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A novel ferrocene-based thiacalix[4]arene ditopic receptor
for electrochemical sensing of europium(III) and

dihydrogen phosphate ions
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Abstract—We have synthesized a ferrocene-based 1,3-alternate thiacalix[4]arene ditopic receptor 3 that contains four identical
polyether arms terminated with the ferrocene amide moieties. Our studies have revealed that this redox-active receptor can be used
as an electrochemical sensor to recognize both europium (Eu3+) and dihydrogen phosphate ðH2PO4

�Þ ions with a high selectivity.
� 2006 Elsevier Ltd. All rights reserved.
The design and synthesis of ditopic receptors that have
the ability to selectively bind and sense cationic and
anionic species is a new emerging topical field of supra-
molecular chemistry.1 Such receptors are generally
achieved through combining well-defined recognition
centers with signalling moieties to enable detection of
ion binding via optical and electrochemical methods.2

In particular, the recognition and sensing of rare earth
metal cations have attracted a growing attention largely
because of the fast developing biomedical applications
of the rare-earth-metal-containing systems in nuclear
magnetic imaging, cancer therapy, fluoroimmuno-assays
and luminescent labeling of biomolecules, as well as
specific cleavage of DNA and RNA.3

Thiacalixarenes have recently emerged as new members
of the calixarene family and become useful building
blocks for the construction of ionophores due to their
novel features such as excellent binding abilities toward
transition metal cations and different conformational
preferences, which result from the replacement of meth-
ylene linkages by sulfur atom bridges in the calixarene
structure. However, much less known chemistry of thia-
calixarenes and lack of general derivatizing methods
markedly restrict their applications as molecular scaf-
folds in supramolecular chemistry.4
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The calixarene structural frameworks have been modi-
fied for constructing a variety of elegant redox-active
receptors. Notable examples include cobaltocenium-
and ferrocene-appended calixarene ionophores.5 How-
ever, no ferrocene-based thiacalixarene receptors have
been described so far.

As part of our efforts to develop new redox-active recep-
tors capable of recognition and sensing of ionic or
molecular guests, we report here the first synthesis of a
novel ditopic ferrocene-based thiacalix[4]arene receptor
3 (Scheme 1), which contains four identical polyether
linked ferrocene amide moieties and exhibits a remark-
able selectivity for electrochemical sensing of euro-
pium(III) and dihydrogen phosphate ions, respectively.

The synthetic route of receptor 3 is depicted in Scheme
1. The reaction of p-tert-butylthiacalix[4]arene6 with
1-[2-(2-iodoethoxy)ethoxy]-4-nitrobenzene7 in CH3CN
solution using Cs2CO3 as base afforded nitro compound
1 (71% yield after chromatography), which was then
converted to the corresponding amine 2 (95% yield)
via reaction with NH2NH2ÆH2O using Pd/C8 as a cata-
lyst. Receptor 3 was synthesized in a good yield (70%)
through treatment of amine 2 with chlorocarbonylferro-
cene9 in the presence of triethylamine base. All new thia-
calix[4]arene derivatives were characterized by 1H, 13C
NMR, IR, Maldi MS, and elemental analyses, and the
1,3-alternate conformation of compound 1 was con-
firmed by X-ray structural analysis (see the Supplemen-
tary data).
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Figure 1. Cyclic voltammograms of 3 (a) 3þH2PO4
�; (b) 3 + Eu3+.

Reagents and conditions: 5 · 10�4 M of 3 and 0.1 M n-Bu4NClO4 in
CH2Cl2:CH3CN (1:1) solution, Pt disk working electrode and scan
rate = 100 mV s�1.
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Scheme 1. Reagents and conditions: (a) 4-NO2C6H4OCH2CH2OCH2CH2I, Cs2CO3, CH3CN, reflux; (b) Pd/C (5%), NH2NH2ÆH2O (85%), dioxane/
ethanol, reflux and (c) chlorocarbonylferrocene, Et3N, CH2Cl2, rt.
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In order to evaluate the potential electrochemical
sensing capabilities of the novel ditopic receptor 3, its
voltammetric behavior was investigated toward the
cationic and anionic species. Cyclic voltammogram
(CV) was recorded for 3 in CH2Cl2:CH3CN (1:1) solu-
tion using n-Bu4NClO4 as the supporting electrolyte.
The free receptor exhibited a single quasi-reversible
wave at E1/2 = 0.575 V (vs. saturated calomel electrode
reference) for the ferrocene–ferrocenium redox couple,
which indicated that four ferrocene moieties in receptor
3 were all oxidized at the same potential or at similar
ones without showing the detectable electronic commu-
nication among them.10

Upon progressive addition of stoichiometric equivalents
of H2PO4

� anion, a distinct two-wave behavior could be
observed. The wave shifted negatively up to 275 mV
upon addition of two equivalents of H2PO4

� ion, con-
comitant with the electrochemical response turned to
less reversible (Fig. 1a). This cathodic shift can be attrib-
uted to the hydrogen bindings of H2PO4

� ion by NH
protons of the amide groups in close proximity to the
ferrocene redox centers of 3, facilitating oxidation to
ferrocenium. It should be noted that the two-wave
behavior has been used as a diagnosis of a large value
for the equilibrium constant of H2PO4

� species by
receptors of 3 type.11 The stabilization of the ferroce-
nium state12 and the binding enhancement factor
(BEF)13 were 26.53 KJ mol�1 and 4.46 · 105, respec-
tively. Remarkably, the presence of AcO� and Br� an-
ions, even in large excess, had no obvious effect on the
CV properties of 3 (Table 1). These findings revealed
that receptor 3 had a high selectivity for electrochemical
sensing of H2PO4

� anion.

As reported previously, the binding between the ferro-
cene-based receptor and cations generally results in an
anodic shift of the ferrocene–ferrocenium redox cou-
ple,14 because, once complexed, the ferrocene compound



Table 1. Electrochemical anion recognition data for receptor 3a

Anion DE1/2 (mV)

H2PO4
� 275

AcO� 0
Br� 0

a Conditions: 5 · 10�4 M of receptor 3 and 0.1 M n-Bu4NClO4 in
CH2Cl2:CH3CN (1:1), Pt disk working electrode, Pt auxilliary elec-
trode, Hg/Hg2Cl2 reference electrode and scan rate = 100 mV s�1.
Errors ± 10 mV.

Table 3. Eu3+-induced change in 1H NMR chemical shifts of 3: H1

(NH), H2a,b (ArH), H3 (calix–ArH), H4a–d (OCH2)a

Proton Dd (ppm) Proton Dd (ppm)

H1 + 0.86 H4a �0.05
H2a —b H4b —b

H2b �0.14 H4c �0.10
H3 �0.16 H4d �0.12

a Conditions: 5 · 10�2 M of Eu(ClO4)3 in DMSO-d6 was added to
5 · 10�4 M of 3 in CDCl3; the (+) and (�) imply downfield- and
upfiled-shift signs on Eu3+ complexation, respectively.

b The change of chemical shifts was unable to calculate due to the
overlap of the NMR peaks.
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Figure 2. Changes in the fluorescence excitation and emission of 3

(5 · 10�4 M) upon the addition of Eu3+ ion.
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may become more difficult to oxidize and therefore the
ferrocenyl redox couple shifts to a higher potential.
For example, Beer and co-workers15 reported a series
of ferrocene-appended calixarene receptors and found
the respective ferrocene–ferrocenium redox couple of
these receptors showing anodic shifts with the addition
of trivalent lanthanide ions. In our case, however, upon
addition of increasing amounts of Eu3+ ion (as perchlo-
rate salts) to receptor 3, a surprising and significant
cathodic shift of the wave was observed, in which the
maximum perturbation of the CV was up to 130 mV
obtained with 2 equiv of Eu3+ ion and the electrochemi-
cal response still remained reversible (Fig. 1b). This sug-
gested that in some way the presence of the positively
charged Eu3+ ion could unexpectedly increase the elec-
tron density at the ferrocenyl redox centers of receptor
3.16 Similarly, with the negative shift, the stabilization
of ferrocenium state of receptor 3 by Eu3+ ion was
12.54 KJ mol�1 and, the BEF was 158. Moreover, there
were no detectable electrochemical responses of the
ferrocene centers toward Na+, K+, Mg2+, and Cu2+ ions
(Table 2), although these cations may also be able to
complex with receptor 3.

To gain a better understanding of the binding of recep-
tor 3 to Eu3+ ion, 1H NMR titration experiments were
carried out. Europium induced chemical shift changes
were shown in Table 3. The –OCH2, –C6H4–, and
calix–ArH of receptor 3 revealed upfield-shift changes,
indicating that Eu3+ ion was entrapped by the polyether
linkages and sulfide bridges. In contrast, the NH exhib-
ited 0.86 ppm downfield shifting upon the complexation,
implying that the oxygen atoms of amide groups also
coordinated with Eu3+ ion. These were in accordance
with the results of the electrochemistry and suggested
that 3 had two binding sites and could complex with
two europium cations (see the Supplementary data).

In view of the existence of metal-centered spectroscopic
properties of Eu3+ ion in complexes,17 the complexation
Table 2. Electrochemical cation recognition data for receptor 3a

Cation DE1/2 (mV)

Na+ 0
K+ 0
Mg2+ 0
Cu2+ 0
Eu3+ 130

a Conditions: 5 · 10�4 M of receptor 3 and 0.1 M n-Bu4NClO4 in
CH2Cl2:CH3CN (1:1), Pt disk working electrode, Pt auxilliary elec-
trode, Hg/Hg2Cl2 reference electrode and scan rate = 100 mV s�1.
Errors ± 10 mV.
behavior of receptor 3 with Eu3+ ion was further exam-
ined through the changes in the fluorescence spectrum of
3 in CH2Cl2:CH3CN (1:1) solution, upon addition of
Eu3+ ion (Fig. 2). The free receptor exhibited no fluores-
cence band, however, upon addition of Eu3+ ion, two
excite bands were found at 389 and 526 nm, respectively.
The excite band at 389 nm can be assigned to the charac-
teristic excite band of Eu3+ ion.16 When excited at
389 nm, no Eu3+ characteristic emission band at about
612 nm could be observed, indicating that the Eu-cen-
tered luminescence was quenched by the four ferrocene
moieties in receptor 3, whereas excited at 526 nm, an
emission band was found at 562 nm and a strong fluo-
rescence enhancement of receptor 3 was obtained. These
findings also suggested that there existed an electron
transfer process between the excited state of Eu3+ and
Fe2+ in ferrocene units.17,18 However, rational pathways
for the extraordinary electrochemical recognition behav-
ior of 3 toward Eu3+ ion are currently not fully
understood.

In conclusion, we have synthesized and characterized a
novel ditopic ferrocene-based thiacalix[4]arene receptor
3, which possesses four polyether arms ended with ferro-
cene units and can electrochemically sense Eu3+ and
H2PO4

� ions with a marked selectivity, respectively.
The present work substantially extends the applications
of thiacalixarenes as molecular scaffolds. The syntheses,
ion pair sensing abilities and redox complexing mecha-
nisms of receptor 3 type of compounds are currently
under intensive investigations in our laboratory.
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