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We report the synthesis of a new water-soluble iminecalix[4]arene host 4c with a deep hydrophobic cav-
ity. The negatively charged four carboxylate functions on the top of the cavity play a major role in the
recognition of charged molecular species. The 1H NMR titration experiments revealed that host 4c binds
with cationic (10–12) and neutral guests (6–9) in water with high binding constants in the order of 104–
105 M�1. Cationic guest 9 showed highest binding constant of 2.81 � 105 M�1 with host 4c amongst all
tested guests. Selectivity over anionic guests (13–17) is established by the presence of negative charges
at the top of the deep hydrophobic cavity, as guests 15 and 17 were not recognized by host 4c. Neutral
pyridine derivatives with hydrophobic chains at para positions showed high binding constants of
6.02 � 104–2.23 � 105 M�1. The data obtained for the recognition of the guests by host 4c revealed that
the ionic as well as the hydrophobic–hydrophobic interactions are crucial in the molecular recognition in
aqueous medium.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Calix[4]arene and its functionalized derivatives represent an
important class of supramolecules having enormous applica-
tions.1,2 Owing to their relatively easy synthesis and high versatil-
ity, Schiff base derivatives of calix[4]arenes have been used as
molecular platforms in the development of artificial receptors for
recognition of neutral and charged molecular species.3,4

Though generally examined for recognition behavior in the or-
ganic mediums, the development of calix[4]arenes Schiff base
derivatives for recognition of aromatic guests in aqueous medium
is comparatively nascent.5 The recognition of aromatic guest mol-
ecules by synthetic hosts in aqueous medium, where the entire
biological process takes place, is of particular interest in host–guest
chemistry.6,7

In this context, a new molecular host with four carboxylate
groups on the top of the deep hydrophobic cavity generated by
Schiff base functions on the wide rim of calix[4]arene seems to
be promising for the recognition of the neutral as well as cationic
aromatic guests. Pyridine derivatives have been extensively stud-
ied as guest molecules. When protonated, these guest molecules
showed strong binding toward hosts, while merely recognized in
their neutral forms.8 We describe herein a deep hydrophobic pock-
et synthetic receptor 4c that binds cationic aromatic guests (10–
12) and neutral pyridine guests (6–9) in water with high binding
ll rights reserved.
constants. Low binding ability of anionic guests 13–17 was attrib-
uted to the negative charges positioned on the top of the deep
hydrophobic cavity.

The iminecalix[4]arene derivatives 2a–c, obtained by selective
modification of the wide rim of aminocalix[4]arene9 keeping nar-
row rim free for further modifications, were used as precursors.10

As shown in Scheme 1, the reaction of iminecalix[4]arenes 2a–c
with ethyl 2-bromoacetate in acetonitrile in the presence of K2CO3

at 80 �C afforded compounds 3a–c with 86.36–87.23% yields.11

The synthesis of the target host 4c is depicted in Scheme 1. The
hydrolysis of compound 3c in THF–water mixture using sodium
hydroxide as a base led to the formation of host 4c as a salt in a
good yield.12 The residual THF in completely dried host 4c was
found difficult to be eliminated and hence the obtained material
was used as it is. The imine bonds were reported to be unstable un-
der acidic conditions.13 Therefore, the whole process to obtain host
4c was carried out under basic environment at 5–10 �C. The nega-
tive charges on the wide and the narrow rim of 4c enable its solu-
bility in water (0.02 M) at pH/pD 8.5. The products of alkaline
hydrolysis of compounds 3a and 3b were insoluble in aqueous
alkaline solutions.

All the compounds shown in Scheme 1 were characterized by
analysis of their 1H NMR, 13C NMR, and MALDI-TOF spectra. The
tetra o-alkylation of compound 2c was established from the close
observation of 1H NMR signals in compound 3c for singlet of imine
protons, singlet of calixarene aromatic protons, pair of doublets for
methylene bridge protons of calix[4]arene, and singlet of methy-
lene protons on 2-ethoxy-2-oxoethoxy functions. These protons



Scheme 1. Reagents and conditions: (i) R–Ph–CHO, CH3CN, N2, 2 h, 92.45–95.72%; (ii) Br–CH2COOCH2CH3, K2CO3, CH3CN, N2, 80 �C, 8 h, 86.36–87.23%; (iii) aq NaOH, THF–
water (2:1).
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appeared at d = 8.47 ppm, d = 7.16 ppm, d = 4.36, and d = 3.59 ppm,
respectively, in a ratio of 1:2:1:1:2. The tetra o-alkylation was also
confirmed from 1H NMR spectrum of 3c which showed the absence
of phenolic hydroxyl group peak at d = 10.15 ppm observed in
starting compound 2c. Similar patterns were found for compounds
3a and 3b.

The 1H NMR spectrum of compound 3c showed a typical AB pat-
tern for methylene bridge protons represented by two pairs of dou-
blets at d = 3.59 and d = 4.36 ppm for the axial and equatorial
protons, respectively, which indicated that compound 3c existed
in a symmetrical cone conformation. This was further confirmed
by the observation of a distinct signal at d = 30.24 ppm for the
methylene carbon in the 13C NMR spectrum.14

Host 4c obtained by the complete hydrolysis of esters in com-
pound 3c was characterized by 1H NMR spectroscopy. The absence
of methyl peak at d = 3.91 ppm for four methyl ester moieties of
benzylimido functions on the wide rim, the methylene and methyl
peaks at d = 4.38 ppm and d = 1.41 ppm, respectively, for four ester
moieties on the narrow rim ascertained complete hydrolysis of es-
ters and formation of carboxylate salts. The 1H NMR signal for four
imine protons in host 4c at d = 8.49 ppm exhibited stability of
imine bonds during hydrolysis. Imine linkage on the top of wide
rim not only extends the conjugated aromatic system but also in-
creases the depth of the hydrophobic cavity. Similar to 3c, host 4c
showed a typical AB pattern for methylene bridge protons repre-
sented by two pairs of doublets at d = 3.61 ppm and d = 4.74 ppm
for the axial and equatorial protons, respectively, which indicated
that host 4c existed in a vase-shaped conformation.

Preliminary recognition characteristic of host 4c was investi-
gated by 1H NMR experiments in deuterated sodium phosphate
buffer (20 mM, pH 8.5) using guests 6–17 as neutral, cationic,
and anionic guests and the results were compared with those of
host 5. Host 5 as shown in Scheme 2 was obtained by previously
reported method.15 These experiments revealed significant com-
plexation-induced upfield shifts (CIUS) for proton signals in guests,
reasonably the averaged signal because of the fast exchange on
NMR timescale between the free and complexed guest.

The guest concentration was kept constant (1 � 10�3 M) while
the host concentration was varied from 8 � 10�4 to 3 � 10�3 M,
and the chemical shifts of the protons of guest were recorded at
each concentration. The obtained 1H NMR data were analyzed by
the well-known method of nonlinear least square regression anal-
ysis,16 which allowed the calculation of association constant (Ka).
The results of 1H NMR experiments run for hosts 4c and 5 with
guests 6–17 have been presented in Table 1.
The 1H NMR titration experiments indicated that the signals for
the protons of guests 6–12, 14, 16, and 17 were markedly affected
by the addition of host 3c, whereas there was no change in the pro-
tons of guests 13 and 15. Host 5 showed significant recognition
properties for guests 10, 11, 12, and 16 amongst all tested guests.

As shown in Figure 1, the signals for the methyl and methylene
protons at d = 1.13 ppm and d = 2.61 ppm, respectively, in guest 8
and the signal for the proton para to the trimethylammoniomethyl
moiety at d = 7.51 ppm in guest 10 were markedly affected by
the addition of host 4c; they shifted to upfields and Dd (dcomplex �
dfree guest) reached the maximum values of �2.70, �1.29, and
�2.19 ppm, respectively, upon the addition of 1 equiv of host 4c.
There was no change in the protons of guest 8 upon addition of host 5.

A close comparison of the Dd values of protons of the guest 8
after complexation with host 4c shows that the aromatic proton
(or methyl, or methyl and methylene protons) at the 4-position
of pyridine guests gives the highest Dd value, followed by the aro-
matic protons at the 3- and 2-positions, which indicates that the
pyridine guests penetrate into the cavity of host 4c from the p-po-
sition of the N atom as illustrated in Figure 2a. In case of guest 10,
after complexation with host 4c, only a slight upfield shift is ob-
served for the protons of the trimethylammoniomethyl moiety
while the aromatic protons experience a CIUS that follows the or-
der Hpara > Hmeta > Hortho. This indicates that the aromatic nucleus of
the guest is selectively included in the cavity of host 4c as illus-
trated in Figure 2b.

As shown in Table 1, host 4c showed maximum association con-
stant Ka of 2.81 � 105 for guest 10, the least association constant of
2.90 � 102 for guest 16 while the association constant for guests 6–
9 were in the above-mentioned range. 10, 11, 12, and 16 were the
only guests recognized by the host 5 amongst all tested guests and
the binding constants were comparable to the values reported in
the literature.17 The high binding ability of host 4c for the guests
6–12 is attributed to its deep cavity generated by tetra benzylimi-
do groups on the wide rim of calix[4]arene. This proposition can be
supported by the recognition behavior of host 5 which showed
limited or no recognition ability for the guests 6–17.

As shown in Figure 2, the plausible special orientation of com-
plex between host 4c and molecules of guests 8 and 10 is pre-
sented by the energy-minimized structure generated by Spartan�

(MM+Force Field).
Host 4c showed high binding affinity for cationic guests 10–12

with lower or no binding affinity for anionic guests 13–17. The
binding constants of host 5 for cationic guests 10–12 as well as
anionic guests 13–17 were relatively lower than those recorded



Scheme 2. Host 5 and guests 6–17.

Table 1
Association constants (Ka M�1) for binding of guests by hosts 4c and 5; pD 8.5 (20 mM sodium phosphate buffer)

Guest 6 7 8 9 10 11 12 13 14 15 16 17

Host 4c 6.02 � 104 1.47 � 105 2.23 � 105 1.70 � 105 2.81 � 105 9.00 � 104 4.46 � 104 ans 5.22 � 102 ns 2.90 � 102 8.91 � 102

Host 5 ns ns ns ns 1.29 � 102 0.52 � 102 1.09 � 103 ns ns ns 8.542 � 102 ns

a ns indicates no change in chemical shift.

Figure 1. Partial 1H NMR (D2O at 298 K) spectra of guests 8 and 10 upon titration with host 4c. (1a) (a) host 4c, (b) guest 8, (c) 8 + 0.25 equiv of 4c, (d) 8 + 0.5 equiv of 4c, (e)
8 + 0.75 equiv of 4c, (f) 8 + 1 equiv of 4c, residual THF (d), methyl protons (w), methylene protons (N) in guest 8; (1b) (a) host 4c, (b) guest 10, (c) 10 + 0.25 equiv of 4c, (d)
10 + 0.5 equiv of 4c, (e) 10 + 0.75 equiv of 4c, (f) 10 + 1 equiv of 4c, ortho protons ( ), meta protons (N), para protons (w) in guest 9.
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for host 4c. From the recognition behavior of host 4c for all the
guests, it is clearly seen that the four carboxylate groups on the
top of the deep hydrophobic pocket play an important role. As
can be seen in Figure 2b, the positively charged trimethylammon-
iomethyl moiety in guest 10 comes in the vicinity of negatively
charged carboxylate functions on the top of the hydrophobic cavity
burying phenyl group in the deep gorge. Such orientation of guest
10 in the cavity of the host 4c leads to the favorable electrostatic
interaction along with hydrophobic interactions in deep cavity. In
the case of anionic guests, such favorable electrostatic interaction
is not possible, hence host 4c showed poor or no binding affinity
for guests 13–17.

The neutral pyridine derivatives (guests 6–9) showed high
binding constants with host 4c, while no effects on chemical shifts
were observed for these guests upon titration with host 5. Host 4c
showed highest Ka value of 2.23 � 105 M�1 for guest 8 amongst
neutral guests 6–9. From Table 1, the increasing order of affinity
of the guests 6–8 for host 4c can be presented as 6 < 7 < 8. Guest
8 with a longer alkyl chain at the para position had the maximum
association constant. The association constant decreases with de-
crease in the chain length at the para position of the pyridine
guests, hence pyridine (6) showed less binding affinity than 4-
methyl pyridine (7) and 4-ethyl pyridine (8). This indicates that
deep hydrophobic cavity of host 4c welcomes a hydrophobic
open-chain substituent at the 4-position of pyridine guests. It is
interesting to notice that without any ionic interactions, these neu-
tral pyridine derivatives (guests 6–8) showed strong binding char-
acteristics with the deep hydrophobic pocket of host 4c. As can be



Figure 2. Energy-minimized structure of complex between host 4c and molecule of guests 8 and 10 by Spartan� (MM+ Force Field) (a) complex between host 4c and guest 8
(side view); (b) complex between host 4c and guest 10 (side view).
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seen in Figure 2a, the alkyl moiety at the para position of the guest
8 is buried deep into the hydrophobic cavity of host 4c, thus
enhancing hydrophobic interactions along with –CH� � �p interac-
tions and p–p stacking interactions. Relatively more hydrophilic
guest 9 showed low binding constant with host 4c than guest 8.
Comparable Ka values for neutral and cationic guests were found
because the hydrophobic interactions are predominant and the
electrostatic interaction only enhances the binding of the cationic
guests in the cavity of host 4c.

In this Letter, we have shown that the water-soluble imineca-
lix[4]arene derivative bearing tetra carboxylate groups on the top
of the deep hydrophobic cavity has been successfully synthesized
in prominent yield. From the complexation studies of host 4c for
the tested guests, it can be concluded that the deep hydrophobic
cavity of host 4c plays a major role in recognition of the guests
in aqueous medium. This phenomenon is supported by comparing
the results obtained for host 4c with host 5, which did not recog-
nize most of the tested guests. As can be seen from the recognition
behavior of cationic guests and neutral pyridine derivatives, hydro-
phobic interactions along with –CH� � �p and p–p stacking interac-
tions proved to be crucial in the molecular recognition process in
aqueous medium. The electrostatic interaction also plays a major
role in molecular recognition, as it imparts high binding affinity
to the host for cationic guests as compared to anionic guests. Based
on our knowledge, it is the first time to report huge Ka values for
neutral pyridine guests. We are currently working on the molecu-
lar recognition of host 4c with pyridine derivatives and structurally
similar aromatic compounds.
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