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Molybdate reacts readily and instantly with 2,3-dihydroxy-
benzamide-containing ligands (catecholamides) to give
stable cis-dioxido-Mo"! complexes. This reaction is of bio-
logical relevance, because it results in the competition of
molybdate with Fe' for siderophores of the catecholamide
type. These siderophores are secreted by bacteria to acquire
essential Fe™ and help the cells to cope with variations in
metal ion concentrations in their environment. This microre-
view summarises the insights obtained in this area and

analyses the structures of the Mo"! complexes formed. In ad-
dition, the scope of the structure-defining potential of the cis-
dioxido-MoV! unit in the self-assembly of supramolecular
structures is illustrated. The final part of the review describes
how catecholamide units can be used in the development of
luminescent chemosensors for molybdate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Due to its versatile coordination chemistry, molybdenum
plays an important role in biologyl!l as well as industry.!!
Under aerobic conditions and in oxic environments, molyb-
denum is mainly present in its highest oxidation state,
MoV, with d° configuration. In aqueous solution, hydroly-
sis leads to the formation of a variety of oxometalates, the
speciation of which depends on pH and concentration.
Whilst under acidic conditions proton-induced condensa-
tion reactions lead to the generation of polyoxomolybdates,
the predominating species formed in dilute solutions near
neutral pH is the mononuclear, tetrahedral oxodianion mol-
ybdate (M0oO,?).># In the presence of organic chelate li-
gands, the molybdenum can enhance its coordination
number to up to six to form distorted octahedral diox-
idomolybdenum complexes (Figure 1). In these complexes,
the two strong m-donating oxido ligands are generally found
in cis orientation, because this geometry allows interactions
with three molybdenum d, orbitals, thereby maximising m-
bonding (Figure 2).50-71 Accordingly, unsymmetrical chelate
ligands, such as 2,3-dihydroxybenzoic acid® and 2,3-dihy-
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droxybenzamides (catecholamides), coordinate preferen-
tially with the weaker donor positioned trans to the oxido
ligands to avoid competition for the same d orbitals.
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Figure 1. The reaction of molybdate with catecholamides.

Many of the early studies on Mo"! catecholamide com-
plexes were motivated by the observation that molybdate
competes with Fe!'! for catecholamide-siderophores, which
are small molecule chelators produced by microorganisms
to acquire Fe'" from their environment. Because this area
has recently attracted renewed interest, the first part of this
microreview summarises the insights obtained into the af-
finity of catecholamide siderophores for these biometals to
date. The second part of the review focuses on the struc-
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Figure 2. Schematic illustration of the d and p orbitals involved in
n-interactions between MoY! and the two oxido ligands in a cis-
MoO,>" unit (modified from ref.ll).
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tures of Mo"! complexes and the molecular recognition di-
recting properties of the cis-dioxido-MoV! unit in the self-
assembly of di- and trinuclear catecholamide complexes.
The final part of the review describes how the design fea-
tures used by catecholamide siderophores to discriminate
Fe'" from MoV! can be exploited in the development of
luminescent chemosensors for oxometalates, such as molyb-
date.

Complexation of Molybdenum by Catecholamide
Siderophores

The reaction of molybdate with catecholamides leads to
the immediate formation of orange-coloured complexes.
These are apparent and easily detectable in the culture su-
pernatant of Azotobacter vinelandii.®-'° This nitrogen-fix-
ing soil bacterium produces and secretes at least three dif-
ferent catecholamide siderophores in response to different
metal-ion concentrations (Figure 3).''!?] As both iron and
molybdenum are components of the cofactor of the conven-
tional nitrogenase, the hypothesis that catecholamide sidero-
phores produced by nitrogen-fixing bacteria may not only
involved in the acquisition of Fe'! but also in the mediation
of MoV! uptake has attracted considerable interest. For
comprehensive reviews on bacterial molybdenum uptake
see Shanmugam 1997,['31 Pau and Lawson, 2002['4) and
Pau, 2004.11
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Figure 3. Structures of the catecholamide siderophores produced
by Azotobacter vinelandii (left) and the macrobicyclic ligand He-
bicapped TRENCAM (right).
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Protochelin

Of the siderophores produced by A. vinelandii, only the
tris(catecholamide) siderophore protochelin exhibits the
typical hexadentate structure of bacterial siderophores, such
as enterobactin of E. coli.l'® Therefore, protochelin is a very
efficient siderophore and able to solubilise freshly precipi-
tated iron hydroxide rapidly (Figure 4).['” Protochelin binds
Fe!"" with high affinity to give the 1:1 complex [Fe(proto-
chelin)]*>. With a logKg., value of approximately
4417181 the proton independent stability constant of the
protochelin complex is very similar to that reported for the
linear form of enterobactin [log K.y, of 43].1! Interest-
ingly, protochelin can only be found in the growth medium
if either competing metal ions or chelate ligands compro-
mise the binding of Fe''! by the lower denticity siderophores
azotochelin and aminochelin. Examples include the pres-
ence of toxically high levels of oxometalates, such as molyb-
datel'-121 or tungstate,”>-2'1 metal cations, such as Zn'!
Mn'L 29 or the presence of iron chelators, such as
EDTA. 21221
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Figure 4. Time course of the siderophore-mediated solubilisation
of iron(III) hydroxide in the absence and presence of an equimolar
amount of molybdate at neutral pH.

Molybdate reacts with Hg-protochelin to form a molyb-
denum(VI) complex of composition [MoO,(H,-proto-
chelin)]>", as has recently been shown by ESI mass spec-
trometry.??! In the complex, H,-protochelin is likely to bind
as a tetradentate ligand with one of the catecholamide units
remaining uncoordinated. A similar arrangement was ob-
served in the crystal structure of [MoO,(H,-bicapped-
TRENCAM)J> (Figure 3), in which the macrobicyclic tris-
(catecholate) acts as a tetradentate ligand and one tere-
phthalamide unit remains uncoordinated.>3! It is thus the
third catecholamide unit and the resulting hexadentate
structure that makes protochelin a more efficient iron chela-
tor than the tetradentate azotochelin (vide infra).

Azotochelin

The tetradentate structure of the bis(catecholamide) sid-
erophore azotochelin matches the coordination require-
ments of the cis-MoO,* unit, which has four vacant coor-
dination sites.”* Near neutral pH, the cis-dioxido-MoV!
complex [MoO,(azotochelin)]*" is formed, which was char-
acterised by ESI mass spectrometry,l'? 'H NMR spec-
troscopy®! and X-ray absorption spectroscopy.l*®! As no
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protons are released or consumed during the reaction of
molybdate with azotochelin around neutral pH (Figure 1),
the complex formation cannot be detected potentio-
metrically. The affinity of the ligand for molybdenum was
therefore assessed via spectrophotometric determinations of
the apparent equilibrium constant.['>2%261 The reported
log K, values range from 3.6 % 0.0612% to 7.6 + 0.4.12¢]
Azotochelin cannot form coordinatetively saturated 1:1
complexes with octahedral Fel. As azotochelin is only
tetradentate, it requires additional ligands to form six-coor-

dinate Fe''' complexes. A pH dependent equilibrium involv-
ing a dinuclear complex with azotochelin to Fe''! ratio of
3:2 and a mononuclear azotochelin bis(aqua) Fe''' complex

is thus conceivable, as observed for structurally related bi-
s(catecholamides), such as the amonabactins of Aeromonas
hydrophila.?"V A potentiometric determination of the sta-
bility constant of the iron azotochelin complex has recently
been attempted, but proved difficult due to slow equilibra-
tion.[2¢]

Although azotochelin is able to solubilise iron oxides and
iron hydroxides,®® it is not a particularly efficient sidero-
phore as it takes almost two hours to solubilise half an
equivalent of freshly precipitated iron hydroxide. Interest-
ingly, the solubilisation is delayed by a factor of 23 in the
presence of molybdate, with the iron complex reaching half
of its final concentration only after almost two days.*’ It
is therefore not surprising that azotochelin is only produced
by A. vinelandii to sequester available iron if grown at low
molybdate levels. If molybdate levels in the growth medium
increase to a concentration that approaches the concentra-
tion of the secreted azotochelin (around 100 pm), the azoto-
chelin production stops and protochelin is produced in-
stead.['!12] If this switch would not occur, the quantitative
formation of the [MoO,(azotochelin)]>~ complex would
drastically reduce the iron-solubilising ability of the sidero-
phore. The hexadentate ligand protochelin, on the other
hand, is more efficient as an iron chelator, in particular in
the presence of an equimolar amount of molybdate. In this
case the solubilisation of iron hydroxide is delayed only by
a factor of five (Figure 4).['7! This is likely to be due to the
uncoordinated catecholamide unit in [MoO,(H,-proto-
chelin)]>~, which remains available for iron binding.!'”]

Azotochelin is not suitable for the extraction of molybde-
num from Mo-containing silicates either, as it was observed
to repress rather than enhance the release of Mo from
glass.’% Because the carboxylic acid group of azotochelin
is deprotonated at neutral pH and silicate glass surfaces ac-
quire a negative surface charge in water at this pH due to
the dissociation of terminal silanol groups,! electrostatic
repulsion of the negatively charged siderophore may con-
tribute to this effect. Aminochelin, which is positively
charged at neutral pH, was seen to enhance the release of
Mo under analogous conditions,*% as described in more
detail below.

Aminochelin

The metal-binding properties of the unusual mono(cate-
cholamide) siderophore aminochelin are particularly inter-
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esting. This is mainly due to the hydrophilicity of the pen-
dant amine group, which is protonated at neutral pH, and
the resulting zwitterionic character of its complexes [Fe(H-
aminochelin);]*?1 and [MoO,(H-aminochelin),]*>33 (Fig-
ure 5). Based on a spectrophotometric competition study
with EDTA, the proton-independent overall stability con-
stant for the Fe'™ aminochelin 1:3 complex was estimated
as log frers) = 41.3.32 Despite being only bidentate, ami-
nochelin is able to function as a siderophore as it was seen
to mediate the uptake of >>Fe''! into A. vinelandii cells.l*¥
In addition, the initial rate of iron hydroxide solubilisation
by aminochelin is surprisingly fast (Figure 4). Half of the
equilibrium Fe'™ complex concentration is already reached
within 30 min. Molybdate addition delays the process (71>
= 3.5h), but the delay is far less pronounced than in the
case of azotochelin.*?!

Figure 5. Ball-and-stick representation of the molecular structure
of [MoO,(H-aminochelin),]. O black, N light grey, C grey, Mo
white, H atoms omitted for clarity. The butyl chains are heavily
disordered over more than two alternative positions, only one of
the possibilities is shown.

Interestingly, it was recently observed that aminochelin
is still produced even if the iron levels are high, provided
that the growth medium is deficient in molybdate.’”) Ami-
nochelin was also identified as the siderophore (and poten-
tial “molybdophore”) that is responsible for the increased
release of molybdate from glass observed in the presence of
A. vinelandii cells.3? The addition of glass proved to be
particularly beneficial for cells that were forced to fix nitro-
gen, which increases their requirement for iron and molyb-
denum drastically.

One mechanism suggested for the intracellular release of
sequestered iron from its siderophore complex is the enzy-
matic reduction of Fe'" to Fe'', which triggers a decrease
in the stability of the complex and therefore dissoci-
ation.3331 The first reported example of a specific re-
ductase for iron-siderophore complexes is the cytoplasmic
protein FhuF of E. coli.®”) While FhuF reduces the Fe!'!
complexes of hydroxamate siderophores, the recently iden-
tified FerA enzyme of Paracoccus denitrificans triggers the
reductive release of iron from the bis(catecholamide) sidero-
phore parabactin.[3¥ In order to investigate whether molyb-
denum-bis(catecholamide) complexes can undergo a similar
reduction, the electrochemistry of [MoO,(H,-proto-
chelin)]?>", [MoOs(azotochelin)]** and [MoO,(H-amino-
chelin),] was investigated at pH 6.74 in pyridine buffer.[*]
Two sequential reduction steps were observed: MoV! —
MoV at potentials between —0.2 and —0.3 V and MoY —
3691
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Mo at potentials between —0.5 and —0.55 V vs. NHE. For
comparison, the reduction potential of the Fe''"-parabactin
complex is —0.67 V vs. NHE at pH 7.0.14%! In the presence
of coordinating ligands, such as pyridine, the reduction of
MoV! in catecholamide complexes is thus easier to achieve
than the reduction of Fe''l in the parabactin complex. The
siderophore-chelated MoV! could even be reduced to MoV
by biological reducing agents such as NAD(P)H or flavins.

The evidence is thus mounting that the catecholamide
siderophores of A4. vinelandii do not only mediate bacterial
iron uptake but are also affecting the uptake of oxometal-
ates, such as molybdate. In how far they may be involved,
directly or indirectly, in the cellular uptake and transport
of molybdenum is discussed below.

Implications for Bacterial Molybdenum Uptake

Molybdenum uptake in A. vinelandii is fast; under nitro-
gen-fixing conditions, the growth medium can be depleted
of molybdate within one hour.*!l Because the cate-
cholamide siderophores, once secreted, chelate the available
molybdenum instantly and almost quantitatively, the cells
must have a molybdenum uptake system that allows them
to acquire the essential element from its siderophore com-
plexes. That **Mo supplied in the form of isotopically lab-

.
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elled azotochelin and protochelin complexes is taken up by
the cells has recently been confirmed by inductively coupled
plasma mass spectrometry (ICP-MS).??l The question re-
mains in which form the molybdenum crosses the outer
membrane of the cell. Because the siderophore complexes
are too large to fit through porin channels, specific receptor
proteins are required to transport the complexes into the
periplasm, unless the molybdenum complexes are recog-
nised and transported by the corresponding iron-sidero-
phore receptor proteins (Figure 6). Thus far, specific recep-
tor proteins for molybdenum-siderophore complexes have
not been identified. It is, however, documented that in the
periplasm, molybdate is sequestered by its periplasmic bind-
ing protein ModA,['31442-441 which delivers the molybdate
to the inner membrane transporter for translocation into
the cytoplasm.['41545] Crystal structure determinations
showed that the molybdate-binding hydrogen bond ar-
rangement in ModA proteins from E. coli, A. vinelandii,
Archaeglobus fulgidus and Xanthomonas axonopodis is very
similar, despite differences in amino acid sequences.*®! The
apparent dissociation constant for molybdate binding by
ModA of E. coli is 20 nM,*71 which equates to an apparent
equilibrium constant log K. of 7.70. If the molybdate affin-
ity of the A. vinelandii ModA protein were to be similar to
the affinity of the E. coli protein, a quantitative transfer of

95|l

molybdate binding protein

ABC-type molybdate transporter

Figure 6. Schematic representation of conceivable routes for the uptake of MoV! into a gram-negative bacterial cell. The isotopes are
indicated only to illustrate trends that are expected due to thermodynamic isotope effects. PDB codes of protein structures used: 2CHU
and 1AMFE*¥ The protein-bound molybdate and iron(I1I)-tris(catecholate) are shown in space-fill representation.
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molybdenum from a siderophore complex to ModA would
only be possible for complexes that have a significantly
lower log K.q value than that of ModA at the pH of the
periplasm. A specific periplasmic binding protein for mo-
lybdenum-siderophore complexes has not yet been found.

Evidence for a change in the coordination sphere of mo-
lybdenum in the course of the bacterial uptake process
could recently be obtained from high precision isotopic
analyses. While the lighter isotopes of molybdenum were
taken up preferentially by the cells, the heavier isotopes ac-
cumulated in the growth medium. Depending on the growth
conditions chosen, A°”?Mogciis-medium Values of —0.3 %481
to —0.6%3% were obtained. Such an isotope fractionation
is consistent with the kinetic isotope effect accelerating the
rate of >>Mo uptake. In addition, thermodynamic isotope
effects could play a role if equilibria between different spe-
cies in the medium and/or the periplasm are involved, which
would favour the partitioning of °’Mo into the species in
which it is most strongly bound, for example into a stable
catecholamide complex.

Interestingly, the fractionation of iron isotopes shows the
opposite trend. The heavier isotopes are taken up preferen-
tially and the lighter isotopes accumulate in the growth me-
dium (A>>*Fe jis-medium = 1.1%).1481 Consequently, the iron
uptake process is dominated by a thermodynamic isotope
effect, suggesting that the Mo- and Fe-uptake mechanisms
differ in at least one step. Assuming that equilibrium frac-
tionation would lead to the heavier isotopes of both Fe and
Mo partitioning into their respective siderophore com-
plexes, the difference must be related to the cellular trans-
port mechanisms. In gram-negative bacteria, the iron-sidero-
phore complexes cross the outer membrane intact and are
captured as such by specific periplasmic binding proteins,*°]
which deliver them to the inner membrane transporter. In
contrast, molybdenum is bound as molybdate by its per-
iplasmic binding protein ModA. Molybdenum uptake thus
requires the release of molybdate from its siderophore com-
plex for ModA binding and further transport to occur. This
should result in preferential sequestration of the lighter iso-
topes for kinetic as well as thermodynamic reasons and is
consistent with the observed isotope distribution. These
considerations are summarised in Figure 6. Surface-adsorp-
tion effects, however, may also cause isotope fractionation.
Further studies are thus thought necessary in order to dif-
ferentiate the effects.®!

If taken together, the molybdenum- and iron-binding
studies carried out on the siderophores produced by A. vine-
landii have revealed complex structure affinity relationships.
These point towards a very subtle regulation of metal up-
take that helps the cells to respond to variations in metal
ion concentrations in their environment.[>°!

The identification of the design features that allow these
siderophores to differentiate between different bioessential
metal ions has also contributed to the understanding of the
supramolecular chemistry of catecholamide ligands and in-
spired the use of catecholamide-based receptor units in
chemosensors for oxometallates, as described in the follow-
ing two sections.
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The Structures of Molybdenum-Catecholamide Complexes

Upon coordination of two asymmetrically substituted
catecholate units to a cis-dioxidomolybdenum(VI) centre,
three cis/trans isomers can be formed in either A or A con-
figuration, as illustrated in Figure 7 and Figure 8. Due to
the strong trans influence of the two oxido ligands, the ther-
modynamically favoured geometrical isomer is the cis, trans,
cis isomer, in which the weaker donor in the 2-position of
the catecholamide is coordinated trans to the oxido ligands.
This is the isomer seen in the solid-state structures of com-
plexes with bidentate ligands, such as [MoO(dhb),]*~ (H,-
dhb = 2,3-dihydroxybenzoic acid),’'! [MoO,(L6?),]* (H,-
L% Figure 9),°2 and [MoO,(H-aminochelin),].?* The
energetic difference between isomers a and b, however, is
not large and mixtures can be formed in solution. For
[MoO,(dhb),]*, for example, a variable temperature proton
NMR study in deuterated methanol revealed an a/b/c ratio

of approximately 1:2:0.51]
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Figure 7. Conceivable geometric isomers of cis-dioxidomolybde-
num(VI) complexes with two catecholamide ligands shown in A
configuration. The cis/trans assignments refer to the following or-
der: phenolate donor in the 2-position, phenolate donor in the 3-
position, oxido ligand.
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Figure 8. The two optical isomers formed upon coordination of
two catecholamide ligands to a cis-dioxidomolybdenum(VI) unit.

If the two coordinating catecholamide units are con-
nected through a linker, as in the ligands shown in Figure 9,
steric constraints can determine the type of geometric iso-
mer formed. As evident from the crystal structure of
[MoO»(LYH1> (Figure 10),531 a mononuclear complex in
which one ligand coordinates to the MoO,>* centre has to
adopt cis cis,cis geometry, as this positions the two amide
groups of the catecholamide units at a suitable distance for
bis(bidentate) chelation to occur.
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Figure 9. Ligand structures.

Figure 10. Structure of [MoO,(L")]>". O black, N light grey, C grey,
Mo white, H atoms omitted for clarity.

Bis(catecholamide) ligands, however, can also be used in
the preparation of dinuclear and even multinuclear metal
complexes. The structures of the resulting supramolecular
complexes depend on the type of linker that connects the
coordinating catecholate units. The principles that govern
such metal-directed self-assembly processes are now well
understood.3+37:58

The reaction of molybdate with Hy-L! initially leads to
the formation of a dinuclear 2:2 complex, which converts
into the entropically favoured mononuclear 1:1 complex
[MoO,(LYHJ* upon prolonged heating in dmso.>* Due to
the rigidity of the aromatic linker, the dissociation is not
reversible upon cooling. In case of the related ligand H,-L2
(Figure 9), the corresponding 2:2 complex, [{MoO,-
(L?)},]*, could be crystallised. X-ray diffraction revealed
the structure of a dinuclear double-stranded helicate (Fig-
ure 11),5T which was one of the first catecholate-based hel-
icates to be structurally characterised.f®®®?1 Again the
cis,cis,cis isomer is present in the solid state, as it allows the
dimerisation. A variable temperature proton NMR study in
deuterated methanol confirmed the presence of the
cis,cis,cis isomer at low temperature, whilst broad reso-
nances were observed at room temperature. Further heating
indicated complex dynamic behaviour: symmetrisation of
the diastereotopic methylene protons due to inversion of
configuration and changes in the aromatic region of the
spectrum due to geometric isomerisation and potentially
dissociation. In this case cooling restored the original spec-
trum. [
3694

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 11. Ball-and-stick representation of the structure of A,A-
[{Mo0O,(L?)},]*, O black, N light grey, C grey, Mo white, H atoms
omitted for clarity.

Because the coordinating catecholamide groups in Hy,-L!
and H,-L? both have 5-atomic spacing that resembles the
lysine backbone of azotochelin, their complexes may be re-
garded as models of the cis-MoO,*" complex of the sidero-
phore. The azotochelin complex, however, is most likely to
be mononuclear, due to the additional negative charge pro-
vided by the carboxylate group. A mononuclear complex is
also consistent with the molecular ion observed in the ESI
mass spectrum.

The double-helical structure of [{MoO,(L?)},]* is un-
usual as it differs from the double-helical structures that
are obtained upon coordination of bis(bidentate) ligands to
tetrahedral metal ions. It has since inspired further studies
into the stereoelectronic preferences of the cis-dioxido-
MoV! unit and in particular its potential in the self-as-
sembly of other supramolecular structures.

If the chain length of the linker is reduced from five to
three methylene groups, as in ligand H,-L? (Figure 9), a
tetradentate chelation of the cis-dioxido-MoVY! is no longer
possible. Accordingly, the formation of the dinuclear 2:2
complex was observed in the solid state (Figure 12).°%] Be-
cause the two metal centres in the complex are related by
an inversion centre A, A-[{MoO,(L3)},]* is an achiral “me-
socate”, in which the two coordination centres exhibit op-
posite absolute configurations. In addition to packing ef-
fects, this may be caused by the short linker giving rise to
the apparent side-by-side orientation of the ligands. Vari-
able-temperature proton NMR studies confirmed that the
“mesocate” A, A-[{MoO(L3)},]* is more rigid than the hel-
icate A,A-[{MoO,(L?)},]*

Mo1

Mo1'

Figure 12. Ball-and-stick representation of the structure of A,A-
[{MoO,(L3)},]*, O black, N light grey, C grey, H atoms omitted
for clarity.

The even shorter and conformationally restricted cyclo-
hexyl linker in H,-L# (Figure 9) leads to the self-assembly
of a molecular triangle (Figure 13).4 In this structure,

Eur. J. Inorg. Chem. 2009, 3689-3701
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Mo2 lies on a pseudo-twofold axis of symmetry, with the
catecholamide units coordinated in cis, trans,cis orientation.
In contrast, Mol and Mo3 adopt a cis,cis,cis arrangement
in order to enable the formation of a cyclic structure. Re-
gardless of the geometric isomer formed, all three molybde-
num centres in the complex have A configuration, as may
be expected in a complex of an enantiomerically pure li-
gand, such as H,-L#. In aqueous solution, the metal centres
in A, A, A-[{MoO,(L*};]% invert to form the more hydro-
philic A-configured diastereomer, as indicated by circular
dichroism (CD) spectroscopy. Interestingly, the visible re-
gion of the CD spectrum of the cis-MoO, complex of azo-
tochelin mirrors that of the A-configured diastereomer of
[{MoO,(L#)};]¢. Consequently, the predominant configu-
ration of the molybdenum centre in the siderophore com-
plex can be assigned as A®¥ the configuration that is also
adopted by the iron(III) centre in the biologically active en-
terobactin complex, which is recognised stereoselectively by
its outer membrane receptor protein FepA. The identical
charge and similar shape of A-[MoQ,(azotochelin)]>*~ and
A-[Fe(enterobacin)]*~ suggest that the molybdenum-azoto-
chelin complex may be recognised by iron-siderophore re-
ceptors, although experimental evidence for this hypothesis
has not yet been obtained.

A comparison of selected bond lengths and angles in the
cis,cis,cis-configured MoOg centres in  [MoO,(LY)]*,
[{MoO(LY)},]*, [{MoOy(LY)},]* and [{MoOy(L)};]*
(Table 1) shows that their geometry is similar despite the
differences in the structure of the ligands. Drastic distor-
tions due to steric constraints of the linkers were avoided
through formation of multinuclear complexes. The kinetic
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Figure 13. Ball-and-stick representation of the structure of A,A,A-
[{MoO,(L#%}5]%, O black, N light grey, C grey, Mo white, H atoms
omitted for clarity.

lability of the Mo"! centres allowed the formation of the
thermodynamically most favourable product in each case.
The cis-MoO, unit is thus a suitable building block in
metal-directed self-assembly processes.

In addition, the two molybdenum-bound oxido ligands
can be exploited for further intermolecular assembly pro-
cesses, as they are often seen to interact with counter cat-
ions. This is evident from the solid-state structures of cis-
MoO,>* complexes of structurally related catecholate li-
gands, such as the spiro ligand H,-L5 and the ester-substi-
tuted catecholates H,-L®. In [{MoO,(L5)},]*, the oxido li-
gands are part of a network consisting of sodium counteri-
ons and solvent oxygen donors that links the dinuclear mo-

Table 1. Comparison of selected bond lengths and angles in cis-MoO, catecholamide complexes (cis/trans assignments as in Figure 7).

Os-. P 02 {MOOAL ™ [MoO(L)™  [{MoO(L™ 1" [{MoO(L)kl” {MoO (L)l
/"Mo\ Mo1 Mo3
5 | o,
Og
Bond lengths /A
Mo-01 1.719(4) 1.707(2) 1.734(3) 1.72(2) 1.70(2)
Mo-02 1.717(4) 1.734(2) 1.711(3) 1.74(2) 1.69(2)
Mo-03 1.996(3) 1.998(2) 2.032(3) 2.04(2) 2.01(2)
Mo-04 2.114(4) 2.186(2) 2.117(3) 2.12(2) 2.14(2)
Mo-05 2.137(4) 2.125(2) 2.212(3) 2.12(2) 2.15(2)
Mo-06 2.005(3) 2.012(2) 1.989(3) 2.00(2) 2.04(2)
Bond angles /°
01-Mo-02 101.7(2) 101.9(1) 102.7(2) 101.9(8) 103.2(8)
03-Mo-04 75.8(1) 75.3(1) 75.8(1) 75.5(8) 75.6(6)
0O5-Mo-06 75.3(1) 76.1(1) 74.8(1) 75.8(6) 75.3(7)
nuclearity: dinuclear  mononuclear dinuclear trinuclear trinuclear
geometric isomer
cis,cis,cis cis,cis,cis cis,cis,cis cis,cis,cis cis,cis,cis
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lecular squares in the solid state (Figure 14).91 In

[M0O,(L%%),]*", an oxido ligand bridges between two lith-
ium counterions that interact with the coordinated cate-
cholate units,'*?! supporting dimerisation. The two dinuclear
Mo complexes in  [Liy{(p-O)(u-DMF)MoO,(L)} ,-
(DMF),], are linked in a similar way through interactions
between terminal oxido ligands and lithium ions.[>?l These
examples illustrate the scope of the cis-MoO,>" unit in the
construction of hierarchical supramolecular systems.

Figure 14. The packing of [{MoO,(L%)},]* viewed down the a axis
(Mo light grey, O grey, C black). H atoms, solvent molecules and
counterions omitted for clarity.

The geometric and electronic preferences of the cis-
MoO,?* unit have also been used for the spatial organi-
sation of functionalised catecholate units. Supramolecular
receptors for alkyl diammonium ions, for example, were ob-
tained by coordination of two crown ether appended chate-
cholate ligands to a cis-MoO,>" centre (Figure 15).1°] Mul-
tiple hydrogen bonding and electrostatic attraction of the
dicationic substrates by the dianionic receptor gives rise to
binding constants ranging from logK = 3.5 to 5.2. Only a
slight preference for pentyl diammonium over butyl, hexyl,
heptyl and octyl diammonium cations was observed, pre-
sumably due to the flexibility of both the substrates and the
receptor. Similarly, a receptor for dicarboxylates was devel-
oped by connecting a thiourea-carrying group to a cate-
cholate ligand. Formation of the cis-M0QO,>*dicatecholato
complex yielded a receptor that recognises alkyl dicarboxyl-
ates ranging from succinate to pimelate with binding con-
stants between log K 5.7 and 6.9.1¢]

O—| }ﬂo—o s O-}/Io~o
e
/_"\ ‘ /—\
0 0 0 0
PSR 7? 3

Figure 15. Structure of the diammonium receptor developed by
Weiss et al.[®®! (left) and one of the metallacyclopeptides prepared
by Albrecht et al.l”! (right).

Inspired by the zinc finger proteins, in which Zn'! coordi-
nation to two histidine and two cysteine residues is a crucial
structure-determining factor, the cis-MoQO,>* unit has been
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used in the preparation of metallacyclopeptides that mimic
loop or turn type secondary structures.[®” For this purpose,
catecholate units were connected to both termini of biolo-
gically relevant tripeptide sequences and the resulting bis-
(catecholate) ligands were coordinated to a cis-MoO,>" unit
(Figure 15). A proton NMR spectroscopic investigation
confirmed that the resulting metallacyclopeptides are con-
formationally restricted and that the side chains of tyrosine,
aspartate, arginine, lysine and tryptophan are not involved
in the molybdenum binding. This study opens up new ave-
nues for the design of bio-selective complexes.

Luminescent Chemosensors for Molybdate

The extraordinary high affinity of catechol-based li-
gands!®® 72 and in particular catecholamides!!>2%2?! for mo-
lybdenum(VI) prompted us to investigate their application
as metal-binding unit in luminescent chemosensors for oxo-
metalates, such as molybdate, tungstate and vanadate. A
fast and simple luminescence-based assay for these species
is required for a range of analytical applications in environ-
mental monitoring,[”* biochemical research!’# and medical
analysis.[73:76]

For analytical applications, high selectivity for molybdate
over biologically important metal cations, such as Fe''' o
Cu', and oxoanions, such as SO,> and HPO,>, is impor-
tant. Selectivity over oxoanions can be achieved with cate-
cholamide ligands, based on the unique coordination chem-
istry of molybdenum. While the molybdenum(VI) centre in
molybdate is able to bind two catecholate ligands to en-
hance its coordination number to six, sulfur and phospho-
rus cannot react in this way. On the other hand, selectivity
for oxometalates over cations, such as Fe!'l, can be achieved
by pH control (Figure 16). Whilst the reaction of molybdate
with two catechol ligands leads to the release of two water
molecules, the complexation of iron(IIl) by three catechol
ligands liberates six protons. The latter is thus less favour-
able in acidic solutions. Because cis-MoQO,>"-catecholate
complexes have a characteristic orange colour whereas
Fe"'_catecholate complexes are wine-red to purple, de-
pending on pH, their speciation can be followed spectro-
photometrically. However, because the ligand-to-metal
charge-transfer band that is used for the colorimetric quan-
tification of molybdenum—catecholate complexes is of
rather low intensity the sensitivity of these methods is lim-
ited, with detection limits falling into the micromolar con-
centration range.l’’! In order to increase the sensitivity, we
have connected luminophores with high quantum yields to
catecholamide ligands (Figure 17) in order to develop
chemosensors for molybdate that allow detection by fluo-
rescence Spectroscopy.

Catechol-appended  luminophores have promising
properties as functional sensors,’®8! redox switches,®?]
photo-#334 and electrocatalysts.®] Whilst [Ru(bpy)s]**-
type luminophores are still the most commonly studied,
[ReX(CO)s(bpy)]-type Iuminophores (with bpy = 2,2’-bi-
pyridine and X = Br, Cl) have recently emerged as interest-
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OH
L

OH
Fe3* + 3 @[
OH

Figure 16. Scheme illustrating the pH-dependence of the reaction
of 1,2-dihydroxybenzene (catechol) with molybdate and iron(III).

ing alternatives.®¢-°11 In addition, Ru''- and Re'-based lumi-
nophores that incorporate 1,10-phenanthroline instead of
2,2,'-bipyridine are increasingly utilised in the field due to
their high emission quantum yields and lifetimes.’>4
Because aminochelin showed a high affinity and selectiv-
ity for molybdate (see section 1), the siderophore was used
as the molybdenum-binding receptor unit in our sensor
prototype [Ru(bpy),(H,-L7)]*?* (Figure 17).°>°°1  Amide
bond formation between the pendant amine group of ami-
nochelin and 4'-methyl-2,2'-bipyridyl-4-carboxylic acid
gives the heteroditopic ligand H,-L7. In [Ru(bpy),-
(H,-L7)]?*, the bpy unit of H,-L7 is part of the [Ru-
(bpy)s]**-type luminophore, while the catecholamide unit
remains available for molybdate binding. As long as the cat-
echolamide is protonated, the sensor shows intense emis-
sion from the Ru(d,) — bpy(n*) *MLCT excited state.
Upon deprotonation or molybdenum binding, however, the
emission is quenched (Figure 18). The lifetime of
theMLCT excited state of the sensor decreases from

| [Ru(bpy)a(H-L%)1**

Figure 17. Structures of luminescent sensors for molybdate.
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710 ns, when protonated, to approximately 30 ns, when mo-
lybdenum-bound.®>! Upon addition of molybdate to a buff-
ered solution of [Ru(bpy),»(H»-L7)]** at pH 5.7 the emission
intensity decreases linearly until a molybdenum to sensor
ratio of 1:2 is reached (Figure 18). This is consistent with
the expected formation of a cis-Mo0O,>" complex, in which
two catecholamide ligands are coordinated. Between pH 4.8
and 5.8, equimolar amounts of competing cations (Fe!'l,
Cu'', Zn") and anions (HPO,>", ReQ,") are tolerated and
were found not interfere with the molybdate detection. Al-
though this selectivity for molybdate is promising, the use
of the prototype as a chemosensor has several limitations:
[Ru(bpy),(H,-L7)]>* is difficult to synthesise, has limited
water solubility and shows a rather high residual emission
intensity even in the presence of an excess of molybdate
(Figure 18).

To overcome these limitations the second-generation
chemosensor [Re(bpy)(CO);(H,-L8)]* (Figure 17) was syn-
thesised.’” The Re-based luminophore was not only chosen
because of its long-lived emission and photochemical sta-
bility,®® but also because the carbonyl ligands allow the
investigation of the quenching mechanism by time-resolved
infrared spectroscopy.””! The removal of the butylamine-
spacer between the luminophore and the catecholamide fa-
cilitates the synthesis, increases the hydrophilicity of the
sensor and enables electronic coupling between the receptor
and the signalling unit. The electron-withdrawing effect of
the electron deficient pyridyl group in H,-L3 lowers the pK,
values of the catecholic OH groups, thereby increasing their
affinity for molybdenum at low pH. Consequently, the pH
range available for detection reaches down to pH values as
low as 0.1 and almost complete emission quenching is ob-
served (Figure 19). This is advantageous for a variety of
environmental and biological applications, because it allows
the direct analysis of acidic metal extracts. The selectivity
of the sensor system for oxometalates over transition-metal

gr@

[Re(bpy)(CO)3(H,L®)]"

T2+

A
/\
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~ ‘ /N =
e | \N/
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Figure 18. Left: emission spectra of the sensor [Ru(bpy),(H,-L7)J(PFg), in the presence of increasing amounts of molybdate (aqueous
acetonitrile, pH 5.7, A = 460 nm). Right: relative emission intensity at 615 nm as a function of molar equivalents of molybdate.

cations and oxoanions of the p-block elements is remark-
able. Even the mutually interfering analytes molybdate and
tungstate can be differentiated kinetically by taking advan-
tage of the inertness of polyoxotungstates.

: sensor
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Figure 19. pH-dependence of the emission intensity at 565 nm of
the sensor [Re(bpy)(CO);(H,-L#)]™ (squares) and its Mo complex
[Mo0O,{Re(bpy)(CO)s(L8#)},] [titrated from low to high pH (black
dots) and titrated from high to low pH (grey dots)] in aqueous
acetonitrile (Aexe = 370 nm).

The reaction of [Re(bpy)(CO);(H,-L#)]* with molybdate
at pH 4 leads to the formation of the cis-MoO,>*-bis(cate-
cholamide) complex [MoO,{Re(bpy)(CO);(L?)},], the
structure of which could be confirmed by X-ray crystal-
lography.®?! At pH 4, an apparent overall binding constant
logf," of 13(%= 1) was obtained and the detection limit was
determined to be 55 pgL1.[7]

Furthermore, the heteroditopic ligand H,-L°, which can
be coordinated to Ru(bpy), and ReBr(CO); fragments (Fig-
ure 17), allowed us to assess how the chemical and photo-
physical properties of the luminophores influence the
metal-binding properties of the catecholamide receptor unit
and thereby the performance of the molybdate sensors.[1%
The crystal structures of [Ru(bpy),(H,-L°)]** and
[ReBr(CO);(H»-L?)] are shown in Figure 20. In both cases,
H,-L® is almost planar and an intramolecular hydrogen
bond is formed between the amide NH and the O atom in
the ortho-position of the catecholamide unit. As expected,
3698
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the deprotonation of the ortho-OH group in the positively
charged complex [Ru(bpy),(H,-L?)]*" is easier (pK, = 4.5)
than in the neutral complex [ReBr(CO);(H»-L%)] (pK, =
5.75). Although both complexes function as molybdate and
vanadate sensors, the lower pK, value and the higher emis-
sion intensity of [Ru(bpy),(H,-L%)]** gives rise to a detec-
tion limit that is almost an order of magnitude lower than
that achieved with [ReBr(CO);(H,-L?)] (Table 2) and three
orders of magnitude lower than the one reported for the
colorimetric determination of molybdate with catechol.l’”]
The detection limit for molybdate is similar to those re-
ported for highly fluorescent organic reagents, such as Aliz-
arin Red S (100 pgL 11U or bathophenanthrolinedisul-
fonate (10 pug L1),1192 but still higher than that reported for
2-hydroxy-1-naphthaldehydene-8-aminoquinoline (0.08
ug L-1).11931 In contrast to organic fluorophores, [Ru(bpy),-
(H>-L%)J** and [ReBr(CO);(H,-L?)], however, show long-
lived emission and large differences between excitation and
emission wavelengths. These properties can be used to elim-
inate biological background fluorescence. The presence of
equimolar amounts of biologically relevant cations, such as
Mn", Fe'™ Co", Ni'" and Zn', and oxoanions, including
SO,*> and HPO,>, do not interfere with molybdate and
vanadate detection. Perrhenate, which is diagonally related
to molybdate in the periodic Table, was also shown not to
quench the emission of [Ru(bpy)»(H»-L?)]** and [ReBr(CO);-
(Hy-L)].

Further applications of metal complexes with pendant
catecholate groups are emerging, for example based on the
observation that catecholate units interact strongly with the
surface of early transition-metal oxides, such as TiO,. They
can thus be used for the immobilisation of photosensi-
tisers,[194-103] catalysts,[19° or fluorophores.['%7! Interestingly,
a polymeric ligand with pendant catecholate groups has re-
cently been used in the solubilisation and functionalisation
of inert MoS, nanoparticles.'%1 This study is of relevance
with regard to the siderophore-mediated mobilisation of
molybdenum in the environment, as it suggests that cate-
cholamides might be able to sequester molybdenum from
otherwise inaccessible sources.

Eur. J. Inorg. Chem. 2009, 3689-3701
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Figure 20. Ball-and-stick representation of the molecular structures
of [Ru(bpy)>(H»-L?)J** (top) and [ReBr(CO);(H,-L?)] (bottom). O
black, N light grey, C grey, H white, H atoms, apart from OH and
NH, omitted for clarity.

Table 2. Comparison of the pK, values of the ortho-OH group and
the detection limits for molybdate for the three second generation
sensor systems.

Sensor pK, of ortho-OH Detection limit
[ReBr(CO);(Hy-L2)] 5.75 315 pgL!
[Re(bpy)(CO)3(H,-L¥)]" 4.9 55pgL!
[Ru(bpy),(Ho-L?)** 4.5 43 pgl!

Summary and Perspectives

It is now well established that ligands with cate-
cholamide-based binding sites form very stable cis-MoO,>*
complexes. This finding is biologically important, because
molybdate competes with iron(IIl) for the catecholamide
siderophores secreted by microorganisms, as studied in de-
tail for the siderophores of the nitrogen-fixing bacterium
Azotobacter vinelandii. Whether the molybdenum-sidero-
phore complexes formed are taken up by the cells as such,
either via specific molybdenum-siderophore transporters or
by use of the iron-uptake system, remains to be investi-
gated. As an essential component of the conventional nitro-
genase, molybdenum plays a crucial role in the fixation of
atmospheric nitrogen and thus ultimately in the improve-
ment of soil fertility and crop production. In this context,
further insights into ways to support and optimise bacterial
molybdenum and iron uptake are urgently required.

The synthesis and characterisation of molybdenum(VI)—
siderophore complexes and structurally related model com-
pounds helped to establish catecholamides as suitable li-
gands for the self-assembly of supramolecular complexes,
an area that has subsequently attracted much attention. In
addition, the cis-Mo0O,>" unit was shown to give rise to
structures that are not easily accessible with other metal
ions. Because the two oxido ligands can accept hydrogen
bonds and coordinate to counterions, they provide the op-
portunity to control the spatial arrangement and packing of
the complexes in hierarchical supramolecular systems. This
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possibility, together with the chirality of the molybdenum
centre in cis-MoO,>*—catecholamide complexes, can be ex-
ploited in the design of even larger chiral structures. This
opens up exciting new avenues for future studies.

The high affinity of catecholamides for molybdenum has
also provided the inspiration for the development of lumi-
nescent chemosensors for oxometalates, such as molybdate,
vanadate and tungstate. The sensors consist of luminescent
Re- or Ru-based signalling units with pendant cate-
cholamide receptor units. This modular design facilitates
the tuning and optimisation of their properties. Future per-
spectives in this area include the increase of the water solu-
bility of the molecular sensors or their immobilisation, for
example on fibre-optic tips.
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