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Abstract

p-tert-Butylcalix[4]arene-based dipodal receptor has been synthesized in cone conformation. The binding affinity of this receptor was eval-
uated with some aliphatic diacetates such as malonate, succinate, glutarate, adipate, pimelate, and suberate in CH3CN. The receptor has the
highest binding affinity for pimelate by making a 1:1 complex. This receptor was used to estimate pimelate in the presence of other dicarbox-

ylates.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Anions play a fundamental role in a wide range of biological,
chemical, medical, and environmental processes. Thus, there is
an ever-increasing interest in designing a host system that can
recognize and sense anions.' Dicarboxylates are critical compo-
nents of numerous metabolic processes including citric acid,
glyoxylate cycles, and they play an important role in the gener-
ation of high energy phosphate bonds.” Dicarboxylates are also
important from industrial point of view.> Numerous studies have
been devoted to the design and synthesis of receptors as sensing
probes for dicarboxylates. The dicarboxylates with a larger
spacer length are difficult to encapsulate because they exhibit
a variety of structures and conformations.* Consequently, in de-
signing a receptor for long chain dicarboxylates the following
aspects must be taken into account: the receptor—substrate
binding site complementarities, the number of binding sites
forming the binding subunits, and the distance separating the
two sites from each other within the binding subunit.’ In the
present investigation, these points are achieved by providing
benzimidazole motif as a suitable binding site in the design of
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calix[4]arene-based dipodal receptor. To date, there has been
no report in which calix[4]arene-based receptor employs benz-
imidazole unit for the recognition of any anions, although we
have proven in our previous work that the NH groups of 2-ami-
nobenzimidazole can be efficient binding sites for recognizing
anions.®

2. Results and discussion

Calix[4]arene-based dipodal receptor 2 was synthesized as
shown in Scheme 1. The calix[4]arene-based dipodal aldehyde
1 was prepared by the literature method.” The final receptor 2
was prepared in good yield by the reaction of dipodal aldehyde
1 with 2-aminobenzimidazole and a subsequent reduction of
imine linkages with NaBH,. The conformation of receptor 2
was derived from the signals of the bridging methylene pro-
tons in '"H NMR.® A pair of doublets with J=12.8 Hz in 'H
NMR and a signal at 31.7 ppm for ArCH,Ar in '*C NMR
show that the calix[4]arene exists in a cone conformation.
The —CHj; protons of fert-butyl groups appeared as two sharp
singlets.

Receptor 2 displayed a maximum at 465 nm in its fluores-
cence spectrum that was recorded with its 10 pM concentration
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Scheme 1.

in CH;CN when excited at 335 nm. The changes in fluorescence
intensity of 2 upon addition of a particular anion are shown in
Figure 1, and the fluorescence ratio (Io—1)/I, is displayed in
Figure 2.
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Figure 1. Changes in fluorescence intensity of 2 (10 uM) upon addition of
20 uM of a particular tetrabutylammonium anion salt in CH;CN with excita-
tion at 335 nm.
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Figure 2. Fluorescence ratio (Io—1I/1) of 2 (10 uM) at 465 nm upon addition of
20 uM of a particular tetrabutylammonium anion salt in CH;CN.

As can be seen in Figures 1 and 2, it is clear that there was
a marked change in fluorescence intensity upon addition of
pimelate, and no such significant change was observed upon
addition of any other aliphatic diacetates such as malonate,

succinate, glutarate, adipate, and suberate. The anion-induced
fluorescence enhancement of receptor 2 may be due to the ri-
gidity of complex formed between the host and the guest. In
a rigid system, the probability of non-radiative decay is lesser.
As a result, the emission intensity increases. The concept has
been developed for the recognition of cations, anions, and
sugars.” The preference for pimelate suggests that the flexible
pods in 2 are more compatible to the chain length of pimelate
than to any other dicarboxylates. To verify our point, we de-
signed another compound (compound 3 in Scheme 2), which
resembles the single pod of receptor 2. We selected a 20 uM
concentration of compound 3 along with 10 M concentration
of calix[4]arene (a 20 uM concentration of 3 along with
10 uM concentration of calix[4]arene has approximately the
same number of binding sites as that of a 10 pM concentration
of 2), and then studied the changes in fluorescence intensity of
3 upon addition of pimelate. No significant changes in the
fluorescence intensity were observed in the typical experi-
ment. This proves that although 2 and 3 have the same type
of binding sites, only an appropriate size of the pseudocavity
of 2 can bind pimelate. Pimelate is believed to be bound coop-
eratively in the cavity.
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Scheme 2.

To evaluate more about the properties of 2 as a receptor for
pimelate, a fluorescence titration was carried out. The changes
in fluorescence intensity of a 10 uM solution of 2 upon addi-
tion of tetrabutylammonium pimelate salt is shown in Figure 3.
Upon addition of 1.0 equiv of pimelate anion to the solution of
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Figure 3. Fluorescence spectra changes of receptor 2 (10 M) upon addition of
tetrabutylammonium pimelate (0—30 pM) in CH;CN.

receptor 2, remarkable fluorescence enhancement was
achieved, indicating the strong complexation that took place
between 2 and pimelate.

Continuous variation methods were used to determine the
stoichiometric ratios of the receptor and anionic guest mole-
cules.'® Figure 4 shows Job’s plots of the fluorescence inten-
sity of free receptor 2 and the intensity of the system with
the molar fraction of the host {[H]/([H]+[G])} for a series
of solutions in which the total concentration of host and dicar-
boxylate guest was constant, with the molar fraction of host
continuously varying. The results illustrate that in case of pi-
melate and suberate, receptor—guest complex concentration
approaches a maximum when the molar fraction of host is
about 0.5, meaning that both the anions form 1:1 complex
with the receptor. But malonate, succinate, glutarate, and adi-
pate show the 1:2 mode of binding. This shows that these di-
carboxylates are too short to bridge the binding sites, and thus
they bind in a non-cooperative fashion. This was also evident
from the small change in fluorescence intensity of receptor 2
upon addition of the dicarboxylates (Fig. 1).
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Figure 4. Job’s plot between receptor 2 and dicarboxylates. The concentration
of [HG] was calculated by the equation [HG]=Al/I,x[H].

Table 1
Binding constants and stoichiometries of dicarboxylates with receptor 2

Dicarboxylate Stoichiometry® Binding constant®
Malonate 1:2 (1.240.1)x10* M2
Succinate 1:2 (2.540.1)x10° M2
Glutarate 1:2 (1.340.1)x10* M2
Adipate 1:2 (2.540.05)x 10> M2
Pimelate 1:1 (7.240.13)x10° M~}
Suberate 1:1 (3.340.06)x10° M~

* Stoichiometry of a complex formed between a particular dicarboxylate and
receptor 2 was determined by Job’s plot method.
® Binding constants were determined by literature methods.

The binding constants and stoichiometries of a particular
dicarboxylate complex with receptor 2 are shown in Table 1.
Results show that the binding ability of receptor 2 is best for
pimelate. This may be due to the complementary of pimelate
chain length with the distance between two binding sites of the
receptor.

Based on the attentive analysis of binding strengths and
stoichiometries of various complex formed, we proposed the
binding mode for the dicarboxylates binding as shown in Fig-
ure 5. The 1:1 stoichiometries for pimelate and suberate indi-
cate that they may bind in modes A or B rather than C.

The exact binding mode was established by comparing the
"H NMR spectrum of pure receptor 2 with the "H NMR spec-
trum of the host mixed with 1.0 equiv of pimelate. "H NMR
spectra of receptor 2 upon addition of tetrabutylammonium pi-
melate in CDCI; are shown in Figure 6. Upon addition of
1.0 equiv of pimelate salt, the signal of N—H at 10.45 ppm
shifted to 10.71 ppm, and the other N—H signal at 8.14 ppm
also shifted to 8.26 ppm. The OH signal of calixarene unit at
8.73 ppm was shifted to 8.85 ppm. These downfield shifts in
signals indicate the formation of genuine hydrogen bonds
between the host and the anion. This also ruled out the possi-
bility of anion-induced deprotonation of the receptor.'> These
concurrent shifts in NH protons and OH protons of calixarene
unit confirm that the binding mode for the encapsulation of
pimelate is A instead of B (Fig. 5).

Experiments were designed to estimate pimelate in the
presence of other dicarboxylates. In these typical experiments,
fluorescence intensity was measured in a series of solutions
containing receptor 2, different amounts of pimelate, and other
dicarboxylate having a concentration five times greater than
the concentration of pimelate in CH3CN (Fig. 7).

The fluorescence intensity was almost identical to that ob-
tained in the absence of any of malonate, succinate, glutarate,
adipate or suberate. This shows that receptor 2 is highly
selective to pimelate in its response in comparison to other
dicarboxylates. Thus, receptor 2 can be used for the selective
recognition of pimelate, and it can detect pimelate up to a low
concentration of 1 pM."?

3. Conclusions

We synthesized an easy-to-make neutral p-fert-butylca-
lix[4]arene-based dipodal fluororeceptor 2 based upon benz-
imidazole moieties, and investigated its binding properties
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Figure 5. Possible modes of recognition of dicarboxylates in the pseudocavity of receptor 2.
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Figure 6. "H NMR spectra of (A) receptor 2 only and (B) receptor 2 and tetra-
butylammonium pimelate ([G]/[H]=1).
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Figure 7. Estimation of pimelate in the presence of other dicarboxylates in

CH;CN.

toward dicarboxylates. It showed high selectivity for pimelate
over a wide range of dicarboxylates.

4. Experimental
4.1. General

All solvents were dried by standard methods. Unless other-
wise specified, chemicals were purchased from commercial
suppliers, and used without further purification. TLC was per-
formed on glass sheets pre-coated with silica gel (Kieselgel

60 F254, Merck). The 'H and '*C NMR spectrum were per-
formed in CDCIl; with TMS as an internal reference on a
Bruker 400 NMR spectrometer, which operated at 400 MHz
for 'H and 100 MHz for '*C nuclei. The chemical shifts were
reported as ¢ values (ppm) relative to tetramethylsilane. High
Resolution Mass Spectra (HRMS) were obtained on a JEOL
IMS-AX 505WA mass spectrometer. The fluorescence mea-
surements were performed on a Perkin—Elmer LS55 Lumines-
cence Spectrometer.

4.2. Compound 2

A solution of dialdehyde 1 (94.4 mg, 0.1 mmol) and 2-ami-
nobenzimidazole (46.6 mg, 0.35 mmol) in MeOH (5 mL)/
CH;CN (10 mL) was refluxed for 2 h. The progress of the re-
action was monitored by TLC. Upon completion of the reac-
tion, the solvent was evaporated, and the crude product was
dissolved in a methanol and THF solvent mixture. The imine
linkages of the product were reduced with an excess of NaBH,
(38.8 mg, 1.0 mmol). The reaction mixture was stirred for 3 h.
The solvent was evaporated, and water was poured into the
content of the reaction mixture. After neutralization with
1 M HCI, the organic material was extracted with CH,Cl,
(3x50 mL). The organic layer was dried over anhydrous
MgSO,. After filtration and evaporation, the residue was puri-
fied by column chromatography on silica gel (hexane/EtOAc,
8:2) to give the compound 2 as a semisolid material (89 mg,
76%). '"H NMR (CDCls, 400 MHz) 6 1.12 (s, 18H, CH3),
1.24 (s, 18H, CH3), 3.38 (d, 4H, ArCH,Ar, /=12.8 Hz), 4.31—
4.41 (m, 12H, CH,, ArCH,Ar), 4.67 (s, 4H, CH,), 6.68 (d, 2H,
Ar, J=8.0 Hz), 6.87—6.97 (m, 8H, Ar), 7.01 (s, 4H, Ar), 7.03
(s, 4H, Ar), 7.07 (d, 2H, Ar, J=7.2Hz), 7.18 (t, 2H, Ar,
J=8.0Hz), 7.31 (d, 2H, Ar, J=7.2 Hz), 8.14 (br, 2H, NH),
8.73 (s, 2H, OH), 10.45 (br, 2H, NH); '*C NMR (CDCl;,
100 MHz) 6 30.9 (CH3), 31.0 (CH3), 31.7 (ArCH,Ar), 33.9
(Me;C), 34.0 (Me5C), 61.1 (CHyp), 67.3 (CHy), 73.9 (CH,),
112.3 (Ar), 120.5 (Ar), 121.0 (Ar), 121.3 (Ar), 125.0 (Ar), 125.3
(Ar), 125.8 (Ar), 127.9 (Ar), 128.1 (Ar), 128.2 (Ar), 132.5 (Ar),
135.9 (Ar), 142.2 (Ar), 147.6 (Ar), 149.7 (Ar), 150.0 (Ar), 157.0
(Ar), 160.7 (Ar); HRMS (FAB) calculated for C;Hg7NgOg
(M-+H™): 1179.6687, found 1179.6687.
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4.3. Anion recognition studies

Anion binding ability of receptor 2 was performed using
10 uM of receptor 2 in CH3CN. Measuring flasks were taken
each containing 10 puM of receptor 2 along with varied
amounts of a particular tetrabutylammonium dicarboxylate
salt in CH3CN. The solutions were kept at 25+1 °C for 3 h,
and were shaken occasionally. Their fluorescence spectra
were recorded with excitation at 335 nm.

Association constants K, of 2 for pimelate and suberate
were calculated by non-linear curve fitting using Eq. 1 in
Kaleidagraph:''

l.—1
[=1I,+ 0

{cH + g+ 1/Ky— [(en+ e+ 1/K,)
— 4chG] 1/2} (1)

Association constants K, of 2 for dicarboxylates showing 1:2
stoichiometry were calculated by using Eq. 2:*

log{(I — Io)/(I. — 1)) = nlog cg + log K, 2)

where [/, represents the fluorescence intensity of pure host, 1
represents the fluorescence intensity of receptor in the pres-
ence of guest, I, is the fluorescence intensity in the presence
of an excess of guest; cy and cg are the concentrations of host
and guest, respectively.

In order to determine stoichiometry of the complex formed
from receptor 2 and dicarboxylates, solutions of 2 and a parti-
cular tetrabutylammonium dicarboxylate salt were prepared as
1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1. These solutions
were kept at 2511 °C for 3 h, and were shaken occasionally.
Their fluorescence spectra were recorded at 465 nm. For inter-
ference evaluation, solutions were prepared containing recep-
tor 2 (10 uM), one of the interfering dicarboxylate (malonate,
succinate, glutarate, adipate or suberate), and (2, 4, 6, 8, 10,
15, and 20 uM) of tetrabutylammonium pimelate. The fluores-
cence intensity of each solution was recorded at 465 nm.
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