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Further study of the magnetic properties of these irregular
alternating systems are planned but a general law may be
easily envisaged for homometallic systems with sequences of
more than one F/AF interaction. Ferromagnetism emerges, as
observed for 2, if 2n+1 AF interactions are followed by one or
more F interactions; the ground state here is always S =0. An
alternative possibility consists of an even number of AF inter-
actions (2n) followed by one or more (m) F interactions, as
observed for 1, which induces net ferrimagnetic behavior with
ground state S;=mS for each (2n+m) local S spin carrier.
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Crystal data for 1 (C,H;MnNg) and 2 (C,H;;MnN;zO,; in square
brackets), monoclinic, P2,/n [P2,/a], a=11201(3), b =14.499(4), c=
14.308(4) A [a=15.556(2), b=16.831(2), c¢=175952)A], B=
106.05(2)°[110.80(1)°], V=2233.1(11) A3 [4306.6(9) A%], Z=6 [10],
Peale=1.451 gem ™ [1.593 gem ™3], crystal size 0.15 x 0.28 x 0.50 mm
[0.30 x 0.60 x 1.0 mm], z=0.893 mm~"' [0.807 mm~']. Of 4887 [17574]
reflections collected, 3164 [6593] were observed with > 20(l); 289
[612] parameters. R(F)=0.0363 [0.0641], wR(F?)=0.0943 [0.1861],
min./max. residual electon density p=—0.22/021eA-3 [—1.94/
1.80 e A-3]. The data were collected on a modified STOE [IPDS]
diffractometer with Moy, irradiation 0.71069 A [0.71073 A] at room
temperature. Lorentz polarization effects, intensity decay, and absorp-
tion (DIFABS) [Lorentz polarization effects and numerical absorption
(X-SHAPE, min./max. transmission 0.604/0.803)] corrections were
made. Both structures were solved by direct methods and refined by
full-matrix least-squares method on F? values. Refinement used the
SHELXTL/PC package [SHELXL-97 for 2, which was a twinned
crystal; twin ratio 0.244/0.756(1)]. Nonhydrogen atoms were refined
anisotropically; hydrogen atoms were included by a riding model.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-136997 and -136998. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.
uk).
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Stereoselectivity in the Formation of a Cyclic
Trinuclear cis-Dioxomolybdenum(v)) Complex
of a Chiral Siderophore Analogue**

Anne-Kathrin Duhme-Klair,* Guido Vollmer,
Craig Mars, and Roland Frohlich

The stereoselective synthesis of coordination compounds
can be achieved by using enantiomerically pure ligands,
which, on metal binding, transfer their chiral information to
the metal center.l! Siderophores, high-affinity chelators
synthesized by microorganisms to solubilize iron(im) for
uptake into the cell, represent a biologically important
example of this ligand type.! Most siderophores are enantio-
merically pure amino acid derivatives, and the chirality of the
molecules can play an important role in their biological
activity. This is well documented for enterobactin, the native
siderophore of Escherichia coli: Only the naturally occurring
complex, having an L-seryl ligand backbone and a 4 config-
uration at the metal center, is able to supply iron to the
cells.> 4 Interestingly, the N,-fixing cells of Azotobacter
vinelandii secrete azotochelin (Scheme 1), a tetradentate iron
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Scheme 1.

siderophore which also binds molybdenum.? © The structures
of relevant model complexes have been reported.” 81 Molyb-
denum, as well as iron, is a component of the conventional
nitrogenase, and in A. vinelandii the siderophore production
depends not only on the amount of iron in the environment
but also on the concentration of molybdenum.F™ ! We report
here that the L-lysine derivative azotochelin shows a high
diastereoselectivity in forming the two possible 4 and A cis-
dioxomolybdenum complexes. Use of the azotochelin ana-
logue H,-(1R,2R)-dachcam (Scheme 1) allowed us to inves-
tigate the chiral induction on molybdenum binding in the solid
state and to compare the CD spectra of the model complex

[*] Dr. A.-K. Duhme-Klair, C. Mars
Department of Chemistry
The University of York
York YO10 5DD (UK)
Fax: (+44)1904-43-2516
E-mail: akd1@york.ac.uk
G. Vollmer
Anorganisch-chemisches Institut der Universitét
Wilhelm-Klemm-Strasse 8, 48149 Miinster (Germany)

R. Frohlich
Organisch-chemisches Institut der Universitét
Corrensstrasse 40, 48149 Miinster (Germany)

[**] This work was supported by the Fonds der Chemischen Industrie. We
thank Dr. T. A. Dransfield, York, for the ES mass spectrum and
Dr. T. Vogel and B. Beermann, Miinster, for recording the CD spectra.

0570-0833/00/3909-1626 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 9



COMMUNICATIONS

with the spectra obtained for the naturally occurring azoto-
chelin complex under analogue conditions.

The reaction of a solution of H,-(1R2R)-dachcam in
DMSO with an aqueous solution of sodium or potassium
molybdate in a 1:1 ratio resulted in the formation of orange
complexes which could be precipitated by addition of acetone
and THF. Microanalyses of the isolated solids were consistent
with a 1:1:2 ratio of molybdenum, ligand, and counterions.
The electrospray (ES) mass spectrum of a solution of the
sodium salt of the complex in acetonitrile showed three peaks
at m/z 533, 811 (base peak), and 1645 corresponding to a
trinuclear complex [{MoO,((1R,2R)-dachcam)};]°~ (1) asso-
ciated with three, four, and five sodium counterions, respec-
tively. The 1/3, 1/2, and 1 spacing between isotopic compo-
nents of the peaks confirmed the charges of the species
involved. An additional peak at m/z 1090 originating from a
dinuclear complex [{MoO,((1R,2R)-dachcam)},]*~ associated
with three sodium cations was also observed.

Suitable single crystals for X-ray diffraction could be
obtained from the potassium salt of 1. The crystal structure
showed the complex to be trinuclear in the solid state
(Figure 1).) The molybdenum atoms form an approximately

0O(15){) O(18)

Figure 1. Structure of 4,4,4-[{MoO,((1R,2R)-dachcam)};]®~ showing the
atom labeling scheme. Projection along the a axis. Hydrogen atoms have
been omitted for clarity. Selected interatomic distances [A] and angles [°]:
Mo(1)-0(2) 1.71(2), Mo(1)—-O(1) 1.72(2), Mo(1)—O(3) 2.02(2),
Mo(1)—0(24) 2.04(2), Mo(1)—O(4) 2.10(2), Mo(1)—O(23) 2.12(2),
Mo(2)—0(10) 1.70(2), Mo(2)—0(9) 1.70(2), Mo(2)—-0O(12) 2.02(2),
Mo(2)—O(8) 2.02(2), Mo(2)-O(7) 2.13(2), Mo(2)-O(11) 2.16(2),
Mo(3)—0(17) 1.71(2), Mo(3)—-O(18) 1.72(2), Mo(3)-O(15) 1.98(2),
Mo(3)—0(19) 2.02(2), Mo(3)-0(16) 2.12(2), Mo(3)—O(20) 2.13(2);
0(23)-Mo(1)-O(24) 75.1(6), O(3)-Mo(1)-O(4) 75.7(7), O(1)-Mo(1)-O(2)
101.1(8), O(7)-Mo(2)-O(8) 75.2(7), O(11)-Mo(2)-O(12) 76.2(6), O(9)-
Mo(2)-0(10) 102.5(9), O(19)-Mo(3)-O(20) 75.2(6), O(15)-Mo(3)-O(16)
75.5(6), O(17)-Mo(3)-O(18) 103.5(8).

equilateral triangle with intramolecular Mo(1)—Mo(2),
Mo(1)~Mo(3), and Mo(2)—Mo(3) distances of 11.221(4),
11.104(4), and 11.236(4) A, respectively. Atom Mo(3) lies on
a pseudo-twofold axis of symmetry, and the coordination
mode of the two catecholamide units corresponds to the C,-
symmetrical cis,trans,cis isomer shown in Scheme 2. In
contrast, the catecholamide units coordinated to Mo(1) and
Mo(2) are bound in cis,cis,cis orientation, thereby allowing the
formation of the cyclic structure. In the rapidly developing
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Scheme 2. Schematic representation of the three possible cis/trans isomers
that can be formed on coordination of two asymmetrically substituted
catecholate ligands to a cis-dioxomolybdenum(vi) unit (all shown in A
configuration).

field of supramolecular coordination chemistry!'”) examples of
molecular triangles with metal atoms in vertex positions are
still relatively rare and have so far been concentrated on noble
metals,["'1] copper,['¥l and ligands based on nitrogen-contain-
ing heterocycles. In contrast, the novel molecular triangle 1
consists of catecholate ligands in combination with cis-
MoO,** units, demonstrating the versatility of these compo-
nents as building blocks in supramolecular assemblies.'”? On
complex formation the enantiomerically pure ligand (1R,2R)-
dachcam predetermines the chirality of the metal centers,
giving rise to an entirely homochiral cyclic trimer 4,4,4-1. The
absolute configuration at the metal centers could be assigned
unambiguously since the absolute configuration of the ligand
is known.

To investigate if the intramolecular chiral induction ob-
served for 4,4,4-1 in the solid state also occurs in aqueous
solution at pH 7, a CD spectroscopic investigation has been
carried out. A time-dependent study revealed that 1 rapidly
inverts its configuration on dissolution of the crystalline solid
in water. After equilibration in 4-(2-hydroxyethyl)-1-pipera-
zinethanesulfonic acid (HEPES) buffer at pH7 the A-
configured complex dominates, giving rise to a CD band with
a minimum at around 360 nm (Figure 2). Since the 4- and A-

A-Mo-Azotochelin

DY — A-Mo-(1R,2R)-dachcam
-3 1 l ! 1 1 )
300 350 400 450 500 550
Alnm

Figure 2. CD spectra of the molybdenum complexes of H,-(1R,2R)-
dachcam and azotochelin in buffered aqueous solution (0.2 mm) at neutral
pH.

configured complexes of (1R,2R)-dachcam are diastereomers
[Eq. (1)], not enantiomers, they have different physical

A-[{MoOz((1R,2R)-dachcam)}pJ2n-
A[{MoO,((1R,2R)-dachcam)}p]2n-

M
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properties, including solubilities.'s! Consequently, the (+)sq
diastereomer present in the solid state inverts its configura-
tion on dissolution to form the (—),¢, diastereomer, which is
the more stable form in aqueous solution. In solution,
however, the trimer appears to dissociate partially. The
diastereomerisation process does not exhibit first-order
kinetics and, in accordance with the ES mass spectrum, a
molecular weight distribution analysis by gel filtration (LH20,
methanol) shows evidence for the presence of a minor amount
of a dinuclear species in solution.

An intramolecular chiral induction was also observed on
binding of molybdenum by the naturally occurring L-lysine
derivative azotochelin. In this case the CD spectrum of the
equilibrium mixture in aqueous solution at pH 7 shows a
strong band with a maximum at 360 nm (Figure 2). According
to this comparison, the preferred configuration of the
molybdenum complex of the naturally occurring L-lysine
derivative azotochelin in aqueous solution and at neutral pH
is likely to be the 4 form. Interestingly, this would correspond
to the biologically active 4 form of the iron(ir) — enterobactin
complex.

Experimental Section

H,-(1R,2R)-dachcam: The ligand was synthesized by analogy to published
procedures!'”l by activation of 2,3-di(benzyloxy)benzoic acid with 2-(1-H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium (HBTU) hexafluorophos-
phate and subsequent reaction with (1R,2R)-diaminocyclohexane. Remov-
al of the protecting groups was achieved by hydrogenation (catalyst: 5% Pd
on charcoal). Yield: 85 %. Satisfactory elemental analysis for C,yH,,N,Og;
'"HNMR (300 MHz, [D¢]DMSO): 6 =1.13 (m, 2H; C-CH,-C), 1.53 (m, 2H;
C-CH,-C), 1.75 (m, 2H; C-CH,-C*), 1.92 (m, 2H; C-CH,-C*), 3.76 (m, 2H;
C-*CH-N), 6.61 (t, 2H; ArH), 6.84 (d, 2H; ArH), 7.17(d, 2H; ArH), 8.48
(d,2H; NH); MS (70 eV): m/z (%): 386 (94) [M]*.
Ko[{M0O,((1R,2R)-dachcam)};] and Nas[{MoO,((1R,2R)-dachcam)};]: The
molybdenum complexes were synthesized by addition of a solution of H,-
(1R,2R)-dachcam (0.25 mmol) in DMSO (2 mL) to a solution of potassium
or sodium molybdate (0.25 mmol) in water (2 mL). After addition of
acetone (10 mL) and THF (20 mL) microcrystalline products precipitated
which could be isolated in 78 and 80% yield, respectively. Satisfactory
elemental analyses for CgHsNgK¢Mo;0,,-7CHOS-6H,O and
CgoHssNeMo;NagO,, - 7C,H,OS - 6H,0; IR (KBr): #=2870, 897 cm™" (cis-
Mo0,); MS (ES, Na salt in acetonitrile): m/z (% ): 533 (50) [M yimer+3 Na]*~,
811 (100) [Myimer+4Nal*=, 1090 (25) [Myme+3Na]-, 1645 (10)
[M yimer+5Na]~.
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