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ABSTRACT: The ferrocene−triazole derivative 4, available from
1,1′-bis(diazido)ferrocene by sequential functionalization through
click-type chemistry and the Staudinger reaction, is elaborated as a
lab-on-a-molecule for the selective sensing of HP2O7

3− and Hg2+.
Receptor 4 behaves as a ratiometric fluorescent probe for HP2O7

3−

with a good selectivity over other anions, whereas in the presence
of Hg2+ it modifies the fluorescent emission of the pyrene unit,
acting as a selective on−off fluorescent sensor for Hg2+ with a low
detection limit. The most salient feature of compound 4 is its
behavior as an excellent electrooptical ion pair recognition
receptor able to simultaneously recognize Pb2+ cations in the
presence of HP2O7

3− anion through multichannel perturbations of
the redox potential of the ferrocene unit, the emission spectrum,
and a noticeable color change from yellow to green.

■ INTRODUCTION

The design and synthesis of heteroditopic receptors containing
recognition sites for both cations and anions, that is, ion pair
recognition receptors, is an emerging field in modern
supramolecular chemistry.1 In particular, the design of ion
pair receptors that can respond to a discriminative stimulus is
very engaging. Such systems are interesting not only as
switches2 but also in drug delivery3 and molecular sensing4 or
as templates for inducing the formation of complex supra-
molecular structures.5 The scope and relevance of this field of
research is illustrated by the potential applications of ion pair
receptors in membrane transport and their enhanced ability to
solubilize otherwise insoluble ions, remarkable capacity to
extract certain ion pairs from water, and selectivities for
targeted ions that are superior to those of simple ion receptors.
Despite these practical applications, the number of well-
characterized ion pair receptors remains limited. Presumably,
this reflects their synthetic difficulties, as well as experimental
complexities resulting from the more elaborate nature of the
binding phenomena involved.
Ferrocene−triazole derivatives are one of the systems that

have potential applications in the field of electrochemical
detection and sensing and host−guest chemistry.6 The 1,2,3-
triazole motif has proved to be a versatile ion recognition unit
for both cations and anions. As nitrogen-containing Lewis
bases, triazole-based ligands have been shown to coordinate
transition-metal cations.7 In contrast, several triazole derivatives
recognize anions through a cooperative triazole C−H···anion
hydrogen bond.8 Hence, the integration of the triazole motif

into the design of heteroditopic receptors for ion pair
recognition is an attractive proposition. Surprisingly, to the
best of our knowledge, only three examples of triazole-
containing9 and ferrocene-containing10 ditopic receptors have
been reported, whereas no example based on an unsymmetri-
cally 1,1′-disubstituted ferrocene has been described.11

Unsymmetrically 1,1′-disubstituted ferrocene derivatives can
lead to improved multifunctional systems for molecular
recognition processes. Thus, in a monosubstituted ferrocene a
different substituent at the other cyclopentadienyl ring can
induce an intermolecular interaction or a change in the
electrochemical parameters.12 Importantly, known synthetic
methodologies for the preparation of unsymmetrically 1,1′-
disubstituted ferrocene derivatives involve complex trans-
formations.13 The methods of their preparation involve
selective introduction of a second substituent in the 1′-position
of a monosubstituted derivative or selective transformation of
one substituent of symmetrically disubstituted compounds.
In this context, we report the synthesis, structural character-

ization, and sensing properties of an unusual ion pair
recognition receptor bearing a central unsymmetrically 1,1′-
disubstituted ferrocene. The presence of multiple binding sites
in the designed new structural motif and the multiresponsive
character of the receptor are most noteworthy, allowing its use
as an electrooptical multisignaling ion pair recognition receptor.
The central ferrocene unit is linked to a pyrene through a 1,2,3-
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triazole at one cyclopentadienyl ring, whereas the other one is
substituted by a quinoline heteroaromatic ring linked through
an amide bridge. On these bases, suitable dual signaling
chemical probes can be built by combining the redox activity of
ferrocene,14 the photoactivity of the pyrene,15 and the proved
binding ability of the 1,2,3-triazole ring,8 the amide group,16

and the quinolone ring.17

■ RESULTS AND DISCUSSION

Synthesis. The synthetic procedure followed for the
preparation of compound 4 is summarized in Scheme 1. This
methodology requires, as a key intermediate, compound 1,
which can be prepared starting from the 1,1′-bisazidoferrocene,
previously synthesized in a two-step sequence: bislithiation of
ferrocene and subsequent treatment with (2,4,6-triisopropyl-
phenyl)sulfonyl azide (trisyl azide).18 The conversion of 1,1-
bisazidoferrocene into 1 was then achieved in a one-step
process by monofunctionalization of one azide group of the
starting material by using the click reaction19 with the
appropriate amounts of ethynylpyrene and a copper(II)
sulfate/sodium ascorbate mixture. The intermediate compound
1 underwent a Staudinger reaction with trimethylphosphine
under anhydrous conditions to give the highly reactive
iminophosphorane derivative 2, which could not be isolated.
Subsequent hydrolysis provided the corresponding amine 3 in
64% yield. Finally, reaction of amine 3 with 2-quinaldoyl
chloride provided the receptor 4 in 86% yield.
The structures of compounds 1−4 have been confirmed by

the usual techniques (1H NMR, 13C NMR, FT-IR, MS, and
elemental analysis). In addition, the structure of compound 4
was also confirmed by single-crystal X-ray diffraction (XRD)
analysis (Figure 1). The compound 4 crystal structure shows a
folded conformation with the pyrene and quinoline rings
almost coplanar, with short distances that suggest a π−π
interaction (mean distance 3.5 Å). The amide group is coplanar
with both the quinoline ring and the cyclopentadienyl ring
directly attached. The amide group N−H bond (N1−H1)
forms a short contact with the quinoline nitrogen atom (N11)
(N1−H1···N11: H1···N11, 2.28(2) Å; N1···N11, 2.680(2) Å;
N1−H1···N11, 111.9(18)°). The triazole unit is considerably
out of the planes formed by the pyrene or the adjacent Cp ring
(dihedral angles of 34.11° and 35.70°, respectively). In the

crystal, the molecules adopt a herringbone packing mode with
the C−H, CO, and N−H bonds of a molecule oriented
toward the π cloud of the neighboring molecule. The
conformation of the receptor 4 in the crystal structure, having
substituents at the 1- and 1′-positions of the ferrocene moiety
oriented to the same site, can be explained by taking into
account that the rotational barrier of 1,1′-disubstituted
ferrocenes should be easily overcome at room temperature.20

Thus, the situation observed for receptor 4 should be a result of
a compromise of steric repulsions and possible attractive forces
between substituents. Among the latter, π,π-stacking between
parallel aromatic planes in substituents in the 1- and 1′-
positions is commonly reported in the literature.7r

Cation and Anion Binding Studies. Electrochemical and
optoelectronic properties of receptor 4 have been studied as
well as its binding properties toward cations (Li+, Na+, K+,
Mg2+, Ca2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, and Pb2+) and their
perchlorate or triflate salts (Li+, K+, Mg2+, Ni2+, Cd2+, and Pb2+

were added as perchlorate salts, while Na+, Ca2+, Cu2+, Zn2+,
and Hg2+ were added as triflate salts) and anions (F−, Cl−, Br−,
AcO−, NO3

−, HSO4
−, H2PO4

−, and HP2O7
3− as TBA+ salts).

The cyclic voltammogram of 4 (c = 5 × 10−4 M) carried out
in CH3CN/CH2Cl2/H2O (90:8:2) using tetrabutylammonium
hydrogen sulfate (TBAHP) (c = 0.1 M) as the supporting
electrolyte exhibits a reversible oxidation wave with a half-wave
potential of E1/2 = 120 mV versus the redox pair Fc+/Fc. This
potential is identical to the redox peak found in the Osteryoung
square-wave voltammetry (OSWV) technique (see the
Supporting Information). The criteria applied for reversibility

Scheme 1. Synthesis of Receptor 4a

aReagents and conditions: (a) ethynylpyrene, CuSO4, sodium ascorbate, THF/water; (b) trimethylphosphine, anhydrous THF; (c) water; (d) 2-
quinaldoyl chloride, anhydrous THF.

Figure 1. X-ray ellipsoid plot for compound 4 (50% probability level).
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were a separation of 60 mV between cathodic and anodic peaks,
a ratio of 1.0 ± 0.1 for the intensities of the cathodic and anodic
currents Ic/Ia, and no shift of the half-wave potential with
varying scan rates.
The UV−vis spectrum of 4, obtained out in the same solvent,

shows three absorption bands that appear at λ = 243, 285, and
357 nm and a small shoulder near 276 nm that is hardly visible
in the spectrum. The band in the limit of the visible region
masks all the bands attributable to the ferrocene unit (d−d and
metal−ligand charge transfer (MLCT) bands) that should
appear in this region of the spectrum. Regarding the emissive
characteristics of the receptor, 4 is characterized by an intense
monomer band (ΦF = 0.053) when it is excited at λexc = 350
nm. This band is characterized by a small Stokes shift (Δλ = 41
nm) and the presence of a vibronic fine structure (see the
Supporting Information).
Previous to the study of ion pair recognition, we carried out a

detailed characterization of the anion and cation affinities of the
receptor. The anion recognition capability of 4 has been tested
toward the above-mentioned anionic species. The changes in
the properties of the receptor have been studied by
electrochemical, absorption, fluorescence, and 1H NMR
techniques. Concerning the deprotonation/coordination dual-
ism, the electrochemical data strongly support that the
HP2O7

3− anion induces formation of a hydrogen-bonded
complex between the receptor 4 and HP2O7

3− anion. When
the aforementioned anions were added to an electrochemical
solution of the receptor 4 (c = 5 × 10−4 M) in CH3CN/
CH2Cl2/H2O (90:8:2), only HP2O7

3− anion induced a clear
perturbation of the oxidation wave. Thus, the stepwise addition
of such an anion promotes a clear cathodic shift of the free
receptor’s oxidation wave with a maximum perturbation
obtained (ΔE1/2 = −110 mV) when up to 10 equiv of
HP2O7

3− is added. Only in recent years have alternative
mechanisms for several types of anion−receptor interactions
been developed.21 A possible way to reveal the formation of
hydrogen-bonded complexes under conditions of electro-
chemical titration is to suppress deprotonation by adding a
small amount of acetic acid.22 In preliminary experiments, we
found that addition of up to 20 equiv of acetic acid did not
affect either the cyclic voltammetry (CV) or the OSWV of
receptor 4. On one hand, titration with a strong base such as
Bu4NOH, which definitely leads to deprotonation of the neutral
receptor, gave rise to the appearance of a new oxidation wave,
cathodically shifted by a magnitude (ΔE1/2 = −180 mV)
different from that obtained in the case of the HP2O7

3− anion
(see ESI). On the other hand, the results obtained upon
titration with HP2O7

3− in the presence of 20 equiv of AcOH, to
avoid any deprotonation process, clearly showed a significant
cathodic shift by −90 mV. These data indicate that the
perturbations observed upon addition of this anion to the free
receptor 4 should be associated with a recognition event,
involving the formation of a hydrogen-bonded complex
between receptor 4 and the HP2O7

3− anions.
The recognition behavior of receptor 4 toward anions was

also studied by UV−vis spectroscopy. When the set of anions
was added to the solution of the receptor (c = 2 × 10−5 M) in
CH3CN/CH2Cl2/H2O (90:8:2), a small but significant
perturbation of the UV−vis spectrum was observed after
addition of 8 equiv of HP2O7

3−, consisting of a hyperchromic
effect of all bands in the spectrum. A good binding profile was
obtained with a clear saturation at the end of the titration (see

the Supporting Information). A Job plot indicates a 1:1
stoichiometry of the complex.
Perturbation of the emission of receptor 4 in the presence of

the above-mentioned anions was also studied. Only addition of
HP2O7

3− anion induced any change in the fluorescence
spectrum. Thus, the progressive addition of 32 equiv of this
anion (c = 1 × 10−5 M, λexc = 350 nm) causes a decrease of the
pyrene monomer band at λemi = 388 and 407 nm (ΦF = 0.053)
and an increase of the excimer band at λemi = 438 nm (ΦF =
0.046), which is a broad and structureless red-shifted band
(Figure 2). During the course of the titration an isoemissive

point at λ = 425 nm was conserved. This is indicative of the
prevalence of the equilibrium established between the two
species. This result demonstrates that receptor 4 behaves as a
ratiometric fluorescent probe for HP2O7

3− without the
influence of H2PO4

− or the rest of the anions tested. Moreover,
the 1:1 stoichiometry formed in the UV−vis experiments
together with the appearance of an excimer during the titration
process strongly indicates that the formation of the final
complex should take place with a 2:2 receptor:anion
stoichiometry. The detection limit, calculated as 3 times the
standard deviation of the background noise,23 for HP2O7

3− was
found to be 1.4 × 10−5 M.
To obtain additional evidence of the recognition process

taking place upon addition of HP2O7
3− to the receptor 4, we

have also studied the changes that occur in the emission
spectrum of the free receptor upon addition of Bu4NOH under
the same experimental conditions. In this case, a completely

Figure 2. (a) Variation of the fluorescence spectrum of 4 (c = 1 × 10−5

M) in CH3CN/CH2Cl2/H2O (90:8:2), λexc = 350 nm, upon addition
of increasing amounts of HP2O7

3− as a tetrabutylammonium salt. (b)
Binding profile of the titration at λ = 450 nm.

Figure 3. Atom numbering used in the assignation of NMR signals.
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different emission spectrum was obtained, the most character-
istic features being that the monomer emission intensity does
not decrease as the addition of the base is taking place and that
the formation of a very broad band corresponding to the
excimer emission is also observed (see the Supporting
Information). This result, completely different from that
observed by adding the HP2O7

3− anion, constitutes more
evidence that a hydrogen-bonded complex between the free
ligand and this anion is formed, as was also concluded from the
above-mentioned electrochemical studies.

1H NMR experiments were carried out (c = 5 × 10−3 M) in
CD3CN/CD2Cl2 (4:1) to gain clarity about the coordination
mode of HP2O7

3−. The peaks of the 1H NMR spectrum were
asigned by using 1H−1H COSY and HMQC bidimensional
spectra (Figure 3) (see the Supporting Information). When
growing amounts of HP2O7

3− were added to the receptor
solution, we observed the presence of two different tendencies.
First, the amide proton that appears at 9.24 ppm readily
vanishes with the addition of less than 1 equiv of the anion.
Simultaneously, the triazole proton is deshielded, Δδ = 0.1
ppm, while the other protons remain unaltered. Then from 0.5
to 4 equiv, the positions of all the signals in the spectrum do
not experience any change, but further addition of HP2O7

3−

(up to 32 equiv) causes a more pronounced deshielding of the
triazole proton that is simultaneously accompanied by displace-
ment more downfield of the H-22 pyrene proton as well as by
displacement of the quinoline protons to the upper field
(Figure 4). The existence of two different processes during the
1H NMR titration points to the formation of two different
complexes.

When the complex of the receptor 4 formed with HP2O7
3−

was studied by ESI-MS, we observed the presence of a peak at
m/z = 1041.5 that can be assigned to a 1:1 complex (m/z =
799) accompanied by a molecule of tetrabuthylammonium (m/
z = 242).
Quantum chemical calculations (B3LYP-D/def2-SVP) pro-

vided valuable information regarding the possible binding
modes of the HP2O7

3− guest unit to receptor 4. For the sake of
saving computational time and resources, the simplified model
5 was used (Figure 5). In this model the 1-pyrenyl group was
replaced by a phenyl substituent, yet featuring the essential
framework for binding, except when it comes to excimer

formation. On the basis of the experimentally ascertained 1:1
ligand:pyrophosphate ratio and the fact that the simplest
[5·(HP2O7)

3−] molecularity could hardly explain the observed
excimer emission that requires a parallel approach of two
pyrene units, a 2:2 stoichiometry was assumed. Upon addition
of the anion to the receptor, the first pyrophosphate unit,
having remarkable basic character, would presumably bind two
receptor 5 units, one at every phosphate site, through their
most acidic quinaldoylamide moieties, leading to a
[52·(HP2O7)

3−] initial complex. An anti arrangement can be
ruled out as it would locate the two aromatic units far apart, as
well as the triazole rings that can behave as secondary anion
binding sites.6 The computed structure for the alternative
[52·(HP2O7)

3−]syn complex (Figure S14, Supporting Informa-
tion) displays a helix-shaped structure that also prevents
excimer formation. The well-separated side arms in this
[52·(HP2O7)

3−]syn complex can approach each other to allocate
a second pyrophosphate unit between two pyrazole rings,
giving rise to a minimum energy structure, [5·(HP2O7)

3−]2
syn

(Figure S15, Supporting Information), that still maintains the
terminal arene moieties far from a stacking distance. However, a
secondary shallow well in the potential energy surface, featuring
a lateral binding pattern of the second pyrophosphate anion
with both triazole side arms, brings the terminal arene rings in
close proximity (Figure S16, Supporting Information), thus
accounting for the above-mentioned fluorescence emission
structure.
The recognition properties of this receptor were also tested

toward the above-mentioned set of metal cations, Li+, Na+ K+,
Ca2+, Mg2+, Ni2+, Zn2+, Cd2+, Pb2+, Cu2+, and Hg2+, in CH3CN/
CH2Cl2 (3:2). Only Pb

2+ (ΔE1/2 = 75 mV, Figure 6) and Hg2+

(ΔE1/2 = 155 mV) induced changes with a moderate amount of
the cation (10 equiv), whereas Ni2+ or Zn2+ caused
perturbations with a large amount of the cation (>100
equiv). When these studies were carried out by UV−vis
spectroscopy (c = 2 × 10−5 M) in CH3CN/CH2Cl2 (3:2), the
results obtained indicated that when up to 10 equiv of metal
was added, only Pb2+ and Hg2+ induced an appreciable
hyperchromic effect on the absorption spectrum of the free
receptor. Job's plots obtained from these titration data suggest

Figure 4. Variation of the 1H NMR spectrum of 4 (c = 5 × 10−3 M in
CD3CN/CD2Cl2 (4:1)) upon addition of increasing amounts of
HP2O7

3−.

Figure 5. Model receptor 5 and possible stoichiometries and
stereoisomers for complexes with (HP2O7)

3−.
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the formation, in both cases, of complexes with a 1:1
stoichiometry (see the Supporting Information).
When fluorescence measurements were performed for

cations in CH3CN/CH2Cl2 (3:2) (c = 1 × 10−6 M, λexc =
350 nm), only Hg2+ caused variations in the emission
properties of the receptor 4. This change consists of a
progressive decrease in the monomer emission intensity of
about 85% (from ΦF = 0.071 to ΦF = 0.012) with the addition
of 60 equiv of Hg2+ (Figure 7). The detection limit23 for Hg2+

was found to be 7.5 × 10−7 M. It is worth mentioning that
while Pb2+ and Hg2+ induce significant changes in the oxidation
potential and UV−vis spectrum of the free ligand, the emission
spectrum is only modified upon addition of Hg2+ metal cations.
The binding modes taking place in the formation of the

complexes between receptor 4 and the cations have been
studied by 1H NMR titrations. Due to the small solubility of the
metal complexes formed, at the end of the titrations the
intensities of the peaks decrease, especially in the case of Hg2+,
where the signals in the spectrum rapidly vanished with the
addition of this cation. However, for Pb2+, the formation of the

complex could be successfully followed by this technique.
Addition of an increasing amount of Pb2+ to a solution of 4 (c =
5 × 10−3 M) in CD3CN/CD2Cl2 (4:1) caused a progressive
downfield shifting of the amide proton (from δ = 9.28 ppm to δ
= 9.58 ppm) after addition of 2 equiv of Pb2+. Moreover, Hβ

and Hβ′ within the two monosubstituted cyclopentadienyl units
present in the ferrocene moiety experienced a significant
downfield shifting (from δ = 4.34 and 4.16 ppm to δ = 4.45 and
4.36 ppm, respectively). Simulteneously, the signals assigned to
the pyrene unit suffer, in general, an upfield shifting and the
quinoline protons a downfield shifting (Figure 10 and the
Supporting Information). These 1H NMR results suggest that
the metal cations are simulteneously bound by the amide and
triazole groups with a 1:1 stoichiometry.
All aforementioned results demonstrate that compound 4

binds Hg2+and Pb2+ in a 1:1 fashion, as can be observed in the
UV−vis, electrochemal, and 1H NMR titrations, but only Hg2+

modifies the fluorescent emission of the pyrene unit. Therefore,
this receptor 4 behaves as a selective on−off fluorescent sensor
for Hg2+ with a low detection limit.
The asociation constants of 4 with HP2O7

3− and Pb2+ were
studied by isothermal titration calorimetry (ITC) (Figure 8).
For the anion, the titration isotherm shows two different
processes, the first one exothermic and the second
endothermic, that occur with 2:1 and 1:1 stoichiometries
(ligand:anion). Taking into account the experimental results
found with the other techniques, we assume that the processes
are in fact the formation of an initial 2:1 complex that evolves
to the formation of a 2:2 stoichiometry complex. As can be seen
in the ITC data, the complexation processes are mainly driven
by entropy (ΔS1 = 30.14 kcal/(mol·K) and ΔS2 = 27.41 kcal/
(mol·K)), although we observe that the first complexation step
is also favored by enthalpy. Taking these data into account and
the fact that we observe an evolution from a 2:1 to a 2:2
receptor:anion stoichiometry, we can assume that most of the
conformational changes, which entail an enthalpic contribution,
take place during the formation of the first complex. Therefore,
the second complexation step should exclusively be favored by
the release of solvent and other entropic effects. Such
sequential exothermic and endothermic processes have already
been described in the literature.24 The global association
constants found were β2:1 = 1.0 × 108 M−2 and K2:2 = 1.9 × 105

M−1.
In the case of Pb2+, the binding isotherm exhibits an

exothermal process with a 1:1 stoichiometry and an association
constant of K1:1 = 4.9 × 103 M−1 (Figure 8). Binding constants
for HP2O7

3− and Pb2+ were also studied by UV−vis
spectroscopy. In the case of Pb2+ a value of K1:1 = 1.1 × 104

M−1, similar to the ITC constant, was found. However, the
HP2O7

3− constant could not be accurately calculated due to its
high magnitude, although it was of the same order as the ITC
constants.
The formation of the metal complexes of 4 has also been

studied by ESI-MS experiments, and the presence of the
complexes is indicated by the presence of peaks that
correspond to an m/z of the 1:1 complexes and also the
peaks that correspond to half of this value, due to the 2+ charge
of these complexes (see the Supporting Information).

Ion Pair Binding Studies. Moving one step further and
taking into account the recognition capabilities of the receptor
4 for both anions and cations, we studied the binding of ion
pairs in solution. For this reason, we followed by UV−vis
spectroscopy, 1H NMR spectroscopy, and fluorescence and

Figure 6. Variation of the redox potential of the ferrocene unit of 4 (c
= 5 × 10−4 M) in CH3CN/CH2Cl2 (3:2) upon addition of 0, 1, 3, 8,
and 12 equiv of Pb2+. Inset: Osteryoung square-wave voltammogram
of 4 with 0, 6, and 12 equiv of Pb2+.

Figure 7. Variation of the emission spectrum of 4 (c = 1 × 10−6 M) in
CH3CN/CH2Cl2 (3:2), λexc = 350 nm, upon addition of increasing
amounts of Hg2+ as a triflate salt.
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electrochemical methods the influence of the addition to 4 of
anions and cations simultaneously. In general, the addition of
Ni2+, Zn2+, or Hg2+ to the previously formed complex with
anions only causes the dissociation of the complex and further
complexation with the excess of the metal added. The same
behavior was found when the anions were added to the
preformed cation complexes. However, the combination of
Pb2+ and HP2O7

3− induced a different response. One of the
most important differences was found in UV−vis spectroscopy.
Neither anion nor cation causes a remarkable change of the
color when a few equivalents was added to a solution of 4.
However, when 1 equiv of Pb2+ and 1 equiv of HP2O7

3− were
added, a new red-shifted band appeared at λ = 600 nm which is
responsible for the change of color from yellow to green
(Figure 9). By contrast, when the same experiment was carried

out by using 1 equiv of Hg2+, the formation of the insoluble
Hg3[HP2O7]2 salt was obtained, the free ligand remaining in
the solution as was confirmed by spectroscopic methods.
The formation of this ion pair was also monitored by 1H

NMR, and a new spectrum, different from those of the free
receptor, the anion, or the cation complexes, was found with
the addition of 1 equiv of Pb2+ and 1 equiv of HP2O7

3−. In the
resulting new spectrum, the NH proton of the amide appeared
slightly shielded with respect to that of the free ligand (Δδ =
−0.21 ppm, while with anions this proton disappears and with
cations is downfield shifted to δ = 9.65 ppm). On the other
hand, the protons of triazole and H-22 of the pyrene unit were
also deshielded, more than they were in the presence of the
anions or cations alone (δ = 8.41 and 8.64 ppm, respectively),
indicating the participation of both units (triazole and amide)
in the binding of the ion pair complex. Moreover, the ferrocene
protons are in an intermediate position compared to those of
the anion or cation complexes alone. Particularly, deshielding of
the Hα and Hα′ protons was observed, while the Hβ and Hβ′
protons were not disturbed. Another important difference is
that a significant downfield shifting of the H-37 and H-38
protons of the quinoline ring is observed while the H-42 to H-
45 protons are upfield shifted, different from the general
behavior with cations or anions alone consisting of an upfield
shifting of the signals. These results strongly suggest the
formation of a different complex bearing Pb2+ and HP2O7

3−

(Figures 10 and 11).
When the titrations were followed by electrochemical

techniques, addition of 3 equiv of Pb2+ and 3 equiv of
HP2O7

3− to the receptor 4 caused the appearance of a new
oxidation peak at E1/2 = 150 mV anodically shifted (ΔE1/2 = 30
mV) with respect to that of the free receptor 4 (E1/2 = 120 mV)
and different from the oxidation potentials of the complex
[4·HP2O7

3−]2 (E1/2 = 10 mV) and the complex [4·Pb2+] (E1/2

= 205 mV) (Figure 12).
The emission propierties of the free receptor 4 underwent a

strong perturbation when the formation of the ion pair complex

Figure 8. ITC titration plots of receptor 4 with HP2O7
3− (left) and Pb2+ (right) in CH3CN/CH2Cl2 (3:2). Normalized integration data of the

evolved heat per injection in terms of kcal·mol−1 of injectant are plotted against the molar ratio (titrant:ligand).

Figure 9. Changes in the UV−vis spectra of 4 (black) upon addition
of 1 equiv of Pb2+ (red), 1 equiv of HP2O7

3− (green), or a mixture of 1
equiv of Pb2+ and 1 equiv of HP2O7

3− (blue). Inset: change of the
color of the solution with the formation of the different complexes.
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took place. When increasing amounts of Pb2+ were added to the
preformed [4·HP2O7

3−]2 complex, the excimer band decreased
until disappearance and the monomer emission band increased
until it reached half the intensity observed for the free receptor

(ΦF = 0.013). These results also support the formation of a
structure different from the anion or cation complexes (Figure
13). Moreover, the preformed anion complex can be used as a

ratiometric sensor for Pb2+ cation, while in the absence of anion
this cation does not change the emission properties of the
receptor. The detection limit23 for Pb2+ was found to be 8.2 ×
10−6 M.
According to the DFT calculations, the minimum energy

structure for the [(HP2O7)·4·Pb]
− ion pair complex, at the

same level as the above-mentioned structures, involves
deprotonation of the amide NH group in 4. Nevertheless,
this structure is not compatible with experimental observations,
and a refinement of the structure using the higher level def2-
TZVP basis set was required to end up with a non-
deprotonated absolute minimum that seems to represent
more likely the actual structure for the [(HP2O7)·4·Pb]

− ion
pair complex (Figure 14). This results in the (HP2O7)

3− anion

Figure 10. 1H NMR spectra (c = 5 × 10−3 M in CD3CN/CD2Cl2
(4:1)) of (a) the free receptor 4, (b) the receptor and 1.5 equiv of
Pb2+, (c) the receptor and 16 equiv of HP2O7

3−, and (d) 4 with the
addition of 1.5 equiv of Pb2+ and 2 equiv of HP2O7

3−.

Figure 11. Variation of the 1H NMR spectrum of 4 (c = 5 × 10−3 M)
in CD3CN/CD2Cl2 (4:1) upon simultaneous addition of increasing
equimolecular amounts of HP2O7

3− and Pb2+.

Figure 12. OSWV curves of the free receptor 4 (black) and the
receptor with the addition of 3 equiv of Pb2+ (red), with 3 equiv of
HP2O7

3− (green), and with a mixture of both anion and cation (blue).

Figure 13. (a) Evolution of the emission spectrum of the complex
[4·HP2O7

3−] (c = 1 × 10−6 M) (yellow line) in CH3CN/CH2Cl2
(3:2), λexc = 350 nm, upon addition of increasing amounts of Pb2+ as a
triflate salt until formation of the ion pair [HP2O7

3−·4·Pb2+] complex
(magenta line). The brown line corresponds to the emission spectrum
obtained upon addition of Pb2+ to the free ligand 4. (b) Binding profile
of the titration of [4·HP2O7

3−] with Pb2+, obtained at λ = 390 nm.

Figure 14. Computed (COSMOMeCN/B3LYP-D/def2-TZVPecp)
most stable geometry for the [(HP2O7)·4·Pb]

− complex. Key: Pb,
gray; P, orange; O, red; N, blue; Fe, ice blue.
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being strongly H-bonded to the amide NH group (dO···HN =
1.669 Å) as well as to ferrocenyl (dO···H = 2.409 and 2.440 Å)
and pyrenyl (dO···H = 2.328 Å) H atoms while occupying one of
the coordinative positions around the metal cation (dO−Pb =
2.192 Å). The receptor 4 wraps the metal cation through the
triazole N3 atom (dN−Pb = 2.562 Å), the markedly ionized
amide O atom (dO−Pb = 2.466 Å), and the quinoline N atom
(dN−Pb = 2.634 Å), together with a supplementary large contact
to the pyrenyl C-10 atom (C-24 according to the overall
numbering scheme in Figure 3) (dC···Pb = 3.551 Å). Very likely,
in acetonitrile solution one solvent molecule (at least) could be
located at the coordination sphere around the large Pb2+ cation.
The different information obtained about the coordination of

the different species indicates that HP2O7
3− forms a 2:2

complex with the NH and CH protons of the amide and
triazole units, forming hydrogen bonds with the anion.
Moreover, the two pyrene units should be placed near enough
to permit the formation of an excimer in solution. In the case of
cations, a 1:1 stoichiometry was assumed, and the binding
points are possibly one nitrogen atom of the triazole unit, the
oxygen atom of the amide, and the nitrogen atom of the
quinoline ring (see the Supporting Information). In the case of
the ion pair complex, the experimental results suggest a 1:1:1
stoichiometry.
The association constant for the formation of the ion pair

bound to 4 was calculated by 1H NMR and emission
spectroscopy instead of by ITC due to difficulties related to
the solubility of the species formed. Values of K1:1 = 1.58 × 104

M−1 by 1H NMR and K1:1 = 1.42 × 104 M−1 by fluorescence
spectroscopy indicate that the stability of the bound ion pair is
similar to that of the complex formed with Pb2+ and HP2O7

3−,
which is in agreement with the experimental results.

■ CONCLUSIONS
The unsymmetrical 1,1′-disubstituted ferrocene receptor 4,
bearing a pyrenyl-substituted triazole ring linked at one
cyclopentadienyl unit, formed via click-type chemistry, and an
N-quinolyl-substituted amide at the other one, generated by an
initial Staudinger reaction and subsequent acylation, has been
prepared from the 1,1′-bisazidoferrocene. This receptor
behaves as a true lab-on-a-molecule probe, and its sensing
properties have been studied for different anions and metal
cations. The receptor exhibits a reversible oxidation wave, and
only HP2O7

3− anion induced a remarkable cathodic shift of the
oxidation peak (ΔE1/2 = −110 mV), whereas addition of Pb2+

(ΔE1/2 = 75 mV) and Hg2+ (ΔE1/2 = 155 mV) induced an
anodic shift of the oxidation wave.
A small but significant perturbation of the UV−vis spectrum

is observed after addition of HP2O7
3−, consisting of a

hyperchromic effect of all bands in the spectrum; similar
results are obtained when Pb2+ and Hg2+ are added. Addition of
HP2O7

3− anion induced changes in the fluorescence spectrum:
a decrease of the pyrene monomer band and an increase of the
excimer band. This result demonstrates that receptor 4 behaves
as a selective ratiometric fluorescent probe for HP2O7

3−;
likewise, only Hg2+ modifies the fluorescent emission of the
pyrene unit. Therefore, receptor 4 also behaves as a selective
on−off fluorescent sensor for Hg2+. The most salient feature of
receptor 4 is its capability to act as an electrooptical ion pair
recognition receptor, because it is able to simultaneously
recognize Pb2+ cations in the presence of a cobound HP2O7

3−

anion through variation of the oxidation potential of the
ferrocene/ferrocenium redox couple, remarkable perturbation

of the emission spectrum, and a noticeable red shift of the LE
band of the absorption spectrum, which is responsible for the
color change from yellow to green, which allows the detection
of the ion pair complex formation. From these results receptor
4 can be considered as a true lab-on-a-molecule probe.

■ EXPERIMENTAL SECTION
General Experimental Methods. All reactions were carried out

under N2 and using solvents which were dried by routine procedures.
Commercial starting materials (quinaldoyl chloride, ferrocene, n-
butyllithium, and ethynylferrocene) were used without further
purification. 1,1′-Bisazidoferrocene was prepared as described
previously in the literature.18 Melting points were determined on a
hot-plate melting point apparatus and are uncorrected. 1H and 13C
spectra were recorded on a 200, 300, or 400 MHz apparatus. The
following abbreviations have been used for stating the multiplicity of
the signals: s (singlet), d (doublet), t (triplet), st (pseudotriplet), m
(multiplet), q (quaternary carbon). Chemical shifts refer to signals of
tetramethylsilane in the case of 1H and 13C spectra. CV and OSWV
techniques were performed with a conventional three-electrode
configuration consisting of platinum working and auxiliary electrodes
and a Ag/AgCl reference electrode. The experiments were carried out
with a 5 × 10−4 M solution of sample in an adequate solvent
containing 0.1 M (n-C4H9)4NPF6 ((TBA)PF6) as the supporting
electrolyte. All the potential values reported are relative to the
ferrocene couple at room temperature. Deoxygenation of the solutions
was achieved by bubbling nitrogen for at least 10 min, and the working
electrode was cleaned after each run. The cyclic voltammograms were
recorded with a scan rate increasing from 0.05 to 1.00 V s−1, while the
OSWV curves were recorded at a scan rate of 100 mV s−1 with a pulse
height of 10 mV and a step time of 50 ms. Typically, receptor (5 ×
10−4 M) was dissolved in the appropriate solvent (5 mL) and
(TBA)HP (base electrolyte) (0.194 g) added. The guest under
investigation was then added as a 2.5 × 10−2 M solution in the
appropriate solvent using a microsyringe while the cyclic voltammetric
properties of the solution were monitored. Fc was used as an external
and/or internal reference both for potential calibration and for
reversibility criteria. Under similar conditions, Fc has E = 0.39 V vs
SCE and the anodic−cathodic peak separation is 67 mV. UV−vis and
fluorescence spectra were obtained in the solvents and concentrations
stated in the text and in the corresponding figure captions. Quantum
yield values were measured with respect to anthracene as the standard
(Φ = 0.27 ± 0.01)25 using the equation Φx/Φs = (Sx/Ss) [(1 − 10−As)/
(1 − 10−Ax)](ns

2/nx
2), where x and s indicate the unknown and

standard solutions, respectively, F is the quantum yield, S is the area
under the emission curve, A is the absorbance at the excitation
wavelength, and n is the refractive index.

X-ray data for compound 4: C38H25FeN5O, Mr = 623.48, 0.27 ×
0.21 × 0.18 mm size, orthorhombic, P212121, a = 9.002(3) Å, b =
13.0829(3) Å, c = 21.7792(6) Å, V = 2763.93(13) Å3, Z = 4, ρcalcd =
1.498 g cm−3, μ = 0.589, Mo Kα, λ = 0.71073 Å, T = 120(2) K, 2θmax =
64.72°, 27718/9167 reflections collected/independent (Rint = 0.0416),
direct primary solution and refinement on F2 (SHELXS-97 and
SHELXL-97, G. M. Sheldrick, University of Göttingen, 1997), 410
parameters, hydrogen atoms refined as free for N−H, others riding,
R1[I > 2σ(I)] = 0.0386, wR2(all data) = 0.0850, Δρmax = 0.37 e Å−3.

Computational Details. All calculations were carried out with the
ORCA electronic structure program package,26 with all structures
being optimized in redundant internal coordinates at the density
functional theory (DFT) level using the B3LYP27 functional together
with the new efficient RIJCOSX algorithm28 and the def2-SVP29 basis
set. Only the structure for the ion pair [(HP2O7)·4·Pb]

− complex was
further refined with the def2-TZVP30 basis set. For Pb the
[SD(60,MDF)] effective core potential was employed.31 A damped
semiempirical correction accounting for the major part of the
contribution of dispersion forces to the energy was included32 and
denoted with suffix “-D” after the name of the functional (B3LYP-D).
Solvent effects (MeCN) were taken into account via the COSMO
solvation model.33
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Synthesis of 1-[4-(1-Pyrenyl)-1,2,3-triazol-1-yl)]-1′-azidofer-
rocene, 1. To a solution of 1,1′-bisazidoferrocene18 (0.250 g, 0.93
mmol) and 1-ethynylpyrene (0.221 g, 0.97 mmol) in THF (80 mL)
was added a solution CuSO4 (0.075 g, 0.30 mmol) in water (15 mL).
Then a freshly prepared solution of sodium ascorbate (0.249 g, 1.25
mmol) in water (15 mL) was added dropwise, and the reaction
mixture was stirred at room temperature for 12 h. After removal of
THF under vacuum, EtOAc (0.1 mL) and CH2Cl2 (4.9 mL) were
added, and the resulting solution was chromatographed on a silica gel
column using CH2Cl2/EtOAc (98:2) as the eluent (Rf = 0.5). Once
the solvent was removed under vacuum, a brown solid was obtained
which was identified as the desired product (0.185 g, 40%) and used
without further purification. Mp: 95 °C ded. 1H NMR (400 MHz,
CD2Cl2): δ 8.75 (d, J = 12 Hz, 1H), 8.29 (d, J = 8 Hz, 1H,), 8.23 (d, J
= 8 Hz, 1H), 8.21 (s, 1H), 8.19 (s, 2H), 8.15 (d, J = 12 Hz, 1H), 8.09
(d, J = 4 Hz, 2H), 8.02 (t, J = 8 Hz, 1H), 5.08 (st, 2H), 4.42 (st, 2H),
4.35 (st, 2H), 4.18 (st, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ
148.6, 132.3, 132.2, 131.8, 129.6, 129.2, 128.8, 128.3, 128.1 127.0,
126.3, 126.1, 125.9, 125.8, 125.7, 125.6, 123.0, 101.7, 95.6, 68.7, 68.4,
63.9, 63.1. FT-IR (CH2Cl2): ν = 2109 cm−1 (N3). MS (ESI): m/z 495
(68, M+ + 1). Anal. Calcd for C28H18FeN6: C, 68.03; H, 3.67; N, 17.00.
Found: C, 68.28; H, 3.95; N, 16.69.
Synthesis of 1-[4-(1-Pyrenyl)-1,2,3-triazol-1-yl]-1′-aminofer-

rocene, 3. To a solution of compound 1 (0.05 g, 0.10 mmol) in
anhydrous THF (40 mL) was added trimethylphosphine (0.5 mL, 0, 5
mmol) under a N2 atmosphere. The mixture was stirred for 30 min at
room temperature, and then water (1 mL) was added. The solution
was then stirred for 12 h at room temperature, and later, the THF was
removed under vacuum. The resulting residue was extracted with a
mixture of CH2Cl2 (50 mL) and water (20 mL). The organic phase
was dried over anhydrous MgSO4 and the solvent removed, yielding a
brown solid identified as the desired product (0.100 g, 64%) which
was used without further purification. Mp: 208 °C ded. 1H NMR (400
MHz, CD2Cl2): δ 8.75 (d, J = 12 Hz, 1H), 8.28 (d, J = 8 Hz, 1H), 8.23
(d, J = 8 Hz, 1H), 8.19 (s, 1H), 8.16 (s, 2H), 8.14 (d, J = 12 Hz, 1H),
8.10 (d, J = 4 Hz, 2H), 8.02 (t, J = 8 Hz, 1H), 4.87 (st, 2H), 4.27 (st,
2H), 4.05 (st, 2H), 3.97 (st, 2H); 13C{1H} NMR (101 MHz; CDCl3):
δ 147.3, 131.4, 130.8, 128.8, 128.6, 128.3, 127.9, 127.3, 127.0, 126.1,
125.4, 125.1, 125.0, 124.9, 124.8, 124.7, 122.4, 107.9, 93.7, 67.2, 65.2,
63.1, 59.9, FT-IR (CH2Cl2): ν = 3450, 3355 cm−1 (NH2). MS (ESI):
m/z 469 (100, M+ + 1). Anal. Calcd for C28H20FeN4: C, 71.81; H,
4.30; N, 11.96. Found: C, 72.02; H, 4.46; N, 11.69.
Synthesis of 1-[4-(1-Pyrenyl)-1,2,3-triazol-1-yl)]-1′-

(quinaldoylamino)ferrocene, 4. To a solution of 3 (0.05 g, 0.11
mmol) in anhydrous THF (20 mL) were added 1-quinaldoyl chloride
(0.021 g, 0.11 mmol) and triethylamine (0.2 mL) under a nitrogen
atmosphere. The reaction mixture was stirred at room temperature for
6 h, and then the solvent was removed under reduced pressure, giving
rise to a residue which was chromatographed in a silica gel column
using EtOAc/CH2Cl2 (1:9) as the eluent (Rf = 0.67). The orange solid
obtained was crystallized from CH2Cl2/diethyl ether (1:1) (57 mg,
86%). Mp: 208 °C dec. 1H NMR (400 MHz; CD2Cl2): δ 9.24 (s, 1H,
H-13), 8.57 (d, J = 9.2 Hz, 1H, H-22), 8.24 (d, J = 8.8 Hz, 1H, H-25),
8.23 (s, 1H, H-17), 8.12 (m, 2H, H-31 and H-33), 8.05 (t, J = 7.6 Hz,
1H, H-32), 8.03 (d, J = 8.8 Hz, 1H, H-24), 7.88 (br s, 2H, H-29 and
H-30), 7.84 (d, J = 9.2 Hz, 1H, H-23), 7.78 (dd, J = 8.4, J = 0.8 Hz,
1H, H-45), 7.69 (d, J = 8.4 Hz, 1H, H-37), 7.33 (ddd, J = 8.4 Hz, J =
6.8 Hz, J = 0.8 Hz, 1H, H-44), 7.27 (d, J = 8.4 Hz, 1H, H-38), 7.02
(ddd, J = 7.2 Hz, J = 6.8 Hz, J = 0.8 Hz, 1H, H-43) 6.89 (dd, J = 7.2
Hz, J = 0.8 Hz, 1H, H-42), 5.13 (st, 2H, Fc), 5.07 (st, 2H, Fc), 4.42
(st, 2H, Fc), 4.24 (st, 2H, Fc). 13C{1H} NMR (101 MHz; CD2Cl2): δ
163.0 (q, CO), 148.7 (q), 147.5 (q), 146.2 (q), 137.3 (C-38), 131.8
(q), 131.3 (q), 131.3 (q), 130.1 (C-44), 129.3 (C-45), 129.0 (q),
128.1 (C-23), 128(C-31 or C-33), 127.7 (C-24), 127.7 (C-43),
127.3(C-42), 126. (C-29 or C-30), 126.4 (C-32), 125.6 (C-25), 125.5
(C-31 or C-33), 125.4 (C-22), 125.2 (C-29 or C-30), 125 (q), 124.9
(q), 122.6 (C-17), 118 (C-37), 97.1 (q, Fc), 95.2 (q, Fc), 67.7 (CH,
Fc), 66.6 (CH, Fc), 63.0 (CH, Fc), 62.7 (CH, Fc). FT-IR (CH2Cl2): ν
3354 (NH), 1680 (CO) cm−1. MS (ESI): m/z 624 (100, M+ + 1).

Anal. Calcd for C38H25FeN5O: C, 73.20; H, 4.04; N, 11.23. Found: C,
73.39; H, 4.21; N, 11.13.
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