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New pyridine-functionalized proton-switchable calix[4]-
arenes were synthesized to investigate extraction properties,
and performed good extractability toward silver ion in acidic
solution.

Calix[n]arenes are synthetic phenolic cyclic compounds
obtained by the condensation of phenol and formaldehyde.
Calix[4]arene has a cavity with small size and is capable of tak-
ing four conformational isomers; ‘‘cone,’’ ‘‘partial cone,’’ ‘‘1,2-
alternate’’, and ‘‘1,3-alternate.’’1 Since calix[4]arenes provide a
preorganized coordination site for guest molecule or ion, chemi-
cally modified calix[4]arenes have been prepared and used as
molecular recognition reagents in the fields of analytical and
separation chemistry.2 Calix[4]arene carboxylates are ion-
exchangeable compounds and one of well-studied calix[4]-
arenes.3–6 Calix[4]arene tetracarboxylate binds metal ion more
strongly than dicarboxylate,4,5 monocarboxylate5 and corre-
sponding monomer6 because of the preorganized coordination
site and strong binding property of the carboxyl groups. When
neutral nonionizable functional groups are additionally intro-
duced into residual phenolic oxygens,7 carboxyl groups act as
anionic functioinal groups to neutralizing the metal charge, al-
though calix[4]arene dicarboxylate itself only weakly binds met-
al ion. High affinity to silver ion of 2-pyridinocalix[4]arene had
been reported.8 Therefore calix[4]arene with the combination of
two carboxylic acids and two 2-pyridyl groups is expected to
show high silver ion affinity. Now we report the synthesis and
silver extraction with pyridine-based proton-switchable calix[4]-
arenes.

The p-tert-octylcalix[4]arene was prepared according to a
manner similar to that described by Gutsche et al.9 Calix[4]-
arenes 2, 3, and 4 were synthesized from 1,3-diester calix[4]-
arene 110 shown in Figure 1. The splitting pattern of the ArCH2-
Ar protons in 1HNMR spectroscopy for calix[4]arenes 2, 3, and

4 shows a pair of doublet which means these compounds are in
cone conformation. Since compounds 2, 3, and 4 possess two
soft pyridine moieties and two hard carboxylic acid groups at
each distal position, the extraction of both soft and hard metal
ions is expected. The pyridine moieties act as a coordination site
for soft metal like Agþ and carboxylic acid groups release Hþ to
keep the neutrality. In general, extraction of metal ions with pyr-
idine-containing extractants is influenced with the change of pH,
mostly around pH ¼ 5 where the deprotonation of the pyridine
nitrogen takes place (pKa(pyridine) = 5.25).11

The extraction studies were performed at 25� 1 �C in 2 cm3

microreaction vials by means of mechanical shaking. The phase
ratio V(org):V(w) was 1:1 (0.5 cm3 each); the shaking time was
30min. The extraction equilibrium was attained within a few mi-
nutes. The determination of the metal concentration in both
phases was carried out radiometrically with the � radiation
measurement of 22Na, 65Zn, 110mAg, 137Cs, and 152Eu in a
NaI(Tl) scintillation counter (CobraII, Canberra-Packard) and
the distribution ratios (D= [Agþ]org. / [Ag

þ]aq) were calculated.
The radioisotopes were supplied by Medgenix Diagnostics
GmbH, Ratingen.

Figure 2 shows the influence of pH on Agþ extraction with
2, 3, and 4. The slopes of the logD–pH diagrams are neary 1
which mean that the extraction takes place as ion-exchange
mechanism. 2-Pyridyl derivative 2 showed high extractability
in lower pH region, while 3 and 4 showed relatively lower ex-
tractability under the studied condition. The difference in extrac-
tion behavior is based on both of the nitrogen position in pyri-
dine moiety and a structural effect of calix[4]arene. Owing to
the strong interaction between 2-pyridine and Agþ, 2 extracts
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Figure 1. Synthetic routes and chemical structures of extrac-
tants i) n-Chloromethyl pyridine (n ¼ 2, 3, 4), NaH, DMF;
ii) Hþ.
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Figure 2. Extraction of silver ion with 2, 3, and 4 as a function
of pH. [AgNO3] = 0.1mmol dm�3, [calixarene] = 1mmol dm�3

in chloroform, pH adjusted by HNO3 and HEPES.

80 Chemistry Letters Vol.34, No.1 (2005)

Copyright � 2005 The Chemical Society of Japan



Agþ strongly as a result. On the other hand, the pyridine groups
in 3-pyridyl derivative 3 and 4-pyridyl derivative 4, were very
weakly interacted with Agþ in comparison with 2. The structural
effect of calixarene is not effective for 3 and 4, because pyridine
nitrogens are positioned outer of calixarene cavity.

Compounds 2, 3, and 4 bear two carboxylic acids which in-
teract with metal ions, extraction of monovalent (Naþ, Csþ), di-
valent (Zn2þ) and trivalent (Eu3þ) metal ions were carried out at
two selected points; P1 and P2. These metals are selected from
the reasons of size differences (Naþ, Csþ) and charge differ-
ences (Zn2þ, Eu3þ). As shown in Figure 3, higher extractabilities
for all studied metals are observed at P2 than P1. This result
means that the extraction of metal ions with 2, 3, and 4 takes
place on the basis of ion-exchange mechanism. For compound
2, high selectivity is observed for Agþ over Csþ, Zn2þ, Naþ,
and Eu3þ in both conditions, particularly at P1. Because of the
weak participation of 3-positional-pyridine nitrogens in com-
plexation, weak selectivity to Agþ is observed for compound
3. 4-Positional-pyridine nitrogens are not effective for selective
complexation at all. And the residual carboxylic acids participate
in complexation with metal ions. A reverse order of extractabil-
ity was observed on Naþ extraction at P2. According to the
HSAB theory, sodium ion is classified as hard acid and pyridine
nitrogen is as soft base. Since pyridine nitrogens in 2 suppress
the complexation with sodium ion, lower extractability was ob-
served.

In conclusion, 2-pyridine-based proton-switchable calix[4]-
arene extracts silver ion selectively. The extraction of metal ions
takes place via ion-exchange mechanism was found for all
calixarene studied. The origin of the high selectivity toward sil-
ver ion is a structural effect of 2-pyridine-based calix[4]arene.
Further investigation of the extraction properties with this class
of calix[4]arenes is in progress.
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Figure 3. Extractability of different metal ions with 2, 3, and 4.
[M] ¼ 0:1mmol dm�3, [calixarene] ¼ 1mmol dm�3 in chloro-
form, P1: 5mmol dm�3 HClO4 (pH ¼ 2:3). P2: 0.1mol dm�3

HEPES (pH ¼ 5:3).
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