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Abstract—A new calix[4]pyrrole 1 containing a ferrocene moiety attached to one of the meso-positions has been synthesised by
co-condensation of pyrrole, cyclohexanone and acetylferrocene. The crystal structure of 1 has been elucidated whilst 1H NMR
titration studies in acetonitrile-d3/DMSO-d6 9:1 v/v have revealed that 1 binds fluoride, chloride, and dihydrogen phosphate in this
solvent mixture. Electrochemical studies using cyclic voltammetric and square-wave voltammetric techniques show cathodic shifts
of up to 100 mV (approx.) with dihydrogen phosphate anions. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The development of new receptors and sensors for
anionic species provides a continuing challenge to the
supramolecular chemistry community.1 The use of fer-
rocene as an electrochemically active ‘reporter group’ has
been explored by a number of research groups world-
wide and has been used to produce redox-active sensors
for cations, anions, and neutral species.2 In the vast
majority of these examples, no direct coordination of the
guest to the ferrocene moiety occurs. An example of
direct coordination to ferrocene in a redox-active recep-
tor has been reported by Gokel and co-workers involving
Ag···Fe interactions.3 Our interest in anion complexation
and detection has led to the development of a variety of
fluorescent4 and colorimetric5 anion sensor systems

based upon calix[4]pyrrole, an easy to make tetrapyrrolic
macrocycle capable of forming hydrogen bonded com-
plexes with a variety of halides and oxo-anions.6 While
we were initially successful in preparing anion selective
electrodes containing calix[4]pyrroles,7 our attempts to
synthesise discrete molecular electrochemical sensors
based on loosely linked calix[4]pyrrole and ferrocene
conjugates gave unusual results with the systems display-
ing both cathodic and anodic shifts upon addition of
anions.8 We therefore decided to employ the ferrocene
moiety in a much more intimate role in the anion
complexation process and design a calixpyrrole that
would allow for the possibility of direct Fc-H···anion
binding interactions.9 We achieved this by co-condensing
acetylferrocene, cyclohexanone, and pyrrole and isolat-
ing a mono-ferrocene calix[4]pyrrole 1.

Scheme 1.
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Figure 1. X-Ray crystal structure of 1.

Figure 2. Ferrocene CH resonance shifts upon addition of
chloride anions (� protons in green, � in blue and unsubsti-
tuted Cp in red).

2. Results and discussion

Compound 1 was synthesised by co-condensation of
acetylferrocene, pyrrole and cyclohexanone (Scheme 1).
A mixture of pyrrole (2 g, 0.0299 mole), acetyl fer-
rocene (1.7 g, 0.0075 mole), cyclohexanone (2.2 g,
0.0223 mole) and a catalytic quantity of methanesul-
fonic acid were added to methanol (100 ml) and stirred
under nitrogen overnight. The reaction mixture was
neutralised with triethylamine and the solvent removed
in vacuo. The residue was separated by column chro-
matography on silica gel eluting with dichloromethane/
hexane (2:1 v/v). The mono-ferrocene calix[4]pyrrole 1
was isolated as an orange powder in 30% yield.10

Crystals of 1 suitable for X-ray crystallographic analy-
sis (Fig. 1) were obtained from an acetonitrile solution
of the macrocycle.11 As in the case of most other
calix[4]pyrrole macrocycles, the uncomplexed receptor
adopts the 1,3-alternate conformation in the solid state.

Binding studies were conducted using 1H NMR titra-
tion techniques in DMSO-d6/acetonitrile-d3 (1:9 v/v),
with association constants being elucidated using the
EQNMR computer program.12 The results are shown
in Table 1 and reveal that compound 1 coordinates

Figure 3. Schematic representation of the ferrocene CH and
calixpyrrole NH hydrogen-bonding interactions that are
thought to stabilise the bound anion in complexes derived
from 1.

fluoride, chloride and dihydrogen phosphate in this
solvent mixture. The NH proton resonances broadened
during the titrations making them unsuitable for the
calculation of the association constants. However, one
ferrocene CH resonance shifted downfield allowing for
the calculation of Ka and providing evidence for the
formation of CH···anion hydrogen bonds in solution
(Fig. 2). This is shown schematically in Fig. 3. Unfortu-
nately, it was not possible to elucidate an accurate
association constant with dihydrogen phosphate by this
method, as the ferrocene CH resonance was partially
obscured during this titration.

Table 1. Association constants and Fc/Fc+ redox potentials for compound 1 with various anionic guest species

Ka (M−1)aAnion E1/2 (Fc/Fc+) (mV) versus Ag/AgClb �E (mV)

n/aNo anion +444 n/a
−76Fluoride +3683375

3190Chloride +408 −36
Bromide 50 +432 −12

304c +350 (approx.) −100 (approx.)Dihydrogen phosphate13

Hydrogen sulfate14 �10d +436

a Errors estimated<20%. Measured in acetonitrile-d3/DMSO-d6 9:1 (v/v)
b E1/2 values obtained from SWVs.
c The CH proton resonance was partially obscured during this titration; therefore, this value should be treated with caution.
d No shifts were observed.
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Figure 4. Cyclic (a) and square-wave (b) voltammograms of 1 (5×10−4 M) recorded in CH3CN/DMSO 9:1 v/v containing 0.1 M
tetrabutylammonium hexafluorophosphate using a Pt disk working electrode, a Pt gauze counter electrode and a Ag/AgCl
reference electrode. Voltammetry was carried out under a dry argon atmosphere.

Electrochemical studies were conducted using square-
wave and cyclic voltammetric techniques. The redox
potentials from square-wave voltammograms (SWVs)
of the receptor in acetonitrile/DMSO (9:1 v/v) are
shown in Table 1. Among the halide anions, binding of
fluoride induces the largest cathodic shift in the fer-
rocene/ferrocenium couple (76 mV), followed by chlo-
ride (36 mV) and bromide (12 mV). Dihydrogen
phosphate causes the SWV to shift cathodically by
approximately 100 mV. The cyclic voltammograms
(CVs) and SWVs of 1 between 0 and 800 mV versus
Ag/AgCl at 25°C in the absence and presence of anions
are shown in Fig. 4. Note that in the voltammograms
recorded in the presence of fluoride and dihydrogen-
phosphate, redox processes corresponding to oxidation
of the calix[4]pyrrole skeleton have shifted into this
potential window.

3. Conclusions

Receptor 1 functions as an electrochemical sensor for
anions. Solution state 1H NMR spectroscopic studies
provide support for a direct coordination mechanism
involving hydrogen bond formation between the fer-
rocene cyclopentadienyl group and the bound anion.
We are continuing to investigate the properties of this
and other ferrocene modified calix[4]pyrroles. The
results of these studies will be reported in due course.
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