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One fascinating aspect of bioinorganic chemistry is that of
metal accumulation by living organisms, for example, to
provide an appropriate concentration for the use of the metal
in one or more specific biochemical functions and/or as a
means of protection against toxicity that arises from an excess
of metal. A striking example of metal accumulation is
provided by three species of Amanita mushrooms: A. musca-
ria, the ªfly agaricº; A. regalis ; and A. velatipes. Each species
concentrates vanadium to levels of up to 400 times those
typically found in plants. Studies by Ter Meulen,[1] Ber-
trand,[2, 3] and Meisch et al.[4] have shown that the accumu-
lation of vanadium by these species of Amanita is independent
of the age of the mushrooms, unrelated to the vanadium
content of the soil, and essentially equally distributed between
the stem, skin, and cap.

In 1972 Bayer and Kneifel[5] isolated a blue, vanadium-
containing compound from A. muscaria collected in the Black
Forest. They named this compound
ªamavadinº and showed that it is con-
stituted as a 1:2 complex of vanadium
and the pro-ligand (S,S)-2,2'-(hydroxy-
imino)dipropionic acid ((S,S)-hid-
paH3).[6] Further studies[7±10] led to the
proposal that the vanadium center of
amavadin exists as an eight-coordinate,
non-oxo complex with a novel struc-
ture. Herein, we report confirmation of
this postulate by X-ray crystallographic determinations on a
sample of amavadin crystallized as a phosphoric acid deriv-
ative;[11] and as the salt 1 with Ca2� countercations.[12]

[Ca(H2O)5][D-V((S,S)-hidpa)2] ´ 2 H2O 1

The use of Ca2� counterions to crystallize amavadin proved
valuable in obtaining good quality crystals for X-ray diffrac-
tion analysis, as demonstrated previously for related chemical
systems.[13] The lattice of 1 is comprised of [Ca(H2O)5]2� and
[D-V((S,S)-hidpa)2]2ÿ ions that are linked in the form of
infinite chains; a portion of a chain is shown in Figure 1. Each
anion is bound by two Ca2� ions through a carboxylate group

entire library of 66 catalysts involved five sequential runs. As
shown in Table 1 the preparation and screening of the Pt/Pd/
In ternary catalyst library took about 2.5 days to complete.
Although this represents a significant advance over conven-
tional methods, which may take months to achieve the same
objectives, further acceleration of the overall process is clearly
possible. For example, increasing the number of microreactors
in each array, that is increasing the level of parallel processing,
and decreasing the times for impregnation, drying, calcina-
tion, and reduction can significantly speed up the process.
However, the latter issues must be carefully implemented as
even minor modifications in catalyst preparation methods can
dramatically alter the performance of the catalysts. On the
other hand, the minimization of catalyst preparation times can
be the objective of a combinatorial study such as that
described here.
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Figure 1. ORTEP view of a portion of the lattice of 1. (Ellipsoids are
shown at the 30 % probability level). Selected bond lengths [�] and
angles [8]: V(1)ÿO(1) 2.028(7), V(1)ÿO(3) 1.940(7), V(1)ÿO(5) 2.028(9),
V(1)ÿO(6) 2.042(8), V(1)ÿO(7) 1.956(7), V(1)ÿO(10) 2.070(8), V(1)ÿN(1)
1.999(8), V(1)ÿN(2) 1.982(8), Ca(1)ÿO(4) 2.300(9), Ca(1)ÿO(9) 2.312(9),
Ca(1)ÿO(11) 2.326(9), Ca(1)ÿO(12) 2.582(17), Ca(1)ÿO(13a) 2.36(2),
Ca(1)ÿO(13b) 2.48(2), Ca(1)ÿO(14) 2.571(9), Ca(1)ÿO(15) 2.389(12),
O(1)ÿC(1) 1.237(12), O(2)ÿC(1) 1.274(14), O(3)ÿN(1) 1.395(11),
O(4)ÿC(6) 1.241(15), O(5)ÿC(6) 1.291(14), O(6)ÿC(7) 1.242(13),
O(7)ÿN(2) 1.385(12), O(8)ÿC(7) 1.259(15), O(9)ÿC(12) 1.243(14),
O(10)ÿC(12) 1.290(13); O(1)-V(1)-O(6) 86.4(3), O(1)-V(1)-O(10)
91.2(3), O(3)-V(1)-N(1) 41.4(3), O(5)-V(1)-O(6) 89.2(3), O(5)-V(1)-
O(10) 101.8(3), O(7)-V(1)-N(2) 41.2(3).

on each (S,S)-hidpa3ÿ ligand. Each Ca2� ion is coordinated by
an approximately pentagonal bipyramidal arrangement of
oxygen atoms comprising five H2O molecules (O(11), O(12),
O(13a,b) O(14), and O(15)) and two unidentate carboxylato
groups bound through the O(4) and O(9)* oxygen atoms. The
Ca(1)ÿO(9)* and CaÿO(11) bonds are approximately mu-
tually trans (167.3(3)8) and each is orientated approximately
perpendicular to an ªequatorial planeº formed by the oxygen
atoms of two of the Ca2�-bound H2O molecules and the
carboxylate O(4) atom.[14] The Ca2�-bound H2O molecules
have close contacts to carboxylate and oxyimino oxygen
atoms on four neighboring chains, as illustrated in Figure 2.
Thus, the seven water molecules play a significant role in the
structure of 1.[14]

The structure of the amavadin anion approximates to C2

symmetry with the twofold axis bisecting the normals to the
V(h2-NO) planes from each ligand projected onto the least-
squares plane of the vanadium atom and four O donor atoms
of the unidentate carboxylato groups (the VO4 plane). The
planes of the two V(h2-NO) groups are close to being
mutually perpendicular (93.68) and each is essentially per-
pendicular (89.48 and 91.88 for the V(h2-NO) planes involving
N(1) and N(2), respectively) to the VO4 least-squares plane.
The unidentate carboxylate oxygen atoms in the same ligand
are bonded to the VIV center in a mutually trans manner and
each of these atoms is significantly displaced from the VO4

least-squares plane towards the h2-NOÿ group of that ligand:
the atoms O(1) and O(5) sit below (ÿ0.42 and ÿ0.36 �,
respectively) and O(6) and O(10) sit above (0.43 and 0.36 �,

Figure 2. View down the ends (top) and along (bottom) neighboring
chains of 1: only V and Ca atoms are shown (solid lines denote Ca-O-C-O-
V linkages, dashed lines denote hydrogen bonding/close contacts between
chains (<2.90 �)): a) water O(11) ´ ´ ´ O(7) oxyimino oxygen [2.723(12) �]
and water O(15) ´´ ´ O(5) carboxylate oxygen [2.825(14) �]; b) water
O(11) ´´ ´ O(2) carboxylate [2.867(12) �]; c) water O(13a) and O(13b) ´´ ´
O(8) carboxylate [2.84(2) and 2.70(2) �, respectively]; d) water O(14) ´´ ´
O(2) carboxylate [2.743(13) �].

respectively). The results of EPR studies accomplished for
A. muscaria[15] and freshly dissolved crystals of 1 are consis-
tent with the VIV center in the former occupying an environ-
ment essentially identical to that observed in the latter.
This type of coordination geometry was first identified
in [NMe4][NH4][V(hida)2] (hidaH3� (hydroxyimino)diacetic
acid).[9]

Although the structure of the phosphoric acid derivative 2
of amavadin has been solved to a lower resolution[11] than that
obtained for 1, it is clear that this system possesses the same
type of vanadium center as in 1. However, the chirality at the
metal is of the opposite hand to that in 1, namely L as opposed
to D. Thus, the geometry of the inner coordination sphere of

[L-V((S,S)-hidpaH)2] ´ H3PO4 ´ H2O 2

the vanadium center in amavadin and related complexes leads
to a special chirality at the metal center. The handedness of
this chirality is determined by the relative positions of the two
h2-NOÿ groups, as viewed perpendicular to the VO4 plane
(Figure 3).
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Figure 3. A representation of the chirality at the vanadium center in
amavadin.

Thus, amavadin possesses five chiral centers. In the isolated
natural product, consistent with earlier conclusions,[6] the four
chiral carbon atoms all have the S stereochemistry. We have
observed both isomers at the vanadium center in our
crystallographic studies: only the D form was observed in
the crystal selected for X-ray crystallographic analysis of 1,[12]

whereas the crystal of the H3PO4 derivative investigated[11]

contained only the L form. Spectroscopic studies of solutions
of amavadin[16] and its VV counterpart[10] have shown that, as
isolated, amavadin exists as an approximate 1:1 mixture of D-
and L-helical forms.

The ability of the carboxylato groups of amavadin-like
anions to bind cations, for example, Ca2�, and/or become
involved in hydrogen bonding may be relevant to the means
whereby amavadin is stored within the Amanita mushrooms
and possibly to the biological role(s) of this species.

Experimental Section

Isolation of natural amavadin: Amanita muscaria was collected from
Dunham Forest golf course near Altrincham, Cheshire (UK). An aqueous
solution of amavadin was isolated by using the procedure published by
Bayer and Kneifel[5] and crystallized by very slow evaporation. An X-ray
crystallographic study[11] showed these crystals to be constituted as 2.

Crystallization of natural amavadin with Ca2� counterions: The crystallized
amavadin from the procedure detailed above (20 mg, 0.05 mmol) was
dissolved in H2O (0.5 cm3). CaCl2 (5 mg, 0.05 mmol) was added and
allowed to dissolve before the solution was filtered. A triple layer diffusion
with an equal volume of MeOH on top of the amavadin-containing
solution, and a top layer of isopropyl alcohol was set up in a sealed Pasteur
pipette. After the mixture had stood at room temperature for nine days
blue, needle-shaped crystals were collected by filtration.
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