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Catechol–lumophore conjugates are attracting increasing
interest as supramolecular photochemical devices, with
potential applications as sensors,[1] redox switches,[2] and
photo- and electrocatalysts.[3] The versatility of the conjugates
results from the redox activity of the catechol moiety, the
oxidation potential of which can be modulated by pH control
and metal ion coordination.[4] Once deprotonated, the
negatively charged catecholate oxygen donors are well
suited to chelate chemically hard metal ions in high oxidation
states.[5]

As metal ions in high oxidation states typically form
oxometalate anions in aqueous media, a selective analytical
technique must be directed at anions. There is interest in the
analysis of oxometalate ions, such as molybdate, for several
types of application. Environmental monitoring of molybdate
is required as excessive soil molybdate causes molybdenosis
in ruminants;[6] biochemical monitoring is needed to under-
stand molybdate uptake[7] and the recently discovered link
between MoO4

2� and Cu2+ metabolism.[8] Medical analysis is
of interest as deficiency of Mo cofactor causes neurological
disorders.[9] A sensor that is selective for oxometalates must
not only compete successfully with other oxoanions, such as
SO4

2� and HPO4
2�, but also with metal cations, such as Fe3+

and Cu2+.
Although the development of luminescent sensors and

probes for anions is an emerging field,[10] as yet, no selective
chemosensors for biologically important oxometalates are
available on the market,[11] and studies that target these
oxometalates are rare.[12] Promising approaches to molybdate
sensing include catalytic fluorometric methods[12b] and the
quenching of the fluorescence of organic ligands by MoVI.[12a,c]

Furthermore, heteroditopic ion-pair receptors were recently
designed for the sequestration of environmentally deleterious
oxometalates, such as ReO4

� and TcO4
� , which were bound as

Na+ salts through a combination of hydrogen-bonding and
electrostatic interactions.[13]

In pursuit of an optical detection method for early-
transition-metal ions in high oxidation states, we have
recently taken a supramolecular two-component approach
in the development of a catechol–[RuII(2,2’-bpy)3]

2+ (bpy =

bipyridine) conjugate, which signals the presence and con-
centration of molybdate (MoO4

2�) in solution through
luminescence quenching.[1c,d] In this prototype sensor, the
metal-binding catechol unit is separated from the lumophore
by an alkyl chain. In principle, the long excitation and
emission wavelengths and large Stokes shifts of metal-based
lumophores, such as Ru– and Re–polypyridyl complexes, are
advantageous for measurements in biological media, pro-
vided that the compatibility of the complexes with water is
improved.

Here we report the design, synthesis, and luminescent
properties of a second-generation sensor 1 based on a

[ReI(2,2’-bpy)(py)(CO)3]
+ chromophore (py = pyridine). In

1, the catechol unit is linked directly to the monodentate
pyridyl ligand of the chromophore. The electron-withdrawing
effect of the p-deficient pyridyl group which is enhanced by
the coordinated positively charged chromophore increases
the acidity of the phenolic OH groups. This has two main
advantages: First, the affinity of the sensor for Mo at low pH
values is increased, and second, the system is stabilized
against air oxidation. Furthermore, the amide linker facili-
tates electron transfer from the catecholate quencher to the
photoexcited chromophore as it ensures the planarity of the
ligand. The [ReI(bpy)(py)(CO)3]

+ chromophore was selected
for the ease with which it is derivatized, its long-lived
luminescence, and its photochemical stability.[14]

The benzyl (Bn)-protected pyridine ligand Bn2L (2,3-
dibenzyloxybenzoyl-4-aminopyridine) was synthesized by
condensation of 2,3-dibenzyloxybenzoic acid chloride[15]

with 4-aminopyridine by an analogous procedure to that
reported by MacQueen and Schanze.[14a] Bn2L was then
heated at reflux with rhenium tricarbonyl bipyridyl bromide
and silver triflate in THF to form the benzyl-protected
complex, which was isolated as the PF6 salt 2, upon addition of
NH4PF6, in 60 % yield. Complex 2 was characterized by ES
mass spectrometry, IR and NMR spectroscopy, as well as X-
ray crystallography (Figure 1).[16] The coordination geometry
of the rhenium center in 2 is distorted octahedral and typical
for bipyridine-coordinated fac-ReI(CO)3 units.[17] The crystal
structure confirms that the core of L is held essentially planar
by an intramolecular hydrogen bond between the amide
proton and the adjacent 2-benzoxy donor (distance
N(4)···O(5) = 2.64(1) �). The dihedral angle between the
catechol moiety and the pyridine ring deviates by 7.6(2)8 from
an ideal coplanar orientation.

Complex 2 was debenzylated by catalytic hydrogenolysis
to give 1 and the product was identified by TLC, mass
spectrometry, and NMR spectroscopy. The solubility of 1, and
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in particular 2, in water is limited. To allow a comparison of
the spectroscopic properties of 1 and 2, the solvent system
used throughout the studies consisted of 95:5 acetonitrile/
water. In studies with 1, however, the water content of the
solvent mixture can be increased up to 20 % without apparent
precipitation or loss of sensor activity (see Supporting
Information).[18] As acetonitrile is miscible with water, it is
possible to detect metal ions that are added in aqueous
solution. Furthermore, the pH range for the detection can be
established and adjusted by using standard buffer solutions.

Excitation at 370 nm into the Re(dp)!bpy(p*) charge-
transfer bands[14, 17] of 1 and 2 gives rise to broad emission
bands around 565 nm. Whereas the emission spectrum of 2 is
pH-independent between pH 0.1 and 10, the emission of the
“free” sensor 1 shows a sigmoidal decrease in intensity due to
the deprotonation of the OH group in the ortho position
(Figure 2). The pH dependence of luminescence gives an
apparent pKa value of around 4.9 for 1, which is compara-
tively low for a catecholamide.[1c,19] The maximum emission
intensity of 1 observed at low pH, however, is still approx-
imately 30% lower than that of 2.

The addition of 0.5 equivalents of molybdate[20] results in
quenching of the emission, indicating strong binding of the
analyte. To gain further insight into the stoichiometry of the
molybdenum complex formed, a solution of 1, buffered at
pH 4, was titrated with molybdate (Figure 3). Upon addition
of molybdate, the emission intensity decreased gradually.

Apart from a slight shift of the emission maximum toward
shorter wavelengths at high levels of molybdate, no other
spectral changes were observed. The emission intensity
decreases linearly up to a clear break at a ratio of Mo/1 of
0.5, consistent with the formation of a 1:2 molybdenum/
catecholate complex. The response fits[21] to an apparent
overall binding constant of log b02 = 13(� 1). Under these
conditions, the detection limit was determined to be
55 mgL�1.[18]

Next, the selectivity of 1 was investigated by repeating the
titration of the solution of the acidic sensor with standard base
in the presence of potentially interfering ions. The pH profiles
obtained in the presence of metal cations, such as Co2+, Ni2+,
Cu2+, Zn2+, and Fe3+, do not differ significantly from that
obtained for the titration of 1 alone (see Supporting
Information). The lack of quenching in the low pH region
may be rationalized by the stronger pH dependence of the
reaction of metal cations with catechols [Eq. (1), cat = cate-
chol]. The pH profiles obtained in the presence of oxoanions,
such as sulfate or phosphate, are almost identical to the pH
profile of 1 (see Supporting Information). This absence of
interference is particularly advantageous for biological appli-
cations, where high concentrations of sulfate and phosphate
ions are likely to be present.

MoO4
2�þ2 H2catÐ ½MoO2ðcatÞ2�2�þ2 H2O

Ni2þþ2 H2catÐ ½NiðcatÞ2�2�þ4 Hþ
ð1Þ

In the presence of tungstate,[20] the initial emission
intensity at low pH values decreases slightly, probably
owing to the heavy-atom effect; the pKa value, however, is
not shifted significantly (Figure 4). As the coordination
chemistry of Mo is very similar to that of W, the unexpectedly
high selectivity for molybdate over tungstate under acidic
conditions merited further investigations. We therefore
examined the reversibility of the titrations in detail. Whereas
the response of 1 in the absence and in the presence of most of
the ions tested was independent of the direction of the
titration (low to high pH, or high to low pH), the pH profile
obtained in the presence of tungstate revealed hysteresis-type
behavior. The lack of quenching during the forward titration
(low to high pH) may be related to the formation of
polyoxometalates. Both W and Mo form polyoxometalates

Figure 1. ORTEP plot of [Re(2,2’-bpy)(Bn2L)(CO)3]
+ (50% probability

ellipsoids). Hydrogen atoms, except that at the amine (N4), are
omitted for clarity. Selected bond lengths [�]: Re–C1 1.917(8), Re–C2
1.921(8), Re–C3 1.926(8), Re–N1 2.168(5), Re–N2 2.160(6), Re–N3
2.219(6).

Figure 2. Intensity of emission at maximum (lem =565 nm) versus pH
for 2 (!), 1 (&), and 1 in the presence of molybdate (0.5 equiv; *).
lex = 370 nm, solutions in aqueous acetonitrile.

Figure 3. Emission spectra (uncorrected) of 1 (10�4
m) in the presence

of increasing concentrations of molybdate (in aqueous acetonitrile at
pH 4.0, buffer: 2,6-lutidine, lex = 370 nm). Inset: Emission intensity at
565 nm as a function of molar equivalents of MoO4

2�.
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in acidic solutions; however, the Mo-containing species react
quickly, whereas the W-containing species are known to be
more inert.[22] This allows kinetic differentiation of the two
analytes.

As molybdenum is diagonally related to vanadium as well
as rhenium, vanadate and perrhenate ions were also tested.
Whereas perrhenate gave no response (see Supporting
Information), vanadate[20] was found to be the only other
biologically relevant ion investigated that also quenches the
emission of 1. During the forward titration, the emission
intensity of 1 decreases significantly in the low pH region,
indicating a moderate binding affinity toward vanadate. The
pH profile obtained is more complicated in shape, and the
back titration reveals hysteresis-type behavior. Further stud-
ies are required to identify the vanadium-containing species
that are involved in the underlying equilibria.

In conclusion, we have developed a new selective high-
affinity chemosensor for the most biologically relevant
oxometalates: molybdate, tungstate, and vanadate. The
sensor system operates in up to 20 % (v/v) H2O in CH3CN
in the pH range 0.1–4.5 and indicates binding of the analyte by
efficient quenching of the (Re–bipyridyl)-based lumines-
cence.
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Figure 4. Reversibility studies with solutions containing 1 in the
presence of the following oxometalates (0.5 equiv): tungstate (&, &),
vanadate (*, *), and molybdate (!, !). Titrations from low to high
pH: solid symbols; from high to low pH: hollow symbols. Offset:
0.8 a.u. each.
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