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ABSTRACT

Ar
o. I~
N, One-arm receptors (R = H) form
H 1:1 complexes with H,PO, ion.
H
O\\_ ,\] Two-arm receptors (R = the other arm)
W N N—Ar in synclinal conformations form
H o]
Fe

1:2 complexes with HoPO,4 ions.

Ferrocene compounds bearing multiple amido groups selectively bind with the H,PO,~ ion over other anions. The one-arm receptors form 1:1
complexes with the H,PO,~ ion, whereas the two-arm receptors can accommodate two H,PO,~ ions. The complexation modes and binding
strengths are deduced from the NMR, calorimetry, fluorescence, and cyclic voltammetry studies. The two-arm ferrocene hexamide receptors
likely exist in synclinal conformations to incorporate tetrahydrofuran molecules and H,PO,~ ions.

Selective sensing of anions is important in the biological, The redox-responsive units of ferrocene and other metal-
environmental, and supramolecular sciencéschemical locenes have been incorporated into amide, urea, and
sensor consists of two basic parts: the recognition unit and quanidinium moieties to construct the anion receptors with
the signal transduction unit. The synthetic receptors bearingelectrochemical sensing propertiedJpon oxidation of
several amine, amide, urea, thiourea, and quanidinium metallocene to the metallocenium state, the receptor will
moieties have been demonstrated to bind or transport . —

phosphate ion&.The neutral receptors of amide, urea, and | & (3,320 % T bYe S Dl T estn. Genger, U.
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significantly enhance the binding strength with anions. Cyclic

A two-arm ferrocene amide receptomwas thus prepared

voltammetry (CV) is often applied to measure the change (Figure 2), and its use as a molecular sensor for iy

of redox potentials, which can be correlated to the binding
strengths.

Another convenient sensing method utilizes the direct
optical readout of the change of color or fluorescence. We

have previously devised a hexamide compoulgt (vhich
possesses a well-defined cleft to provide efficient multiple
hydrogen bindings with PO, and PQ®~ ions of tetrahedral

shape. The pyrene moieties are also annexed to this

phosphate receptor for a direct optical readout (Figure 1).

Figure 1. A model for the complexation of pyridine hexamide
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receptorl with dihydrogen phosphate ion. The pyrene moieties Frigyre 2. The structures of one-arm and two-arm ferrocene amide
are pushed apart on complexation as shown by an increase of thereceptors for complexation with the,PIO;~ anion. The synclinal

monomer emission dt,ax = 375 nm at the expense of the excimer
emission atlmax = 477 nm.

The complexation of phosphate ion and compodnaith
1:1 binding stoichiometry can be readily quantified by a
ratiometric fluorescence methddg., monitoring the simul-
taneous fluorescent changes between pyrene excitper (
= 477 nm) and monomer fAx = 375 nm)®
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and opposite dispositions of two arms in addition to other possible
conformations irb—7 are depicted. This study reveals that the two
arms are likely on synclinal dispositions before and after complex-
ation.

ion was examined. By replacing a pyridine moiety in
compoundl with the redox-responsive ferrocene unit, the
binding property of 7 with the HPO,~ ion could be
monitored by both electrochemical and optical methods. An
especially interesting issue is the conformation of thé-1,1
disubstituted two-arm ferrocene receptor. Would these two
arms dispose in the same, orthogonal, or opposite directions?
Would the conformation change of this two-arm ferrocene
receptor function as a pivotal switch on complexation with
anions? The interactions of some other two-arm ferrocene
amides (or the urea and thiourea analogues) with various
anions have been reportédiowever, the evidence for its
preferable conformation in solutions is so far elusive.

For comparison, we also prepared the one-arm ferrocene
amides2—4 and the two-arm analogu&sand6 (Figure 2).
Compound? was prepared in 55% yield by condensation of
ferrocenecarboxylic acid withN,N’'-dibenzyl-5-(amino-
methyl)benzene-1,3-dicarboxamtd@) in the presence of

(6) The X-ray crystal structure for a dimer of the complexNN’-
dipyridyl ferrocene-1,tdicarboxamide with glutaric acid has been reported
in ref 3c.
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EDCI, DMAP, and E4N. Compounds$ and4 were similarly

complex in THF showed the association conskgpi= 9100

prepared in 80% and 53% vyields. The direct condensation4 1200 M* at 300 K (see Supporting Information). The

of ferrocene-1,1'-dicarboxylic acid with amirg did not

afford the desired two-arm products in satisfactory yields.

higherK,ssvalue in THF solution, by comparison with that
in DMSO, was in agreement with an expected stronger

Thus, ferrocene-1,1'-dicarboxylic acid was activated to the complexation in the less polar solvent. The ITC experiment

corresponding acid chloride (using oxalyl chloride in pyri-
dine) and then coupled with amiBdo give compounds—7
in 95%, 72%, and 55% vyields, respectively.

The binding properties of ferrocene triami@ewith a
variety of anions were evaluated by thé NMR studies in
DMSO-ds solutions (2 x 102 M). Upon addition of
(BusN)*H,PO,~ (0.5—25 equiv), the amide signals @f

showed not only a favorable enthalpy changél(= —2.41

=+ 0.07 kcal/mol) but also an increase of entropys@ 10.2
cal/(mol K)) in the complexation o3 with the HPO,~ ion.
This result led to a speculation that the ferrocene triaride
might incorporate several THF molecufe®n complexation
with the HLPO,~ ion, the bound THF molecules were thus
liberated to account for the positive entropy change.

showed significant chemical-shift changes (see Supporting The fluorescent spectrum of the one-arm ferrocene amide

Information). The association constaktss for the 1:1
complex of2:-H,PO,~ was estimated to be 188 5 M at
300 K by nonlinear regressidnThe binding of compound

2 with the CHCO,™ ion was relatively weak as shown by
the similar'H NMR analyses. No significant binding with
Br=, NO;~, CIO,~, or HSQ~ anions was detected. The CV
study (Figure 3) indicated that the oxidation potential of

5] 0

] —— 0.5 equiv 1
il ——— 1.0 equiv
3] — 15equiv

2.0 equiv

Current (uA)

Potential (V)

Figure 3. Cyclic voltammogram of ferrocene triami@eThe redox

receptord showed pyrene monomer emissionga = 375,
387, and 398 nm in THF solution. No pyrene excimer
emission atldmax = 477 nm was observed when the
concentration ot was kept below Ix 1076 M. It appeared
that the two pyrene rings hwere not in a stacking position
for excimer formation. This result was in agreement with
our previous observatichOn addition of the HPO,~ ion
to a THF solution o4 (1 x 106 M), the monomer emissions
were somewhat enhanced as the concentration of {R&H
ion increased. This result was attributed to the conformational
rigidification on formation of the multiple hydrogen bonded
4-H,PO;~ complex? According to the NMR study, the
complexation o#-H,POy~ (Kass= 149+ 7 M~%in DMSO-
ds solution at 300 K) was slightly weaker than that of
2:H,PO; (Kass= 189 4+ 5 M™Y) because the pyrene rings
in 4 might exert a larger steric hindrance than the phenyl
rings in2 to disfavor the complexation with the,FO,™ ion.
Unlike the 1:1 complexation of the one-arm receptrgl
with the HPO,~ ion, the two-arm ferrocene hexamide
receptorss—7 formed the complexes with the,PIOQ,~ ion
in a 1:2 stoichiometry. ThéH NMR titration experiments
of compounds (Ar = phenyl) showed the most significant
chemical-shift changes of all the amide and ferrocene protons
upon complexation with the ##0Q,~ ion. The complexation
of 5 with various anions showed a trend similar to that for

potentials are calibrated with the standard ferrocene/ferrocenium gne-arm receptop, i.e., HPO,~ > AcO™ > (1=, NOs~,

ion system. The oxidation potential decreases on complexation with

the HLPO,~ ion (0.5—3.0 equiv). Scanning rate 100 mV/s.

compound decreased on complexation withFO,~ (AEy2

= —126 mV for 1:1 stoichiometry). A new wave appearing

around—0.2 V was attributable to th2-H,PO,~ complex®
By replacing the phenyl rings in compour with

p-nitrophenyl groups, the molecuwould exhibit more

ClO,~, HSOy).

The ITC analyses for complexation 6fwith the H,PO,~
ion revealed the association constars, = 197 000 +
57 000 Mt andK; = 8300+ 1100 M ! at 300 K in THF
solution (Figure 4). By comparison with the association
constant of3:H,PQ,~ (9100 &+ 1200 M), the two-arm
receptor6 appeared to bind much more strongly with the
H,PQO,~ ion. It was noted that the complexation was also

acidic amide protons, and thus form stronger hydrogen Synergistically driven by negative enthalpy changes {AH

bindings with the HPQO,~ ion. Indeed, the association
constant of3-H,PO;~ (Kass= 247 &+ 14 M1 at 300 K) was
larger than that of2:H,PO; (Kass = 189 &= 5 M™Y) in

DMSO-g; solution as indicated by the NMR analyses. The

isothermal titration calorimetry (IT@)of the 3-H,PO,~

(7) Connors, K. ABinding Constants; Wiley: New York, 1987.

(8) (a) Haj-Zaroubi, M.; Mitzel, N. W.; Schmidtchen, F.Ahgew. Chem.,
Int. Ed.2002,41, 104. (b) Schmidtchen, F. Prg. Lett.2002,4, 431. (c)
Linton, B. R.; Goodman, M. S.; Fan, E.; van Arman, S. A.; Hamilton, A.
D. J. Org. Chem.2001, 66, 7313. (d) Linton, B.; Hamilton, A. D.
Tetrahedron1999,55, 6027.
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= —3.25+ 0.03 andAH; = —2.22 + 0.08 kcal/mol) and
positive entropy changeAS, = 12.6 andAS, = 10.1 cal/
(mol K)).8

The fluorescence spectrum (by excitation at 345 nm) of
the two-arm receptof7 showed emissions for both the
monomer and the excimer of pyrene moieties (Figure 5).
As the intensity ratio of monomer/excimer emissions re-
mained constant in various concentrations (3.0~ M),

(9) (&) McFarland, S. A.; Finney, N. S. Am. Chem. So2002,124,
1178. (b) Choi, K.; Hamilton, A. DAngew. Chem., Int. EQ001, 40, 3912.
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Figure 4. Isothermal titration calorimetry for complexation of the
two-arm ferrocene hexamide recept(l mM) with the HPO,~

ion (20.9 mM) at 300 K: (A) the raw data obtained for 48 automatic
injections, each of &L, of the HLbPO,~ ion and (B) the integrated
curve showing experimental points and the best fit values of the
parametern = 3, with sequential binding sites.

the excimer emission should occur via intramolecular
interactions of pyrenes, but not intermolecularly. This
assertion is supported by the lack of excimer emission in
the one-arm receptar. We have previously proved that the
excimer emission of compourid(Figure 1) is derived from
the interaction of the pair olN,- and Ns-CH,-pyrenes (or
Ns- and Ne-CH,-pyrenesY. The excimer emission of com-
pound? should occur similarly via the stacking of the pair

of pyrenes on different arms, rather than the pyrenes on the

same arm.

By comparison with compound, the ratio of excimer-
to-monomer emission intensity in compouidvas lower,
i.e., lexcimeflmonomer ~ 1.2 in compound?7 vs ~5.5 in
compound1.1® This phenomenon presumably reflected a
partial energy transfer of pyrene excimép{x = 477 nm)
to the ferrocene moiety that has an absorption~@50
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Figure 5. Fluorescence titration spectra of the two-arm receptor
(1 x 107 M in THF solution) with the HPQ,~ ion. Addition of
(BusN)H,PGOy resulted in enhanced fluorescence.

a useful tool for detection of the RO, ion. The complex-
ation of 7 with the HLPQ,~ ion was easily monitored by the
enhanced fluorescence, especially the obvious changes of
the monomer emissions (Figure 5).

On the basis of our present studies, particularly the
evidence from the ITC measurements and fluorescence
spectra, compoundand other two-arm ferrocene hexamide
molecules likely have synclinal conformations in THF
solution. The synclinal conformation could be stabilized by
incorporation of THF molecules or by complexation with
H,PQ,~ ions. The more compact eclipsed conformation is
disfavored because its cleft would be too small to adapt two
H.PO,~ ions for complexation.

In summary, we have prepared ferrocene compo@nrds
with multiple amido groups that bind with the;,PIO,~ ion
selectively over other anions (AcQI-, NO;~, CIO4~, and
HSQO, 7). The one-arm receptod—4 form 1:1 complexes
with the PO~ ion, whereas the two-arm receptd@s-7
can accommodate two ,HO,~ ions. The complexation
modes, binding strengths, and sensing properties are dem-
onstrated by the NMR, ITC, CV, and fluorescence studies.
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nm 311 Nevertheless, the fluorescence spectroscopy was still&t http:/pubs.acs.org.

(10) The excimer emission intensity was estimated by taking the area of
fluorescence in the wavelength region of 43D0 nm, whereas the
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monomer emission intensity was estimated by taking the area of fluorescence (11) To support this speculation, we also found that the 477-nm excimer

in the wavelength region of 35430 nm.
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band of compound. dramatically decreased upon addition of ferrocene.
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