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ABSTRACT

A series of dithia[n.3.3](1.3.5)crownophanes were synthesized by cesium carbonate-assisted intramolecular cyclization reactions in 10−31%
yields. Their complexation behavior exhibits an unusual ion-selectivity preference due to the presence of a “breathing” process of the dithia-
[3.3]metacyclophane moiety, which indirectly controls the ion selectivity through the adjustment of the cavity size of the crown unit. This
breathing mechanism is also supported by observation made in X-ray crystallographic analysis.

Studies of classic crown ethers reveal that the cavity size of
a crown ether is one of the main factors in governing its
complexation to a metal ion.1 On the other hand, one of the
key features in the chemistry of cyclophanes is their
conformational behavior.2 The conformational mobility of
cyclophanes and their aromatic interactions were in fact
employed in a recent approach to a nanomechanical molec-
ular cyclophane system.3 Crownophanes, having a flexible
polyether chain and a cyclophane skeleton, are a unique kind
of hybridized molecular host that exhibits interesting proper-
ties.4 The bis-cyclobutyl bridges in crownophane1 dictate
its rigid molecular structure, and its crown unit complexes
Li+ strongly and specifically.5 2,11-Dithia[3.3]metacyclophane

is known to exist as a syn conformer both in the solid state
and in solution,6,7 and its conformational behavior involves
a tilting motion of the two aromatic rings resulting in a
variation of the tilting angleR. Crownophane2 was reported
to exhibit interesting complexation behaviors mediated by
the mobility of the cyclophane moiety and form a novel
supramolecular polymeric structure.8,9 A [n.3.3](1,3,5)-
crownophane (Figure 1b) exhibiting conformational mobility
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in the cyclophane unit as in Figure 1a will result in a variably
sized cavity in its crown unit. Such a ligand is expected to
show a decrease in the complexation selectivity toward metal
ions. On the basis of the “breathing” mechanism, it may,
however, complex effectively to a series of metal ions with
various ion radii. This may be the desirable result in the case
of nonselective yet effective complexation of a mixture of
metal ions. We report in this communication the complex-
ation behavior of a series of [n.3.3](1,3,5)crownophanes4.

Synthesis of some closely related [n.3.3](1,3,5)cyclophanes
has been reported.10 In our work, crownophanes4 were
prepared by an intramolecular cyclization of compound311

in the presence of Na2S‚9H2O in a mixture of 95% ethanol
and benzene under high dilution conditions (Scheme 1).12

Compounds4a13 and 4b14 were obtained in 15 and 20%

yields, respectively. Cyclophane4c15 was, however, isolated
in a very low yield (≈1%) under such conditions. Addition
of cesium carbonate12 to the reaction mixture resulted in a
significantly increased yield (31%) of4c. Surprisingly,
presence of cesium carbonate did not have an appreciable
effect on the yields of4a and4b.

The structures of4a and4b were characterized by X-ray
crystallography. However, no suitable crystals of4c could
be isolated for a similar study. For4a, interestingly, two
independent conformers4a-(I) and 4a-(II) were observed
in the crystal (Figure 2). In4a-(I), both the thia-bridges adopt
a pseudochairconformation with C-S bond lengths and
C-S-C bond angles very similar to those observed in
reported medium-sized dithia[3.3]metacyclophanes.6-8 In
conformer4a-(II) , one of the sulfur atoms is triply dis-
ordered. This is a unique example of the bridge wobbling
processes of a thia-bridge in the solid state.16,17 The two
benzene rings in4a-(I) and4a-(II) are not parallel to each
other but tilt at angles of 16.1 and 13.6°, respectively. The
X-ray single-crystal structure of4b (Figure 2) shows that
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Figure 1. (a) Tilting of aromatic rings insyn-1and (b) confor-
mational changes in a breathing process in [n.3.3](1,3,5)crowno-
phanes.

Scheme 1. Synthesis of Crownophanes4

2782 Org. Lett., Vol. 5, No. 16, 2003



one of the sulfur atoms is disordered. Similar to4a, the two
benzene rings in4b are not parallel and form an angle of
12.9°. The tilting angles in both4a and4b are larger than
that in syn-9,18-dimethyl-2,11-dithia[3.3]metacyclophane
(11.5°).17 This implies that the long polyether chain in4 has
a tendency to push the two aromatic rings apart, resulting in
a larger tilting angleR. The crystal structures of both4a
and4b indicate a conformational preference for the relaxation
mode (Figure 1b). Assuming that this preference was also
observed in solution, the breathing process in these [n.3.3]-
(1,3,5)crownophanes would then involve the relaxation mode
as the conformational minimum and the contraction mode
as the transition state.

The association constants of crownophanes4a-c were
measured using the solvent extraction method.19 It was
surprising to observe that4adoes not bind to any alkali metal
ion, although4b and4c can extract a series of alkali metal
ions from a water solution. In comparison to the structurally
rigid 1 with a crown cavity fitting Li+ perfectly, the crown
unit in 4a is enlarged by an outward tilting of its C1 and
C1′ carbons. The crown cavity4a is believed to be too large

for Li+ but too small for the other alkali metals. The
breathing flexibility in 4a may be restricted due to the
relatively short polyether linkage. The logarithm of associa-
tion constants (logKass) of 4b, 4c, 15-crown-5 (15-C-5), and
18-crown-6 (18-C-6) are summarized in Table 1. For

crownophane4c, the order of association constants is Cs+

> Rb+ > K+ > Na+, corresponding to the decreasing order
in ionic size of the metal ions. In contrast,4b has a maximum
log Kass for K+, followed by Na+, Rb+, and Cs+.

As the crown unit in4b structurally resembles that of 15-
crown-5, whereas4c could be considered as a derivative of
18-crown-6, a comparison of their ion selectivity is of special
interest (Table 2). The average cavity diameter of4b is

estimated from its crystal structure (Figure 2c) to be about
2.28 Å,20 which is between the ionic diameters of K+ (2.66
Å) and Na+ (1.90 Å). On the basis of the size-match
principle, 4b is not expected to behave like 15-C-5, the
strongest preference of which is for Na+ (Table 1), and may
not show a strong preference to either Na+ or K+. Our
experimental observation was that4b shows the strongest
affinity for K+ (Table 1) with an ion selectivity ratio of 0.11
for Na+/K+, about 8 times more selective than its preference
for Na+ over K+ for 15-crown-5 (Table 2). It is evident that
4b adopts the most stable conformation in a relaxation mode
(Figure 1b) via the breathing mechanism to provide a larger
cavity size for a preference of K+ to Na+. In fact, in
comparison to 15-C-5,4b generally shows higher ion
selectivity (Table 2) for K+/Rb+, Rb+/Cs+, K+/Cs+, and Na+/

(18) Ouchi, M.; Inoue, Y.; Kanzaki, T.; Hakushi, T.J. Org. Chem.1984,
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Figure 2. ORTEP drawing of crownophane (a)4a-(I), (b) 4a-
(II), and (c) 4b.

Table 1. Comparison of logKassof Crownophanes4b, 4c,
15-Crown-5, and 18-Crown-6

crown Na+ K+ Rb+ Cs+

4b 3.68 4.62 3.61 2.27
15-C-5a 4.52 4.40 4.29 3.74
4c 3.85 5.00 5.15 5.29
18-C-6a 3.89 6.20 5.96 5.17

a See ref 18.

Table 2. Comparison of Ion Selectivity of Crownophane4b
and 15-Crown-5 and of Crownophane4c and 18-Crown-6

ion pairs 15-C-5a 4b 18-C-6a 4c

Na+/K+ 1.32 0.11 4.9 × 10-3 0.07
K+/Rb+ 1.29 10.2 1.74 0.71
Rb+/Cs+ 3.55 21.9 6.17 0.72
Na+/Rb+ 1.70 1.17 8.51 0.05
K+/Cs+ 4.57 224 10.7 0.51
Na+/Cs+ 6.03 25.7 0.05 0.04

a See ref 18.
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Cs+, with the highest selectivity index of 224 for K+/Cs+.
The length of the polyether chain in4b seems to restrict the
degree of the breathing mechanism (angleR) resulting in its
ion selectivity compared to the more conformationally
flexible 15-crown-5.

18-Crown-6 shows a significant preference for K+ to Rb+

and Cs+, but crownophane4c exhibits nonselective and
similar binding preference to all three alkali metal ions (Table
2). We believe that the longer polyether chain in4c allows
a more flexible breathing process (varying angleR), sup-
ported by the fact that4c has larger association constants
than4b for all the alkali metal ions (Table 1), including the
relatively smaller Na+. On the other hand,4c exhibits the
largest association constant for the large Cs+, again indicating
that the breathing process could result in a large relaxation
mode (Figure 1b) to bind to Cs+. Incidentally, this prefer-
ential ion selectivity for Cs+ is in accordance with the
observation that in the synthesis of4c, the product yield was
significantly improved upon addition of cesium carbonate.
In addition to the higher polarizability of the Cs+, which
makes it more effective in intramolecular cyclization reac-
tions,21 the template effect of the Cs+ is believed to play a
key role in the enhanced yield of4c under these conditions.

In conclusion we have demonstrated the potential in using
the conformational mobility (breathing process) of the
cyclophane component of a crownophane in functioning as
a “tuning” factor to adjust its complexation behavior and
ion selectivity. The crownophane4b illustrates an increase
in ion selectivity over the more conformationally mobile 15-
crown-6, while the behavior of4c indicates that a more
flexible breathing process will result in nonselective but
effective binding to a series of metal ions. In view of the
extensive literature in both cyclophane and crown chemistry,
the function of conformational characteristics in a cyclophane
in controlling the cavity size of a crown unit would provide
a comprehensive area in modulating the complexation
properties of crownophanes.
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