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Abstract A novel ditopic receptor possessing two

complexation sites such as crown ether and 2-pyridylm-

ethyl groups bearing 1,3-alternate conformation based on

thiacalix[4]arene was prepared. The binding behaviors with

Li+ and Ag+ have been examined by 1H NMR titration

experiment. The exclusive formation of mononuclear

complexes of 1,3-alternate-5 with Li+ and Ag+ was

observed even though the formation of the heterogeneous

dinuclear complexes was expected. The decomplexation of

Li+ from the crown moiety of 1:1 complex 1,3-alternate-

5.Li+ to form the Ag+,1,3-alternate-5 complex by

addition of AgSO3CF3 clearly shows that pyridyl moiety

works as an efficient switch-off of the recognition ability of

the crown moiety. We have also developed the construction

of hydrogen-bonding self-assembly heterodimeric systems

based on bis(4-pyridyl) and dicarboxylic acid thiaca-

lix[4]arene derivatives in 1,3-alternate conformation. Their

supramolecular behaviors are studied by 1H NMR titration

experiments with K+ and Ag+ ions. Although the values of

the dimerization constants are relatively small, the stability

of the dimers is strong enough to overcome only small

conformational changes upon complex formation.
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Introduction

A large variety of host–guest systems have been designed

as selective cation, anion or neutral molecule receptors and

carriers using three-dimensional calix[n]arenes as building

blocks [1]. More recently, thiacalix[4]arenes [2], due to

their novel features, have been used as potential platforms.

Di- or polytopic receptors are those constructed with two or

more binding subunits within the same macrocyclic struc-

ture [3]. It is well known that these systems are suitable

candidates for the allosteric regulation [4] of host–guest

interactions with metal cations that play a major role in

biological systems [5].

From the literature it is known that the so-called 1,3-

alternate conformation of calix[4]arene, which has D2h-

symmetry, tube-shape [6], etc., can be well adapted for the

formation of 1:1 as well as 1:2 complexes owing to its

symmetrical ditopic arrangement.

On the other hand, calixcrowns (crown ether calixare-

nes) have an extra intramolecular cavity formed by the

crown ether bridge which displays significant levels of

selectivity and avidity toward complexation with alkali

metal ions. So far, the synthesis of 1,3-thiacalix

[4]bis(crown-5) and -(crown-6) ethers have been reported

[7, 8] as well as the studies of their complexation abilities

toward Na+, K+, Rb+ and Cs+ which show lower extraction

efficiencies that those of conventional calix[4]crowns [9–

12]. Pappalardo et al. [13] reported the synthesis of

calix[4]arenes bearing pendant pyridine groups at the lower

rim as potential ligands for transition metals. Recently, we

also reported the synthesis, conformation studies and

inclusion properties of tris-[(2-pyridylmethyl)oxy]homoc-

alix[3]arenes with cone and partial-cone conformation,

which show strong Ag+ affinity [14]. Thus there is

substantially interest in the synthesis of the novel

C. Pérez-Casas � S. Rahman � N. Begum � Z. Xi �
T. Yamato (&)

Department of Applied Chemistry, Faculty of Science

and Engineering, Saga University, Honjo-machi 1, Saga-shi,

Saga 840-8502, Japan

e-mail: yamatot@cc.saga-u.ac.jp

123

J Incl Phenom Macrocycl Chem (2008) 60:173–185

DOI 10.1007/s10847-007-9367-3



receptors based on thicalix[4]arene framework with 1,3-

alternate conformation, having two different side arms

such as crown ethers and pyridyl groups and showing

affinity to both alkali and soft heavy metal cations. In fact,

some ditopic receptors based on thicalix[4]arene frame-

work have been reported but there is no study concerning

the presence of allosteric effect in such systems. Multi-

recognition of Na+, K+ and Ag+ by the receptor such as 1,3-

alternate-bis[(2-pyridylmethyl)oxy]thiacalix[4]arene-mono

(crown-4) ether 5 is expected, owing to the presence of

crown moiety at one edge of the thiacalix[4]arene cavity

[2] and two 2-pyridylmethyl moieties at the another edge.

On the other hand, the design of the molecular

building blocks that form defined structures through

noncovalent association, such as hydrogen bonds, aro-

matic p-stacking and van der Waal’s interactions, is

important for the development of large molecular arrays

with higher forms of molecular behavior such as coo-

perativity, allostery and regulation. These materials find

application in medicine, electronics, environmental sci-

ence, etc. In particular, the use of hydrogen bonding on

the generation of self-assembling supramolecular struc-

tures is due to its strong directional force and biological

relevance and thus has been exploited by a number of

research groups [15]. Numerous examples of hydrogen

bonding, self-assembling calixarene homodimers have

been reported [16] but heterodimeric systems are less

common [17]. Nevertheless, very little effort has been

done to study the supramolecular behavior of these kind

of dimers.

Thus we designed the formation of two heterodimeric

systems by intermolecular hydrogen bonding between two

4-pyridyl moieties and two carboxylic acid moieties of

1,3-alternate-thiacalix[4]arene derivatives having two

different side arms, such as ester groups or 2-pyridyl

methyl groups at the another edge. The present

intermolecular hydrogen bonding supposed to be controlled

by the complexation of the opposing side arms with alkali

metal ions and Ag+ ion.

We report, herein, the synthesis and complexation

studies of thiacalix[4]arene-mono(crown-4) ether 5 and

thiacalix[4]arene based hydrogen dimers 13 and 14 con-

straining 1,3-alternate conformation. The properties of

these ionophores for application in the regulation of

molecular recognition by external stimulus by 1H NMR

titration experiments are also described.

Experimental

All mps (Yanagimoto MP-S1) are uncorrected. 1H NMR

spectra were determined 300 MHz with a Nippon Denshi

JEOL FT-300 NMR spectrometer with SiMe4 as an internal

reference: J-values are given in Hz. IR spectra were

measured for samples as KBr pellets in a Nippon Denshi

JIR-AQ2OM spectrophotometer. UV spectra were mea-

sured by Shimadzu 240 spectrophotometer. Elemental

analyses were performed by Yanaco MT-5.

Materials

The 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-

bis[(2-pyridylmethyl)oxy]-2,8,14,20-tetrathiacalix[4]arene

distal-4 was prepared from 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrathiacalix[4]arene-25,26,27,28-tetraol 1 in 3

steps according to our previous report [24f]. Triethylene-

glycol ditosylate was prepared according to the reported

procedure [25]. 5,11,17,23-Tetra-tert-butyl-25,27-bis(ben-

zyloxy)-26,28-dihydroxy-2,8,14,20-tetrathiacalix[4]arene

distal-2 [24a] and 5,11,17,23-tetra-tert-butyl-25,27-

bis[(ethoxycarbonyl)methoxy]-26,28-dihydroxy-2,8,14,20-

tetrathiacalix[4]arene distal-8a [23a] and were prepared

according to the reported procedure. The diester distal-8a

was converted into the corresponding carboxylic acid di-

stal-8b by using a reported procedure [29].

Synthesis

O-Alkylation of distal-4 with triethyleneglycol ditosylate

To a solution of distal-4 (2.44 g, 2.7 mmol), Cs2CO3

(4.40 g, 13.5 mmol) in dry acetone (20 mL) was added

triethyleneglycol ditosylate (2.5 g, 5.5 mmol). After the

mixture was refluxed for 48 h under Argon, it was cooled

to room temperature and concentrated under reduced

pressure. The residue was dissolved in dichloromethane

and washed with 1 N HCl. The organic layer was sepa-

rated, washed with brine (2 · 15 mL) and dried over

MgSO4. After filtration, the solvent was evaporated to

dryness to obtain crude product which was subjected to

column chromatography (150 g silica gel, 5:1 ethyl

acetate:hexane) followed by recrystallization from

CHCl3–EtOH (3:1, v/v) to give 1.92 g (70%) of 5,11,

17,23-tetra-tert-butyl-25,27-bis[(2-pyridylmethyl)oxy]-2,8,

14,20-tetra-thiacalix[4]arenemonocrown-4 (1,3-alternate-

5) (1.92 g, 70%) as colorless prisms. Mp 255 �C. 1H NMR

dH (CDCl3): 0.87 (18H, s, tBu), 1.38 (18H, s, tBu), 2.60

(4H, s, CH2), 3.50–3.56 (4H, m, CH2), 4.06–4.10 (4H, m,

CH2), 4.97 (4H, s, CH2Py), 6.57 (2H, d, J = 8.80), Py–H3),

7.12 (4H, s, Ar–H), 7.03 (2H, m, Py–H5), 7.31 (4H, s,

Ar–H), 7.35 (2H, m, Py-H4), 8.45 (2H, m, Py–H6). MS m/z

1016.20 (M+). Anal. Calcd. For C58H68N2O6S4 (1017.4):

C, 68.47; H, 6.74; N, 2.75. Found: C, 68.45; H, 6.75; N,

2.73%.
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Preparation of 4-tert-butyl-2,6-dimethyl[(2-

pyridylmethyl)oxy]benzene 7

A mixture of 4-tert-butyl-2,6-dimethylphenol 6 (400 mg,

2.25 mmol) and NaH (580 mg, 14.5 mmol, 60%) in dry

THF (20 mL) was heated at reflux for 1 h under N2. Then a

solution of 2-(chloromethyl)pyridine (14.5 mmol) [pre-

pared by neutralization of 2-(chloromethyl)pyridine

hydrochloride (2.38 g, 14.5 mmol) in DMF (15 mL) with a

solution of triethylamine (2.02 mL, 14.52 mmol) in THF

(25 mL) at room temperature] was added and the mixture

heated at reflux for an additional 17 h. After cooling the

reaction mixture to room temperature, it was acidified

with 1 M HCl (10 mL) and extracted with CH2Cl2
(2 · 100 mL). The combined extracts were washed with

water (2 · 50 mL), dried (Na2SO4) and condensed under

reduced pressure to give a yellow oil. The residue was

chromatographed over silica gel (Wako, C-300; 100 g)

with methanol as an eluent to give 380 mg (63%) of 7 as a

colorless oil; 1H NMR dH (CDCl3): 1.30 (9H, s, tBu), 2.31

(6H, s, CH3), 4.95 (2H, s, CH2Py), 7.05 (2H, s, Ar–H), 7.20

(1H, m, Py-H5), 7.74 (2H, m, Py-H3 and Py-H4), 8.58 (1H,

dd, J = 0.9, 4.9, Py–H6). MS m/z 269 (M+). Anal. Calcd.

For C18H23NO (269.4): C, 80.26; H, 8.61; N, 5.2. Found:

C, 80.55; H, 8.49; N, 4.98%.

Synthesis of 1,3-alternate-5,11,17,23-tetra-tert-butyl-

25,27-bis[(ethoxycarbonyl)methoxy]-26,28-bis[(4-

pyridylmethyl)oxy]-2,8,14,20-tetrathiacalix[4]arene (9)

A mixture of diester distal-8a [23a] (407 mg,

0.413 mmol), Cs2CO3 (1.34 g, 4.13 mmol) in dry THF

(6 mL) was heated at reflux for 1 h under nitrogen. Then a

solution of 4-(chloromethyl)pyridine [prepared by neu-

tralization of 4-(chloromethyl)pyridine hydrochloride

(807 mg, 4.92 mmol) in DMF (8 mL) with a solution of

triethylamine (0.68 mL, 4.92 mmol) in THF (8 mL) at

room temperature] was added and the mixture heated for

20 h. After cooling the reaction mixture to room temper-

ature, it was acidified with 1 M HCl (15 mL) and extracted

with CH2Cl2 (50 mL · 2). The combined extracts were

washed with water (50 mL · 2), dried (Mg2SO4) and

condensed under reduced pressure to give crude 9 (271 mg,

61%) as a white solid. Recrystallization from CHCl3–

MeOH (3:1) afforded colorless prisms. Mp 221–223 �C. IR

mmax (KBr)/cm–1: 2961, 1769 (C=O), 1605, 1444, 1379,

1192, 1088, 879, 798. 1H NMR dH (CDCl3): 0.87 (18H, s,

tBu), 1.23 (6H, t, J = 7.5, CH2CH3), 1.29 (18H, s, tBu),

4.17 (4H, q, J = 7.5, CO2CH2), 4.57 (4H, s, CH2CO), 5.09

(4H, s, CH2Py), 7.06 (4 H, s, Ar–H), 7.13 (4H, d, J = 5.6,

H3,5–Py), 7.53 (4H, s, Ar–H), 8.47 (4H, d, J = 5.6, H2,6–

Py). MS m/z: 1075.40 (M+). Anal. calcd. for C60H70N2O8S4

(1075.47): C, 67.01; H, 6.56; N, 2.6. Found: C, 67.00; H,

6.57; N, 2.51%.

Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-

bis(benzyloxy)-26,28-bis[(4-pyridylmethyl)oxy]-2,8,14,20-

tetrathiacalix[4]arene (10)

The dibenzyl derivative distal-2 [24a] (370 mg,

0.411 mmol) was treated with 4-(chloromethyl)pyridine in

analogous manner for 9 to afford 10 in 63% (280 mg) yield

as colorless prisms [CHCl3–MeOH (3:1)]. Mp 248–251 �C.

IR mmax (KBr)/cm–1: 2960, 1642, 1420, 1370, 1228, 789. 1H

NMR dH (CDCl3): 0.85 (18H, s, tBu), 1.25 (18H, s, tBu),

5.07 (4H, s, CH2Py), 5.27 (4 H, s, CH2Ph), 6.89 (4H, d,

J = 5.6, H3,5–Py), 7.02–7.07(10H, m, Ar–H), 7.08–7.14 (8

H, m, Ar–H), 8.48 (4H, d, J = 5.6, H2,6–Py). MS m/z:

1083.49 (M+). Anal. calcd. for C66H70N2O4S4 (1083.54):

C, 73.16; H, 6.51; N, 2.59. Found: C, 73.02; H, 6.69; N,

2.47%.

Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-

bis[(hydroxycarboxy)methoxy]-26,28-bis-[(2-

pyridylmethyl)oxy]-2,8,14,20-tetrathiacalix[4]arene (11)

The dicarboxylic acid distal-8b [29] (346 mg,

0.413 mmol) was treated with 2-(chloromethyl)pyridine in

analogous manner for 9 to afford 11 in 64% (270 mg) yield

as colorless prisms [CHCl3–MeOH (3:1)]. Mp 222–225 �C.

IR mmax (KBr)/cm–1: 3500–3200 (OH), 2960, 1755 (C=O),

1573, 1432, 1362, 1326, 1267, 1089, 879, 761. 1H NMR dH

(CDCl3): 0.84 (18H, s, tBu), 1.27 (18H, s, tBu), 4.60 (4H, s,

CH2CO), 5.23 (4H, s, CH2Py), 6.58 (2H, d, J = 5.6, H3–

Py), 7.08 (4H, s, Ar–H), 7.15 (2H, m, H5–Py), 7.31 (2H, m,

H4-Py), 7.43 (4H, s, Ar–H), 8.53 (2H, d, J = 5.2, H6–Py).

MS m/z: 1019.38 (M+). Anal. calcd. for C56H62N2O8S4

(1019.36): C, 65.98; H, 6.13; N, 2.75. Found: C, 65.71; H,

6.09; N, 2.65%.

Synthesis of 5,11,17,23-tetra-tert-butyl-26,28-

bis(benzyloxy)-25,27-bis-[(hydroxycarboxy)methoxy]-2,8,

14,20-tetrathiacalix[4]arene (12)

The dicarboxylic acid distal-8b [29] (346 mg,

0.413 mmol) was treated with benzyl bromide by using a

reported procedure [24a] to afford 12 in 67% (281 mg)

yield as colorless prisms [CHCl3–MeOH (3:1)]. IR mmax

(KBr)/cm–1: 3500–3250 (OH), 2951, 1758 (C=O), 1579,

1365, 1271, 888, 743. Mp 218–222 �C. 1H NMR dH

(CDCl3): 0.82 (18H, s, tBu), 1.28 (18H, s, tBu), 4.60 (4H, s,

CH2CO), 4.97(4H, s, CH2Ph), 7.21 (10H, s, Ar–H), 7.56
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(4H, s, Ar–H), 7.93 (4H, s, Ar–H). MS m/z: 1017.28 (M+).

Anal. calcd. for C58H64O8S4 (1017.39): C, 68.47; H, 6.34.

Found: C, 68.46; H, 6.40%.

Preparation of dimer 13

A chloroform solution of 11 (10 mM) 5 mL was added to a

chloroform solution of 9 (10 mM) 5 mL. The solvent of the

equimolar mixture solution was removed under reduced

pressure to give a white solid.

Dimer 13: IR mmax (KBr)/cm–1: 3500–3250 (OH), 2964,

1960 (OH���N), 1770 (C=O), 1746 (C=O), 1606, 1573,

1446, 1431, 1380, 1363, 1322, 1267, 1190, 1088, 877, 796,

764. 1H NMR dH (CDCl3): 0.86 (18H, s, tBu), 0.90 (18H, s,

tBu), 1.21 (6H, q, J = 7.5, CH2CH3), 1.28 (18H, s, tBu),

1.30 (18H, s, tBu), 4.16 (4H, q, J = 7.5, CO2CH2), 4.55

(4H, s, CH2CO), 4.58 (4 H, s, CH2CO), 5.09 (4H, s,

CH2Py), 5.25 (4H, s, CH2Py), 6.58 (2H, d, J = 5.7, H3–Py),

6.97 (4 H, s, Ar–H), 7.11 (4H, s, Ar–H), 7.40 (4H, s, Ar–

H), 7.54 (4H, s, Ar–H), 8.53 (4H, d, J = 5.7, H2,6–Py), 8.55

(2H, d, J = 5.2 H6–Py), 12.82 (2H, broad s, OH).

The overlap of the signals of H5–Py, H3,5–Py, H4–Py

protons together with the slight broad signals avoided the

assignment for such a protons.

Preparation of dimer 14

Dimer 14 was prepared in analogous manner to dimer 13 as

a white solid. IR mmax (KBr)/cm–1: 3500–3200 (OH), 2950,

1963 (OH���N), 1750 (C=O), 1640, 1579, 1421, 1369,

1366, 1268, 1230, 886, 789, 743. 1H NMR dH (CDCl3):

0.84 (18H, s, tBu), 0.87 (18H, s, tBu), 1.26 (18H, s, tBu),

1.30 (18H, s, tBu), 4.56 (4H, s, CH2CO), 4.97 (4H, s,

CH2Ph), 5.08 (4H, s, CH2Py), 5.27 (4 H, s, CH2Ph), 6.91

(4H, d, J = 5.7, H3,5–Py), 7.23 (10H, s, Ar–H), 7.03–7.07

(10H, m, Ar–H), 7.10–7.15 (8H, m, Ar–H), 7.59 (4H, s,

Ar–H), 7.90 (4H, s, Ar–H), 8.54 (4H, d, J = 5.7, H2,6–Py),

12.78 (2H, broad s, OH).

1H NMR complexation experiment

To a CDCl3 solution (5 · 10–3 M) of 1,3-alternate-5 in the

NMR tube was added a CD3CN solution (5 · 10–3 M) of

AgSO3CF3 and LiSO3CF3, separately. The spectrum was

registered after addition and the temperature of NMR probe

kept constant at 27 �C.

The 1H NMR data of the complexes are given below.

Ag+,1,3-alternate-5: 1H NMR (CDCl3:CD3CN, 1:1)

dH: 1.35 (18H, s, tBu), 1.34 (18H, s, tBu), 2.55 (4H, s,

CH2), 3.54–3.58. (4H, m, CH2), 3.82–3.87 (4H, m, CH2),

3.85 (4H, s, CH2Py), 7.19 (4H, s, Ar–H), 7.34 (4H, s, Ar–

H), 7.43 (2H, m, Py–H3), 7.72 (2H, m, Py–H5), 7.94 (2H,

m, Py–H4), 8.73 (2H, m, Py–H6).

1,3-alternate-5.Li+: 1H NMR (CDCl3:CD3CN, 1:1) dH:

0.89 (18H, s, tBu), 1.38 (18H, s, tBu), 2.86 (4H, s, CH2),

3.56–3.60 (4H, m, CH2), 4.28–4.32 (4H, m, CH2), 4.83

(4H, s, CH2Py), 6.67 (2H, d, J = 8.80, Py–H3), 7.09 (2H,

m, Py–H5), 7.13 (4H, s, Ar–H), 7.33 (2H, m, Py–H4), 7.34

(4H, s, Ar–H), 8.42 (2H, m, Py–H6).

Stoichiometry of metal complexation

The method of continuous variation was employed to

determine the stoichiometry of 1,3-alternate-5. Metal pi-

crates (2.5 · 10–4 M) were prepared in situ by dissolving

the lithium hydroxide (0.01 mol) or silver nitrate

(0.01 mol) in 2.5 · 10–4 M picric acid (100 mL); triply

distilled water was used for all aqueous solutions. Two-

phase solvent extraction was carried out between metal

picrates (5 mL, [metal picrate] = 2.5 · 10–4 M) and

CH2Cl2 (5 mL, [1,3-alternate-5] = 2.5 · 10–4 M). The

molar ratios of the both 1,3-alternate-5 and metal picrate

were varied from 0 to 1 while their total concentration were

kept at several constant levels. The two-phase mixture in a

glass tube immersed in a thermostated water bath at 25 �C

was shaken at 300 strokes per min for 1 h and then kept for

2 h, allowing the complete separation of the two phases.

The absorbance of each solution was determined by UV

spectroscopy (k = 290 nm). Job plots were generated by

plotting the extracted [Ag+] or [Li+] versus the mole frac-

tion of metal.

Determination of association constants

The measurements were performed by 1H NMR titration

experiments in a varying guest concentration of 0–50 mM

and a constant concentration of host receptors with 5 mM.

After each addition and mixing, the chemical shift change

in the methylene protons [Ar–OCH2Py] and [Ar–OCH2

CH2O–] was recorded during each titration. The result of

the experiment was a plot of displacement in chemical shift

as a function of the amount of added cation, which was

subjected to analysis according to the literature [37].

1H NMR titration experiment

The dimerization process was investigated by quantitative
1H NMR dilution studies (50 mM–60 lM, CDCl3). Asso-

ciation constants reported are the average of two or more

replicate experiments and were obtained by fitting
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chemical shift data to 1:1 binding isotherms using standard,

nonlinear curve-fitting procedures [33].

Results and discussion

Synthesis and inclusion properties of 1,3-alternate-

bis[(2-pyridylmethyl)oxy]thiacalix[4]arene-

mono(crown-4) ether

Since the pioneering work of Pedersen [18], crown ethers

and their complexes with metal cations have attracted

considerable attentions. Calixarenes have been widely used

as three-dimensional molecular platforms with specific

properties [1]. The calixcrowns family (macro-polycycles)

constructed from calix[4]arene units and polyethylene

glycolic units is one of the most studied supramolecular

receptors [12]. They show binding properties towards

alkali metal, alkaline earth metal and ammonium cations

which can be turned by selecting the most appropriate

conformation of the calix[4]arene and the crown ether size

[9, 10]. Probably the main interest in these ligands derives

from their application as selective cesium extractants in

radioactive waste treatment [11].

The highest selectivities towards the cesium cation have

been observed for 1,3-calix[4]crowns-6 (‘‘1,3-’’ refers to

the bridging of the polyethylene glycolic units onto the

calix[4]arene skeleton) in the 1,3-alternate conformation in

which the crown moiety bears six oxygen atoms. In such a

molecular topology binding of cesium involves not only

ether-oxygen donors but also the calixarene aromatic cat-

ion tunneling through the p-basic tube of the calix units. As

mentioned previously, calixcrowns have an extra intra-

molecular cavity formed by the crown ether bridge which

displays significant levels of selectivity and avidity toward

complexation with alkali metal ions (Fig. 1).

Lithium complexes of crown ethers are of great interest

due to their applications as anionic conductors in manu-

facturing lithium-based rechargeable batteries [19] and

electrolytes [20] and as anion activators in organic syn-

thesis [21]. Despite of the importance of lithium complexes

no detailed investigation on the extraction of lithium by

calixcrowns-4 has been carried out. It is expected that the

cavity delineated by the crown-4 matches well with Li+

[22], and the other cavity delineated by pyridine moieties

can work as a switch for complexation and decomplexation

in the crown site.

We have designed a novel receptor bis[(2-pyridyl

methyl)oxy]thiacalix[4]arene-mono(crown-4) ether 1,3-

alternate-5 constraining 1,3-alternate conformation, hav-

ing two different side arms and showing affinity to both

alkali metal cations, and the study of their complexation

behavior towards Li+ and K+ ions. In fact, some ditopic

receptors based on thicalix[4]arene framework have been

reported but there is no study concerning the presence of

allosteric effect in such systems. Multi-recognition of Li+

and K+ by 1,3-alternate-5 is expected, owing to the pres-

ence of two 2-pyridylmethyl moieties at one edge of the

thiacalix[4]arene cavity [2] and a crown-4 ether moiety at

the another edge. Distal binding moiety, such as 2-pyridyl

group, is efficient for larger alkali metals or Ag+.

Regioselective synthesis of 1,3-alternate-bis[(2-pyr-

idylmethyl)oxy]tetrathiacalix[4]arene-mono(crown-4)

ether 1,3-alternate-5 was accomplished by a protection–

deprotection method using benzyl groups as a protecting

group as shown in Scheme 1. Thus, O-benzylation of tetra-

thiacalix[4]arene 1 carried out with 10 equiv. of benzyl

bromide in the presence of Na2CO3 furnished exclusively

the formation of the disubstituted product distal-2 in 98%

yield [23c, 24a]. The reaction of bisbenzylated compound

distal-2 with 2-(chloromethyl)pyridine in THF-DMF in the

presence of Cs2CO3 as base yielded 1,3-alternate-3 in 73%

yield. The debenzylation of 1,3-alternate-3 in the presence

of AlCl3 in toluene at room temperature for 5 h to afford

the desired diol distal-4 [24e] in 78%. Finally, O-alkylation

of distal-4 carried out with 2 equiv. of triethyleneglycol

ditosylate [25] in the presence of an equiv. of Cs2CO3

according to the reported procedure [24] afforded the

desired 1,3-alternate-5 in 70% yield.

The structure of 1,3-alternate-5 was supported by their

spectral and analytical data. The 1H NMR spectrum of 1,3-

alternate-5 shows two singlets for the tert-butyl protons at

d 0.87 and 1.38 ppm, in which the former peak can be

observed at a higher field due to the ring current effect

arising from the inverted two pyridine rings [26]. This

observation strongly suggests 5 adopts 1,3-alternate

conformation.

Interestingly, the hetero aromatic protons of the pyridine

rings of 1,3-alternate-5 are exposed to the ring current
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shielding effect [27] operated by the opposing pyridine ring

among the diaryl thiaether linkage, and resonate at higher

fields with respect to those of the reference compound 7,

which was prepared by O-alkylation of 4-tert-butyl-2,6-

dimethylphenol 6 with 2-(chloromethyl)pyridine in the

presence of NaH. The magnitude of this shielding, calcu-

lated as the difference between pertinent pyridine protons

of 1,3-alternate-5 and reference compound, 4-tert-butyl-

2,6-dimethyl[(2-pyridylmethyl)oxy]benzene 7, increases

significantly for the H3 and H4 protons. The remarkable

shielding effect experienced by the H4 (d –0.39 ppm) and

H3 (d –1.17 ppm) protons of the pyridine rings suggests

that these protons are located much closer to the opposing

pyridine ring than are the H5 and H6 protons and folded

into the p-cavity formed by two thiacalix benzene rings and

are thus shifted stronger upfield. This is doubtless due to

the electron repulsion between the nitrogen atoms in the

pyridine rings and the diaryl thiaether linkages. Thus,

nitrogens in both pyridine rings were orientated outwards

with respect to the thiacalixarene cavity (Scheme 2,

Table 1).

The heteroditopic receptor 1,3-alternate-5 displays

affinity toward alkali as well as transition metals. The

complexation abilities of 1,3-alternate-5 was assessed by

two phase solvent extraction experiments and 1H NMR

spectroscopy. Due to the existence of the two potential

metal-binding sites, namely the one crown moiety and two

pyridyl moieties, the formation of 1:1 and 1:2 metal

complexes attributable to the electrostatic interactions can

be expected.

The stoichiometry of the 1,3-alternate-5 complexes with

Li+ and Ag+ was determined by a two phase-extraction

experiment (H2O/CH2Cl2), using the continuous variation

method. The percent extractions for Ag+ reach maximum at

0.5 mole fraction when the 1,3-alternate-5 and Ag+ were

changed systematically, indicating the formation of 1:1

complex (Fig. 2). Similar results were obtained in the case

of Li+.
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1H NMR titration experiments with LiSO3CF3 and

AgSO3CF3 were carried out. The addition of an equiv. of

LiSO3CF3, separately, to 1,3-alternate-5 caused immediate

complexation as demonstrated by the down field shift of

the crown protons (i.e. 1,3-alternate-5.Li+; ArOCH2,

Dd = +0.26; Kass = 1.5 · 103 M–1), whereas the OCH2Py

and thiacalixarene protons were scarcely affected. Only the

1:1 complex 1,3-alternate-5.Li+ was formed even with a

large excess of LiSO3CF3. The results confirm that the

crown moiety of 1,3-alternate-5 composes a stronger ion-

ophoric cavity for Li+ than the two pyridyl moieties. It is

clear that Li+ does not enter into the cavity of the thiaca-

lix[4]arene. It must be noted that there is a large difference

between the Kass reported in the literature for 12-crown-4

and lithium (Kass = 8.1 · 103 M–1) in acetonitrile [28]. The

steric hindrance by the tert-butyl groups and low flexibility

of the crown may not contribute to the stabilization of the

lithium complex. On the other hand, titration with 1 equiv.

of AgSO3CF3 to 1,3-alternate-5 causes a dramatic upfield

shift for the methylene protons of OCH2Py in 1,3-alter-

nate-5 (Dd = –1.12 ppm) while the Py protons display a

downfield shift, strongly suggesting that Ag+ is bound to

the nitrogen atoms of pyridine and phenolic oxygens which

affects the H6, H5, H4, H3 protons in pyridine rings (1:1

Ag+,1,3-alternate-5 complex). Spectral changes of the 1:1

Ag+,1,3-alternate-5 complex in the presence of an excess

of AgSO3CF3 were not detectable, which supports the

exclusive formation of the 1:1 Ag+,1,3-alternate-5 com-

plex. The results of the chemical shift changes (Dd) of

OCH2Py protons are summarized in Figs. 3 and 4.

From Fig. 4, it is clear that in the case of 1,3-alternate-5

upon complexation with Ag+ (Kass = 4.9 · 103 M–1) the

nitrogen turned inward to the cavity and the H6, H5 and H4

protons shifted to down field. Contrary to the observation

of upfield shift of H3 protons in the classical calixarenes,

the protons H3 in the present thiacalix[4]arene shifted to

down field which might be affected by the sulfur atom in

the diarylthiaether linkage. The H6 protons shifted to down

field while the methylene protons of OCH2Py shifted in

opposite site direction due to the ring current effect of the

benzene moiety.

The possible switch on–off of the recognition behavior

of 1,3-alternate-5 upon complexation was studied by a set

of 1H NMR titration experiments. First, from 1 up to 5

equiv. of AgSO3CF3 were added to the solution containing

1,3-alternate-5.Li+. The 1H NMR spectra of complex

completely changed to that of Ag+,1,3-alternate-5 com-

plex. In contrast, when Ag+,1,3-alternate-5 was titrated

with Li+ no spectra change was observed. These findings

Table 1 Chemical shift of pyridine protons in 1,3-alternate-5 and

reference compound 7

Compd. Chemical shift, d ppma, b

H6 H5 H4 H3

1,3-alternate-5 8.58 7.20c 7.74c 7.74c

8.45 7.03 7.35c 6.57

Dd –0.13 –0.17 –0.39 –1.17

a Dd Values are the difference of the chemical shift between 1,3-

alternate-5 and reference compound 7 in CDCl3 at 27 �C
b A minus sign (–) denotes a shift to higher magnetic field
c The midpoint values of multiplet are indicated

Mole fraction of [Ag+] / ([1,3-alternate-5]+[Ag+])

g
A detcartx

E
+

( esahp .gro ni 
01

4-
)

M

[1,3-alternate-5]+[Ag+] = 2.0 10-4 M

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Fig. 2 Job plots of the extractions of Ag+ with host 1,3-alternate-5
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Fig. 3 Partial 1H NMR titration spectra of 1,3-alternate-5 (5 · 10–

3 M, in CDCl3:CD3CN, 1:1, v/v). (a) Free ligand; (b) in the

presence of 1 equiv. of LiSO3CF3; (c) in the presence of 1 equiv. of

AgSO3CF3
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suggest not only the release of Li+ from the crown moiety

but also complete suppression of the recognition of Li+

derived from the crown moiety upon formation of the

Ag+,1,3-alternate-5 complex. The observed switch-off

might be ascribed to great conformational changes upon

complexation of Ag+ at the pyridyl moieties, which is

supported by the remarkable chemical shift changes of the

methylene protons of OCH2Py and pyridine ring protons.

Self-assembly of 1,3-alternate-thiacalix[4]arene by

hydrogen bonding

Synthesis

Compounds 9 and 10 were obtained in 61 and 63% yield,

respectively, by the stereoselective O-alkylation of the

distal-diester distal-8a [23a] and distal-dibenzyl derivative

distal-2 [23c, 24a] with 4-(chloromethyl)pyridine, respec-

tively, in dry THF-DMF in the presence of Cs2CO3 to

assure the 1,3-alternate conformation [24]. Compounds 11

and 12 were synthesized in 64 and 67% yield by the

reaction of dicarboxylic acid distal-8b [29] with 2-(chlo-

romethyl)pyridine and benzyl bromide, respectively, in dry

THF-DMF in the presence of Cs2CO3 (Scheme 3).

The product structures were supported by their spectral

and analytical data. The 1H NMR spectra of 9 shows two

singlets for the tert-butyl protons at d 0.87 and 1.29 ppm,

in which the former peak can be observed at a higher field

due to the ring current effect arising from the two pyridine

rings introduced. Similar upfields of the tert-butyl protons

of 10–12 were observed. These observations strongly

suggest 10–12 adopt 1,3-alternate conformation.

Self-assembly of heterodimers

The tetrasubstituted compounds 9 and 10 bearing two 4-

pyridyl moieties [17], and 11 and 12 bearing two

carboxylic acid moieties [30], might permit dimerization

through hydrogen bonding to afford dimers 13 and 14,

respectively, as shown in Fig. 5.

Evidence of the formation of the dimers 13 and 14 was

obtained by 1H NMR and IR spectroscopy. Figure 6c

shows the 1H NMR spectrum of the equimolar (50 mM)

mixture of 9 and 11 in CDCl3 solution. The assembly

process occurred rapidly and was completed within min-

utes of mixing. It is worth mentioning that 11 was partially

soluble in chloroform but after mixing with 9 a clear

solution was obtained. The 1H NMR spectrum is highly

symmetrical and fairly well resolved. Compared with the
1H NMR spectra of the precursors 9 and 11, the spectrum

of the mixture showed a signal at d 12.82 ppm which can

be attributed to an intermolecular hydrogen bond formed

by the carboxylic acid protons. In addition, the different

chemical shift for the 4-pyridylmethyl protons [CH2 (4-Py)

Dd = +0.06, H2,6 Dd = +0.18 ppm] and for the methylene

protons of carboxylic acid moiety (CH2CO2 Dd = –

0.11 ppm) strongly suggested the formation of the dimer

13. The chemical shift slightly changed even in the pres-

ence of an excess of 9, presumably, due to the formation of

a dimer rather than a polymer, further corroborate by Job

Plot (Fig. 7).

Furthermore, the IR spectrum confirms the formation of

the dimer 13. One of the most important features is the

appearance of a broad band [17, 31] with a low intensity at

1960 cm–1, representing the mOH���N vibration band. The

vibration mode of mC=O of the carboxylic moiety slightly

shifted toward low wave number to 1746 cm–1 in com-

parison with the normal vibration around 1755 cm–1. This

clearly suggested that the dimer 13 is formed by hydrogen

bonding between the carboxylic acid protons and the

nitrogen of the 4-pyridyl ring [32]. Similar findings were

observed for the dimer 14 composed by 10 and 12.

The concentration-dependent (50 mM–60 lM, CDCl3)
1H NMR measurement of the equimolar 9/11 and 10/12

mixtures showed only significant shift for the protons 4-

pyridyl protons and CH2CO2 protons while the CO2H

protons slightly shift and disappeared gradually. Thus, the

determination of the dimerization constants was made only

using the 4-pyridyl (H2,6) signal due to CH2CO2 protons

signal shifted less than the other and would give a more

inaccurate result. These data fitted reasonably well to a 1:1

binding isotherm, as shown in Figs. 7 and 8. From these

data association constants [33] of Kass = 389 ± 9 M–1 and

342 ± 12 M–1 for 13 and 14, respectively, were calculated.

The dimerization constants of 13 and 14 are 19 times

smaller than that of parent calix[4]arene dimer [17] might

be due to the number of donor and/or acceptor moieties of

the precursors and steric hindrance caused by the tert-butyl

groups.
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1H NMR titration experiments

In addition to the self-assembly studies, we also investi-

gated the molecular behavior of the dimers 13 and 14 by 1H
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NMR titration experiments in CDCl3. Firstly, control

titration experiments of 9 with AgSO3CF3 and/or KSO3CF3

were carried out. The addition of an equiv. of AgSO3CF3 to

9 caused a complex formation 9.Ag+ (Kass = 153.4 ± 8

M–1) [34a] as demonstrated by the downfield shift of the 4-

pyridyl protons [CH2(4-Py) Dd = +0.08, H2,6 Dd = +0.21

and H3,5 Dd = +0.10 ppm], whereas the ester protons were

scarcely affected (CH2CO2 Dd = +0.003 ppm). These

findings suggest that the Ag+ must be coordinated by the

two nitrogens of the 4-pyridyl moiety and two triflate

oxygens to saturate the requirements of the Ag+ coordi-

nation sphere [35]. Titration of 9 with an equiv. of

KSO3CF3 caused negligible shifts of pyridyl protons

[CH2(4-Py) Dd = +0.01, H2,6 Dd = –0.03 ppm and H3,5

Dd = +0.002 ppm] and moderate shift of the protons in the

cavity composed by the ester moieties (i.e. CH2CO2

Dd = +0.11 ppm). These findings suggest the formation of

K+,9 complex at the ester moieties. Addition of an excess

of AgSO3CF3 and KSO3CF3 into the solutions of 9.Ag+

and K+,9 complexes, respectively, did not cause any

significant chemical shift [34b] (Table 2).

Finally, titration experiments of the dimers 13 and 14

with AgSO3CF3 and/or KSO3CF3 were carried out. Addi-

tion of an equiv. of AgSO3CF3 caused the immediate

disassembly of the dimer 13 as demonstrated by the dis-

appearance of the signal of CO2H protons and chemical

shift of the rest of the protons, Fig. 6d. The disassembly is

attributed to conformational changes produced by the for-

mation of 11.Ag+ (Kass = 1.28 · 104 M–1) [36]

(Scheme 4). We assumed that the Ag+ ion has to be

complexed by the nitrogen atoms of 2-pyridyl moiety and

phenolic oxygens. The methylene protons of CH2 (2-Py)

shifted to upfield (Dd = –0.44 ppm) due to the ring current

of the benzene moiety, while the 2-pyridyl protons dis-

played a downfield shift. Contrary to that observed in the

classical calixarenes, the protons H3 shift to down field

which might be affected by the sulfur atom in the diaryl-

thiaether linkage. Titration of 13 with an equiv. of

KSO3CF3 caused moderate shift of protons of the ester

cavity (i.e. CH2CO2 Dd = +0.10 ppm) and negligible shift

of the rest of protons. These results strongly suggest that

the hydrogen bonding was not altered substantially upon

complexation of K+ by the ester moiety.

In contrast, similar titration experiments of 14 showed

that the presence of an equiv. of AgSO3CF3 or KSO3CF3

does not cause disassembly of the dimer 14. This result

corroborated the disassembly process of 13 in the presence

of Ag+ ion. However, after 30 min. the disassembly of the

dimer 14 and formation 10.Ag+ complex was observed.

These results together with the association constants reveal

that the two hydrogen bonding system is strong enough to

stabilize the dimers 13 and 14, but not to compete effec-

tively with the Ag+ ion.

Conclusion

A novel ditopic receptor 1,3-alternate-5 possessing two

complexation sites, crown-4 moiety and 2-pyridyl groups

in 1,3-alternate conformation based on thiacalix[4]arene

has been prepared. The exclusive formation of mononu-

clear complexes of 1,3-alternate-5 with Li+ and Ag+ was

observed even though the formation of the heterogeneous

dinuclear complexes was expected. The decomplexation of

Li+ from the crown moiety of 1:1 complex 1,3-alternate-

5.Li+ to form the Ag+,1,3-alternate-5 complex by

addition of AgSO3CF3 clearly shows that pyridyl moiety

works as an efficient switch-off of the recognition ability of

the crown moiety. These results give some insight into the
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molecular design of new synthetic receptors for use in

metal controlled biomimetic systems.

We have also found that the formation of the heterodi-

mers 13 and 14 was detected by 1H NMR and IR. The

disassembly of the heterodimers 13 and 14 depends on both

the degree of conformational changes produced by com-

plex formation and competition between the Ag+ ion and

carboxylic acid protons for the lone pair of nitrogen of 4-

pyridyl moieties. These results open new doors for the use

of heterodimeric systems driven by the formation of

hydrogen bonding for the regulation of molecular recog-

nition which has biological and environmental relevance.

We are currently preparing more sophisticated molecular

building block for the formation of dimeric systems.
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