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Polyoxoanions are a fascinating class of metal-oxygen
cluster compounds with a unique structural variety and
interesting properties which are of use in different fields
including catalysis and medicine.' The first polyoxometa-
lates were synthesized almost 200 years ago, but the structural
identity of many species has only been established fairly
recently. The availability of single-crystal X-ray diffraction
has led to the discovery of a large number of novel
polyoxoanions with different shapes and sizes.

During the last 20 years it has been established that the size,
shape, and charge density of many polyoxoanions are of
interest for pharmaceutical applications.’! However, the main
problem of many tested polyoxoanions has been insufficient
selectivity. In many cases it would be desirable to slightly
modify a given polyoxoanion core structure, but exactly this
turns out to be a major problem. To date the mechanism of
formation of polyoxometalates is not fully understood and
usually described as self-assembly. Keeping this in mind it
appears that a systematic derivatization of polyoxoanions is
currently most feasible via attachment of organic groups to
the surface of polyoxoanions.

Different groups worldwide have used a variety of ap-
proaches to incorporate organic or organometallic moieties in
polyoxoanion frameworks. Many compounds have been
synthesized and characterized over the years.”! Interaction
of polyoxovanadates with carboxylate functionalities has led
to a large number of functionalized species, but only a few
analogues of polyoxomolybdates and -tungstates with nucle-
arities of more than three are known.[%)

The reactivity of amino acids with polyoxovanadates has
also been investigated in model studies for polyoxometalate-
protein interactions.®” To date the only examples of
structurally characterized polyoxoanions with covalently
bound amino acids are [MogOy6(L-lysH,), >,
[HMogVO,(NH;CH,COO);]*, and  [M0;5,046H:4(H,0) 5-
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(HO,C—(NH;")HC—CH,—S—S—CH,—CH(NH;")—COO"),, *~.[*-12!
Recently Pope et al. studied the stereoselective interaction
of amino acids with cerium-substituted, Dawson-type
polyoxotungstates.'¥! They proposed coordination of the
amino acid to the cerium center by the carboxylate
group in a monodentate fashion, accompanied by hydrogen
bonding involving the amino group. Other interesting
polyoxometalates are the polyoxovanadium cluster ion
[V601,(OH);(0O,CCH,CH,NH;);(SO,)]" and the neutral,
polymeric [Mo,O,,(glycylglycylglycine),].['4 1]

We decided to undergo a systematic study on the inter-
action of amino acids with polyoxomolybdates. The 20 natural
amino acids with their variety of side chains represent a rich
reservoir that perhaps can be employed to fine-tune the
inhibition properties of polyanions (drug-design). In addition
they are chiral, water-soluble, commercially available and
non-toxic. Recently we have been particularly interested in
the investigation of lone pair containing heteropolyan-
ions.'*!8 Therefore we decided to study the following systems
in some detail: X"/Mo/L and X'"V/Mo/L (L =amino acid;
XM= As, Sb, Bi; XIV=Se, Te).

Herein we report the synthesis and structural character-
ization of compounds 1-18:

[Se™YMo, 0, (0,CCH,NH, )3~ 1
[Se'VMo0;0,,{0,C(CH,),NH;, };]~ 2
[Se""Mo0,O, {0,C(CH,);NH; }5)* 3
[Se'VMo; 0y, (1-O,CCHCH;NH;); - 4
[Te'YMoy Oy, (0,CCH,NH; ); ]~ 5
[Te'YMo,0,,{0,C(CH,),NH;};** 6
[Te""Mos0,,{0,C(CH,);NH; };]*~ 7
[As""Mo;O,; (0,CCH,NH;);|*~ 8
[As""Mo;0,,{0,C(CH,),NH; };]~ 9
[As""Mo;0,,{0,C(CH,);NH;, };* 10
[Sb™ Mo, 02, (0,CCH,NH, ;] 11
[Sb""Mos0,;{O,C(CH, ),NH; };]"~ 12
[Sb""Mo, O, {0,C(CH, );NH;) },]*~ 13
[Sb™ Mo, O, (1-0,CCHCH,NH;), [~ 14
[Bi""Mo; 0, (0,CCH,NH,),[*~ 15
[Bi""Mo; 0, {0,C(CH,),NH; };]'~ 16
[Bi""Mo,0,, {O,C(CH,);NH, };]" 17

[Bi'""Mo,0,, {L-O,CCH[(CH,),NH,|NH;};*~ 18

The 18 polyanions represents a novel family of lone-pair
containing heteropolymolybdates functionalized by five dif-
ferent amino acids: glycine (HO,CCH,NH,), (-alanine
(HO,C(CH,),NH,), 4-aminobutyric acid (HO,C(CH,);NH,),
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L-alanine (L-HO,CCHCH;NH,) and r-lysine (L-HO,CCH-
{(CH,),NH,}NH,). These compounds can be represented by
the general formula [XMoyO,(O,CRNH,);]"~ (n=2, X=
Se™, Te'V; n=3, X=As"", Sb', Bi''; R =CH,, C,H,, C;Hj,
CHCH;, CH(CH,),NH,). Polyanions 4, 14, and 18 are the first
examples of chiral, functionalized heteropolymolybdates.

Polyanions 1-18 consist of a heteroatom X surrounded by a
ring of six MoOg octahedra which alternately share edges and
corners. Three amino acid molecules are each bound to two
edge-sharing Mo centers by their carboxylate group on the
same side of the ring (see Figures 1-4). The central hetero-
atom, located slightly above the plane of six molybdenum
atoms, is coordinated to three pz-oxo groups which leads to a
trigonal-pyramidal coordination geometry. The lone pair is on
the same side of the ring as the amino acids.

The molybdenum-oxo framework of the title compounds
has been seen before in the species 19-22:

[CH; AsO3Mo, 0,5 (H,0)e]> 1 19
[(OsPCH,0PO;)MoO,5(H,0),]* ' 20

[(OsPOPO;)MosO;5(H,0),]* P 21

[HMogVO,, (NH,CH,COO),>~ 11 22

Figure 1. Combined polyhedral/ball and stick representation of 1. The
MoOg octahedra are shown in red and the balls represent selenium (green),
carbon (yellow), nitrogen (blue), and hydrogen (black).

Figure 2. Combined polyhedral/ball and stick representation of 2. The
color code is the same as in Figure 1.
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Figure 3. Combined polyhedral/ball and stick representation of 3. The
color code is the same as in Figure 1.
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Figure 4. Combined polyhedral/ball and stick representation of 4. The
color code is the same as in Figure 1.

The new polyanions are synthesized by refluxing an
aqueous solution containing sodium molybdate, heteroatom,
amino acid, potassium chloride in the mole ratio 6:1.1:6:6 at
pH 3.5 for 1h.?2 The yields range from 23-97%. Single
crystals suitable for X-ray diffraction could be obtained for
half of the compounds presented.?’! The characterization of
the remaining species is based on FTIR spectroscopy and
elemental analysis.[??]

In all the polyanions three amino acids are bound to the
polyoxomolybdate framework by their carboxylate group. All
species characterized by X-ray diffraction show complete
protonation of the pendant amino groups, based on charge
balance considerations. Therefore it can be concluded that
glycine (1, 5, 8, 11, 15), S-alanine (2, 6, 9, 12, 16), 4-
aminobutyric acid (3, 7, 10, 13, 17), L-alanine (4, 14), and L-
lysine (18) are bound as zwitterions. This is not a surprise
keeping in mind that the pH value of the reaction mixture is
3.5, which is lower than the isoelectric point of the amino acids
used (pH 6 for the neutral amino acids and pH 9.7 for L-
lysine). Bond valence sum calculations did not indicate any
protonation of the oxygen atoms bonded to the molybdenum
atoms.? Therefore, the negative charge of each polyanion
corresponds to the charge of the XO; heterogroup (-2 for
X =Se", Te'V; —3 for X = As™, Sb™, Bi'), which is located in
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the center of the metal-oxo framework. As a result 1-18 can
be considered as “zwitteranions” and this property may be
important for biological applications.

In addition to glycine, -alanine, 4-aminobutyric acid, L-
alanine, and L-lysine we investigated additional essential
amino acids. It appears that some of them (e.g. L-asparagine)
can also be bound to the title structure, but so far we have not
been able to isolate pure products. Our studies allow us to
conclude that it is more difficult to bind amino acids with
bulky functional groups, most likely because of steric inter-
actions.

Interestingly we observed little crystallographic disorder
for the pendant alkyl amino groups of the amino acids. This is
especially surprising for 3 and 7, which contain 4-aminobutyric
acid. A possible explanation involves the lone pair of the
heterogroup, which seems to play an important structure-
controlling role in all the polyanions. As a result, the three
amino acids in each polyanion are orientated almost parallel
to each other and perpendicular to the metal-oxo frame-
work, this is especially true for the species with long alkyl
groups (3, 7, 10, 13, and 17), which resemble a prawn with
three legs.

To learn more about the solution properties of 1-18 we
analyzed the freshly prepared polyanions by 'H and *C NMR
spectroscopy. We also measured the spectra of aqueous
solutions of the redissolved salts of 1-18 as well as solutions
of amino acids as references. However, we discovered that
NMR spectroscopy did not allow us to distinguish free from
bound amino acids. It is possible that binding of an amino acid
to two molybdenum centers in 1-18 does not induce a
detectable chemical-shift change for its hydrogen and carbon
atoms. The hydrogen atoms on the a-carbon atoms should be
most affected, but they are already four bonds away from the
closest molybdenum atom. In addition, the bonds between
molybdenum atoms and carboxylate oxygen atoms are weak
(e.g. in 1: dyy.0c =2.260-2.322(5)). This observation indicates
that in aqueous solution the amino acids are probably labile,
which would lead to a relatively fast exchange of free and
bound amino acids. We performed temperature-dependent
NMR spectroscopy between 5-25 °C, but these studies did not
allow us to draw additional conclusions.

Our work has shown that the structural type of the title
polyanions can accommodate a variety of amino acids.
Furthermore there appears to be variability related to the
central heteroatom site. We were able to synthesize isostruc-
tural species although we changed the size of the heteroatom
and its lone pair (As™<Sb"<Bi) as well as its charge
(As"/Sb/Bi! vs. SelV/TelV). Therefore, the open structural
type of 1-18 is a rare example of a polyoxoanion family that
can be easily and systematically derivatized at two different
sites. In addition the terminal amino groups of the amino acids
present sites for further functionalization.

Currently we are in the process of preparing additional
derivatives of the title compounds, with an emphasis on
phosphorus-containing species. A detailed investigation of the
biological properties of the title polyanions is also underway
and the results will be reported elsewhere.
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Preparation and Characterization of a Model
Bimetallic Catalyst: Co-Pd Nanoparticles
Supported on Al O;**

Michael Heemeier, Anders F. Carlsson,
Matthias Naschitzki, Martin Schmal,
Marcus Biaumer,* and Hans-Joachim Freund

The development of well-defined model systems is an
important precondition for studies aimed at an understanding
of catalytic mechanisms at the microscopic level. In this
context, the bridging of the so-called “materials gap”, that is
the adjustment of the model systems to the complexity of real
catalysts, is essential. Accordingly, in the case of supported
metal catalysts, the focus has shifted from single crystals,
which were studied in the beginning to understand adsorption
and reaction on extended surfaces, to metal particles depos-
ited on oxide supports.'? The latter systems allow the
investigation of particle size effects as well as metal-support
interactions, that is factors that can equally be decisive for the
overall catalytic performance. Although some progress has
been achieved in recent years in this field, the question
remains how model systems for more complex systems can be
prepared in a defined and reproducible manner.

Herein, we deal with this question for bimetallic catalysts.
Such materials represent a highly interesting class of catalysts
because one metal can tune and/or modify the catalytic
properties of the other metal as the result of both ligand
(electronic) and ensemble (structural) effects.’] Bimetallic
Pd-Co particles, for example, have shown improved selectiv-
ity over pure Co particles in Fischer-Tropsch reactions.[*-$]
Since the conversion of natural resources into syngas (CO +
H,) and then to clean fuels through the Fischer-Tropsch
reaction will likely become evermore important with changing
supplies and environmental concerns,’) a detailed under-
standing of such effects by means of suitable model systems is
needed.

Our approach is based on metal vapor deposition on a
suitable oxide support under ultrahigh vacuum (UHV)
conditions. For the present study, a thin alumina film grown
on a metallic NiAI(110) substrate was used,'l which enabled
us to apply scanning tunneling microscopy (STM) as well as
temperature-programmed desorption (TPD) for the charac-
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