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ABSTRACT

The guanidine bridge in the new structural motif [3,3]ferrocenophane acts as a dual binding site for anions and metal ions. Sensing of anions
(CI=, F~, NO3~, HSO,~, and H,PO,") takes place by redox-ratiometric measurements, whereas metal ion (Zn 2 Ni2t, and Cd2*) recognition is
achieved by fluorescence measurements.

Development of chemosensors capable of recognizing andforms strong noncovalent interactions with anionic groups
sensing anions and cations is one of the most challengingthrough hydrogen-bonding and charge-pairing interactions.
fields from the viewpoint of organic and supramolecular In addition, deprotonated guanidines (guanidinates) have the
chemistry. These multisite ligands, which are able to bind a potential to develop into valuable ancillary ligands in
single heteroditopic guest or simultaneously bind to a coordination and organometallic chemistrglthough the
nonidentical guest, have been achieved by integrating cationicstraightforward coordination of neutral guanidines to metal

and anionic guest binding sites in a single moleéule. centers remains comparatively underdevelopaag metat
The guanidine function due to its amphoteric nature has aguanidinyl complexes are barely known and unexpléred.
rich history in biological and artificial receptor$. The Ferrocene-based ligands have been found to be useful for

guanidinium group within a variety of molecular architectures incorporating redox functions into supramolecular complexes
that bind and allow the electrochemical sensing of cations,
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units, only one example, however, of guanidinylferrocene
has been describéé.

With these considerations in mind, we decided to combine
in a highly preorganized system the redox activity of the
ferrocene group with the photoactive behavior of the
naphthalene ring and the binding ability of the guanidine
group. Here, we report an extremely nitrogen-rich [3.3]-
ferrocenophane in which the two ferrocene subunits, having
similar electronic enviroments, are linked by two naphthalene-
appended guanidine moieties. The presence of multiple
binding sites in the design of a new structural motif, the
multiresponsive character of the receptor, and the ability of
the double-bridge to act as a favorable binding for anions
and cations in the recognition event are most noteworthy.

Receptor2 was prepared in good yield (75%) from
1,3,10,12-tetraazal3.3]ferrocenophérieand 1-aminometh-
ylnaphthalene in THF at room temperature (Scheme 1). The

Scheme 1. Synthesis of Ferrocenopha@e
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binding and recognition ability of recept@rtoward various
anions was evaluated by differential pulse (DPWpltam-
metry.
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The DPV voltammogram o2 in DMSO/H,O (9:1, v/v)
displays two one-electron oxidation peaksEat = —0.35
andE?, = —0.09 V vs F&/Fe" redox couple. So, in contrast
to most ferrocene-based redox sensors reported that rely on
changes in the oxidation potential of the ferrocene, in the
designed ligan@ not only the occurrence of two oxidation
peaks but also the magnitude of th&;,, = 0.26 V2 allow
that this new system could utilize variations at different redox
potentials upon complexation, and consequently the first
redox-ratiometric measurement could be made.

Preliminary electrochemical studies with various anions
(F~, ClI7, AcO7, NOs;~, HSQ,~ and HPO,") in the form of
their corresponding tetrabutylammonium salts, revealed
behavior that was quite different from the previous ferrocene-
based anion receptors. For instance, the addition of increasing
amounts of F and AcO anions caused the complete
disappearance of the second oxidation peak whereas the first
oxidation peak was apparently not perturbed. On the other
hand, the addition of HPO,~ and HSQ™ anions elicited
different electrochemical responses. On stepwise addition of
H,PO,~, the first oxidation peak was slightly shifteshodi-
cally by +14 mV, whereas the second oxidation peak was
remarkably shifteccathodicallyby —84 mV (AE,, = 0.16
V). In contrast, in the presence of HgOanion the first
oxidation peak was remarkably shiftashodically by +89
mV, whereas the second oxidation peak was slightly shifted
cathodicallyby —13 mV (AE;, = 0.16 V) (Figure 1). The
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Figure 1. Evolution of the DPV of2 (red) (1 mmol dm?3) in

DMSO/HO (4/1), [(h-Bu) 4N]PFs scanned at 0.1 V4 from —0.65
t0 0.2 V, when F (green), HPO,~ (pink), and HS@ (deep blue)
anions were added.

presence of N@ and CI anions had no effect on the CV,
even when present in large excess.

Examining the relative perturbations at the two oxidation
peaks on the addition of these guest anions yields two

(13) This value indicates that the mixed-valence compo@nhdis
thermodinamically stabilised towards disproportionation to @nd 22+
by the comproportionation constant Kt = 2.7 x 10*% Spectroelectro-
chemical studies revealed that the mixed-valence comp@inshows a

in measurements of only the Faradaic processes and hence in much highe®VCT transition in the near-IR regionvfa.x = 12186 cnr! with € = 322

signals than conventional voltammetries: Bard, A.; FaulkneElectro-
chemical Methods, 2nd ed.; Wiley: New York, 2001.
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M~1cm™1). Interestingly, this IVCT transition completely disappeared after
addition of F and AcO™ anions.
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interesting conclusions: (a),AO,~ causes a large relative redox peaks evolved, which were shifteathodically. The
perturbation at the second oxidation peak, while HSO evolving peaks appeared at virtually the same potential as
interacts more strongly at the first oxidation peak, and (b) that the free guanidine recept®y indicating that a depro-
the observation oéinodic shifts in the first oxidation peak tonation has taken pla¢é However, the addition of N
contrasts with previous examples of the binding of these and CI elicited a different electrochemical response. In both
oxoanions by ferrocene receptors where guests have beermases, the two redox peaks are shiftethodicallyby —50
sensed througttathodic shifts in potential. Taking into  and—130 mV respectively for Ng (AE;, = 0.18 V) and
account that HS@ is considerably more acidic thanPO,~ by —80 and—100 mV, respectively, for ClI(AEy, = 0.24

and that theanodicshift of the first oxidation peak is higher V) (Figure 2). These findings are indicative of oxidation
for the HSQ™ anion (+89 mV) than for HPQ,~ anion (+14

mV), the observed electrochemical behavior is consistent_

with a guest-to-host proton-transfer reactianddicshift of

the first oxidation peak) accompanied by hydrogen-bond
formation and subsequent anion coordinaticetfjodicpeak

of the second oxidation peaK)These electrochemical results
clearly revealed the advantage of the guanidino-ferro-
cenophane recept@rover the widely studied ferrocene-based
receptors in which the presence of only one redox peak does
not allow a dual redox peaks ratiometric measurement upon
an anionic recognition process. Isothermal titration calorim-
etry (ITC) provides useful insight into the nature of the
binding interactions, and advantages of this method for
studying anion recognition properties have been recently 06 -04 -02 00 02 04 06 08
reported® ITC experiments were carried out by adding E (V vs Fc*/Fo)

. . . )
aliquots of the appropriate anion € 1.4 x 10°% M) to a Figure 2. Evolution of the DPV of2-H (red) (1 mmol dm3) in

solution of2 (c =1 x 10°° M) at 298 Kin DMSO. Inthe - ) “1n-Bu),N]PF; scanned at 0.1 V-8 from —0.6 to 0.8 V/,
case of add|ng F, the titration curve showed two inflection when NQ* (green)’ or Ct (deep b|ue) anions were added.

points around 0.5 and 1.0 equiv of anion added, which
confirms the formation of complexes with 2:1 and 1:1
(receptor/anion) stoichiometries. WhenR®,~ and AcO being facilitated by the proximate coordination of the anion
anions were added, the titration curves showed an inflectionto the guanidinium moiety, and underscore the selectivity
point around 0.5 equiv of anion added, which evidenced the of the guanidinium receptd-H* for NOs;~ and CI- anions
formation of a 2:1 complex. The association constaktg ( in dichloromethane, being the electrochemical changes higher
calculated by nonlinear least-squares analysis were found tofor NO;~ than for CI anion. One of the current challenges
beKz = 1.3 x 10° andKy; = 2.7 x 1 for F~ anion, 2.8 in anion recognition chemistry involves the preparation of
x 10* for H,PO;~ anion, and 5.2< 10" for AcO™ anion. It receptors that show high HSGNO;~ selectivity}® and one
should be noted that, as yet, we have been unable to obtairattractive feature of this new guanidinoferrocenophane
reliable K, values for HSQ@™ anion binding by ITC under  structural motif is its ability to bind selectively HSOin

the conditions used for the other anions. the presence of N© anion.

The CV of the recepto? in dichloromethane shows two Several trends have surfaced from the electrochemical
well spaced (Ab. = 0.45 V) reversible one-electron study. First, neutral receptd is able to recognize and
oxidations peaks at-0.43 and 0.02 V vs H¢Fe" redox discriminate F, AcO~, HSQ,~, and HPQ,~ anions by using
couple!® Upon protonation by addition of 1 equiv of HBF  different variations of the two redox signals, in relatively
in acetonitrile, the redox peaks were shiftedodically at polar solvent (DMSO/KD) where hydrogen-bonding intera-
—0.02 and 0.24 V, respectivelyAEy, = 0.26 V). This tions between the guanidine functional groups and the anions
guanidinium recepto2-H* has also been used to investigate are usually weakened by competing solvent molecules.
its ability to electrochemically sense anion binding. Upon Second, the guanidinium receptdrH* selectively sense
addition of F, AcO~, HSQ,~, and HPQ,™ anions two new  NO;~ and CI anions in a less polar solvent. These findings

(14) Beer, P. D.. Graydon. A. R.; Johnson. A. O. M. Smith. Dirkrg. ungierscore an unreported redox-ratiqmetric behavior tq sense
Chem.1997,36, 2112—2118. anions, which can be modulated in our case by simple
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Shevchuk, S. V.; Sessler, J. L. Am. Chem. So@003,125, 7301—7306. presence of two ferrocene moieties in proximity to the cation
(d) Sambrook, M. R.; Beer, P. D.; Wisner, R. L.; Paul, R. L Cowly, A hinding guanidine groups. Therefore, the metal recognition
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Eur. J.2005,11, 2001—-2011. (17) A control experiment with addition of &0s/H,0 to the final

(16) This value gives a comproportionation constarKof 8.8 x 10. solution, which caused no further change in the redox behaviour, showed
The absorption spectrum of the mixed-valence compd@imelectrochemi- that this response was equivalent to deprotonation.
cally generated shows a weak transition in the near-IR regiga £ 10570 (18) Sessler, J. L.; Katayev, E.; Dan Pantos, G.; Ustynyuk, YCiAem.
cm~t with e = 563 M~ cm™1), which disappears after protonation. Commun2004, 1276—1277.
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properties toward Ui, KT, Mg?", C&", Ni?" Cc¢", and Zi+ titration, and the results obtained indicate the formation of a
metal ions were evaluated by electrochemical and optical 1:1 complex giving an association constaf)(of 5 x 10*
analysis. In DMSO, no perturbation of the DPV voltammo- M™% Similar results were obtained in the presence of Ni
gram of 2 was observed upon addition of iK™, Mg?*, (® = 0.063; FEF= 4; 1:1 complex stoichiometry ar¢, =
Ca&*, Ni?t, and Cd" metal ionst® However, a dramatic 5.5 x 10* M™1), and Cd" (® = 0.092; FEF= 6; 1:1
decrease in intensity of the first oxidation peak and no complex stoichiometry and,s= 2.4 x 10* M~1) metal ions.
perturbation of the second oxidation peak was observed upon Interestingly, addition of 1 equiv of HBFalso produced
addition of Zr#* ions. an intensity enhancement of the naphthalene emission albeit
The absorption spectrum @& shows an intense band at lower (® = 0.043 vs 0.016) than that originated by the
283 nm attributed to the naphthalene units along with a very above-mentioned metal ions. Remarkably, stepwise addition
weak band at low energy centered at 441 nm, which can of NOs;™ anion to a solution o2-H* produced quenching of
safely ascribed to metal-to-ligand charge transfer (LMCT) the emission ¢ = 0.020), whereas addition of AcQ
transition in the ferrocene moieti&sAs expected receptor HSQ;~, and BPQ,~ anions, clearly induced deprotonation.
2 displays a very weak fluorescence. The emission espectrumFluorogenic titration with N@ anion indicates the formation
(dexe = 310 nm) exhibits a structureless band centered at of a 1:1 complex giving &, = 51.2 x 10° M1,
354 nm, due to the naphthalene monomer emission. Upon In conclusion, we have designed a new multiproperties
addition of small amounts of Zh to the solution of receptor  guanidinoferrocene based receptor, which represents the first
2 in dichloromethaneq= 5 x 10°° M), a pronounced red  redox-ratiometric chemosensor. It allows the sensing of F
shift of 30 nm along with an intensity enhancement of the AcO~, HSQ,”, and HPO,~ anions through two different
naphthalene monomer emission was observed (Figure 3). Thexidation peaks perturbations, and its monoprotonated form
is able to selectively sense Cland NQ~ by redox-
s ratiometric measurements. Due to the presence of the
naphthalene ring, recept@ is able to act as fluorescent
chemosensor of 2, Ni?*, and Cd" metal ions. Further-
more, proton-induced complexation provides a versatile
means of sensing selectively NQvia fluorescence emission
guenching. This structural motif paves the way to the design
of a new generation of homoditopic receptors able to sense
both anions and cations.
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Figure 3. Changes in the fluorescence emission spect®(@fy. chemlcal, optlcal,_gnd fluoresgence data.Z)fand. thlose
=310 nm) in CHCl, (c = 5 x 10-5mol dnm3) (red) after additon ~ Obtained upon addition of metal ions and anion2.tBinding

of Ni2+(3.5 equiv, green), ZT(3 equiv, pink), and C (4.5 equiv, profiles and ITC titration plots.

deep blue) as triflate salts.
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. (19) C#* and Hg' ions are not complexed bg, but instead, an
final fluorescence enhancement factqr (FEF) was 5and theintermolecular redox reaction takes place betwen them to give the dioxidized
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stoichiometry of the complex was determined by fluorogenic 7511-7519.
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