures 2A and 2B show inhibition of cell growth
plotted as a function of the concentration of vanadium species obtained by NMR
spectroscopy. Inhibition, plotted as a percentage, is calculated as 100% × (observed
growth) / (growth of uninhibited cells). The concentration of oxovanadate is calculated
from the mole fraction of the species that is obtained from the NMR spectra. If one
species were the major inhibiting form, the observed inhibition would be expected to be
linearly proportional with the concentration of the inhibiting species. Neither the
concentration of nor that of shows a linear relationship with the growth inhibition.
Although a linear relationship is observed between inhibition and the fact is that the
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yeast is severely inhibited before a significant concentration of has accumulated, this
species cannot alone be responsible for inhibition of the yeast. Stated differently, the
intercept of the line does not go through the zero point as needed, for a compound that can
explain all the observed inhibition. In contrast, the concentration of is found to be
linearly proportional with growth inhibition, and this species can alone account for all of
the observed inhibition. We conclude that the is the most inhibiting simple
oxovanadate.35 Further support for this conclusion comes from experiments in which 5.0
mM of the more stable molybdenum tetramer inhibited yeast cell growth, while 5.0 mM of
the monomeric form of molybdenum did not inhibit cell growth.35

Inhibition of S. cerevisiae Growth by Vanadium(IV)

The effect of vanadium(IV) on yeast growth was examined since some oxometalates
investigated contain vanadium(IV). Yeast growing at pH 3.0 in the presence of added

were inhibited (Figure 3). In contrast, no inhibition was observed for yeast
growing at pH 6.5 in the presence of added (Figure 3). The source of
vanadium(IV) used in these studies is however, given the complex chemistry of
aqueous vanadium(IV) in the neutral pH range, little vanadium(IV) remains in the form of
vanadyl cation or Studies with vanadium(IV) are
complicated by the oligomerization and polymerization reactions of the vanadyl cation in
the neutral pH range.36,37 Thus, the addition of to a media solution with a pH > 4
will result in the conversion of some of the and to EPR silent
oligomeric and polymeric forms of vanadium(IV), Thermodynamically, less than
mM vanadyl cation is present at pH 7 regardless of how much has been added to
the solution.36 Unfortunately, the kinetics of these conversions is poorly understood, and
under some conditions the conversions have been found to be fast and under other
conditions slow.36,37 As seen in Figure 3, yeast growing at pH 3.0 was inhibited in the
presence of added that is mostly in the form of . Yeast growing at pH
6.5 was not inhibited when the added was converted into EPR silent oligomeric and
polymeric forms. These observations suggest that the formation of oligomeric and
polymeric species that are generated from vanadyl cation at pH 6.5, in effect, protects the
yeast from the vanadyl cation.
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Inhibition by        of S. cerevisiae Growth and Demonstration of Cell Associated

Studies carried out using 5.0 mM vanadate at pH 4.0 where all the vanadium(V) in
solution is converted to did not show any inhibition compared to a control culture
containing no vanadate (Figure 4). However, recognizing that 5.0 mM vanadate
corresponded to 0.50 mM the studies were repeated at the 50 mM vanadate level, andat
this concentration inhibition was observed (Figure 4). At 5.0 mM vanadate did inhibit in a
pH range where formed (Figure 3) and further illustrates the higher potency of this
simple oxovanadate over

In order to obtain information on the cellular responses to the added vanadium(V)
spectroscopic studies were carried out (Figure 5). Centrifugation of growth samples led to
a media and cell fraction that were investigated by . NMR spectroscopy. In the absence
of yeast the 5.0 mM vanadate had formed mainly with a small component of in the
media at pH 4.0; and were predominant in the media at pH 6.5 as observed in the
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NMR spectra. No changes in vanadium speciation were observed after 20 hours for these
media samples. After adding yeast cells to the medium and exposing them for 15 hours to
the presence of 5.0 mM vanadate, the spectra of the medium and the cells show evidence of
several forms of vanadium(V) at both pH values. Interestingly, was found in both
media of samples grown at pH 4.0 and 6.5. Since no was found in media at pH 6.5
after 15 hours unless the yeast had been grown in the media, the formation of is
apparently due to the yeast cells.

Examination of the spectra of the cell-associated fraction, showed a large
concentration of in the yeast grown at pH 6.5 and only a small amount was detected in
the yeast grown at pH 4.0. Since the observed vanadium(V) can be attributed to
vanadium(V) in media trapped between cells in the cell-associated fraction, it is possible
that no can enter or associate with the cells treated with 5.0 mM vanadium(V) (or 0.50
mM and grown at pH 4.0. The cells treated with the labile oligovanadates at pH 6.5,
show a significant concentration of cell-associated vanadium(V). In addition to the
medium and cell-associated samples grown at pH 6.5 also contains and a peak
suggestive of some additional vanadium(V) complex. The species is presumed to enter
cells through anion transporters.39 The media used for these experiments contains high
concentrations of phosphate (10 mM) and the phosphate specific transport system, which
will accept vanadate as an alternative substrate, are not induced and will not serve as a
transport system for Since the labile oligovanadates rapidly generate the
observed can readily form from any that became cell-associated. Although we
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cannot rule out the possibility that enters the cell, and there is evidence that
oxometalates can enter cells,19,20,41,42 the data shown in Figures 1 and 5 do not require that

enter cells.
Since is found in the media spectra obtained from cells exposed to both pH 6.5 and

pH 4.0 media, after formation of the cell-associated it is most likely that has been
extruded into the medium. After exposure to cells overnight, the pH 6.5 medium did not
drop below pH 6.2, making it unlikely that the formed spontaneously. Since the
formation of requires an acidic environment and the cytoplasmic pH values are nearly
neutral, it is likely that is formed in acidic vesicles prior to extrusion. There is
precedence for the concentration of vanadium from the ocean by ascidians.43 These
invertebrate animals are believed to concentrate the vanadium in vesicles that are acidic
and/or contain the appropriate chelating agents.43 During the uptake/concentration the
vanadium(V) is reduced to vanadium(IV) and/or vanadium(III) in the ascidians. It is
possible that our observations in yeast may use an analogous mode of action.

Cells grown at pH 4.0 in the presence of (and little showed little cell-
associated , and what is observed is readily attributed to trapped media. The likelihood
that cannot enter the cells is based upon EPR spectroscopic studies that were carried out
(data not shown). The EPR spectra of the media showed no presence of vanadium(IV) in
the absence of cells. However, the spectra of media in which cells were present for 15
hours contains vanadium(IV) presumably in the form of vanadyl succinate at pH 4.0 and at
pH 6.5 (data not shown). Given the chemistry of vanadium(IV) in aqueous solution at pH
6.5, less vanadyl cation would be observed in the EPR spectra (due to the oligomerization
and polymerization reactions) unless the vanadium(IV) was complexed by a ligand.
Although these spectra show less vanadium(IV) in the yeast grown at higher pH, the fact
that significantly less vanadium was observed in both the media samples compared to the
cellular samples supports the interpretation that vanadium(IV) forms inside the cells and is
then extruded. These EPR studies suggest that vanadium(V) gets into the cell even at pH
4 where most of the vanadium(V) is in the form of These experiments do not
establish that gets into the cells, since alternative interpretations exist. It is possible
that somehow the cell surface interacts with the and breaks it down. However, such an
interpretation is less likely based on what is known about the chemical stability44 and the
interactions of vanadium with ligands ofbiological relevance.12-14 Once inside the cell and
regardless of the form by which it entered, the vanadium(V) is converted to vanadium(IV).
Willsky previously pro-posed that yeast cells respond to vanadate treatment by reducing the
vanadium(V) and extruding the vanadium(IV) into the medium.45 Based on these studies
it is possible that the system that carries out the vanadium(V) reduction may be able to
process vanadium(V) in oxometalate structures.

In summary, these studies show that weakly inhibits cell growth. Regardless of
what pH the yeast are incubated, we show that cell-associated vanadium(IV) is formed.
Furthermore at pH 6.5 cell-associated is definitely seen in cells exposed to in the
growth medium. We propose that is extruded into the medium. To the best of our
knowledge, this is the first experimentally documented observation of the formation of an
oxometalate in a biological system.

Inhibition of S. cerevisiae Growth by Keggin Oxometalates

The initial screen of oxometalates was designed to identify compounds with a greater
effect than using as a reference compound and 5.0 mM as the initial target
concentration. The effect on yeast growth by 5.0 mM of a series of Keggin structures was
first investigated. The compounds were selected in order to begin to develop some
structure and activity information with regard to biological effects of oxometalates with the
Keggin base-unit. The oxotungstates under investigation are:
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Previous studies with this series of oxometalates have documented the suitability of this
series of compounds in identifying whether Coulombic charges are governing the effects of
these oxometalates.22 Before the studies were conducted the solubilities and stabilities of
compounds needed to be determined.

Solubility and Stability of Keggin Oxometalates. The solubilities of the
compounds were first determined in distilled water, and a 5.0 mM solution was readily
found to be prepared from solid materials of all the oxometalates listed above. The white

decomposed when dissolved in distilled water, but when dissolved in 0.01 M sulfuric
acid at pH 2.0 the compound was stable for days. Since the yeast grew poorly at this pH,
yeast growth studies with this oxometalate were carried out at slightly higher pH (3.5).
The yellow formed a yellow solution at pH 3.0 and the black formed
a purple solution at pH 5.2 when dissolved directly in distilled water. The orange 1,2,3-

and formed orange solutions at pH 3.0 and 3.5, respectively. When
dissolving these compounds directly in growth media, compounds and did
not dissolve at the 5.0 mM level. In these cases saturated solutions were prepared at the
concentrations of 0.50 and 1.4 mM, respectively.

The stability of the oxometalates was monitored under a variety of conditions by
following the NMR and/or absorption spectra as a function of time. The stabilities of the
compounds were investigated at a wide range of pH values and in the presence of a variety
of buffers. Specifically, a series of buffers including imidazole, cacodylic acid, hepes,
mes, tris and maleic acid, were investigated at pH values 4 to 8. The initial studies of the
Keggin structures showed that the conditions for optimum stabilities varied significantly,
and as more oxometalates were included the number of acceptable buffers decreased.
Initial studies were carried out using hepes as a buffer, however later studies showed that
maleic acid was preferable for studying this series of compounds.

Inhibition of S. cerevisiae by Keggin Oxometalates. Absorbances were measured
at 0, 4, 8 and 24 hours after the oxometalates

were added to the media. Control pH matched growth experiments were
done in buffered media in the absence of oxometalate. The data is shown in Figure 6. In
addition, the possibility that hydrolyzed oxotungstate could be responsible for any observed
inhibition was investigated. No inhibition was observed at the 5.0 mM level
(Figure 6) suggesting that should compound hydrolysis products form, they would not
significantly contribute to the inhibition of growth. The values shown are mean values of
three determinations, and the SD in most cases is smaller than the size of the symbol. The
two most inhibitory growth curves were observed with the Keggin ions and

which both carry a -6 charge. The Keggin ions and were
not soluble at the 5.0 mM level in the growth medium and the growth curves for these
compounds showed some growth (i.e. less than full inhibition). The growth curve for

shows initial growth followed by inhibition. In this case solid compound added to
the media was found to slowly dissolve, which might explain the unusual curve observed
for this compound. (True growth followed by inhibition would not result in a drop in the
OD, as observed in this case.) The measured curves suggest the following trend in growth
inhibition: Given the
differences in oxometalate concentrations measured, it is difficult to accurately evaluate the
order of effectiveness for these compounds without further experimentation. At this time
it appears that the preliminary screen suggests that Keggin ions, with greater charge, are
more effective inhibitors. An expanded study in which lower concentrations of Keggin
compounds are investigated will show the validity of this hypothesis.
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Inhibition of S. cerevisiae Growth by Dawson Oxometalates

The initial screen of oxometalates was chosen to be at the 5.0 mM level which was
necessary to observe inhibition by The effect on yeast growth by 5.0 mM of a series
of Dawson oxometalates was determined and compared to the effects exhibited by the
Keggin oxometalates examined above. The compounds were selected in order to begin to
develop some structure and activity information with regard to biological effects of
oxometalates with the Dawson base-unit. The oxotungstates under investigation are:

Solubility and Stability of Dawson Oxometalates. The solubilities of the
compounds were first determined in distilled water, and a 5.0 mM solution was readily
found to be prepared from all the Dawson oxometalates listed above. The pale yellow-
green formed a greenish solution in distilled water at pH 4.0, and readily dissolved in
growth media. The greenish-yellow formed a greenish solution at pH 5.0 and
the dark green formed a green solution at pH 4.0 when dissolved directly in
distilled water. The red-orange formed an orange-red solution at pH 4.0.
The stability of the oxometalates was monitored under a variety of conditions by following
the NMR and/or absorption spectra as a function of time. The maximum stability for
these compounds was assumed to be that obtained when dissolving the compound in
distilled water.

Inhibition of S. cerevisiae Growth by Dawson Oxometalates. The absorbances
were measured at 0, 4, 8, and 24 hours after the addition of oxometalate

to the media. The data is shown in Figure 7. The values shown
are the mean values of three determinations, and the SD in most cases is smaller than the
size of the symbol. All the compounds show very effective inhibition at the 5.0 mM level.
As seen in Figure 7 no differences between the compounds can be observed at this high
level. However, in comparison with the effects exhibited by the Keggin oxometalates, the
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Dawson oxometalates appear to be the stronger inhibitors. An expanded study, in which
lower concentrations of the Dawson oxometalates will be used, is necessary to show which
of these compounds are most potent.

The studies described in this work have demonstrated that all of the tested Keggin and
Dawson oxometalates are more potent than in inhibiting yeast growth. The only
compounds examined in this study that failed to inhibit growth are the buffers and other
reagents used as well as the simple tungstate and molybdate salts. Previous studies with
isolated enzymes and simple oxovanadates and decavanadates have documented the affinity
proteins have for even the smaller oligomeric oxovanadates.2 These results led to an
unpublished study in which the affinity of a series of Keggin oxotungstates for hexokinase
was determined.22 This work was communicated at the Bielefeld symposium (1999) but
not reported in the proceedings from that meeting,46 and because of its relevance to the
studies reported here, the results will be summarized briefly.

The affinity of the series of Keggin oxometalates described above for hexokinase was
examined using a NMR assay. This assay modification was necessary given the
absorption spectra of these anions precluding use of coupling assays. Studies were carried
out with and The results
obtained by analyses of spectra were examined with regard to formation of glucose-6-
phosphate (the product of the hexokinase reaction). The following order of inhibitory
potency was established (most potent first):

Substituting the compounds with their charges gives the following order: -4 > -5 = –5
> -6 > -4 > -6. Increasing inhibitory potency in this series of compounds clearly does not
correlate with increasing charge. Two series of oxometalates with similar overall charges
were investigated: decametalates and Keggin structures

Since we fail to find a correlation of potency with charge
(Coulombic forces) in both series, it appears that inhibitory potency may be correlated with
complementarity, size, or other factors. These results are in contrast to most studies with
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enzymes with positively charged surfaces such as DNA and RNA processing enzymes that
are governed by Coulombic forces.2,21 Although further studies are needed to determine if
yeast growth inhibition follows the pattern observed for hexokinase or enzymes governed
by Coulombic forces, the studies at the 5.0 mM level compound suggest that the latter is the
case.

Studies in yeast have shown that vanadate inhibited growth, however, the experiments
to determine which specific oxovanadate is inhibitory were not carried out.23,24 In this
work we show that tetravanadate is the inhibiting species and thereby extend the selectivity
of soluble isolated enzymes for to cell recognition in yeast. Several reasonable modes
of interaction are possible. The oxometalate can bind to a transport protein or other
surface relevant protein and exhibit its inhibition. The oxometalate can also bind to
protein-associated carbohydrates and in this manner exhibit its inhibition indirectly.
Finally, oxometalates are large molecules extending > 10 Å, and the mode of action could
simply be that they spatially cover up certain regions of the cell. Even the smaller
oxometalates such as occupy a large volume, approximately 8 x 10 x 12 Å. However,
such a mechanism implies specific association of the oxometalate to cell surface
components. At this time we have not carried out experiments that will distinguish
between the possible modes of action of inhibition. However, studies have been
conducted with some of the oxometalates that are potent inhibitors of reverse transcriptase
and HIV protease, and their activity has been traced to the interaction of the oxometalate
with the g-protein on the cell surface.47

SUMMARY

The Willsky group had previously shown that vanadate inhibits growth. By using the
combination of yeast growth and NMR spectroscopy we show that the inhibiting
species is Similar effects were observed when a structurally similar, chemically stable
molybdate tetramer was tested. To extend this result further, detailed studies were
conducted exploring the effect of on cell growth and it was observed that is a poorer
inhibitor than Furthermore, it appears that the cell concentrates the absorbed
vanadium into an acidic compartment where the cell-associated will be generated.
Spectroscopic studies suggest that does enter and/or is formed inside the cell, although
the mechanism is not known. An initial screen of the inhibitory effects of a series of
Keggin and Dawson oxometalate at the 5.0 mM level was conducted. Both the Keggin
and Dawson structures were found to be more potent inhibitors than but the Dawson
complexes were found to be slightly more potent than the Keggins. Further studies at
lower concentrations are necessary to effectively compare the oxometalates’ potency.
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Catalytic oxidations of hydrocarbons are important both industrially and in organic
synthesis.1-3 Among hydrocarbons, alkanes have attracted much attention because they
are abundant as resources and low in reactivities.4-8 In particular, the selective catalytic
oxidation using molecular oxygen is a desirable technology and is an area of continuous
research and development.8,9

However, there are only a few examples of oxidations of hydrocarbons without
reducing reagents or radical initiators because of the degradation of organic ligands of
catalysts. (saloph = bis(salicyaldehyde-o-phenylene diiminato)10 and

(x = predominantly 1)11 are the examples of catalysts for
cyclohexane oxidation. For the achievement of catalytic selective oxidation of
hydrocarbons with 1 atm molecular oxygen without any additives, the high catalyst turnover
numbers are needed and the information on the active structure is important.

Catalytic function of polyoxometalates has attracted much attention because their
acidic and redox properties can be controlled at atomic or molecular levels.3,4,6,12-16 The
strong acidity or oxidizing property of polyoxometalates induces a lot of studies on the
heterogeneous and homogeneous catalysis. The additional attractive and technologically
significant aspects of polyoxometalates in catalysis are their inherent stability towards
oxygen donors such as molecular oxygen and hydrogen peroxide. Therefore,
polyoxometalates are useful catalysts for liquid-phase oxidations of hydrocarbons.

Here, our recent work on the synthesis and liquid-phase selective oxidation catalysis of
with molecular oxygen is mainly described.17-19
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TBA-I was synthesized by the reaction of the lacunary with
in an acidic aqueous solution and isolated as the tetra-n-butylammonium salt:
Stoichiometric amounts of (1.0 mmol) and (2.0
mmol) were mixed at pH = 3.9 and room temperature and I was isolated as the hydrophobic
quaternary tetrabutylammonium salt. The yellow-orange precipitate, TBA-I, was obtained
in 50% yield. The molecular formula of TBA-I was established by the elemental analysis.
The thermogravimetric analysis shows the presence of  3 in accordance with the data of
elemental analyses. The molecular weight of the monomeric polyoxometalate,

is 2586.26 and that of the dimeric anion, for example,
is 5204.51. The negative ion FAB mass spectrum showed no

intense peaks in the range of 4200 - 10000, in agreement with the monomer formulation of
I.

TBA-I has been characterized by infrared, Raman, NMR, UV-visible,
Mössbauer, and ESR spectroscopy, TG/DTA, FAB-mass, and magnetic susceptibility
measurements, elemental analysis, and acid/base titration. The NMR, infrared,
Raman, and UV-visible spectroscopy indicated that I has a structure with
symmetry. For example, the NMR spectrum of TBA-I in showed two
peaks at -1334 and -1847 ppm with integrated intensities 2:1, respectively. The
lower-field signal at -1334 ppm is assigned to equivalent W9-W10-W11-W12 atoms. The
other signal at -1847 ppm is assigned to the W7 and W8 atoms. The signals due to
W3-W4-W5-W6 atoms bound to were not observed because of the coupling with
paramagnetic high-spin The spectral pattern of TBA-I is analogous to that of

which showed two broad signals were observed at -1181
ppm and -1700 ppm with 2:1 intensities, respectively. These facts clearly indicate that the
two iron atoms occupy edge-shared octahedra at 1 and 2 positions.

It was shown by the magnetic susceptibility measurement and Mössbauer, ESR, and
UV-visible spectroscopy that TBA-I shows an antiferromagnetic coupling of the two
high-spin centers. For example, the and J values of TBA-I, diferric
complexes, oxidized methane monooxygenase (abbreviated as and oxidized
ribonucleotide reductase (abbreviated as are shown in Table 1. The and
values for TBA-I are close to those for 1, 2, and 4 with the symmetrical iron
centers, and different from those for and

with asymmetrical two iron centers and 8. The
antiferromagnetic interaction for TBA-I is close to those of 2, 4, 5,
hydroxo/aqua bridged and far from those of 3, 6, 7, 8, 9, and oxo/acetato bridged

with one or two acetato bridges. Mössbauer and magnetic data for TBA-I are similar
to those for 2, 4, and The complex 4 and have hydroxo-bridged
structures. The complex 2 has a quinone-bridged structure, different from that of TBA-I.
Therefore, Mössbauer and magnetic data suggest that the core structure of TBA-I is
hydroxo-bridged. The proposed structure is shown in Figure 1.

SYNTHESIS OF
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Although the oxidation of cyclohexane has been industrialized by using cobalt or
manganese acetate catalyst at pressurized molecular oxygen above 373 K,21 it is mush more
desirable that the oxidation is carried out under milder conditions. Several examples of
liquid-phase oxidations of cyclohexane with 1 atm molecular oxygen and reducing reagents
have been reported: (Gif system),22 iron powder/heptanal23 and

powder hfacac =
hexafluoroacetylacetone)24 systems are the examples. On the other hand, Ishii et al.
reported that Mn(acac)2 and Co(acac)2 showed high conversions of 65 and 45%,
respectively, for cyclohexane oxidation in the presence of a radical initiator,
N-hydroxyphthalimide (abbreviated  as  NHPI).25, 26

TBA-I catalyzed the oxidation of cyclohexane with 1 atm molecular oxygen at 365 K.
The main products were cyclohexanol and cyclohexanone and an induction period was
observed. The selectivities changed little with time. A small amount of dicyclohexyl,
which is formed by the reaction of two cyclohexyl radicals, was observed. Neither acids
nor oxoesters were observed. The induction period and the formation of dicyclohexyl
suggest that the reaction involves a radical-chain autoxidation mechanism. The
conversion was 1.1% after 96h and was increased to 2.4% by increasing the amount of
catalyst by a factor of two. The turnover number of TBA-I reached up to 135-147 after 96
h. Table 2 compares the turnover numbers of various catalysts. The value of TBA-I was
much higher than 18 and 5 reported for and

(x = predominantly 1)11, respectively, with 1 atm molecular
oxygen. In addition, the value was higher than 130, 121, 90, 11 and 5 reported for

OXIDATION OF ALKANES WITH MOLECULAR OXYGEN
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22 26             iron powder/heptanal,23              and
24 systems, respectively, which work in the presence of

reducing reagents or radical initiators. Radical initiator, NHPI, greatly increased the
conversion from 1% to 75%. The conversion of 75% are higher than
and systems, which are reported to be the effective radical autoxidation
system.28,30 Adamantane was also oxidized with 1atm molecular oxygen catalyzed by

The conversion reached up to 3.9% after 118 h at 365 K. The
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(1) The catalysis of di- or  tri-metal-substituted polyoxometalates is interesting not only
to understand the action of transition-metal-containing biomolecules but also to design an
active catalyst for hydrocarbon oxidation. (2) Further development of micro/meso porous
materials containing polyoxometalates or related compounds is expected. These materials
will concentrate hydrocarbons in the pores and promote the selective oxidation catalysis.

FUTURE OPPORTUNITIES

The Keggin-type di-iron-substituted silicotungstate, was
synthesized by the reaction of the lacunary with in an acidic
aqueous solution and isolated as the tetra-n-butylammonium salt (TBA-I). The structure
was characterized by various analyses to have an oxo-bridged di-iron site. The catalytic
activity greatly depended on structures of iron centers and TBA-I showed the highest
turnover number of 135-147 for the oxidation of cyclohexane with 1 atm oxygen among
iron- and tri-transition-metal-substituted silicotungstates. Such a structure dependency of
the catalysis is significant and such catalytic performance of di-iron-substituted
polyoxometalate may be related to the catalysis by methane monooxygenase.

CONCLUSIONS

main products were 1-adamantanol, 2-adamantanol and 2-adamantanone with the %
selectivities of 79 : 11 : 10, respectively. The selectivities changed little with time.

Figure 2 shows turnover numbers for cyclohexane oxidation with molecular oxygen
catalyzed by iron-substituted silicotungstates. The turnover number of TBA–I was higher
than those of non-, mono- and tri-iron-substituted silicotungstates, showing that the di-iron
site in TBA–I is an effective center for the oxidation. Such a structure dependency of the

catalysis is noticeable and the catalytic performance of di-iron-containing polyoxometalate
may be related to the catalysis by methane monooxygenase. Among tri-transition
metal-substituted silicotungstates, the
order of turnover numbers was Fe > Ni > Cu. In addition, mono-iron-substituted
silicotungstate was more active than that of copper and di-vanadium-substituted
silicotungstate was less active than TBA-I. These facts show that iron is an effective
transition metal for the selective oxidation.27

N. Mizuno et al.202

1.

2.



Selective Oxidation of Hydrocarbons 203

C. L. Hil l , and C. M. Prosser-McCartha, Homogeneous catalysis by transition metal oxygen anion
clusters, Coord. Chem. Rev., 143, 407 (1995).

C. L. Hill, Activation and Functionalization of Alkanes; Wiley, New York (1989), p. 243.
R. H. Crabtree, Chem. Rev., Aspects of Methane Chemistry, 95, 987 (1995).
N. Mizuno and M. Misono, Homogeneous catalysis, Chem. Rev., 98, 199(1998).
M. Kurioka, K. Nakata, T. Jintoku, Y. Taniguchi, K. Takaki, and Y. Fujiwara, Palladium-Catalyzed

Acetic-Acid Synthesis from Methane and Carbon-Monoxide or Dioxide, Chem. Lett., 1995, 244.
I. Yamanaka, K. Nakagaki, T. Akimoto, and K. Otsuka, Reactivity of Active Oxygen Species Generated

in the Catalytic-System for Monooxygenation of Hydrocarbons, J. Chem. Soc., Perkin Trans.
2, 1996, 2511.

R. Neumann and M. Dahan, A Ruthenium-Substituted Polyoxometalate as an Inorganic Dioxygenase for
Activation of Molecular-Oxygen, Nature, 388, 353 (1997).

M. M. Taqui Khan, D. Chatterjee, S. Kumar S., A. P. Rao, and N. H. Khan, Kinetics and Mechanism of
the Oxidation of the Saturated-Hydrocarbons Cyclohexane and Adamantane with Molecular-Oxygen
Catalyzed by Ruthenium(III) Saloph Complex, J. Mol. Catal., 75, L49(1992).

N. Mizuno, M. Tateishi, T. Hirose, and M. Iwamoto, Chem. Lett., Oxygenation of Alkanes by
Molecular-Oxygen on (Pw9O37(Fe2Ni(Oac)3))10-Heteropolyanion, 1993, 2137.

I. V. Kozhevnikov, Catalysis by Heteropoly Acids and Multicomponent Polyoxometalates in
Liquid-Phase Reactions, Chem. Rev., 98, 171 (1998).

R. Neumann, Prog. Inorg. Chem., Polyoxometalate Complexes in Organic Oxidation Chemistry, 47, 317
(1998).

T. Okuhara, N. Mizuno, and M. Misono, Catalytic Chemistry of Heteropoly Compounds, Adv. Catal., 41,
113 (1996).

M. T. Pope and A. Müller, Polyoxometalate Chemistry - An Old Field with New Dimensions in Several
Disciplines, Angew. Chem. Int. Ed. Engl., 30, 34 (1991).

M. T. Pope, Heteropoly and Isopoly Oxometalates (Springer-Verlog, Berlin, 1983).
N. Mizuno, C. Nozaki, I. Kiyoto, and M. Misono, Highly Efficient Utilization of Hydrogen-Peroxide for

Selective Oxygenation of Alkanes Catalyzed by Diiron-Substituted Polyoxometalate Precursor, J.
Am. Chem. Soc., 120, 9267 (1998).

C. Nozaki, I. Kiyoto, Y. Minai, M. Misono, and N. Mizuno, Synthesis and Characterization of
Diiron(III)-Substituted Silicotungstate, Inorg. Chem., 38, 5724 (1999).

C. Nozaki, M. Misono, and N. Mizuno, Oxidation of Cyclohexane with Molecular-Oxygen Efficiently
Catalyzed by di-Iron(III)-Substituted Silicotungstate, Including
Radical-Chain Mechanism, Chem. Lett., 1998, 1263.

See refs. 40 and 44-56 in ref. 18.
“Kogyo Yuki Kagaku”, 4th ed., editied by K. Weissermel and H.-J. Arpe, Tokyo Kagaku Dojin,

Tokyo(1996), p. 270.
D. H. R. Barton, T. Li, and J. MacKinnon, Synergistic Oxidation of Cyclohexane and Hydrogen-Sulfide

Under Gif Conditions, Chem. Commun., 1997, 557.
S. Murahashi, Y. Oda, and T. Naota, Iron-Catalyzed and Ruthenium-Catalyzed Oxidations of Alkanes

with Molecular-Oxygen in the Presence of Aldehydes and Acids, J. Am. Chem. Soc., 114,
7913(1992).

N. Kitajima, M. Ito, H. Fukui, and Y. Moro-oka, Hydroxylation of Alkanes and Arenes Using
Molecular-Oxygen, J. Chem. Soc. Chem. Commun., 1991, 102.

T. Iwahama, K. Syojyo, S. Sakaguchi, and Y. Ishii, Direct conversion of cyclohexane into adipic acid
with molecular oxygen catalyzed by N-hydroxyphthalimide combined with and
Org. Proc. Res.& Dev., 2, 255(1998).

Y. Ishii, T. Iwahama, S. Sakaguchi, K. Nakayama, and Y. Nishiyama, Alkane Oxidation with
Molecular-Oxygen Using a New Efficient Catalytic-System - N-Hydroxyphthalimide (NHPI)
Combined with  J. Org. Chem., 61, 4520(1996)

Very recently, we have reported that di-manganese-substituted silicotungstate,
showed the highest turnover number of 789 among various metal-substituted silicotungstates for the
oxygenation of cyclohexane with 1 atm molecular oxygen, and the value was of the highest level in
comparison with other catalysts so far reported.28

T. Hayashi, A. Kishida, and N. Mizuno, High Turnover Numbers of for
Oxygenation of Cyclohexane with 1 Atm Molecular Oxygen, Chem. Commun., 2000, 381.

3.

4.
5.
6.
7.

8.

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.



TRANSITION-METAL-SUBSTITUTED HETEROPOLY
ANIONS IN NONPOLAR SOLVENTS - STRUCTURES
AND INTERACTION WITH CARBON DIOXIDE

Jared Paul, Phillip Page, Philip Sauers, Katherine Ertel, Christina Pasternak,
William Lin, and Mariusz Kozik

Chemistry Department
Canisius College
2001 Main Street
Buffalo, NY 14208

INTRODUCTION

This paper is a continuation of our work1 in the area of carbon dioxide activation by
transition- metal-substituted heteropoly tungstates2, TMS HPT’s, in nonpolar solvents. The
idea is based on an original report by Pope et al. in 19843 that potassium salts of TMS
HPT’s can be transferred into nonpolar solvents, where water coordinated to a transition
metal, Tm, can be replaced by another small molecule, Y, according to the reactions below,
where X is a heteroatom, B, P, or Si.

Original reports by Pope’s group concentrated on possible application of TMS HPT’s
in nonpolar solvents as oxidation catalysts, owing to the fact that HPT’s substituted with
Mn were found to complex oxygen in toluene. Our group considered the opposite, i.e.
possible application of TMS HPT’s in nonpolar solvents as reduction catalysts. The specific
reduction that we have in mind is the multielectron reduction of carbon dioxide.

It was shown in 1989 by Anson et al.4 that Fe substituted HPT’s can function as
catalysts for multielectron reduction of nitrite anion to ammonia, a process that requires 6
electrons. While in the presence of many other electrocatalysts that reaction occurs via a
series of one-electron steps and the products include hydroxylamine, in the case of
electrocatalysis by a heteropoly tungstate, no hydroxylamine was observed and the major
product of the reduction was ammonia. The first step in the electrocatalytic process
observed by Anson is the complexation of nitrite by iron from the heteropoly complex.
Next the reduced tungsten cage serves as a reservoir for the storage of electrons that are
subsequently transferred to nitrogen in a concerted, intramolecular, multiple electron
process. The unique catalytic reactivity of the iron substituted HPT in this process was
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attributed by Anson to the ability of the heteropoly complex to serve as both the site of
substrate binding and the source of the multiple reducing electrons. Since our recent work
demonstrated that TMS HPT’s can complex carbon dioxide in nonpolar solvents1, we
decided to investigate if behavior analogous to that observed for nitrite reduction in water is
possible for carbon dioxide in nonpolar solvents.

This paper reports our electrochemical investigation of that phenomenon. Cyclic
voltammograms in dichloromethane do indeed indicate that TMS HPT’s exhibit
electrocatalytic activity with respect to carbon dioxide reduction. However, we also found
that cyclic voltammograms of TMS HPT’s in dichloromethane are irreversible, making
their application as electrocatalysts impractical. We therefore investigated if it is possible to
avoid reducing HPT in nonpolar solvent by carrying out the reduction process in aqueous
solution, before the transfer into the nonpolar solvent. That procedure was successful, but
required several new steps in order to avoid blockage of the transition metal site by an
anion from the buffering solution.

During our detailed investigation of the buffer role in the phase transfer process we
encountered a new and very important phenomenon. We discovered that when an aqueous
solution of potassium salt of HPT and a toluene solution of tetraheptylammonium bromide
are mixed, resulting in a toluene solution of tetraheptylammonium HPT and an aqueous
solution of KBr, some KBr molecules become trapped inside the reverse micelles formed
by THA cations and heteropoly anions. As the result, when is
dried in toluene, water molecules coordinated to cobalt are replaced by bromide ions and
potassium ions form ion pairs with HPT anions. This hypothesis is confirmed by several
new NMR peaks that appear during dehydration, but disappear when water is again
added to the solution.

BACKGROUND

The redox chemistry of carbon dioxide remains of great current interest owing to its
potential as a C-1 feedstock and substrate for solar energy storage, as well as for its alleged
role in atmospheric warming (the “greenhouse” effect).5 Therefore, the activation of by
transition-metal complexes and its conversion into other useful chemicals are areas of great
importance in inorganic chemistry. The most desirable objective is to transform carbon
dioxide into its highly reduced products by a multielectron route, with methane being the
ultimate goal. One approach to reach this goal is to use compounds containing transition
metals that could act as both electrocatalysts and electron reservoirs, thus providing a
means to simultaneously deliver the electrons necessary in multielectron reductions.

A number of transition-metal complexes, both in solution and on electrode surfaces,
have been shown to be effective in the electrocatalytic reduction of carbon dioxide.6 All of
those complexes significantly decrease the overpotential for reduction of by up to 1V
(as compared to a 1-el reduction to the radical), and yield various multielectron
reduction products. Known electrocatalysts yield primarily carbon monoxide and formate
anion as the major products of the reduction.6 Sullivan et al. did detailed mechanistic
work on a series of bipyridine complexes of transition metals, and made several suggestions
concerning the design of new electrocatalysts that would be capable of reducing past
the CO and formate step.7 Their major recommendation is to use as electrocatalysts
"electron reservoir" complexes, i.e. compounds capable of storing multiple electrons.

The report by Anson and Toth4 indicating electrocatalytic and electron-reservoir
capabilities of TMS HPT's, and the report by Pope and Katsoulis3 demonstrating reactivity
of TMS HPT's in nonpolar solvents with small molecules, prompted us to investigate
whether TMS HPT's in nonpolar solvents could activate and serve as electrocatalysts
in its multielectron reduction.
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In 1998 we described our findings concerning reactivity of TMS HPT’s with 1 We
reported that certain TMS HPT’s indeed complex in nonpolar solvents like toluene,
dichloromethane, and carbon tetrachloride. The spectroscopic evidence for complex
formation consisted of UV/VIS, IR, magnetic susceptibility, and NMR data. There was
a striking similarity between the observations reported by Pope et al. for reactions of TMS
HPT’s with and our observations concerning their reactivity with In both cases the
presence of water was a requirement for complex formation and the reactions were fully
reversible. The requirement for the presence of water was interpreted by hydrogen bond
formation between the coordinated molecule and oxygen atoms from the heteropoly
anion. It was also suggested that there was a direct cobalt-carbon bond present and that it
involved a certain amount of back bonding.

The presence of back bonding would cause the weakening of bonds within the
molecule after it is coordinated to the heteropoly anion, representing activation of In
this paper we describe our recent findings concerning activation towards reduction.

EXPERIMENTAL

Materials

HPLC grade nonpolar solvents, toluene and dichloromethane, were purchased from
Aldrich. Toluene was distilled over sodium/benzophenone, and dichloromethane was
distilled over calcium hydride. All solvents were stored under nitrogen, over molecular
sieves. Water content in dried solvents was typically less than 1 mM. Potassium salts of
transition-metal-substituted heteropoly complexes were prepared according to the methods
published previously.8-10 The IR, UV¥VIS spectra, and Cyclic Voltammograms agreed
with the data reported in the literature.8-10 "Bone dry" grade carbon dioxide gas (Linde,
99.8%) and extra dry nitrogen gas (Linde, 99.7%) were used without further purification.
For the experiments that required drier conditions, gas was dried over and
distilled into the reaction vessel under vacuum. All experiments requiring dry conditions
were carried out on Schlenk double manifold lines.

Phase Transfer

A slight modification of the method introduced by Katsoulis and Pope3 was used.
Typically, an unbuffered 10 mM aqueous solution of the potassium salt of heteropoly anion
was shaken briefly with an equal volume of the stoichiometric amount of THABr in toluene.
(The concentration of THABr solution was 10x mM, where x is the absolute value of the
negative charge on the heterpoly anion, HPA). Since all the HPA's were colored, it was
easy to observe the complete transfer from the aqueous to the organic layer. After the two
phases had been allowed to settle for 10 minutes, they were separated. The organic layer at
this stage was determined, via coulometric Karl Fisher titration, to contain between 20-25
water molecules per heteropolyanion. Next the wet toluene was removed by heating to 40°
C under vacuum, and the dry solvent (toluene or dichloromethane) was added using the
cannula technique on a Schlenk line. For the experiments with controlled amounts of water,
water was added using gas tight syringes, or was distilled under vacuum into the reaction
vessel. Phase transfer back into water was carried out using stoichiometric amount of

Spectroscopy

UV-VIS spectra were recorded using the HP 8452A diode array spectrophotometer.



discs. The Bruker Avance 250 MHZ spectrometer was used to record NMR spectra. The
NMR samples were prepared using 10mm tubes with J. Young valves. The NMR spectra
typically required 800 scans. The concentration of potassium ions in aqueous solutions after
phase transfer back into water was determined by Spectra Flame ICP.

Electrochemistry

Electrochemical experiments were carried out on a PAR 273A potentiostat. Cyclic
voltammograms in dichloromethane were performed in the presence of 0.1M
electrolyte, using a glassy carbon working electrode, silver wire as a reference electrode,
and a platinum auxiliary electrode. After cyclic voltammograms were recorded, ferrocene
was added to the solution as an internal standard to confirm the peak positions.

Controlled potential electrolysis in aqueous solution was carried out with a
carbon-cloth working electrode and in the presence of a Ag/AgCl double junction reference
electrode, with constant nitrogen purge, as described by us previously.11 The electrolysis
was stopped when the current dropped to less than 1% of the original value.

Water Measurements

Water was determined by coulometric Karl Fisher titration using Metrohm 684 KF
Coulometer filled with Aquastar coulomat single solution.

RESULTS AND DISCUSSION

Electrochemistry

Cyclic voltammograms in dichloromethane were recorded for several transition metal
substituted HPT’s that were found by us to react with in nonpolar solvents1 and for

ion, which was used as a “blank”. CV’s were always recorded first for a dry

change in the CV for ion. Similarly, several other TMS HPT’s that react
with also show large changes in their CV’s after is bubbled. The CV’s therefore
demonstrate that TMS HPT’s do have electrocatalytic properties with respect to carbon
dioxide reduction.

On the other hand, all CV’s for TMS HPT’s are irreversible, and for that reason TMS
HPT’s can not be used in practice as electrocatalysts for reduction in nonpolar solvents.
The irreversibility is most likely caused by the lack of protons, which are needed for the
reductions. However, the CV’s are reversible in aqueous solutions and we decided to
investigate another route for reduction by TMS HPT’s.

The new method reverses the order of the transfer/reduction procedure of the
heteropoly complex. Instead of transferring the oxidized TMS HPT into nonpolar solvent
and then reducing it in that solvent, we decided to reduce the TMS HPT in aqueous solution
first, and transfer the reduced HPT (heteropoly blue) into a nonpolar solvent (toluene).
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Vibrational spectra were run using a Nicolet Impact 410 FT IR spectrometer with KBr

shows both of these CV’s for ion.
It can be clearly seen that there is a large change in the CV after carbon dioxide gas is

bubbled through the solution. On the other hand, as seen in Figure 2, there is almost no

solution of the HPT, and subsequently for the solution after gas was bubbled. Figure 1
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Transfer of Reduced TMS HPT’s into Toluene

The new procedure was investigated for ion
Approximately 25 mM potassium salt of in 1M pH 4.5 lithium acetate buffer was
reduced by 2 electrons using controlled potential electrolysis. After the reduction, the
aqueous heteropoly blue solution was mixed with a stoichiometric amount of THABr in
toluene under nitrogen. After shaking both layers for 5 minutes, the organic layer became
dark blue, indicating transfer of heteropoly blue into toluene. When kept under nitrogen,
the toluene solution remained blue for more than a week. This result demonstrates that,
similarly to their oxidized parents, reduced heteropoly complexes can also be transferred
into nonpolar solvents, and that the heteropoly blues are stable in those solvents.

When the dark blue solution of 2-el reduced is reoxidized by bubbling with
oxygen, or left open in the air, the solution turns back to red, indicating reoxidation of
heteropoly blue. However, this solution remains red, even when all solvent is removed
under vacuum and dry toluene is added, indicating that the sixth coordination site on cobalt
remains occupied by some ligand. Since both Pope3 and our group1 showed in the past that
water coordinated to cobalt is removed by this procedure, the ligand occupying the sixth
coordination site of cobalt must be the acetate anion from the buffer. In addition, when the
red solution was bubbled with carbon dioxide, no change in the UV/VIS spectrum took
place. Therefore, while the above procedure can be used to transfer the heteropoly blue into
nonpolar solvent, the species that is transferred is completely useless for reduction,
owing to the blockage of the sixth coordination site on cobalt by the anion from the buffer.

Modified Transfer Procedure of Reduced TMS HPT’s into Toluene without Buffer
Blocking the Sixth Coordination Site

In order to avoid the blockage of the empty coordination site on cobalt by the acetate
ion, we decided to remove the acetate ion by precipitating the potassium salt of the
heteropoly blue and washing the solid with cold water. The precipitation was carried out
with a nearly saturated, cold KCl solution and the precipitate was washed with cold water
three times. The dark blue precipitate was subsequently redissolved in pure unbuffered
water and transferred into toluene with THABr. At that time the solution in toluene
remained dark blue. It needs to be emphasized here that all steps in this procedure were
carried out with the complete exclusion of oxygen, using Schlenk glassware, and both
water and toluene were deoxigenated by freeze thawing. After reoxidation of this solution,
the removal of wet toluene by vacuum, and addition of dry toluene, the color of the solution
turned green, which indicates that the procedure was successful in removing acetate ion.
Most importantly, the green solution was also found to react with carbon dioxide, as
demonstrated by another color change from green to burgundy red, when gas was
bubbled though the solution. Therefore, we demonstrated that it is indeed possible to
transfer transition-metal-substituted heteropoly blue into toluene without blocking the sixth
coordination site on the transition metal. We also found that washing less than three times
was insufficient to remove the acetate ion.

Figure 3 shows visible spectra for 2-el reduced anions under three
conditions: (1) in aqueous buffer solution, (2) in toluene after direct transfer from aqueous
buffer, and (3) in toluene after the modified transfer involving
precipitation-washing-redissolution. The presence of the same broad transition at 610nm
confirms that the same reduced species is present in all three cases.



Transition-Metal-Substituted Heteropoly Anions 211

Reactivity of 2-el Reduced                   with in Toluene

In order to determine if the heteropoly blue transferred into toluene could be used to
reduce we bubbled gas through two toluene solutions of 2-el reduced
The first solution contained 2-el blue obtained by direct transfer from aqueous buffer
solution, with the sixth coordination site on cobalt blocked by the acetate ion. That solution
remained dark blue after 30 minutes of bubbling and for the next several days, when it was
stored under gas. On the other hand, the solution obtained by the procedure involving
precipitation and washing of the heteropoly blue turned immediately red as gas was
bubbled, demonstrating that gas when coordinated to cobalt can reoxidize heteropoly
blue, while being reduced itself. When the same solution of 2-el reduced was
bubbled with argon, no change in color was observed. These experiments confirm our
original supposition that TMS HPT’s can indeed be used to activate and reduce carbon
dioxide in nonpolar solvents. Our work in this area continues.

New Findings Concerning Structures of TMS HPT’s in Nonpolar Solvents

The discovery that the acetate ions are transferred together with the heteropoly anions
into toluene, prompted our investigation into the role that bromide ions play during the
phase transfer procedure. For this project we chose ion, referred to from

which is easily observable by NMR. Figure 4 shows NMR spectra of in
toluene as a function of water content. The ratio was varied from 3:1 to 1:12. At

now on as This ion was chosen because of the presence of phosphorus atom,
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very low water content (high Co to water ratio) five signals are observed in the
spectrum, indicating the existence of at least five different heteropoly species in solution.
The chemical shifts of these species vary from 470 to 175 ppm, and their line widths vary
from 100 Hz (for peaks at 440 and 175 ppm) to around 1000Hz (for peaks at 470, 370, and
240 ppm). As the amount of water is increased, the peaks at 440 and 175 ppm disappear, the
peak at 240 ppm decreases in intensity, and the peaks at 470 and 370 ppm appear to
coalesce. The behavior observed here was found to be completely reversible. As the amount
of water is varied up or down, the same spectra are observed.

When the phase transfer is carried out in the presence of excess THABr (twice the
amount required by stoichiometry), only two NMR signals are observed, one at 240
ppm and another at 450 ppm, with an integration ratio of 30:1, respectively. Based on these
data we assign the peak at 450 ppm to the species and the peak at 240
ppm to The latter species contains the bromide ion coordinated to cobalt.
This is an important discovery, since up to date it was believed that as is dried, the
only two species that exist are aqua and pentacoordinated

cobalt complexes, the latter with an empty coordination site on cobalt.
We also propose that in order to preserve the neutral charge of reverse micelles

formed by THA cations and heteropoly anions, as well as the charge neutrality of aqueous
KBr solution, potassium ions are also transferred into toluene solution. We do not believe
that the charge is neutralized by the formation of because the phase
transfer process is fully stoichiometric, i.e. a five-fold excess of THABr transfers 100% of

as determined by UV/VIS spectroscopy, and any smaller amount of
THABr does not transfer all of the Therefore, we propose the existence of
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and ion pairs in a toluene solution of
These ion pairs do not form at high water concentrations because at those conditions both

and ions are hydrated by water molecules inside the reverse micelles formed by THA
cations and HPT anions.

ICP spectroscopy was used to confirm that the potassium ions indeed are present in a
toluene solution of Because our ICP instrument can only be used for studying
aqueous solutions, we looked for the presence of ions in the aqueous solution of

obtained by back transfer from toluene into water, using Pure aqueous
showed zero concentration of ions, while the aqueous solution of the Na salt of
obtained by back transfer from toluene solution, showed a 1:20 ratio of K to Co.

Since most likely not all ions were back transferred into aqueous solution, the real

At this time we do not attempt to assign all of the NMR peaks observed at low
water concentration. Most likely the peaks that disappear first as water is added (at 175 and
440 ppm) originate from the ion with the empty sixth coordination site on cobalt.
One of these species could have ion paired to the heteropoly anion. We continue to
investigate this phenomenon for and other heteropoly tungstates.

CONCLUSIONS

Reduced transition-metal-substituted heteropoly tungstates can be transferred into
nonpolar solvents by the same method as the one developed by Pope at al. for their
oxidized parents, using THABr as the transfer agent. However, acetate ions from buffer
solution used as an electrolyte during the reduction remain attached to the transition metal
after the transfer.

It is possible to transfer reduced TMS HPT’s from aqueous buffer solution into
toluene without blocking the sixth coordination site on the transition metal, by the
following modified procedure: reduction in aqueous buffer solution, precipitation of
potassium salt of heteropoly blue, washing the solid blue with a sufficient amount of water,
redissolving the washed solid in pure water, and phase transfer with THABr.

Reduced TMS HPT’s transferred into toluene by the modified procedure are
reoxidized with carbon dioxide, indicating activation.

A certain amount of potassium bromide remains trapped in the reverse micelles
formed by THA cations and heteropoly anions after the transfer of potassium salts of HPT’s
with THABr. In wet toluene solution both ions are hydrated inside the reverse micelles. As
the water is removed bromide ions coordinate to transition metal on HPT and potassium
ions form ion pairs with HPT’s.
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PREFACE

Polyoxometalates are unique in their topological and electronic versatility1,2 and are
important in analytical chemistry,3 catalysis and photocatalysis,4-7 biochemistry,8 medicine9

and solid-state devices.10,11 Thus, new classes of structures with often-unexpected
reactivities and applications are still being characterized. A number of heteropolymolybdate
and heteropolytungstate anions, including more than 70 different heteroelements, are
known. They exhibit dozens of stoichiometries and structures.12,13 Most of the known
polyoxometalates are prepared in solution but a few compounds have been prepared by
high-temperature solid-state reactions.14

In order to get stable materials, most chemists work with solution reactions, and
material scientists with high temperature reactions. Solid-state reactions at low heating
temperatures have attracted little attention, but in recent years, there has been some
progress in organic solid state reactions.15-18 Research in solid-state reactions of inorganic
compounds at room temperature has also progressed.19 In our lab, more than two hundred
new cluster compounds with excellent third-order nonlinear optical properties20 and dozens
of nanomaterials have been successfully synthesized by solid state reactions at low heating
temperatures. It is a simple, convenient, environmentally friendly, and cheap synthetic
method for preparation of these materials21. In this article, polyoxometalates obtained by
solid state reactions at low heating temperatures are discussed.

MECHANISM OF SOLID STATE REACTION OF AND

There are four steps in a typical solid-state reaction: (i) diffusion, (ii) reaction, (iii)

Polyoxometalate Chemistry for Nano-Composite Design
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nucleation, and (iv) growth. As we know, the rate-controlling steps at high temperatures are
usually (i) and (iv), but at low heating temperatures, any step can be the rate determining
step of a solid state reaction, and product structures of different morphologies have been
obtained.21-24

Powder X-ray diffraction (XRD) is an efficient way to identify solid phases, and is
used to detect components in mixed solids. We have used XRD to trace the progress of the
solid phase reaction, and to infer the reaction mechanism. In the solid-state reaction,

the following five processes are possible.

(1) If there is no reaction between A and B, no change will be shown in the XRD pattern
with time (Fig. 1(A)).

(2) If diffusion is the rate-controlling step, with the growth of the lines from the products,
those of the reactants disappear gradually until the end of the reaction (Fig. 1(B)).

(3) An intermediate phase is observed if reaction is the rate-determining step. The lines of
the new phase grow first, and then disappear as the reaction proceeds (Fig. 1(C)).

(4) If nucleation is the rate-determining step, no XRD pattern of the product is observed
until the crystal nuclei are produced (Fig. 1(D)).

(5) If growth is the rate-determining step, the XRD pattern (Fig. 1(E)) should be similar to
Fig. 1(D). The difference is that broad signals are observed during the reaction.

We have studied the mechanism of the solid state reaction between
and         These two solids were mixed with a molar ratio Mo: P

=12:1, and ground at room temperature. The color of the mixture changed gradually from
white to light yellow, then to bright yellow. The XRD measurement showed that, as soon as
the reaction began, the diffraction peaks of disappeared quickly, while most of

still remained. This indicates that molecules diffuse into the
crystal lattice of quickly. On further reaction, the peaks of

disappeared gradually. These two steps lasted about 0.5 hour.
Meanwhile, no lines attributable to the product appeared. No such lines were observed even
when the reaction system was heated at 80°C for 24 hours. The yellow solid product was
washed in an ultrasonic bath, first with distilled water until the pH of the washed solution
was 7-8, with ethanol twice, and then dried in air. The solid contained nanoparticles as
shown in Fig. 4. The MAS NMR chemical shift of the product was similar to that for

(Fig. 2) which had been synthesized from solution . This indicates
that the P atom in the amorphous product has the same environment as that in

On keeping this amorphous product at 85°C for 48 hours, a new
XRD pattern appeared, which was consistent with the pattern of
(JCPDS No: 9-412).25 So we can infer that in this reaction, velocities of the diffusion and
reaction steps are faster than that of the rate-controlling step.
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SYNTHESIS

1. Cluster Polyoxometalates

Solid state reactions at low heating temperatures have been used in synthesizing
cluster polyoxometalates. This method has its own characteristics different from solution
reactions26-33.

Some new structural polyoxometalates were obtained, which are listed in the Table 1.
In Table 1, the compound synthesized by Professor K.L. Tang

cations, anions have different symmetry. Both anions have Keggin-type
structures. The structures are based on a central slightly distorted tetrahedron
surrounded by octahedra.

hexatungstate and cluster anion In the unit having cage
structure, each Mo atom is surrounded by a distorted octahedron of oxygen atoms: one
central O, one terminal O and four bridging O atoms. The six Mo atoms form an

regarded as the condensation of six octahedra sharing a common central vertex of O.
The unit is isostructural with The difference between

and heteropolyoxometalate compounds synthesized via
reactions in solution is that the former consists of polyoxometalate, cluster anion, and

was a new Keggin-type isopolyoxomolybdate, in which, the cations,

octahedron whose center is occupied by O. The structure of the unit may be

our group, are composed of three parts: hexamolybdate (or
The cluster polyoxometalates, synthesized in
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organic cations, while the latter contain only heteropolyoxometalate and organic cations.1,39

The molecular arrangement of  is shown in Fig. 3.
We have also synthesized several other polyoxometalates, which contain cluster

cations. For example, 40 contains M-Cu-S cluster
cation and polyoxometalate anion. The compound is a
hexamolybdate with two tetrakis(triphenylphosphine)silver cations acting as counter ions.41

2. Nano-Polyoxometalates

The development of novel methods to produce materials at the nanometer scale is of
intense current interest. Nanomaterials are studied for their unique physical and chemical
properties as well as novel applications. Over the past decade, much progress has been
made in the preparation of nanomaterials. However, there are inherent limitations with
those approaches, which include high reaction temperatures, solvent involvement, low
yields and high cost, complex process control, non-uniformity, agglomeration, and
aggregate formation. The solid state reaction at low heating temperature is a simple,
convenient, environmentally friendly, and cheap method to synthesize nanomaterials. A
dozen nanomaterials have been synthesized by solid state reactions at low heating
temperatures.21,22 Through the solid state reaction of and the
nanomaterial of with 30-nm particle size has been synthesized as
shown in Fig. 4. Also, Professor Enbo Wang has prepared as 11-nm
nanoparticles with the size 11 nm by solid state reaction.42 These particles have electric
conductivity
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3. Layer- Polyoxometalates

Professor Achim Müller43 has synthesized a linked icosahedral compound in a solid
state reaction at room temperature. In the structure of the compound

every
cluster unit of the is
covalently linked to four other units through Fe-O-Fe bridges (Fe-Fe = 3.79(4) Å) and
thereby forms a two-dimensional layer structure. The geometrical parameters of each single
cluster building unit in this compound are equal to the corresponding values found in the
discrete cluster. The remarkable result of this work is the cross-linking of giant spheres in a
solid state reaction at room temperature, as well as the packing of icosahedral units into a
two-dimensional layer structure.

CONCLUSION

The solid state reactions at low-heating temperatures have their own characteristics.
There are four steps in a typical solid state reaction: diffusion, reaction, nucleation, and
growth. At low heating temperatures, any step can be the rate determining step of solid state
reaction. By means of this method, many new compounds have been synthesized. In recent
years, much progress has been made in the preparation of nanomaterials by solid state
reactions at ambient temperatures.
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INTRODUCTION

Single crystal X-ray diffraction methods have benefited polyoxometalate chemistry by
revealing the complicated atomic connectivities in many polyoxometalates, most of which
had been almost unpredictable using other techniques. However, the atomic connectivity is,
of course, not the only information obtained from X-ray structure analyses. Modern X-ray
diffraction experiments can provide us with detailed geometries including precise intra- and
inter-molecular distances and angles. Full exploitation of this information can give us
insight into the structural changes associated with chemical processes in which the
polyoxometalates are involved, examples of which include protonation, introduction of
excess electrons (reduction), substitution of constituent elements, partial degradation
leading to lacunary species, further condensation leading to complexes with higher
nuclearity, introduction of organic and organometallic moieties, formation of hydrogen
bonds, etc. However, in spite of the current development in both instrumentation and data
analysis software, structure determination of polyoxotungstates often fails to provide
structural data of sufficient quality. One of the reasons can be attributed to the absorption
effect that is intrinsically and inevitably associated with the X-ray diffraction experiment.
In general, radiation suffers much less absorption than radiation. Nevertheless,
heavy elements such as W still have large attenuation coefficients for radiation.
Although absorption corrections can be applied using various methods by means of widely
distributed computer programs, they are in many cases of limited accuracy, especially

* Author to whom correspondence should be addressed. E-mail: tozeki@cms.titech.ac.jp.
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when it is difficult to make accurate measurements of the crystal shape and size due to the
crystals not having well-developed faces or being sealed in glass capillaries. Diffraction
data insufficiently corrected for absorption lead to unrealistically distorted (or often non-
positive definite) anisotropic displacement parameters and poor fit between observed and
calculated structure factors. The latter particularly decreases the precision of the atomic
parameters of lighter atoms, in our case oxygen atoms, which accordingly makes geometric
parameters involving these atoms less reliable. For this reason, the structural details
involving oxygen atoms have been less often discussed for polyoxotungstates than for
molybdates or vanadates.

A much better way to avoid this difficulty is, without any doubt, to diminish the
absorption effect, which can be achieved either by making the crystal size smaller or by
reducing the absorption coefficients of the material. The former is not practical because the
crystals should be large enough for the diffraction to be observed with sufficient signal to
noise ratio (it may also be worth noting that a considerable time is often needed for
mounting very small crystals during which many unstable crystals may lose their
crystallinity). The latter can be realized when using high-energy or short wavelength X-

radiation 30843 data were collected up to of which 19516
were independent. The data were not corrected for the effects of absorption. The structure
was solved by direct methods without any special treatment and the structure was

§A preliminary result appears in Reference 1.

for 30.748 keV X-rays, which is substantially smaller than that for

determination with 30.748 keV X-rays by using the vacuum camera installed
in the BL02B1 beamline of SPring-8.2 The absorption coefficient of this material is

rays. However, diffraction experiments at wavelengths shorter than radiation using
conventional X-ray sources including rotating anodes are not as easy as might be expected.
It should be noted that the absolute intensity of the diffracted X-ray is inversely
proportional to the square of the wavelength. Thus, not only is the diffraction from the
sample crystal weak, but the output from the monochromator crystal is also weak, which
makes the incident X-ray intensity supplied to the sample crystal substantially lower.
Another difficulty is the contraction of reciprocal space as a consequence of the use of
shorter wavelength X-rays. Severe overlap of diffraction spots may then occur, which
makes individual measurements of the diffraction spots very difficult. These difficulties
are intrinsic to the use of high-energy X-rays, but are less pronounced by the use of
synchrotron X-ray radiation, especially that from third generation storage rings. Its high
brilliance conveys sufficient (or in many cases more than sufficient) flux of X-rays to the
sample crystals, even after being monochromated by Si monochromator crystals, whose
outputs are much smaller than those from graphite monochromator crystals. Low
divergence and monochromaticity of the incident beam make diffraction spots sharp and
narrow, which substantially reduces the peak overlap problem associated with the use of
short wavelength X-rays. Having these advantages in mind, we initiated structure analyses
of polyoxometalates using high-energy synchrotron X-ray radiation, the first results of
which are described below.

SODIUM PARADODECATUNGSTATE 26-27 HYDRATE §

Structure Determination Using Synchrotron X-ray Radiation

In order to evaluate the effect of using high-energy synchrotron X-ray radiation, we
employed sodium paradodecatungstate 26-27 hydrate as our first sample,1 because it is one
of the most easily obtained isopolyoxotungstate crystals. We carried out a structure
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successfully refined to give final R1 and wR2 values of 0.0444 and 0.1182, respectively.
The structure of the anion is shown in
Figure 1, which illustrates that the
anisotropic displacement parameters both
for W and O atoms show no systematic
distortions, even without the use of
absorption corrections.

Comparison of the Structure with the
Earlier Reported Structures

The first structural investigation of
paradodecatungstate by X-ray diffraction
was carried out by Lindqvist in 1952,3 who
pointed out that (or

in modern
representations) exhibits an approximately
centered cell. He reported the W atom positions corresponding to the centered cell.
Cruywagen et al4 reported in 1986 the structure of whose unit cell
volume was reported to be approximately half of that reported by Lindqvist. They seem to
have missed the weak diffractions due to the approximate cell centering. Chrissafidou et
al5 reported the structure of in 1995. However, no relationships
between these crystal structures have been referred to.4,5 By appropriate unit cell
transformations as shown in Table 1, all these crystals can be transformed to an identical
cell. The W atom positions of these crystals coincide within experimental errors.

Given the aforementioned successful result, attempts to solve unknown structures
were initiated. Among the first examples is tetrabutylammonium

STRUCTURE OF THE ANION ¶

¶

monohydrate. is orthorhombic, space group with
a=19.8600(2)Å, b=20.5960(3)Å, c=25.4900(1)Å. A crystal with dimensions of
0.3×0.25×0.24 mm was measured both at the BL04B2 beamlime of SPring-86 and at our

Details will be published elsewhere.



A-OCTADECATUNGSTODIPHOSPHATE REALLY EXHIBIT THE
STRUCTURE?† , ‡

It has long been known that octadecatungstodiphosphate has two isomers.10 Recent
work revealed that it has three isomers (and its arsenate analogue has four isomers).11 The

Extreme care must be paid when referring to the isomers of the octadecatungstodiphosphate structures. The
original notation given by Wu10 used A for the salt that precipitates first and B for the salt that precipitates
afterwards. However, some authors modified Wu’s notation and called A as and B as 27,28 Later, Contant
and Thouvenot proposed a comprehensive notation that covers all the six possible isomers and calls the
structure reported by Dawson as 11 Thus, Wu’s B (sometimes called salt contains anions with the

structure. Throughout this article, the notation given by Contant and Thouvenot is employed.
‡ Details of the structure analyses will be published elsewhere.
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laboratory using radiation at ambient
temperature. Absorption effects were
corrected for the data (empirical
corrections using SADABS 7 ) and not
corrected for the synchrotron data. Results
of the structure refinements are
summarized in Table 2, which
demonstrates that the high-energy X-ray
structure analysis gives better results than
the data even without applying
corrections for the effects of absorption.
The most notable improvement concerns
the precision of the parameters obtained.
Standard uncertainties associated with the
geometric parameters obtained from the
synchrotron data are about two thirds of
those obtained from the data. The
structure of the anion is
shown in Figure 2, the metal-oxygen
framework of which is identical to that found in and

TRUE STRUCTURE OF THE ANION, OR DOES WU’S
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first structure analysis of octadecatungstodiphosphate was carried out by Dawson for
12 The anion structure observed here exhibits the

structure, according to the notation given by Contant and Thouvenot.11 This structure was
also observed in Wu’s B salt,13 in a crystal with a different cation,14 and in crystals of
octadecamolybdo-diphosphate,13, 15 -diarsenate 16 and -disulfate 17 and hexadecatungsto-
divanadodisulfate.18 Many derivatives of the structure have been reported,
among which are a peroxo derivative,19 a monolacunary anion20 and its derivatives,20,21 a
trisubstituted anion,22 dimeric23 and organometallic24 derivatives of trisubstituted anions,
and sandwich complexes.25 Also, it is noteworthy that some fluorooxotungstates have a
very similar metal-oxygen/fluorine framework.26

Given the structure revealed by Dawson, Baker and Figgis proposed a total of six
possible isomers (including the original Dawson structure) for octadecatungstate anions.27

However, observation of solid-state structures of octadecatungstate isomer
(allied to Wu’s A salt) is limited to only two examples: a salt of reported
by Matumoto and Sasaki28 and an salt of reported by Neubert and
Fuchs.29 Moreover, these two results not only contradict each other but they are also
inconsistent with solution studies using NMR30,11 and NMR31,11 spectroscopy. Of
the six possible isomeric structures proposed by Baker and Figgis, Matsumoto’s structure is
a staggered fusion of two units32 structure) while Neubert’s structure
is a staggered fusion of two units structure). Solution studies ruled

isomers of anion were identified.11 As for the anion, although
the isomer was observed in aqueous solutions, its existence in the rhombohedral crystals
was suspected.11 To clarify this problem, we tried to investigate the solid-state structures
of anions using high-energy synchrotron radiation. The crystal structures of

and were analyzed to reveal the true
structure.

Structure Determinations of and
Using Synchrotron X-ray Radiation

determination of the structure of

anion exhibits the structure,
which can be regarded as a fused product of
and groups in the eclipsed arrangement of the

and NMR spectra recorded in solutions.30,31,11

This anion has an approximate symmetry with one
of its mirror planes coincident with the crystallographic
mirror plane. The distribution of the W atoms is almost
centrosymmetric with respect to the midpoint of the two
P atoms and the midpoint is very close to the inversion
center that exists in space group (this inversion
center disappears in space group R3m). Thus, the
diffraction intensity distribution approximates to the

out the existence of the anion in aqueous solutions.11,30,31 Only the and

which has very similar cell dimensions and is
very likely to be isomorphous to Wu’s A salt, may be
necessary. As shown in Figure 3, the structure of the

Structure of Wu’s A Salt, Although its arsenate analogue
was reported to have the space group the structure of was
successfully analyzed only in the space group R3m. Re-

two belt groups. This structure is consistent with the
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symmetry of R3, which makes space group assignment difficult.
Structure of Although this compound was reported to

possess orthorhombic space group re-determination of the structure revealed that
its crystal system is monoclinic with the angle very close to 90 degrees. As monoclinic
crystals with almost rectangular angle often exhibit pseudomerohedral twinning, the
unsuccessful assignment of the crystal system may have been due to twinning of the
crystals. Even after successful assignment of the crystal system, there still remained the
problem of space group assignment. The systematic extinction suggested the space group

in which the W atoms were successfully located but the O atom positions could not
be fully determined. Thus the space group was re-examined. Of the three

atoms. The atomic connectivity in the anion is identical with that found in
(the structure). Again, the distribution of the 18 W atoms

approximates to a centrosymmetric arrangement with respect to the midpoint of the two P
atoms and the midpoint coincides with the inversion center that would appear in the space
group Therefore, the diffraction from this crystal shows an intensity distribution
approximating to the systematic extinction for the space group which makes the
space group assignment very confusing.

Difficulties Associated with the Structure Determination of the Structures

As Massart et al have already pointed out,30 the structure has
approximately the same W atom arrangement as the isomer and thus
the O atom positions are very important in distinguishing these isomeric structures.
However, the problem is not merely a “hunting” of oxygen atoms from the difference
Fourier peaks. Since the W atoms dominate the diffraction intensities, an approximately
centrosymmetric arrangement of W atoms gives rise to an approximately centrosymmetric
diffraction pattern, which makes the space group assignment very difficult. Very careful
measurements of the diffraction intensities, especially those for the Friedel pairs, are
therefore important.

CONCLUDING REMARKS

As has been demonstrated above, high-energy X-ray structure analyses are very
effective to obtain precise and accurate structures of polyoxotungstates. Elimination of the

translationengleiche subgroups of only led to a successful location of the O
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effects of absorption undoubtedly contributes to the precision and accuracy of the
structures obtained.
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