
Ditopic N-Crowned 4-( p-Aminophenyl)-2,6-diphenylpyridines:
Implications of Macrocycle Topology on the Spectroscopic Properties,
Cation Complexation, and Differential Anion Responses
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A family of N-crowned 4-p-(aminophenyl)-2,6-diphenylpyridines DA (1−6) has been synthezised, characterized,
and studied as potential hosts for the signaling of cationic and anionic guests. The ditopic probes contain two
coordination sites, a monodentate 2,6-diphenylpyridine and an anilino group with macrocycles of different ring size,
denticity, and type of secondary heteroatom (O and/or S). X-ray structure analysis of aza−oxa−thia-crowned 5
indicated a largely planar chromophore. Optical spectroscopic and electrochemical studies revealed that the anilino-
type donor (D) and the 2,6-diphenylpyridine acceptor (A) are strongly π-conjugated, entailing intense intramolecular
charge-transfer absorption bands at 340 nm. Binding studies with protons and metal ions (M ) Cu2+, Zn2+, Hg2+,
Fe3+, Pb2+, Ni2+, Cd2+) showed shifts of the band to the visible (440 nm) when coordination at the pyridine group
occurs, strengthening its acceptor character. In contrast, no band in the visible is formed if binding takes place at
the anilino group. Three different responses were found for various pairs of DA and M: selective metal coordination
to D or A as well as coordination at both sites. A selective response was found for 5 and Hg2+. Because of the
multitude of coordination-induced effects, the DA−M ensembles were further employed for differential anion sensing.
In this protocol, the addition of an anion X to a certain, weakly coordinated DA−M can (i) lead to the formation of
a ternary ion pair complex (DA−M−X), (ii) change the preference for A or D coordination, (iii) induce dissociation
of the complex, or (iv) can have no effect. Various patterns of absorption changes were obtained as a result of
different responses (i)−(iv) of the DA−M’s in the presence of various X’s. Data analysis yielded recognition patterns
for acetate, F- and CN-, demonstrating the potential of simple chromogenic host−guest pairs for differential anion
signaling.

Introduction

The optical response of synthetic host molecules toward
cations and anions is of substantial interest in supramolecular
and analytical chemistry.1,2 Metal ion signaling is usually

accomplished by chromo- or fluoroionophores that contain
a receptor that is either integrated in or covalently attached
via a spacer to the chromophore. The coordination event thus
modulates the spectroscopic properties of the functional dye
molecule, transducing host-guest recognition into a measur-
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able signal. In the past decade, researchers became increas-
ingly interested in equipping chromophores with more than
one chemically addressable group.3 Such molecules basically
integrate various reporter and/or receptor groups that are
attached either symmetrically or asymmetrically to suitable
dye skeletons such as anthracene, biphenyl, styryl, or other
types of dyes.4,5 These dual-responsive dyes have been
mainly designed as so-called “molecular logic gates” and
ion-pair indicators but have also been developed for coopera-
tive recognition, i.e., the cooperative recognition of two
different analytes as well as the binding of a single analyte
with cooperative forces. A closely related strategy6 developed
by Anslyn’s group assembles two (or more) different binding
sites, one of which is located directly at the chromo- or
fluorophore, around a steric control unit, usually a 1,3,5-
2,4,6-functionalized, facially segregated benzene.7 Probably
the most serious drawbacks of such approaches are the
usually rather time-consuming and complex synthetic pro-
cedures involved. Thus, in the latter case, for instance,
Anslyn’s group emerged to simpler hexasubstituted benzene
platforms, incorporating only simple binding groups, while
using an external indicator molecule in the fashion of
colorimetric displacement assays.8 The versatility of this
approach led to the development of differential receptors8c

that constitute a set of suitable indicators of slightly varying
chemical constitution that respond rather unspecifically yet

differently toward a group of related guests.9 When multi-
component analysis was employed, certain “fingerprint”
signal expressions allow researchers to determine single
guests via pattern recognition, a concept that was adopted
from sophisticated biosensor arrays, electronic noses, and
tongues.10

Because of our experience in molecular probe design for
various analytes11 and based on our background in bi- and
multifunctionalized chromophores,5a,b,d,e,12we became inter-
ested in developing bifunctional molecular dyes that are facile
to synthesize and that can be tuned toward cation- and anion-
responsive probes.13 We envisaged that a suitable combina-
tion of the functional subunits of such chemosensors might
allow one to follow a different approach toward differential
receptors, i.e., the utilization of weak guest-ligand interac-
tions themselves. The basic strategy is outlined in Scheme
1. D andA are the electron-donating and -accepting units,
both in π conjugation, of the auxochromic and fluorescent
ligand. They are simple groups such as a receptor-function-
alized aniline (D) and a 2,6-substituted pyridine (A) and,
because of the manifoldness of aniline and pyridine chem-
istry, can thus be principally combined in limitless ways to
yield libraries of differential receptors, the step from I to II
in Scheme 1. However, when properly designed, a ligand
itself can be a selective ionophore for a particular metal ion,
as shown in panel III in Scheme 1. On the other hand, if
combinations of a ditopic ligand and various metal ions are
chosen that show only a moderate affinity for each other at
theA site, these host-guest pairs (of chromoionophore and
metal ion) are assumed to show gradual responses toward a
third type of chemical species, e.g., anions. In such a way,
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a potentially highly selective molecular system can be
transformed into an ensemble that can be employed for
unspecific but differential recognition; see panel IV in
Scheme 1.

After having recently shown the proof-of-principle of the
creation of a differential sensing array for anions based on
weak metal-ligand interactions,14 we report here a compre-
hensive study of the synthesis and molecular properties of a
series of differently crowned anilinopyridines (i.e., we kept
A in Scheme 1 constant while varyingD) and their
coordination features toward metal ions and address issues
of the anion-signaling behavior of the coordinative metal-
ligand ensembles.

Experimental Section

Materials. All commercially available reagents were used
without further purification. Air/water-sensitive reactions were
performed in flame-dried glassware under argon. Acetonitrile
(ACN) was dried with CaH2 and distilled prior to use. The additional
solvents employed for the photophysical studies,n-hexane (HEX),
di-n-butyl ether, diethyl ether (EOE), tetrahydrofuran, acetone
(ACE), and propionitrile, were of UV-spectroscopic grade and
were purchased from Fluka, Merck, and Aldrich. Perchlorate salts
of Pb2+, Fe3+, Ni2+, and Cd2+ and triflate salts of Hg2+ and Zn2+

were purchased from Aldrich, whereas the triflate salt of Cu2+ was
purchased from Acros. The anions were used as tetrabutylammo-
nium salts and were purchased from Aldrich (Cl-, Br-, I-, NO3

-,
AcO-, SCN-, and CN-) and Fluka (F-). Tetra-n-butylammonium
perchlorate (Fluka) for the electrochemical experiments was
recrystallized and dried under vacuum for at least 48 h.

Synthesis. General Procedure for 1-6. The Richman-Atkins
procedure15 was used to synthesize the crowned anilino precursors
II -VI ,5d,16 which were then dissolved in dryN,N-dimethylforma-

mide and reacted with 2 equiv of 2,6-diphenylpyrylium perchlorate
(VII ) for 3 h at 150°C; in the same way,N,N-dimethylaniline (I )
was used for1. After cooling to room temperature, EOE was added
and a magenta-colored oil was separated. The oil was decanted
and dissolved in ACE, and aqueous ammonium hydroxide was
added (15% v/v, 2 mL) until the magenta color of the solution
changed to brown-yellowish. The crude residue was concentrated
on a rotary evaporator and purified by column chromatography on
aluminum oxide with mixtures of dichloromethane-ethyl acetate
[1:1 (v/v)] as the eluent. The final receptors were obtained as
yellowish solids.

4-(2,6-Diphenylpyridin-4-yl)-N,N-dimethylaniline (1). A total
of 3.95 mmol ofI and 7.9 mmol ofVII 17 resulted in 1.57 mmol of
1. Yield: 40%.1H NMR (300 MHz, CDCl3): δ 3.05 (s, 6H, CH3),
6.87 (d, 2H,J ) 8 Hz, C6H4), 7.54 (t, 3H,J ) 7.5 Hz, C6H5), 7.63
(t, 3H, J ) 7.5 Hz, C6H5), 7.75 (d, 2H,J ) 8 Hz, C6H4), 7.96 (s,
2H, C5H2N), 8.34 (d, 4H,J ) 8 Hz, C6H5). 13C NMR (75 MHz,
CDCl3): δ 40.33 (CH3), 112.45 (C6H4), 115.96 (C5H2N), 127.09,
127.78 (C6H4), 128.59, 128.77, 139.89 (C6H5), 149.74 (C6H4),
151.01, 157.23 (C5H2N). MS (FAB+): m/z 350 (M+). Elem anal.
Calcd for C25H22N2: C, 85.68; H, 6.33; N, 8.00. Found: C, 85.75;
H, 6.44; N, 7.92.

10-[4-(2,6-Diphenylpyridin-4-yl)phenyl]-1,4,7-trioxa-10-aza-
cyclododecane (2).A total of 1.39 mmol ofII 5d and 2.78 mmol of
VII 17 resulted in 0.51 mmol of2. Yield: 37%.1H NMR (300 MHz,
CDCl3): δ 3.62 (m, 12H, CH2), 3.90 (t, 4H,J ) 7 Hz, CH2), 6.84
(d, 2H, J ) 8 Hz, C6H4), 7.41 (t, 3H,J ) 7.5 Hz, C6H5), 7.47 (t,
3H, J ) 7.5 Hz, C6H5), 7.63 (d, 2H,J ) 8 Hz, C6H4), 7.72 (s, 2H,
C5H2N), 8.16 (d, 4H,J ) 8 Hz, C6H5). 13C NMR (75 MHz,
CDCl3): δ 53.14, 70.11, 70.48, 72.15 (CH2), 113.21 (C6H4), 116.46
(C5H2N), 127.67, 128.39 (C6H4), 129.18, 129.35, 140.59 (C6H5),
149.94 (C6H4), 150.35, 157.86 (C5H2N). MS (FAB+): m/z 480
(M+). Elem anal. Calcd for C31H32N2O3: C, 77.47; H, 6.71; N,
5.83. Found: C, 77.50; H, 6.75; N, 5.78.

13-[4-(2,6-Diphenylpyridin-4-yl)phenyl]-1,4,7,10-tetraoxa-13-
azacyclopentadecane (3).A total of 1.15 mmol ofIII 16 and 2.30
mmol of VII 17 resulted in 0.49 mmol of3. Yield: 43%.1H NMR
(300 MHz, CDCl3): δ 3.65 (m, 16H, CH2), 3.72 (t, 4H,J ) 7 Hz,
CH2), 6.80 (d, 2H,J ) 8 Hz, C6H4), 7.44 (t, 3H,J ) 7.5 Hz, C6H5),
7.52 (t, 3H,J ) 7.5 Hz, C6H5), 7.67 (d, 2H,J ) 8 Hz, C6H4), 7.86
(s, 2H, C5H2N), 8.20 (d, 4H,J ) 8 Hz, C6H5). 13C NMR (75 MHz,
CDCl3): δ 52.56, 68.39, 70.07, 70.20, 71.28 (CH2), 111.75 (C6H4),
115.83 (C5H2N), 127.06, 127.95 (C6H4), 128.56, 128.73, 139.94
(C6H5), 148.32 (C6H4), 149.72, 157.24 (C5H2N). MS (FAB+): m/z
524 (M+). Elem anal. Calcd for C33H36N2O4: C, 75.55; H, 6.92;
N, 5.34. Found: C, 75.60; H, 6.95; N, 5.30.

16-[4-(2,6-Diphenylpyridin-4-yl)phenyl]-1,4,7,10,13-pentaoxa-
16-azacyclooctadecane (4).A total of 1.86 mmol ofIV 16 and 3.72
mmol of VII 17 resulted in 0.78 mmol of4. Yield: 42%.1H NMR
(300 MHz, CDCl3): δ 3.65 (m, 20H, CH2), 3.70 (t, 4H,J ) 7 Hz,
CH2), 6.80 (d, 2H,J ) 8 Hz, C6H4), 7.45 (t, 3H,J ) 7.5 Hz, C6H5),
7.51 (t, 3H,J ) 7.5 Hz, C6H5), 7.65 (d, 2H,J ) 8 Hz, C6H4), 7.85
(s, 2H, C5H2N), 8.20 (d, 4H,J ) 8 Hz, C6H5). 13C NMR (75 MHz,
CDCl3): δ 51.04, 68.50, 70.60, 70.67 (CH2), 111.76 (C6H4), 115.72
(C5H2N), 125.44 (C6H5), 126.99, 127.89 (C6H4), 128.50, 128.68,

(14) Garcı´a-Acosta, B.; Albiach-Martı´, X.; Garcı́a, E.; Gil, L.; Martı́nez-
Máñez, R.; Rurack, K.; Sanceno´n, F.; Soto, J.Chem. Commun.2004,
774-775.
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58, 86-98. Krakowiak, K. E.; Bradsahw, J. S.; Zamecka-Krakowiak,
D. J. Chem. ReV. 1989, 89, 929-972.

(16) Dix, J. P.; Vögtle, F.Angew. Chem., Int. Ed. Engl.1978, 17, 857-
859.

(17) Doddi, G.; Ercolani, G.Synthesis1985, 789-790. Pikus, A. L.;
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Scheme 1 a

a (I) Pool of donor building blocks (D, greenish-yellow squares),
functionalized with specific receptors, and acceptor building blocks (A,
reddish-pink triangles), carrying nonspecific binding sites. The deepness
of the color indicates the donor or acceptor strength. (II) Library of
chromophoric CT-active ligandsDA obtained by couplingD andA units.
(III) Selectivity pattern toward various metal ions (black symbols). Only
selected cations bind toD, inducing a decrease in CT character as indicated
by the pale yellow color. (IV) Unselective binding of various metal ions
(black symbols) to theA unit, inducing an increase in CT character as
indicated by the strong red color. These complexes show a differential
response toward various anions (white symbols) through ion pairing, with
the strength of the latter process determining the degree of CT weakening
as sketched by the different colors.

Ditopic (Aminophenyl)diphenylpyridines
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139.85 (C6H5), 148.56 (C6H4), 149.63, 157.17 (C5H2N). MS
(FAB+): m/z 568 (M+). Elem anal. Calcd for C35H40N2O5: C,
73.92; H, 7.09; N, 4.93. Found: C, 73.98; H, 7.05; N, 4.98.

10-[4-(2,6-Diphenylpyridin-4-yl)phenyl]-1,4-dioxa-7,13-dithia-
10-azacyclopentadecane (5).A total of 2.45 mmol ofV5d and 4.90
mmol of VII 17 resulted in 1.10 mmol of5. Yield: 45%.1H NMR
(300 MHz, CDCl3): δ 2.77 (t, 4H,J ) 6.5 Hz, CH2), 2.94 (t, 4H,
J ) 7 Hz, CH2), 3.62 (s, 2H, CH2), 3.70 (t, 4H,J ) 7 Hz, CH2),
3.82 (t, 4H,J ) 6.5 Hz, CH2), 6.76 (d, 2H,J ) 8 Hz, C6H4), 7.41
(t, 3H, J ) 7.5 Hz, C6H5), 7.50 (t, 3H,J ) 7.5 Hz, C6H5), 7.67 (d,
2H, J ) 8 Hz, C6H4), 7.82 (s, 2H, C5H2N), 8.18 (d, 4H,J ) 8 Hz,
C6H5). 13C NMR (75 MHz, CDCl3): δ 29.47, 31.24, 51.88, 70.73,
74.37 (CH2), 112.04 (C6H4), 115.92 (C5H2N), 126.00 (C6H5),
127.10, 128.20 (C6H4), 128.61, 128.78, 139.95 (C6H5), 147.59
(C6H4), 149.66, 157.30 (C5H2N). MS (FAB+): m/z556 (M+). Elem
anal. Calcd for C33H36N2O2S2: C, 71.19; H, 6.52; N, 5.03. Found:
C, 71.03; H, 6.48; N, 4.98.

13-[4-(2,6-Diphenylpyridin-4-yl)phenyl]-1,10-dioxa-4,7-dithia-
13-azacyclopentadecane (6).A total of 1.84 mmol ofVI 5d and
3.68 mmol ofVII 17 resulted in 0.745 mmol of6. Yield: 40.5%.
1H NMR (300 MHz, CDCl3): δ 2.74 (t, 4H,J ) 7 Hz, CH2), 2.90
(s, 4H, CH2), 3.62-3.80 (m, 12H, CH2), 6.80 (d, 2H,J ) 8 Hz,
C6H4), 7.45 (t, 3H,J ) 7.5 Hz, C6H5), 7.52 (t, 3H,J ) 7.5 Hz,
C6H5), 7.67 (d, 2H,J ) 8 Hz, C6H4), 7.84 (s, 2H, C5H2N), 8.19 (d,
4H, J ) 8 Hz, C6H5). 13C NMR (75 MHz, CDCl3): δ 31.66, 32.84,
51.22, 69.67, 72.14 (CH2), 112.25 (C6H4), 115.92 (C5H2N), 126.22
(C6H5), 127.10, 128.02 (C6H4), 128.61, 128.81, 139.91 (C6H5),
149.02 (C6H4), 149.62, 157.33 (C5H2N). MS (FAB+): m/z 556
(M+). Elem anal. Calcd for C33H36N2O2S2: C, 71.19; H, 6.52; N,
5.03. Found: C, 70.88; H, 6.56; N, 5.00.

Structure determination of 5: C33H36N2O2S2, M ) 556.76,
monoclinic space groupP21/n, a ) 8.548(2) Å,b ) 10.067(2) Å,
c ) 33.777(8) Å,â ) 90.10(2)°, Z ) 4, V ) 2906.7(10) Å3, Dcalcd

) 1.272 g cm-3, λ(Mo KR) ) 0.710 73 Å,T ) 293(2) K, µ(Mo
KR) ) 0.216 mm-1. Measurements were carried out using a
Siemens P4 diffractometer with graphite-monochromated Mo KR
radiation on a single crystal of dimensions 0.26× 0.25 × 0.10
mm. A total of 6864 reflections were collected, of which 5069 were
independent (Rint ) 0.0284). Lorentz, polarization, and absorption
(ψ scan, max and min transmission 0.838 and 0.898) corrections
were applied. The structure was solved by direct methods (SHELX-
TL)18 and refined by full-matrix least-squares analysis onF 2

(SHELXTL). The refinement converged at R1) 0.0429 [F > 4σ-
(F)] and wR2) 0.2270 (all data). Largest peak and hole in the
final difference map+0.224 and-0.233 e Å3. CCDC-286788
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.cam.ac.uk/data_request/cif.

Optical Spectroscopy. UV/vis spectra were recorded on Bruins
Instruments Omega 10 and Perkin-Elmer Lambda 35 spectropho-
tometers, steady-state fluorescence spectra on a Spectronics Instru-
ments 8100 fluorometer (90° standard geometry, polarizers at 0°
and 54.7° in excitation and emission), and an Edinburgh Analytical
Instruments FS900CDT fluorometer. All photophysical measure-
ments were carried out at 298( 1 K with dilute solutions with
optical densities between 0.03 and 0.05 at the absorption maximum
for HEX solutions and between 0.08 and 0.1 for the other solvents.
Molar absorbances were determined fromN ) 8 samples. Fluo-
rescence quantum yields (Φf) were determined relative to quinine
sulfate dihydrate (NIST standard reference material SRM 936) in

0.1 N H2SO4 (Φf ) 0.51( 0.03)19 for the species with absorption
maxima in the 320-340 nm region and relative to coumarin 153
in ethanol (Φf ) 0.40)20 for the species with absorption maxima in
the 430-440 nm region with uncertainties of(3% (for Φf > 0.2),
(6% (for 0.2> Φf > 0.02),(10% (for 0.02> Φf > 5 × 10-3),
and(15% (for 5× 10-3 > Φf), respectively. All of the fluorescence
spectra were corrected as described in ref 21. The Stokes shifts
were calculated from the differences between the maxima of the
absorption and emission bands after conversion to the energy scale,
taking into account another correction step.22 1-6 were used in
ca. 5.0× 10-5 and ca. 3.0× 10-5 M for the spectrophotometric
and fluorometric complexation experiments, respectively. Cations
and anions were used in equimolar quantities.

Fluorescence lifetimes (τf) were measured with a unique laser
impulse fluorometer with picosecond time resolution described by
us in an earlier publication23 and modified according to a description
in ref 24. The fourth-harmonic output of the signal of the optical
parametric amplifier was used for excitation, the fluorescence was
collected at right angles (polarizer at 54.7°; monochromator with
bandwidths of 4, 8, and 16 nm), and the decays were recorded by
the single-photon timing method (typical instrumental response
functions of 25-30 ps full width at half-maximum; experimental
accuracy of(3 ps). The laser beam was attenuated using a double-
prism attenuator from LTB, and typical excitation energies were
in the nanowatt to microwatt range (average laser power). The
fluorescence lifetime profiles were analyzed with a PC using the
software package Global Unlimited V2.2 (Laboratory for Fluores-
cence Dynamics, University of Illinois, Urbana-Champaign, IL).
The goodness of the fit of the single decays as judged by reduced
ø2 (øR

2) and the autocorrelation functionC(j) of the residuals was
always belowøR

2 < 1.2.
Measurements of the pH.For every step of the pH titration,

small amounts of 11.2 M (70% by weight) HClO4 were added
(microliter pipet; Eppendorf) to 50 mL of a solution containing 90
µM dye in an ethanol-water mixture [1:1 (v/v)]. After stirring for
3 min, 3 mL of the solution was transferred to a 10 mm quartz
cuvette and additionally stirred for 1 min. The pH was monitored
using a digital pH meter (WTW pH 537) equipped with a glass
electrode (Mettler Toledo InLab 423). Calibration of the instrument
was performed with standard aqueous solutions of pH) 1.68, 4.01,
6.86, and 9.18 from WTW. The measured value (pHmes) was
corrected by taking into account differences in the liquid junction
potentials (∆Uj) and proton activity coefficients (∆ log γH+)
between the solvent mixture of the sample and the aqueous
calibration solution according to eq 1.25

From multiple titrations (N ) 4), the error of pHmesin the range
of 1 < pH < 6 was determined to be(0.2 pH units. The pH values
of the highly acidic samples were directly calculated from the

(18) SHELXTL, version 5.03; Siemens Analytical X-ray Instruments:
Madison, WI, 1994.

(19) Velapoldi, R. A. In AdVances in Standards and Methodology in
Spectorphotometry; Burgess, C., Mielenz, K. D., Eds.; Elsevier
Science: Amsterdam, The Netherlands, 1987; pp 175-193.

(20) Drexhage, K.-H.J. Res. Natl. Bur. Stand.1976, 80A, 421-428.
(21) Resch-Genger, U.; Pfeifer, D.; Monte, C.; Pilz, W.; Hoffmann, A.;

Spieles, M.; Rurack, K.; Hollandt, J.; Taubert, D.; Scho¨nenberger, B.;
Nording, P.J. Fluoresc.2005, 15, 315-336.

(22) Lakowicz, J. R.Principles of Fluorescence Spectroscopy, 2nd ed.;
Plenum: New York, 1999; p 52.

(23) Resch, U.; Rurack, K.Proc. SPIE-Int. Soc. Opt. Eng.1997, 3105,
96-103.

(24) Shen, Z.; Ro¨hr, H.; Rurack, K.; Uno, H.; Spieles, M.; Schulz, B.; Reck,
G.; Ono, N.Chem.sEur. J. 2004, 10, 4853-4871.

(25) Galster, H.pH Measurement; Wiley-VCH: Weinheim, Germany, 1991.

pH ) pHmes- ∆Uj + ∆ log γH+ ) pHmes- 0.21 (1)
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analytical acid concentrations in the respective solvent mixtures
without correction for the activity coefficient (γ().

NMR Spectroscopy.1H NMR studies in the presence of selected
cations were carried out with a Varian Gemini spectrometer by
titrating 1 mM solutions of the receptor with 0.1-5 equiv of the
corresponding cation.

Electrochemistry. Cyclic voltammetry, rotating-disk electrode,
and differential pulse voltammetry experiments were carried out
in dry and degassed ACN with a programmable function generator
Tacussel IMT-1, connected to a Tacussel PJT 120-1 potentiostat,
with a Pt working electrode, a saturated calomel electrode (SCE)
reference electrode, a Pt wire auxiliary electrode, and a 0.1 M
[Bu4N][ClO4] supporting electrolyte. Rotating-disk electrode experi-
ments were run at a scan speed of 10 mV s-1 and a rotation speed
of 7000 revolutions min-1 on 1 mM solutions of the dyes.
Differential pulse voltammetry was carried out with a pulse
amplitude of 10 mV, a sweep rate of 2 mV s-1, and a “drop time”
of 0.5 s.

Results and Discussion

Ligands 2-6 are a group of 4-(N-crown)phenyl-2,6-
diphenylpyridines that carry different monoaza macrocycles
as crown substituents, varying both in ring size and the
number and type of secondary heteroatoms (O and/or S;
Scheme 2). TheN,N-dimethylamino analogue1 was studied
as a model compound. To get an idea of the molecular
geometry and the degree ofπ conjugation in the chro-
mophore as well as the integration of the receptor’s N atom
into theπ system, the crystal structure of5 was determined
exemplarily. The manifestation of both aspects,π conjugation
as a function of the planarity in the chromophore and
decoupling of the N atom as a function of pyramidalization,
in an X-ray structure has been shown by others and us to

provide valuable information on the putative conformation
in solution and photophysical mechanisms.11d,12a,24,26Suitable
crystals for X-ray diffraction were obtained by slow diffusion
of HEX into dichloromethane solutions of5. Table 1 lists
selected bond lengths and angles, and Figure 1 shows a view
of the compound with the numbering scheme. In the
macrocyclic ring of5, average C-S, C-O, C-N, and C-C
distances are 1.795(3), 1.412(3), 1.457(3), and 1.502(4) Å,
respectively. The twist angle between the planes defined by
the rings C(1)-C(2)-C(3)-C(4)-C(5)-C(6) and C(7)-
C(8)-C(9)-N(2)-C(22)-C(23) is 21.5°, whereas the twist
angles between the pyridine ring and the rings C(16)-

(26) (a) Jonker, S. A.; van Dijk, S. I.; Goubitz, K.; Reiss, C. A.;
Schuddeboom, W.; Verhoeven, J. W.Mol. Cryst. Liq. Cryst.1990,
183, 273-282. (b) Jonker, S. A.; Verhoeven, J. W.; Reiss, C. A.;
Goubitz, K.; Heijdenrijk, D.Recl. TraV. Chim. Pays-Bas1990, 109,
154-159. (c) Rurack, K.; Bricks, J. L.; Reck, G.; Radeglia, R.; Resch-
Genger, U.J. Phys. Chem. A2000, 104, 3087-3109. (d) Rurack, K.;
Bricks, J. L.; Schulz, B.; Maus, M.; Reck, G.; Resch-Genger, U.J.
Phys. Chem. A2000, 104, 6171-6188.

Scheme 2. Reaction Scheme for the Synthesis of1-6 from I-VI
Precursors

Figure 1. Molecular structure of5 showing the atom numbering scheme.

Table 1. Selected Distances and Bond Angles for Compound5

Distances (Å)
S(1)-C(26) 1.796(3) S(1)-C(25) 1.805(3)
S(2)-C(31) 1.786(3) S(2)-C(32) 1.805(3)
N(1)-C(1) 1.459(3) N(1)-C(33) 1.454(3)
N(1)-C(24) 1.459(3) O(1)-C(27) 1.424(3)
O(2)-C(30) 1.415(3) C(28)-C(29) 1.489(4)
C(26)-C(27) 1.494(4) C(32)-C(33) 1.513(3)
C(4)-C(7) 1.475(3) N(2)-C(9) 1.349(3)
N(2)-C(22) 1.341(3) C(22)-C(23) 1.388(3)
C(11)-C(12) 1.380(4) C(9)-C(10) 1.488(3)

Angles (deg)
C(26)-S(1)-C(25) 103.43(12) C(31)-S(2)-C(32) 104.14(14)
C(1)-N(1)-C(33) 121.4(2) C(1)-N(1)-C(24) 121.2(2)
C(33)-N(1)-C(24) 117.4(2) C(22)-N(2)-C(9) 117.8(2)
C(28)-O(1)-C(27) 112.7(2) N(1)-C(1)-C(2) 122.3(2)
N(1)-C(1)-C(6) 121.2(2) C(2)-C(19)-C(6) 116.4(4)
C(5)-C(4)-C(7) 121.7(2) C(8)-C(27)-C(23) 116.1(2)
N(2)-C(9)-C(8) 122.3(2) C(8)-C(9)-C(10) 122.4(2)
C(11)-C(10)-C(9) 122.0(2) C(16)-C(21)-C(22) 120.3(2)
N(2)-C(22)-C(21) 116.5(2) N(1)-C(33)-C(32) 111.8(2)
C(24)-C(25)-S(1) 113.8(2) C(27)-C(26)-S(1) 117.1(2)
O(2)-C(29)-C(28) 111.0(3) O(2)-C(30)-C(31) 110.3(3)
C(30)-C(31)-S(2) 117.2(2) C(33)-C(32)-S(2) 114.6(2)
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C(17)-C(18)-C(19)-C(20)-C(21) and C(10)-C(11)-
C(12)-C(13)-C(14)-C(15) are 18.2° and 23.4°, respec-
tively. The former intramolecular twist angle that is important
for the degree of conjugation in the main chromophore is
comparable to related 4-phenylpyridines,27 suggesting that
the molecules should possess intense charge-transfer (CT)
absorption bands.

Optical Spectroscopy of 1, 2, 5, and 6.A key step in the
development of optically responsive host molecules is the
understanding of their electronic properties with regard to
the desired signaling reaction. Topology in terms of the
arrangement and nature of the donor atoms in a crown ether
binding unit determines the selectivity of such a host, yet
these two factors also influence the ionization potential of
the bridgehead atom that connects theπ system and receptor
and the flexibility of the receptor unit and thus feedback on
the photophysical properties. Changes in the ionization
potential are reflected by shifts in the spectral band position
and redox potential; the flexibility can affect the fluorescence
yield of such molecules. The spectroscopic behavior of four
of the dyes was thus exemplarily studied in a series of
solvents and correlated with the electrochemical data obtained
in ACN.

Figure 2 shows representative absorption and emission
spectra of the four compounds in solvents of different
polarity. The corresponding data are collected in Table 2.
The lowest-energy absorption bands are broad and struc-
tureless for all combinations of dye and solvent and centered
at ca. 330 nm in HEX and ca. 340 nm in ACN. In contrast
to these minor shifts, the emission bands are strongly red-
shifted from ca. 360 to 450 nm and broadened with
increasing solvent polarity. The Stokes shifts increase from

ca. 2500 cm-1 in nonpolar HEX tog7200 cm-1 in highly
polar ACN (Table 2). Molar absorptivities lie between 24 000
and 30 000 M-1 cm-1, and the overall integrals of the lowest-
energy absorption bands, i.e., the oscillator strengths, are very
similar for each dye in the series of solvents. The fluores-
cence quantum yieldsΦf of all of the molecules amount to
ca. 0.50 ( 0.10 irrespective of the solvent considered,
qualifying the compounds as highly emissive fluorophores.
Despite this similarity inΦf, the fluorescence lifetimesτf

show an apparent trend for all four compounds and increase
from ca. 1.1 to 3.3 ns upon going from a nonpolar to a highly
polar solvent. However, all of the fluorescence decay profiles
are strictly monoexponential. This apparent contradiction of
constantΦf but changingτf, which would indicate a change
in the radiative rate constantkr ) Φf/τf (e.g., 4.4× 108 s-1

vs 1.5× 108 s-1 for 2 in HEX vs ACN) and thus a change
of the nature of the emitting state as a function of the solvent
polarity, does not hold if the dependence of the rate constant
on the emission energy is taken into account by comparing
the reduced rate constantsκf (Table 3).28 Thus, the highΦf

values and single-exponential decays in combination with
broad, structureless, and intense absorption bands over the
entire solvent spectrum suggest that allowed ICT transitions
are responsible for S1 r S0 absorption as well as for the
radiative deactivation of the first excited singlet state of
thetitle dyes. These findings are supported by a solvatochro-
mic analysis of the data, where linear plots of the Stokes
shifts versus a solvent polarity function yield acceptable(27) Van Eerden, J.; Grootenhuis, P. D. J.; Dijkstra, P. J.; Van Staveren,

P. J.; Harkema, S.; Reinhoudt, D. N.J. Org. Chem.1986, 51, 3918-
3920. Ondracek, J.; Novotny, J.; Petru, M.; Lhotak, P.; Kuthan, J.
Acta Crystallogr.1994, C50, 1809-1811. Anulewicz, R.; Bak, T.;
Cyranski, M.; Krygowski, T. M.; Rasala, D.; Swirska, B.Pol. J. Chem.
1995, 69, 597-604.

(28) κf ) kf/〈n3ν̃em
3〉 with 〈n3ν̃em

3〉 ≈ n3(∑ν̃em
3/I ν̃em∑I ν̃em), kf ) Φf/τf, n )

refractive index of the solvent,ν̃em ) emission wavenumber, andI ν̃em

) emission intensity atν̃em. See: Birks, J. B.Photophysics of Aromatic
Molecules; Wiley-Interscience: London, 1970.

Figure 2. Normalized absorption and relative emission spectra of1, 2, 5,
and 6 in HEX (dashed line), EOE (dotted line), and ACN (solid line) at
room temperature. The absorption spectra in EOE were omitted for clarity.

Table 2. Spectroscopic Properties and Nonradiative Rate Constantsknr

of 1, 2, 5, and6 in Three Representative Solvents of Different Polarity
at 298 K (for Corresponding Spectra, See Figure 2)

solventa λabs/nm λem/nm ν̃abs-em
b/cm-1 Φf τf /ns knr/108 s-1

1 ACN 336 461 8490 0.52 3.73 1.3
EOE 329 395 5250 0.47 1.59 3.3
HEX 324 359 2770 0.49 1.21 4.2

2 ACN 343 451 7330 0.48 3.29 1.6
EOE 337 396 4550 0.50 1.61 3.1
HEX 333 365 2370 0.49 1.12 4.5

5 ACN 338 437 7030 0.58 2.86 1.5
EOE 335 390 4390 0.56 1.43 3.1
HEX 333 364 2370 0.54 1.07 4.3

6 ACN 341 447 7330 0.53 3.22 1.5
EOE 333 391 4610 0.53 1.46 3.2
HEX 327 362 2670 0.48 1.12 4.6

a For abbreviations, see the Experimental Section.b Obtained as described
in the Experimental Section.

Table 3. Average Reduced Rate Constantsκf and Resultsa of the
Solvatochromic Analysis [ν̃abs-em vs f(ε) - f(n2); Linear Fit]29 for 1, 2,
5, and6 in the Solvents Listed in the Experimental Section

κf
b/10-7 s-1 cm3 slopea/cm-1 intercepta/cm-1 ra

1 75 ( 17 18 300( 1000 2570( 210 0.993
2 78 ( 15 15 400( 1000 2230( 200 0.991
5 91 ( 17 14 500( 1100 2240( 220 0.990
6 82 ( 15 14 500( 900 2490( 200 0.991

a Theκf data for each compound within a series of solvents do not show
significant trends.b Theκf data for each compound within a series of solvents
do not show significant trends.
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correlations withr > 0.99 in all of the four cases (Table
3).29 If we assume that the conformation of the dyes in the
ground state in solution is close to that found in the X-ray
structural analysis (probably including packing effects in the
crystal) and that obtained by quantum chemical geometry
optimizations at the semiempirical level for the isolated
molecules, then the interannular twist angle should amount
to θ ∼ 30°.30 In agreement with recent findings on donor-
acceptor-substituted biphenyls,31 a vibrational analysis of the
fluorescence bands in HEX yielding the highest relative
intensity for the 0-0 band with respect to the second
vibronic band (e.g., ratios of 1:0.84 and 1:0.78 for1 and5)
suggests that the emitting state of the anilinopyridines also
possesses a more planar conformation and an angular
distribution of θ ∼ 0°.32 The S1 r S0 transition and the
(relaxed) Franck-Condon excited state thus have a consider-
able CT character. The Franck-Condon state then populates
the emissive state on the subpicosecond time scale, the latter
of which has a more planar conformation and a higher dipole
moment, i.e., a more pronounced ICT character. The respec-
tive change in the dipole moment (µe - µg) is calculated to
18.2 D for1, 16.7 D for2, and 16.2 D for both5 and6 on
the basis of the solvatochromic analysis (see Table 3) and
eq 2.33

As shown in Table 2, the nonradiative rate constants
change from ca. 4.5 to 1.5× 108 s-1 upon going from
nonpolar to polar solvents. These changes are considerably
small, and the trends can be explained within the above-
mentioned model. From studies of differently donor-
substituted 4-(4′-donor-phenyl)terypyridines, it is known that
such dyes with a weak donor in the 4′-phenyl position
possess fluorescence lifetimes of ca. 1.2 ns andknr ∼ (4-5)
× 108 s-1 in solvents of any polarity and their counterparts
with a strong donor in the 4′-phenyl position show a behavior
very similar to that of our title dyes; e.g., 4-[4′-(dimethy-
lamino)phenyl]terpyridine showsknr ) 4.1 × 108 s-1 in
cyclohexane andknr ) 1.4 × 108 s-1 in dichloromethane.34

In the weakly 4′-donor-substituted 4-phenylterpyridines as
well as 2,4,6-triphenylpyridines, the emitting state is basically
the (relaxed) Franck-Condon state with a weak ICT
character. In the dyes with a strong 4′-donor, the presence
of less polar solvents thus shifts the features of the ICT state
back toward the former derivatives, i.e., toward the (relaxed)
Franck-Condon state. Because monoexponential fluores-
cence decays on the picosecond time scale were always
found, the Franck-Condon-ICT state dynamics, however,
must occur on the subpicosecond time scale. The fact that
the (relaxed) Franck-Condon state has a somewhat higher
intrinsic nonradiative rate constant than the ICT state remains
yet to be investigated with adequate methods and model
compounds.

Having established the principle similarities of the pho-
tophysics of all four compounds, the subtle differences of
the optical properties of the dyes as imposed by the variations
of the substituents on the anilino group will be discussed.
With respect to the parameters derived from the absorption
and fluorescence features, molecules1 and5 always exhibit
the extreme cases.1 (5) shows the largest (smallest) Stokes
shift in ACN, the largest (smallest) difference between the
maxima in ACN and HEX, the lowest (highest)κf, the
steepest (shallowest) slope of the solvatochromic plot, and
the highest (lowest) change in the dipole moment (µe - µg).
Thus, although being separated by ethylene groups from the
anilino N atom, the other heteroatoms of the crown unit
attached to the aniline apparently influence the electronic
properties of the entire chromophore, most probably via a
modulation of the redox potential or electron donor capacity
of the anilino moiety. To gain better insight into these
features, electrochemical studies of1, 2, 5, and6 and some
of their precursors were performed.

Electrochemical Measurements.The electrochemical
behavior of compoundsI , II , V, VI , 1, 2, 5, and 6 were
studied by cyclic voltammetry, rotating-disk electrochemistry,
and differential pulse voltammetry. Linear sweep voltam-
metry showed forI an oxidation peak at 750 mV. When the
two methyl groups ofI are replaced by a macrocycle
containing three O atoms, the oxidation wave shifts to 786
mV. For V andVI , the oxidation process is shifted to still
higher potentials of ca. 820 mV. In all cases, when the sweep
is reversed after the oxidation peak, the corresponding
reduction peak is not detected or very poorly defined,
indicating that the redox process is irreversible. A closely
related behavior was observed for1, 2, 5, and6. In this case,
the aniline moiety is irreversibly oxidized in the 800-900
mV region (Table 4). Moreover, the anilinopyridines show
a reduction peak between ca.-2200 and-2300 mV (Table
4). For all of these compounds, when the sweep is reversed,
the corresponding oxidation peak is observed. However, the
differences between the cathodic and anodic peak potentials
(∆EP > 150 mV) and the ratio between the anodic andca-
thodic intensities (ia/ic ca. 0.5-0.7) are far from those
expected for a reversible route, suggesting a quasi-reversible
process. Figure 3 shows the differential pulse voltammo-
grams recorded for compounds1 and 5 in ACN. For the
anilinopyridines, it is found that with increasing substitution,

(29) f(ε) - f(n2) with f(ε) ) (ε - 1)/(2ε + 1), f(n2) ) (n2 - 1)/(2n2 + 1),
and ε and n being the dielectric constant and the refractive index.
See: Lippert, E.Z. Naturforsch.1955, 10a, 541-545. Lippert, E.Z.
Elektrochem.1957, 61, 962-975. Mataga, N.; Kaifu, Y.; Koizumi,
M. Bull. Chem. Soc. Jpn.1956, 29, 465-470.

(30) The angleθ between the aniline and pyridine rings was determined
as 21.5° in the X-ray analysis of5 and is obtained as 38° ( 1° for all
of the dyes in quantum chemical calculations employing the AM1
method with the AMPAC 6.55 package.

(31) Maus, M.; Rettig, W.; Bonafoux, D.; Lapouyade, R.J. Phys. Chem.
A 1999, 103, 3388-3401.

(32) For the mathematical background of the vibrational analysis, see ref
31.

(33) ∆ν̃abs-em
vac is the extrapolated Stokes shift in a vacuum,µg andµe are

the ground- and excited-state dipole moments,aO is the Onsager cavity
radius,ε is the relative permittivity of the respective solvent, and the
other constants include speed of light in a vacuum (c0) and Planck’s
constant (h). aO (ca. 5.7 Å) andµg (3-4 D) were taken from the
optimized geometries of1, 2, 5, and 6 as obtained by quantum
chemical calculations.

(34) Goodall, W.; Wild, K.; Arm, K. J.; Williams, J. A. G.J. Chem. Soc.,
Perkin Trans. 22002, 1669-1681.

∆ν̃abs-em ) ∆ν̃abs-em
vac +

2(µe - µg)
2

hc0aO
3

[f(εr) - f(n2)] (2)
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i.e., upon introduction of the crown units instead of the
methyl groups, the oxidation potentials are shifted to more
positive potentials,35 suggesting that the cation is destabilized
and the electron density in the molecule is lowered. This
reduction in the donor strength proceeds from1 via 2 and6
to 5 (or, alternatively, fromI via II andVI to V), reflecting
well the findings on the subtle changes of the ICT character
along the series as detailed in the previous section. Because
of the fact that the substituents on the pyridine ring were
kept constant in the title compounds, the reduction potentials
were generally less affected.

Because we are interested in the structure-property
relationships of such chromophoric systems to predict
spectroscopic behavior, we correlated the electrochemical
data with the results from quantum chemical calculations.
Here, a plot of the calculated charge on the anilino N atom,
QN, as derived by a procedure described in ref 36, vs the
experimentally obtainedE1/2(ox) yields a linear relationship
(Figure 4). Moreover, the complementarity of the spectro-
scopic, electrochemical, and theoretical data is further
supported by the calculated highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gaps∆EHOMO-LUMO of 8.195 (for1), 8.103 (for2),
8.076 (for6), and 8.055 eV (for5), with the order reflecting
again the experimental findings. In a continuation of our
earlier works on the correlation of the theoretical and

experimental results of crowned chromo- and fluoroiono-
phores,36 the present studies suggest that rational tools will
become increasingly important in the development of
functional dyes and molecular probes.

Spectroscopic Protonation Studies. As discussed above,
1-6 possess two protic sites that contain a N atom as the
donor and acceptor moieties of a conjugatedπ-electron
system. The pKa’s of the parent compounds aniline and
triphenylpyridine amount to 4.6537 (in water) and 1.8438 [in
ethanol-water (70:30)], respectively. The question thus was,
in what respect do theπ conjugation of both units and the
choice of secondary heteroatoms of the macrocycle modulate
the protonation behavior, i.e., shifts the pKa and reflects the
findings of the structure-property relationships. pH titrations
of 1, 2, 5, and6 were carried out in ethanol-water (50:50)
mixtures, and the results are included in Table 5. In all of
the cases, the two protonation steps are sufficiently separated
by ∆pK > 2 to allow reliable analysis of the single branches
of the titration curve. Representative titration spectra and
curve of5 are shown in Figure 5.

The results reveal that for all of the dyes the addition of
protons leads first to the development of a new and more
intense band in the 430-440 nm region, a decrease of the
band at 335 nm, and the shift of the second maximum to
320 nm, corresponding to a change of the solution from
colorless to yellow (Figure 5). When higher acid concentra-
tions are employed, the red-shifted band is again bleached
and the neighboring, weaker band is shifted back from 320
to 335 nm. The initial batho- and hyperchromic shifts of the
ICT band are conceivable with protonation of the pyridine
unit, increasing its acceptor strength and leading to a decrease

(35) Mortimer, R. J.; Weightman, J. S.J. Electroanal. Chem.1996, 418,
1-7.

(36) Rurack, K.; Sczepan, M.; Spieles, M.; Resch-Genger, U.; Rettig, W.
Chem. Phys. Lett.2000, 320, 87-94.

(37) Critical Stability Constants; Smith, R. M., Martell, A. E., Eds.;
Plenum: New York, 1974; Vol. 2.

(38) Katritzky, A. R.; Leahy, D. E.; Maquestiau, A.; Flammang, R.J. Chem.
Soc., Perkin Trans. 21983, 45-48.

Figure 3. Differential pulse voltammetry of1 and5 in ACN (Pt working
electrode; 0.1 M tetrabutylammonium perchlorate).

Table 4. Redox Potentials ofI , II , V, VI , 1, 2, 5, and6 in ACN
Measured vs SCE

E1/2(ox)a/mV E1/2(red)a/mV

I 750
II 786
V 826
VI 816
1 816 -2300
2 840 -2300
5 876 -2180
6 856 -2300

a Data from rotating-disk electrode experiments (0.1 M NBun
4ClO4) in

ACN (see the Experimental Section).

Figure 4. Plot of the charge on the anilino N atom,QN, of the optimized
ground-state geometry vs the measuredE1/2(ox) for 1, 2, 5, and6.

Table 5. pKa Data and Spectroscopic Properties of the Mono- and
Diprotonated Forms of1, 2, 5, and6 in Ethanol-Water (50:50)

pKa(1) pKa(2) ∆pKa

λabs(C-H+)/
nm

λabs(C-2H+)/
nm

1 3.26( 0.02 0.83( 0.02 2.43 443 334
2 3.54( 0.05 1.29( 0.03 2.25 441 334
5 2.77( 0.01 -0.16( 0.01 2.93 430 335
6 3.23( 0.01 0.63( 0.02 2.60 438 336
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of the interannular twist angle.39 The second proton then
attacks the anilino N atom, reducing its donor strength and
leading to the hypsochromic shift in strongly acidic media.
This is additionally reflected in the decrease of the typical
anilino-located transition at 265 nm in the acidic part of the
titration. The∆pK > 2 and the presence of clear isosbestic
points in all of the cases strongly suggest that protonation
only takes place successively and that the order of basicity
of the two subunits is reversed by their assembly in a
π-conjugated chromophore. No correlation is found between
the order of pKa(1) or pKa(2) andE1/2(ox) of 1, 2, and6.
Only for 5 do the distinctly lower pKa’s seem to be a direct
consequence of the redox features. For the other three dyes,
the order of pKa primarily depends on the size and type of
the heteroatom in the macrocycle. For instance, a small crown
with three additional O atoms that can support the protonation
of the anilino N atom by hydrogen bonding leads to the
distinctly higher pKa(2) of 2. On the other hand, the presence
of the two distant S atoms in6 leads to a lower pKa(2) for
6 as compared to1 with electronically rather neutral methyl
substituents. In5, the two bulky S atoms in the direct
neighborhood of the anilino N atom effectively shield the N
atom and aggravate protonation. The effects described here
for ethanol-water solutions are even more pronounced in
ACN, where, for instance,5 shows again a color change to
yellow upon the addition of protons, but for2, the solution
remains colorless and only the low-energy absorption band
is shifted hypsochromically from 343 to 322 nm. The latter
is consistent with preferential protonation of the aniline,
presumably being strongly stabilized in the above-mentioned
sense by hydrogen bonding in the small monoaza-trioxa
macrocycle in the nonprotic solvent. This conclusion is
supported by the spectroscopic properties of unsubstituted
2,4,6-triphenylpyridine, which shows absorption maxima at
315 nm in toluene and at 310 nm in ethanol.40,41

Fluorescence measurements of the dyes in the presence
of protons support the UV/vis spectroscopic findings.
Whenever protonation occurs at the pyridino acceptor site,
excitation in the red-shifted absorption band gives rise to a
red-shifted fluorescence band at 580( 3 nm in ACN. In
accordance with reports on (dimethylanilino)alkylpyridini-
um42 and (dimethylamino)pyrimidine43 dyes, both the fluo-
rescence quantum yield and the lifetime of the bathochromic
bands are significantly reduced, e.g., showingΦf between 5
× 10-4 and 5× 10-3 and τf e 30 ps in the highly polar
solvent. As put forth in ref 42, we tentatively attribute the
fluorescence features of the acceptor protonated dyes with
the rapid population of a highly twisted ICT statestwisted
around the interannular bondsin contrast to the virtually
planar emissive state in the unprotonated molecules, vide
supra. In general, emission from such excited CT states with
perpendicular conformation is largely forbidden, and in the
case of the (dimethylanilino)alkylpyridinium dyes, acceler-
ated internal conversion was assumed to contribute to the
strongly reduced fluorescence yield.42 The effects of proto-
nation at the anilino side as found for2-H+ are manifested
in a hypsochromic shift of the fluorescence band to 363 nm,
consistent with the decrease in the donor strength upon
anilinium cation formation. Moreover, in the presence of a
large excess of protons, where presumably species with both
protonated donor and acceptor exist, this band shifts back
to longer wavelengths, to 408 nm. Both values correspond
well to the fluorescence behavior of the parent 2,4,6-
triphenylpyridine:40 emission of the neat dye (which lacks
any donor in the 4 position) is centered at 351 nm, whereas
protonation of the acceptor leads to a shift of the emission
to 410 nm, reflecting the step from singly to doubly
protonated2.

Spectroscopic Studies Involving Metal Cations.The
behavior observed upon the addition of different cations to
ACN solutions of1-6 can be rationalized in a fashion similar
to that described above for protonation processes. The ICT
transition at ca. 340 nm would be shifted to ca. 440 nm when
the cation coordinates with the pyridine group, strengthening
its acceptor character. On the contrary, no band in the visible
will be formed if coordination takes place solely at the aniline
group. Additionally, if a metal ion coordinates to both sites
with different affinities, shifted bands and the absence of
clear isosbestic points would be expected. Complete studies
of metal coordination were carried out with1, 2, 5, and6,
yielding four different behaviors: selective coordination at
the pyridine, selective coordination at the aniline, mixed
coordination at both sites, and no coordination.

The addition of Cu2+, Zn2+, Hg2+, Pb2+, and Fe3+ to ACN
solutions of1 resulted in the development of the band at

(39) A reduction ofθ from ca. 38° to ca. 25° is found by quantum chemical
calculations.

(40) Kurfürst, A.; Lhotak, P.; Petru, M.; Kuthan, J.Collect. Czech. Chem.
Commun.1989, 54, 462-472. Druzhinin, S. I.; Dmitruk, S. L.;
Lyapustina, S. A.; Uzhinov, B. M.; Makarova, N. I.; Knyazhanskii,
M. I. J. Photochem. Photobiol., A1992, 68, 319-335.

(41) The behavior of3 and4 is very similar to that of1, indicating that
the small size of the crown in2 is mandatory for the observed
stabilization by hydrogen bonding.

(42) Ephardt, H.; Fromherz, P.J. Phys. Chem.1991, 95, 6792-6797.
Fromherz, P.; Heilemann, A.J. Phys. Chem.1992, 96, 6864-6866.
Röcker, C.; Heilemann, A.; Fromherz, P.J. Phys. Chem.1996, 100,
12172-12177. Rettig, W.; Kharlanov, V.; Maus, M.Chem. Phys. Lett.
2000, 318, 173-180.

(43) Herbich, J.; Grabowski, Z. R.; Wo´jtowicz, H.; Golankiewicz, K.J.
Phys. Chem.1989, 93, 3439-3444.

Figure 5. Absorption spectra of5 as a function of the pH: 7.0> pH >
1.3 in black and 1> pH > -1.3 in red. The inset shows the absorption
changes at 430 nm (symbols) and the fits of the two regions (black lines).
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437 nm, indicating a (at least partial) coordination of these
cations to the electron-accepting pyridine unit. However, only
for Zn2+ and Pb2+ are clear isosbestic points observed so
that for Cu2+, Hg2+, and Fe3+ partial coordination at the
anilino group also takes place. When the intensity of the 437
nm band of 5.0× 10-5 M solutions of1 is monitored during
a titration with Zn2+ and Pb2+, the complex stability constants
log K for the formation of [Zn(1)]2+ and [Pb(1)]2+ were
determined to 4.60( 0.20 and 4.39( 0.03, respectively,
with nonlinear least-squares fits assuming a 1:1 ligand-to-
metal stoichiometry yielding acceptable results.44 1H NMR
studies confirmed the above-described coordination behavior;
i.e., only small shifts of 0.01, 0.03, and 0.15 ppm were found
for the methylanilino signals upon the addition of 2 equiv
of Zn2+ to 1 in CD3CN. In contrast, the resonances
corresponding to pyridine and the 2,6-phenyl rings were
shifted by +0.12, -0.26, and +0.10 ppm, indicating
preferential coordination at the pyridine.45 Corresponding
measurements with Hg2+ (2 equiv) yielded stronger shifts
for the methyl (0.25 ppm) and anilino fragments (0.80 and
0.25 ppm) as compared to those for the pyridine (0.12 ppm)
and the phenyl protons (-0.20 and+0.15 ppm), pointing to
mixed coordination with a preference for the anilino site
reflected by the absence of isosbestic points in the spectro-
photometric titrations. Other transition-metal ions such as
Ni2+ and Cd2+ were unable to coordinate and thus did not
change the UV/vis spectra or1H NMR shifts of 1 at
micromolar concentrations.

Similar to 1, 2 forms well-defined 1:1 complexes of log
K ) 4.29 ( 0.07 and 3.81( 0.09 with Zn2+ and Pb2+,
respectively, manifested in the appearance of a band at 445
nm, while Fe3+, Cu2+, and Hg2+ gave a more complicated
titration pattern indicative of the formation of different
metal-aniline and metal-pyridine coordination complexes.
Again, the first-row metal cations Ni2+ and Cd2+ showed
no interaction with2.

Interestingly,5 behaves again very differently in the sense
that the two S atoms close to the anilino N atom strongly
shield this site against complexation with all non-thiophilic
cations. It is known that this crown selectively coordinates
Hg2+ over other transition-metal ions.5e,13a,46The presence
of the dioxa-dithia-aza crown in5 thus forces all of the
cations except Hg2+ to be coordinated by the pyridine moiety.
In contrast to1 and2, Cu2+ and Fe3+ show a behavior for5
similar to that of Zn2+ and Pb2+ and yield bathochromically
(at 440 nm) absorbing 1:1 complexes with logK values of
4.60( 0.20 for [Cu(5)]2+ and 6.6( 0.4 for [Fe(5)]3+, while
4.86 ( 0.08 and 4.50( 0.20 are found for [Pb(5)]2+ and
[Zn(5)]2+, respectively. In contrast, binding of Hg2+ to the
crown engages the lone electron pair of the anilino N atom
in coordination and leads to a reduction of the ICT character
and a shift of the absorption band from 340 to 310 nm. The
different responses of1 and 5 toward Hg2+ are shown in

Figure 6. Again for5, the addition of Ni2+ and Cd2+ does
not induce a measurable change of the properties. The change
in the position of the S atoms in the macrocyclic cavity
between5 and6 does not induce significant variations, and
only [Hg(6)]2+ absorbs at 317 nm. The different responses
of 5 and 6 toward protons and cations clearly reflect the
importance of receptor topology. Cations with a coordination
number of g6 are less sensitive to the arrangement of
secondary heteroatoms in the crown than protons to the
immediate neighborhood of their single designated binding
site at the anilino N atom. In addition to these coordination
features in ACN,5 and 6 can also act as selective probes
for the detection of Hg2+ in a mixed aqueous solution by
complexing it with the crown ether unit.

The behavior of3 and 4 toward cations is again very
similar to that of1 and2. Colorless ACN solutions turned
bright yellow upon the addition of equimolar quantities of
Hg2+ and Cu2+. However, the fact that the intensity of the
band at 441 nm was rather low suggests that interaction with
the anilino crown occurs, too, yet with a lower formation
constant. The opposite effect is observed for Fe3+, Pb2+, and
Zn2+, where equimolar quantities induce only a pale-yellow
color, revealing less preference for binding to the acceptor
site. The lack of isosbestic points in titrations of3 and 4
with Fe3+, Pb2+, and Zn2+ supports the findings of coordina-
tion at both sites with different formation constants. Cd2+

and Ni2+ are again spectroscopically silent.
Selected fluorescence studies of the compounds in the

presence of cations that are representative of a certain
spectroscopic behavior again support the photometric results
and reinforce the mechanistic conclusions drawn. As in the
case of protons, excitation in the red-shifted absorption band
induced by cation coordination to the pyridino acceptor
generates a red-shifted emission band, being centered
between 550 and 580 nm as a function of the charge density
and the coordinating ability of the cation. For instance, in
the case of5, the cornerstones are [Pb(5)]2+ with a maximum
at 563 nm and [Fe(5)]3+ with λem ) 582 nm. Moreover, in
general, the fluorescence of complexes with paramagnetic
metal ions is even more strongly reduced than that of
complexes with the d10 metal ions. Taking5 as an example,
representative fluorescence lifetimes amount to 31 ps for [Pb-

(44) Bourson, J.; Pouget, J.; Valeur, B.J. Phys. Chem. 1993, 97, 4552-
4557.

(45) Note that Herbich et al. also found exclusive coordination of Zn2+

ions to the pyrimidino N atoms in (dimethylamino)pyrimidine dyes.43

(46) Ros-Lis, J. V.; Martı´nez-Máñez, R.; Rurack, K.; Sanceno´n, F.; Soto,
J.; Spieles, M.Inorg. Chem.2004, 43, 5183-5185.

Figure 6. Different UV/vis responses of1 and5 (cligand ) 3 × 10-5 M)
toward Hg2+ (ccation ) 3 × 10-5 M) in ACN.
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(5)]2+ and ca. 5 ps for [Fe(5)]3+ in ACN (for the limiting
instrumental resolution, see the Experimental Section).
Following the interpretation of the effects of Zn2+ binding
on the emission features of (dimethylamino)pyrimidines,43

we assume also an analogy between the effects of protonation
and metal binding. Thus, the red-shifted and strongly
quenched fluorescence of the complexes should also involve
the formation of an intramolecularly twisted CT excited state.
The special case of exclusive coordination in the crown ether
moieties of [Hg(5)]2+ and [Hg(6)]2+ is also reflected by the
fluorescence properties of the complex. In contrast to the
strong hypsochromic shift in absorption, the emission band
of this complex is only moderately shifted to shorter
wavelengths, to 421 nm. This behavior could be explained
in terms of cation decoordination in the excited state: the
coordinative bond between the ion and anilino N atom is
weakened by the ICT process because of increasingly
electrostatic repulsion between the positively charged cation
and the reduced charge density at the donor. Similar
observations have been made for a number of donor-
acceptor-substituted fluoroionophores with a cation-respon-
sive receptor in the donor part of the molecule.26c,47 Inter-
estingly, the Hg2+ complexes of5 and 6 maintain their
emission behavior in a mixed aqueous solution.

Anion Sensing through the Development of Differential
Anion Chemosensing Ensembles.The UV/vis studies
carried out with1-6 showed that the coordination to the
pyridine or aniline groups can be modulated by the different
crown ether moieties attached to the anilino N atom.
Following Scheme 1, we have now a tool in hand to pursue
certain paths from panel II to III or from panel II to IV by
choice of the appropriate combination ofDA ditopic dye
and cation. For instance, from panel II to III, a selective Hg2+

coordination to the substituted aniline framework is achieved
when using an aza-oxa-thia crown asD (compound5 in
Scheme 2). Additionally, an anion-signaling mechanism can
also be envisaged as sketched in Scheme 1. The CT
absorption band of a certain chromophoric ligandDA can
be modulated by particular cationsM that coordinate to the
pyridine acceptor part of the chromophore (DA-M ). As a
consequence, the strength of the acceptor is increased and
the ICT band is shifted to longer wavelengths; the yellow
color appears. Addition of an anion (X) to DA-M can then
lead to the formation of ion pair-complex conjugates (DA-
M-X), which might induce changes in theDA-M coor-
dination, i.e., weakening of the ligand-metal ion bond or
modifying the preferential coordination of the cation to the
aniline or pyridine groups. The latter would result in a
modulation of the absorption band. Bearing in mind the
forces at play, the response of certainDA-M pairs toward
a certain anionX would depend on the intrinsic chemical

nature of the metal and anion such as valence, charge density,
hard- and softness of both metal cations and anion, etc. These
subtle differences should then be reflected in the specific
spectral fingerprints of eachDA-M-X. In the overall
protocol, a combination of certainDA with differentM can
yield a family of differential signaling ensembles for the
pattern recognition of anions.

As a proof-of-principle, we have prepared a library of
differential anion chemosensors from1, 2, and5 as ditopic
ligands and cations Cu2+, Zn2+, Hg2+, Fe3+, and Pb2+. These
DA-M pairs constitute a wide range of different species,
namely, (i) cation coordination to the functionalized aniline
(D), (ii) cation coordination to the substituted pyridine (A),
or (iii) a blending of species with mixedA/D coordination
of the cation. Moreover, an important prerequisite of the
protocol is that only metal salts with counteranions that have
a distinctly weaker affinity to the cations than the target
anions are used and that a nonprotic solvent showing a
relatively weak coordination with cations is employed. The
combinations of ditopic ligands and various cations are then
assumed to show gradual and differential responses toward
the target anionsX, which all were monovalent in the present
experiments. To test the ability of the ensembles, ACN
solutions of the differentDA-M pairs were prepared and
mixed with aliquots of solutions containing 1 equiv of F-,
Cl-, Br-, I-, NO3

-, AcO-, or CN-. Depending on the
preferential coordination of the cation and the strength of
theX-M interaction, three different colorimetric responses
were found: (i) partial or complete decoloration (indicating
a weakening of theA-M bond by formation of the
corresponding ionic pairDA-M-X), (ii) color enhancement
(tentatively assigned to a partial anion-induced coordination
rearrangement fromD-M to A-M ), and (iii) no effect. The
response pattern has been summarized in Figure 7, with a
color code denoting each general type of response. This is

(47) Martin, M. M.; Plaza, P.; Dai Hung, N.; Meyer, Y. H.; Bourson, J.;
Valeur, B. Chem. Phys. Lett.1993, 202, 425-430. Dumon, P.;
Jonusauskas, G.; Dupuy, F.; Pe´e, P.; Rullière, C.; Létard, J.-F.;
Lapouyade, R.J. Phys. Chem.1994, 98, 10391-10396. Mathevet,
R.; Jonusauskas, G.; Rullie`re, C.; Létard, J.-F.; Lapouyade, R.J. Phys.
Chem.1995, 99, 15709-15713. Martin, M. M.; Plaza, P.; Meyer, Y.
H.; Badaoui, F.; Bourson, J.; Lefevre, J.-P.; Valeur, B.J. Phys. Chem.
1996, 100, 6879-6888.

Figure 7. Schematic representation of the color variations of1-M , 5-M ,
and 2-M ensembles (M ) Cu2+, Zn2+, Hg2+, Fe3+, and Pb2+) in the
presence of 1 equiv of anion. For clarity, the colors of the solutions have
been classified as dark yellow (absorbance of 1( 0.2 for the band at 430
nm), pale yellow (absorbance of 0.5( 0.1), and colorless (absorbance of
0 ( 0.1). Except for Cl-, Br-, and NO3

- anions, clear selectivity patterns
in accordance with Scheme 1, panel IV, can be observed for the anions.
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the experimental outcome of the designed chemosensing
concept described above in Scheme 1, panel IV. From Figure
7, it is evident that except for NO3-, Cl-, and Br-, which
gave a very similar response with all of theDA-M
ensembles, clear selectivity “fingerprints” can be observed
for the other anions when the entire matrix is analyzed by
algorithms such as principal component analysis (PCA).48

Figure 8 shows the PCA plot for the data in Figure 7.
Recognition patterns could be identified for AcO-, CN-, I-,
and F-, whereas the proximity between scores for Cl-, Br-,
and NO3

- indicates a too high similarity in color variation
with the presentDA-M ’s. It is also remarkable that in some
cases even a truly selective chromogenic response, e.g., for
5-Pb and acetate and for5-Fe and cyanide.

As we have reported in a preliminary communication,14

fluorescence lifetime studies were carried out to elucidate
the reason of the decoloration processes upon anion addition,
i.e., whether it is due to simple dissociation of the complex
or to the formation of a ternary conjugate. The studies were
carried out with the5-Pb-X system and revealed that

indeed a ternary conjugate is formed wherePb andX seem
to be ion-paired andPb and 5 are still bound by a weak
coordinative bond. Additionally, titrations of5-Pb with
acetate and benzoate indicated the formation of 1:1 adducts
(Figure 9). For instance, logK was determined to 6.40(
0.30 for the formation of1-Pb-AcO by nonlinear least-
squares fitting. In fact, it is also remarkable that the system
is quite robust and tolerates up to 2 vol % of water without
significant changes with respect to its behavior. Thus, for
instance, we have previously demonstrated that the5-Pb
system can be used for the colorimetric determination of
acetic acid in a vinegar using ACN-water mixtures (98:2
vol %).14

Conclusion

A family of ditopic chromoionophoresDA containing two
coordination sites, a monodentate 2,6-diphenylpyridine ac-
ceptor (A) moiety, and an anilino donor (D) group with
different macrocyclic receptors has been prepared and
characterized, and their prospective use for cation and anion
signaling has been studied. Investigation of the optical and
electrochemical properties of the molecules revealed that the
donor (D) and acceptor (A) groups are stronglyπ-conjugated,
entailing intense ICT absorption bands at ca. 340 nm.
Coordination studies with protons and cations showed that
a shift of the ICT band from 340 nm to the visible (ca. 440
nm) occurs upon coordination at the pyridine group. On the
other hand, only a hypsochromically shifted band is formed
if a proton or cation binds to the aniline. For various members
of the family, a rich metal coordination behavior was found
modulated by the nature of the ring denticity and types of
secondary heteroatoms in the macrocycle. A certain selective
coordination was found, for instance, using5 and Hg2+,
which can be used for the detection of this cation in a mixed
aqueous solution. Finally, theM-DA ensembles were
prospectively used as an array of differential receptors for
chromogenic anion (X) sensing via the formation of an ion
pair-complex conjugate (DA-M-X) and modulations of
the M-A or M-D coordination preferences. Various
patterns of spectral changes were obtained, and analysis of
the data yielded clear differential recognition patterns for
acetate, fluoride, iodide, and cyanide anions. These studies
demonstrate that it might be possible to prepare simple
chromogenic host-guest pairs that show gradual responses
toward a third type of chemical species, e.g., anions. Because
the strategy introduced here takes profit of coordination
chemistry using relatively weak coordinating and nonhy-
drating solvents while tolerating a sufficient amount of water
to allow for the analysis of realistic samples,14 the common
disadvantage of many chromogenic probes being non-water-
soluble is turned into a key feature of the present protocol.
In such a way, we have demonstrated that relatively
undemanding chromogenic molecular systems that are facile
to prepare can be employed for unspecific but diffe-
rential recognition in the sense described in panel IV of
Scheme 1.

(48) Jolliffe, I. T. Principal Component Analysis; Springer: New York,
2002.

Figure 8. PCA score plot for different anions using a set ofDA-M
chromogenic probe complexes (DA ) 1, 2, and5; M ) Cu2+, Zn2+, Fe3+,
Hg2+, and Pb2+). Principal component axes are calculated to lie along lines
of diminishing levels of variance in the data set.

Figure 9. Variation of the intensity of the band at 440 nm for the ensemble
5-Pb upon the addition of increasing amounts of acetate in ACN.
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