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Invited Paper

Metal Ionically-controlled Optical Signaling Based on a
Chromoionophore-derived Calix[4]crown

YUJI KUBO*, SATORU OBARA and SUMIO TOKITA

Department of Applied Chemistry, Faculty of Engineering, Saitama University, Shimo-ohkubo, Saitama 338-8570, Japan

(Received 31 August 2001; In final form 11 September 2001)

A chromoionophore-derived calix[4]crown, 1, possessing
an effective signal-controllable function by metal ionic
inputs has been newly synthesized, whose function is
mainly of our interest, by transforming the process of
receptor activation to one that may be detected by an
optical signal (i.e. color change), the basic feature of
antagonist–agonist competition may be reproduced
readily and visually detected. The process would be
particularly new within the field of optical read-out
receptors. Further, from the standpoint of material
sciences, the controllable signal function may not only
be welcome for molecular information processing, but
also contribute to the design of new sensory materials.

Keywords: Chromoionophore; Calixarene; Crown ether; Chemo-
sensor; Molecular information processing

INTRODUCTION

The search for artificial receptors effecting the
selective complexation and optical cascade signaling
of chemically- and/or biologically-important species
continues to attract considerable attention in supra-
molecular chemistry. Indeed, chromogenic- [1] and
fluorogenic- [2] receptors have been explored as a
potential use of chemosensor materials [3]. Towards
this end, in principle, one has favored to employ the
methodology that the desirable sensors should
enhance the optical response as the host–guest
interaction is strengthened. However, in naturally
occurring receptor systems, chemical recognition
characteristics involving ligand affinities do not

necessarily correlate with the chemical stimulus–
response (transduction) [4]. For example, although
agonists and antagonists generally bind to closely
related sites within a receptor, only agonists are able
to promote receptor activation whereas, by defi-
nition, antagonist binding does not [5]. Further, the
estimation of thermodynamics parameters for
ligand-binding interactions often indicates that
antagonists more strongly bind a receptor than
agonists [5,6]. Thus, in reversible competitive
antagonism, the presence of the antagonist serves
to decrease, by direct competitive binding prob-
ability, a favorable and physiologically effective
agonist–receptor interaction. The interesting issue of
this paper is to synthesize a new chromogenic
receptor possessing a simplified and replicated
antagonism; by transforming the process of receptor
activation to competitive cation-induced colori-
metric signal control, the basic feature of antagon-
ist–agonist competition could be reproduced readily
and visually detected. The behavior, from the
standpoint of material science, may be welcome for
molecular information processing [7] as well as new
sensory system. The intriguing aspect is reported
here.

RESULTS AND DISCUSSION

To develop a metal ion-driven model agonist–
antagonist system which we aim here, the following
criterion may, in principle, be required; the
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chromoionophore should show a colorimetric effect
(“off–on” step) with the first ion, and then, if the
second ion can not only bind to the system with
greater affinity than the first ion, but also induce
almost no colorimetric effect, the second ion would
release the first ion efficiently to bring about an active
“on–off” signal switch (Fig. 1). Bis(indoaniline)-
derived calix[4]crown-5, 1 [8,9] was employed as a
suitable candidate, which contains paired indoani-
line chromophores† that allow a color change to be
induced when a cation becomes encapsulated within
the cavity. Here, a critical feature of this system is the
use of the crown-strapped cavity. This means that an
alkali metal ion can be bound with high affinity as
dedicated that calix[4]crown-5 derivatives possess
high Kþ-selectivity [10,11]. Whereas it is occurred to
us that the carbonyl groups of the chromophores,
being more polar donor group than ether, strongly
favors Ca2þ over either Naþ or Kþ [12]. Indeed,
we reported that bis(ethyl acetate)-derived calix[4]-
arene-indoaniline conjugate 2 efficiently encapsu-
lated Ca2þ with a remarkable bathochromic shift of

absorbance in the spectra, making it of potential use
as optical sensor for Ca2þ detection [13,14]. Taken
together, if an alkali metal ion such as Kþ, which is
bound by the macroring crown-oxygens, would form
more favorable complexation with 1 than Ca2þ, the
Ca2þ-induced signal response could be selectively
switched off by the cation. Consequently, it is
expected that system 1 will define a rather unique
chromogenic system capable of effective “off–on–
off” signal control as shown in Fig. 1. As detailed
below, this does indeed occur.

System 1 was synthesized from calix[4]arene [15]
via a set of straight-forward steps involving a
Williamson synthesis with 3,6,9-trioxaundecane-
1,11-diylbistosylate in the presence of a base, and
condensation with 2-amino-5-(diethylamino)toluene
monohydrochloride under an alkaline condition in
the presence of KMnO4 (Scheme 1). Based on our
previous work [13,14], system 1 was expected to
complex Ca2þ with high efficiency within its cavity.
Indeed, an EtOH solution of 1 showed a remarkable
bathochromic shift ðDl ¼ 112 nmÞ and an increase in

†Based on the fact that –N ¼ moiety of the indoaniline chromophore is tilted, a system possessing the plural chromophores has several
topological isomers. As we do not discuss the topology in this study, the structure has been depicted as shown in Scheme 1. Also,
the depiction of 2 is in a similar manner.

SCHEME 1 Synthesis of 1 (a) TsCl, NaOH, THF/H2O; (b) calix[4]arene, tert-BuOK, dry toluene; (c) 2-amino-5-(diethylamino)toluene
monohydrochloride, DBU, KMnO4, acetone/MeOH. Ts ¼ p 2 toluene sulfonyl.

FIGURE 1 A simplified model for competitive antagonism using a chromoionophore.
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absorption intensity upon addition of Ca2þ, resulting
in an immediate color change from blue to green. At
a [Ca2þ] to [1] ratio of 5:1, a new absorption band
at 734 nm was observed (“off–on” switch), while
the absorption band of 1 disappeared completely
(Fig. 2(a)). Independent Job plot analysis [16] was
consistent with the formation of a 1:1 stoichiometric
complex. This then allows an association constant
(Ka) of 1:8 £ 106 M21 to be calculated using a
nonlinear least-squares curve fitting procedure. The
Ca2þ-induced bathochromic shift is mainly attribu-
ted to efficient ion–dipole interactions between the
encapsulated Ca2þ and the quinonecarbonyl groups
of the indoaniline chromophores. In contrast, upon
interaction with Kþ under similar conditions, very
little interaction between this cation and the
chromophores was obtained. However, of particular

interest is that a competitive titration, involving
addition of Kþ to a solution of 1 and 5 equivalant of
Ca2þ, exhibited reversed spectral changes (“on–off”
switch) as shown in Fig. 2(b); in other words,
addition of Kþ inhibited almost completely the
normal Ca2þ-induced color change.‡ This latter
phenomenon was readily detected visually. The
above findings are clearly consistent with the
encapsulated Ca2þ being released from 1 in a
reversible and competitive fashion as Kþ was
added. Alternatively, system 2 as a control in this
study, the magnitude of the signal response being
coupled with that of the guest-affinity, was not
subject to the inhibition for similar Ca2þ-induced
color change (Fig. 2(c) and (d)).

Semi-quantitative assessment of the competitive com-
plexation process came from Fast atom bombardment
(FAB) mass spectrometric analyses (Fig. 3). The
formation of a 1:1 complex between 1 and Ca2þ was
confirmed by monitoring the peaks of m/z 970
([M þ Ca]þ) and 1027 ([M 2 H þ Ca þ SCN]þ)
using m-nitrobenzyl alcohol matrix. When adding
Kþ to the stage of 1·Ca2þ complex, the peak due to
the Ca2þ complex was almost completely sup-
pressed, whereas a new peak signal at 968
([M 2 H þ K]þ) could be detected. These results

FIGURE 2 (a) UV/Vis absorption spectra of 1 upon addition of
Ca2þ (0, 1, 2, 3, 5, 7.5, 10, 15, 20, 30, 50mM, bottom to top). (b) A
competition between Ca2þ and Kþ; the figure shows the
absorption change of 1 by adding Kþ (0, 10, 20, 30, 50mM, top to
bottom) in the presence of 50mM of Ca2þ. (c) UV/Vis absorption
spectra of 2 upon addition Ca2þ (0, 1, 2, 3, 5, 7.5, 10, 15, 20, 30,
50mM, bottom to top). (d) Absorption change of 2 by adding Kþ (0,
10, 20, 30, 50mM, top to bottom) in the presence of 50mM of Ca2þ.
These data have been collected in EtOH at 298 K where
concentrations of receptors 1 and 2 are 10mM.

‡The Ca2þ-induced absorption intensity at 734 nm (“on” state) was scarcely influenced by adding 100mM of Hþ.

FIGURE 3 FAB mass spectra of 1 (a), 1·Kþ (b), 1·Ca2þ (c) and 1·Ca2þ þ Kþ (d), respectively, (counter ion: SCN2, NBA matrix).
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are consistent with those obtained from the UV/Vis
titrations and thus strongly support the notion that
reversible competitive complexation takes place
between Ca2þ and Kþ in the case of receptor 1. As
a next stage, our interest is whether or not, the
effective signal control obtained in 1 can be induced
by only Kþ. Thus, we tested alkali metal ions other
than Kþ, the results of which as well as the case of Kþ

were summarized in Table 1. The signal responses of
1 rely on the corresponding spectral change
(Dl ¼l ðcomplexÞ-l(1)). A large bathochromic shift
of 112 nm was obtained upon complexation with
Ca2þ (vide supra ). In contrast, addition of alkali metal
ions caused only minor changes ranging from 9 to
33 nm. On the other hand, the association constants
(Ka) for the complexation of the alkali metal ions to 1
were calculated using a mathematical method that
may be applied to competition experiments [17] and
1 was found to have peak affinity with Kþ, which
was found to be 7:2 £ 106 M21; the selectivity of Kþ

over Ca2þ was 4.0. It is interesting to note that
the order of the Ka values (Kþ . Ca2þ) is contrary to
that of the Dl values (Ca2þ . Kþ), and then Kþ can
inhibit the Ca2þ-induced optical signal (“on–off”
switch) with high selectivity over other alkali metal
ions.

Some NMR studies were carried out in an effort to
understand the substrate–receptor interactions.
Figure 4 shows 1H NMR spectra, ranging from 3.0
to 4.5 ppm, of receptor 1, Ca2þ-complex, and
Kþ-complex in CD3OD at room temperature.
Because 1 is somewhat insoluble in methanol in
NMR-detectable concentration, the NMR spectrum
was obtained at 5.4 mM to exhibit a relatively
broadened spectral pattern due to the fact that
conformational internal conversion is slow to some
degree at room temperature. Upon complexation
with Ca2þ, however, the solubility in methanol was
increased and the obtained NMR spectra (11 mM)
changed from the broad signal to split pattern
with significant downfield shifts of NCH2 and
the crowned methylenes. One could detect the
ArCH2Ar protons of the calixarene unit as one
pair of doublets, assigned to be Hexo(d ¼ 3:40 ppm;
J ¼ 12:8 Hz; 4H) and Hendo (d ¼ 4:15 ppm; J ¼
12:6 Hz; 4H), respectively. Such findings indicate
that the Ca2þ-complex has been frozen out in a

“flattened” cone conformation [8] with a pseudo C2

axis of symmetry. This is something inferred
from the 1H NMR spectral data wherein the
magnitude of the chemical shift between the high-
and low-field ArCH2Ar signals in the Ca2þ-complex
is smaller than in the case of the Kþ-complex (vide
infra ). The Ca2þ-complextion process involves an
arrangement for the cavity in order to accommodate
the Ca2þ appropriately (nest-in ) and efficient ion–
dipole interactions between the Ca2þ and the donor
groups involving the quinone carbonyls of the
chromophores.

Meanwhile, complexation with Kþ afforded a
different binding motif compared to the Ca2þ·1
complex; the shifts due to the NCH2 and the
crowned methylenes slightly altered and the
ArCH2-Ar protons showed a certain split pattern as
four pairs of doublets in 1:1:1:1 integral intensity
proportions. The chemical shifts for Hexo are d 3.06,
3.08, 3.15, and 3.17 ppm, whereas those for Hendo are
d 4.28, 4.29, 4.30, and 4.32 ppm. From these data,
although the bound cation forced the calixarene
annulus into a “cone”, the complex motif was an
unsymmetrical. This finding is quite unique because
it is known that Kþ-complex with a “cone”-type
calix[4]crown-5 derivative has usually exhibited
one pair of doublet for the bridging methylene
resonances [10]. In an attempt to understand the

TABLE I Absorption spectra and association constants of 1 for
metal ions at 298 K in EtOH

Liþ Naþ Kþ Ca2þ Csþ

Dl (nm)* 33 21 12 112 9
Ka £ 104 (M21)† ND‡ 43 720 180{ 5.6

*Dl ¼ lmaxðcomplexÞ2 lmax (1); lmax ð1Þ ¼ 622 nm; † Competitive spectro-
photometry [17] was employed except for Ka of Ca2þ; ‡ No spectral change
was obtained even in the presence of 10 mM (1000 equiv.) of Liþ;
{Nonlinear least-squares curve fitting procedure was employed.

FIGURE 4 1H NMR spectra (400 MHz, CD3OD, room
temperature) of 1 (a), 1·Ca2þ complex (b) and 1·Kþ complex (c),
respectively.
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intriguing complex structure and to cope with NMR
analysis, we performed COSY and NOESY exper-
iments. The correlation between the methylenes and
Ph (or quinoid)-protons of the calixarene is import-
ant for the assignment. First, we noted that the
resonances arising from the m-PhH splitted three
signals at ca. 6.64 (Ha being overlapped with other
aromatic protons), 6.78 (Hb), and 6.80 ppm (Hc),
which showed appropriate cross-peaks (Ha-Hexo1,2

and Hb,c-Hexo3,4) in the COSY and NOESY spectra
(Fig. 5). Furthermore, although the quinoid-H (d and
e) exhibited a somewhat broad signal (7.31 ppm), the
two-dimensional spectra allowed two types of cross-
peaks between the quinoid-H and the bridging
methylene resonances (Hd–Hendo1,2 and He–Hendo3,4

in the COSY; Hd–Hexo1,2 and He–Hexo3,4 in the
NOESY). Most notably, the chemical shifts of Hd and
He are slightly different from each other, as
inferred from the shape of the cross-peak which
was indicated by the arrow in the COSY spectrum.
These results also supported an argument that
the encapsulation with Kþ did not employ pseudo-
C2 axis of symmetry. In this context, variable
temperature 1H NMR experiment with Kþ-complex
ranging from 301 to 330 K displayed that the
singlet of quinoid-H (7.31 ppm) turned to well-
distinguishable two singlets (7.28 and 7.32 ppm).
As a control, when we performed similar
experiment using Ca2þ-complex, the corresponding
quinoid-H signal remained singlet (7.55 ppm) at
330 K.

Taken together, the intricate NMR spectra
suggest an unsymmetrical complexation with Kþ.
Although we have not yet obtained an X-ray
structure of the complex to clarify such a result,
Beer et al. have reported that, on the basis of the
X-ray analysis of the related calix[4]diquinone-5
[18], Kþ deviated 0.43 Å out of the crown plane,
pointing out that the Kþ is clearly too large for

the crown. These results allow us to consider
different complexation modes between both the
Kþ- and Ca2þ-complex. In the former case, the
guest cations might be efficiently interacted with
convergent crown-oxygens, whereas the latter is
more attractively bound by more polar carbonyl
groups of indoanilines to induce the drastic color
change. As a result, these different modes in the
cavity might lead to the fact that the guest-affinity
towards 1 is not coupled with the optical signaling of
1. Hence, the Ca2þ-induced color change was
inhibited by Kþ with more efficient than other
alkali metal ions. This intriguing phenomenon
might be attributable that, in the Kþ-complex,
electrostatic interactions between the Kþ and
quinonecarbonyl groups are not significant to
prompt color change.

In conclusion, the results described in this paper
lead us to suggest a new approach to the generation
of optical read-out receptors. In particular, the use of
crown-strapped cavity in the indoaniline-calixarene
conjugated system leads to distinct attractive bind-
ing forces that permit either “carbonyl”- or “crown
oxygen”-driving complexation serves to emerge a
unique kind of cation-induced signaling that can
reproduce the basic features of classic pharmaco-
logical receptors. On a different level, systems such
as the one described herein might be useful in nano-
scale technology. For example, in the case of a
photoionic system [19], an effector such as Ca2þ

could cause the system to “switch on” in terms of a
color-based signal. Alternatively, the presence of Kþ

could serve to inhibit this latter output and can thus
be regarded as a kind of rudimentary “off switch”
[7]. Although this system should overcome some
difficulty involving switching repeatability and
speed, we feel that such possibilities warrant future
exploration. Furthermore, the obtained insights in
this study would afford some useful information

FIGURE 5 COSY (a) and NOESY (b) spectra (400 MHz, CD3OD, room temperature). Letters 1–4 refer to the bridging methylene of the
calix[4]arene unit. Letters (a–c) and (d and e) refer to those of the m-PhH and quinoid-H, respectively.
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from the standpoint of designing a molecular sensor
in analytical chemistry.

EXPERIMENTAL SECTION

General Methods

NMR spectra were taken on a Bruker AM 400 or ARX
400 (400 MHz) spectrometers. Chemical shifts (d ) are
reported downfield from the internal standard
Me4Si. For routine 1H NMR spectroscopy, a Bruker
AC 200 (200 MHz) or a Bruker AC 300P (300 MHz)
instruments were used. Absorption spectra were
measured using a Shimadzu UV-2100 spectropho-
tometer. FAB mass spectra were performed by a
JEOL JMS-DX 303 double focusing spectrometer.
m-Nitrobenzyl alcohol was used as a matrix.
Elemental analyses were obtained using an EISON
EA1108.

Materials

Absolute ethanol (EtOH) for spectroscopic study was
an analytical grade purchased from Kanto Chemical
Co., Inc.. Toluene was distilled from sodium. The
other reagent-grade reactants and solvents were
used as received from chemical suppliers. Calix[4]-
arene was prepared according to the literature
procedure [15].

3,6,9-trioxaundecane-1,11-diylbistosylate

To an aqueous tetrahydrofuran (THF) solution
(100 ml) of 3,6,9-trioxaundecane-1,11-diol 2 (15.0 g;
77.3 mmol) and NaOH (11.8 g; 295 mmol) at an ice
condition was added dropwise a THF solution
(85 ml) of tosyl chloride (32.7 g; 172 mmol) for 3 h.
Then the resulting mixture was stirred for 150 min
under an ice condition, 1% HCl aqueous solution
was added to the solution, and then the mixture was
extracted with benzene ð300 ml £ 2Þ: The combined
benzene extract was washed with water ð300 ml £ 2Þ
followed by 1.1% NaHCO3 aqueous solution (300 ml)
and water (300 ml) again and then dried with CaCl2.
The solvent was evaporated to give the product:
37.9 g (98% yield).

1H NMR (300 MHz, CDCl3, TMS): d 2.45 (6H, s),
3.56 (8H, s), 3.68 (4H, t, J ¼ 5:0 Hz), 4.15 (4H, t,
J ¼ 4:8 Hz), 7.34 (4H, d, J ¼ 8:1 Hz), 7.79 (4H, d,
J ¼ 8:5 Hz).

25,27-Dihedroxycalix[4]crown-5

To an anhydrous toluene solution (200 ml) of
calix[4]arene (3.0 g; 7.07 mmol) in the presence of
potassium tert-butoxide (2.0 g; 17.4 mmol) under

reflux, an anhydrous toluene solution (150 ml)
of 3,6,9-trioxaundecane-1,11-diylbistosylate (4.3 g;
8.55 mmol) was added dropwise for 140 min. The
mixture was then stirred for 4 days under reflux and
potassium tert-butoxide (3.6 g; 29.4 mmol) was
added in two portions at 24 h intervals. The mixture
was then washed with 1N HCl aqueous solution,
dried with MgSO4, and filtered off. The solvent was
then evaporated to give 1.24 g of 25,27-dihedroxy-
calix[4]crown-5 (46% yield), and 1.05 g of calix[4]-
arene unreacted in this case.

1H NMR (200 MHz, CDCl3, TMS): d 3.36 (4H, ABq,
J ¼ 13:2 Hz), 3.85 (4H, t, J ¼ 4:9 Hz), 4.00 (4H, t,
J ¼ 4:9 Hz), 4.10 (8H, s), 4.43 (4H, ABq, J ¼ 13:2 Hz),
6.67 (2H, t, J ¼ 7:3 Hz), 6.70 (2H, t, J ¼ 7:8 Hz), 6.86
(4H, d, J ¼ 7:3 Hz), 7.07 (4H, d, J ¼ 7:8 Hz), 7.73
(2H, s).

5,17-Bis(40-diethylamino-20-methylphenylimino)
calix[4]crown-5-26,28-dione (1)

An acetone– methanol solution (5:1 v/v; 18 ml)
involving 25,27-dihedroxycalix[4]crown-5 (101 mg;
0.173 mmol) and 2-amino-5-(diethylamino)toluene
monohydrochloride (149 mg; 0.694 mmol) was
taken to a basic condition by the addition of
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (1 ml).
Then KMnO4 (74 mg; 0.468 mmol) was added
dropwise to the solution for 18 min and stirred for
1 h at room temperature. After the evaporation of the
solvent, the residue was dissolved in CHCl3 (30 ml).
The resulting solution was washed with water
(20 ml) and 0.05% HCl aqueous solution ð20 ml £ 7Þ;
and was evaporated. The desired products 1 was
then purified by MPLC on silica gel (Wakogel C-300)
using 0–5% (v/v) CH3OH in CHCl3 as the eluants
and recrystallized from acetone–water system:
70 mg (43% yield).

1H NMR (400 MHz, [D6]DMSO, 373 K): d 1.16
(12H, t, J ¼ 7:0 Hz), 2.26 (6H, s), 3.19–3.31 (4H, m),
3.40 (8H, q, J ¼ 6:9 Hz), 3.51–3.99 (20H, m), 6.57–6.84
(m, 12H), 7.08 (2H, s), 7.15 (2H, s); 13C NMR
(100.7 MHz, CDCl3, 297 K) d 12.8, 19.0, 32.1, 32.7, 44.5,
69.8, 70.8, 71.0, 71.3, 71.4, 71.5, 73.6, 73.7, 73.8, 108.9,
113.7, 122.7, 123.3, 123.3, 125.1, 129.1, 129.3, 131.1,
131.1, 131.4, 131.4, 135.9, 137.8, 138.3, 141.7, 141.8,
142.7, 147.3, 147.3, 154.4, 155.4, 155.5, 155.6,
185.7; MS (FAB) m/z 930 [M]þ; Anal. Calcd. for
C58H66N4O7·0.5H2O: C, 74.10; H, 7.18; N, 5.96.
Found: C, 73.92; H, 7.22; N, 6.28; UV/Vis (EtOH):
lmax (e ) 622 (47,000 cm21 M21).

FAB Mass Spectra

Positive-ion FAB mass spectra were recorded on a
JEOL JMS-DX 303, where Xe was used as the
atom beam accelerated 3 keV, with a mass range of
m/z 700–1,160. Calibration was performed using
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ULTRAMARK 1621 ranging from 700 to 1,250.
Spectra were obtained with a magnet scan rate of
10.5 s per scan.

Typical FAB mass solutions were prepared by
mixing the following solutions: (1) a 50ml portion of
a 12 mM EtOH solution of 1; (2) a 50ml portion of a
60 mM EtOH solution of KSCN; (3) a 50ml portion of
a 60 mM EtOH solution of Ca(SCN)2. The solution
was mixed and evaporated. After the resulting
residue was dissolved in 2ml of EtOH again, 20ml of
m-nitrobenzyl alcohol matrix was added to the
solution and then was deposited on a FAB probe tip.
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