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The first isolated polyoxomolybdate-tripeptide complex,
[Mo, O, (glycylglycylglycine),], is an infinite centrosymmetric
complex of the Mo,O;, unit in which a pair of Mo atoms is
singly bridged by a glycylglycylglycine carboxylate group as a
bidentate ligand resulted in four edge-shared MoO, octahedral
linkage. [Mo40;,], exhibits a corrugated sheet-belt structure of
four co-planar Mo atoms linked by four triply-bridging O atoms
with cis-configurated two terminal O atoms for each Mo atom.

The discovery that polyoxomolybdates exhibit antitumor
activity in vivo has stimulated interest in the nature of binding to
cellular metabolites and proteins.!  Since the composition and
structure of aqueous complexes are of direct relevance to the
mechanism in which polyoxomolybdates interact in biological
systems, characterization of such complexes is important for
understanding the antitumoral mechanism. From this standpoint
we have investigated the crystal structures of both the y-type
octamolybdates coordinated by amino acids and the
pentamolybdates coordinated by nucleotides.?2 In the former
amino acid ligands are coordinated via their monodentate
carboxylate-oxygen atoms at the vacant sites on the two five-
coordinate molybdenum for the centrosymmetric y—[M08026]4‘
anion to retain their configuration. In the latter, two nucleotide
phosphate tetrahedra span either side of a ring of edge- and
corner-linked MoOg¢ octahedra with an isostructural mode with
[(OPO3)2M05015]6‘. Although proteins and peptides are
polymers of amino acids, and all of the functionalities in amino
acid side chains have the potential of forming complexes with
polyoxometalates, there has been no structurally characterized
polyoxomolybdate containing peptide ligands. The interaction of
polyoxometalates with peptides has been investigated mainly for
polyoxovanadates.3 Especially revealing was the finding by
Crans and co-workers that the dipeptide in the x-ray
crystallographically characterized decavanadate-dipeptide
complex, (NHy(glycylglycine),[V,O,5]-4H,0,  bridges
between decavanadate molecules by hydrogen bonding, thereby
suggesting the importance of the noncovalent interactions
between dipeptide and decavanadate.32* In the course of our
work on polyoxomolybdate-glycylglycylglycine complex, we
have found that the interaction with the tripeptide induces
formation of an infinite complex [Mo,O;,(tripeptide),] and that a
set of two Mo(VI) atoms in the Mo,O;, moiety is chelated by
bidentate carboxylate oxygen atoms of tripeptide.> Such a new
coordination with two oxygen atoms in two terminal modes for
the tripeptide carboxylate ligand may be characteristic of the
polyoxomolybdate-tripeptide complexes, different from the cases
of polyoxovanadate-tripeptide complexes. We describe here the
structural identification of a [Mo,O;,(glycylglycylglycine),]-
9H,O complex which will become a useful model to the
interaction between molybdenum(VI) and protein.

[Mo40,,(glycylglycylglycine),]-9H,O was prepared as
follows: an aqueous solution of Na;MoO,*2H,0 (0.50 g) in

water (10 ml) was acidified by HCIO, to pH 3.4 and then
glycylglycylglycine (0.10 g) was added. The resultant solution
was cooled at 5 °C for two weeks, to provide colorless needle-
like single crystals of [Mo,O,,(glycylglycylglycine),]-9H,0.
Yield: 0.18 g. Found: H, 3.37; C, 12.76; N, 7.59; Mo, 34.15;
H,0, 14.41 wt%. Caled for C,HygNOgMoy: H, 3.61; C,
12.91; N, 7.53; Mo, 34.38; H,0, 14.53 wt%. IR spectrum of
[Mo,O,,(glycylglycylglycine),]-9H,0  (Figure 1) displays
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Figure 1.  Infrared spectrum of [Mo,0,,(glycylglycylglycine),] - 9H,0.

Figure 2. Molecular structure and numbering scheme for Moy Oq,(glyeyl-
glycylglycine), (a). The complex is also shown using the polyhedral
representation (b). Symmetry equivalent positions: i) -x, 1-y, 1-z; i) 1-x,
1-y, 1-z; and iii) -1+x, 2+y, z.
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V(Mo-Oy i.1) and V(Mo-O(l,)-Mo) peaks at 950 and 550 cm!,
respectively. Crystal structure of [Mo,O,(glycylglycylglycine), ]
*9H,0 was determined by X-ray crystallographic analysis.6

The structure and numbering scheme for Mo,O;,(glycyl-
glycylglycine), are shown in Figure 2, where the polyhedral
representation of compound is also shown. The compound is an
infinite chain (parallel to the a axis) of the neutral complex of a
zigzag edge-shared octahedral Mo,O;, moiety chelated by two
bidentate glycylglycylglycine ligands; a crystallographic inversion
center is imposed on the molecule. Each Mo atom in
Mo, O, (glycylglycylglycine), is coordinated by two terminal
oxygens 0(2,4; 9,10; 21,41, 94, 10‘) with cis configuration (in Mo-
O distances 1.65(1)-1.70(2) A)) three triply bridged oxygens
0(1,3,34; 1,183% 113,35 1116 3) (in two kinds of Mo-O
distances 1.94(2)-1.99(2) A and 2.23(1)-2.28(1) A), and one
carboxyl-oxygen atom (in Mo-O distances 2.26(2) and 2.31(2)
A) of the glycylglycylglycine to achieve a saturated octahedral
coordination sphere. The long Mo-O distances (2.23(1)-2.28(1)
A) occur frans to the terminal Mo-O bond, a feature which is
typical of oxomolybdenum complexes.” The four Mo atoms are
linked by four triply-bridging, O1, O3, O1!, and 03! to form an
eight-membered Mo, O, ring with a corrugated sheet-belt of O1-
Mo1-03-Mo2!/Mo02-03!-Mo1!-01! representing the parallel two
sides of the belt (with an average width of 2.25 A), as supported
by IR spectrum (Figure 1). A set of Mol and Mo2 (or Mol! and
Mo2') is bridged by a terminal carboxyl group of the bidentate
glycylglycylglycine ligand with the MoeeeMo separation of
3.402(3) A which is in good agreement with MosesMo distances
for the edge-shared MoVIOG octahedra.?

The glycylglycylglycine oxygen atoms are situated in distorted
octahedral geometries about each molybdenum atom, with O-Mo-
Obond angles varying from 71.4(6) to 108.0(7)°. The bidentate
coordination mode singly bridged by glycylglycylglycine is
identical to that found in a trimeric cluster complex [Fe;O-

Figure 3. Stereoscopic view of the unit cell contents of [Mo,O,(glycyl-
glycylglycine),] » 9H,0. Amino and amido nitrogen atoms are denoted
by shaded circles. 021, 09V, and O10" are terminal oxygen atoms of
neighboring Mo,O, layers. Hydrogen bonds among tripeptide-side
chains and the terminal oxygen atoms are indicated by dashed lines.
Symmetry equivalent positions: iv) x-1, y, z-1; and v) x, y+1, z.

Chemistry Letters 1999

(H20)3(glycylglycylglycine)]7+ where any set of two iron atoms

is bridged by two cyclic glycylglycylglycine carboxylates with
FeeesFe distance of 3.312(3) A% As well as the amido nitrogen
atoms, the terminal amino nitrogen atoms of the glycylglycyl-
glycine ligand are hydrogen bonded to terminal oxygen atoms of
the neighboring Mo O, layers, and lattice-water molecules also
are hydrogen bonded to terminal O(2,4,9,10), carboxylate
0O(5,6), and caybony! O(7,8) atoms. Furthermore, the hydrogen
bonding between amino nitrogen N3 and amido carbonyl oxygen
08 atoms for glycylglycylglycine chains of the neighboring
Mo,0,, layers (in Ne+O distance of 2.95(2) A) occurs with a
similarity to the antiparallel B-sheet structure in polypeptide
solids.? Such hydrogen bondings together hold the corrugated
sheet-belts of molybdenum and oxygen atoms by alternating
glycylglycylglycine branches stacked  approximately
perpendicularly to the sheet-belts as shown in Figure 3.

The reaction between molybdate and tripeptides at weak acidic
pH did indeed form a complex Mo, O, (tripeptide), in which the
bidentate carboxylate for the tripeptide ligand serves as bridge
across two di p-oxo molybdenum atoms in addition to the
hydrogen-bonding functionalities in tripeptide side chains.
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