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Does the Calixarene Cavity recognise the Size of Guest Molecules? On the ‘Hole-size

Selectivity’ in Water-soluble Calixarenes
Seiji Shinkai,* Koji Araki, and Osamu Manabe

Department of Industrial Chemistry, Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan

The binding constants of three p-sulphonatocalix[n]arenes (n = 4, 6, and 8) for neutral guest molecules were
determined in an agqueous system; the resuits established that the calixarene cavity can recognise the size of guest

molecules.

Calixarenes are cyclic oligomers made up of benzene units as
cyclodextrins are made up of glucose units.!2 Thus, the
calixarene cavity may recognise the size of guest molecules on
the basis of the ‘hole-size selectivity’ when they form
host—guest-type complexes in solution. Several groups have
reported on the ion selectivity of calixarenes which have ether,
ester, and/or carboxylate groups on the edge of the cylindrical
architecture.>7 In contrast, the selectivity of the calixarene
cavity for neutral guest molecules is not understood. To
answer the question as to whether the calixarene cavity is able
to recognise the size of guest molecules, we have synthesised
three water soluble calixarenes with different cavity sizes
(CX4, CXq, and CXg) and have systematically estimated their
binding constants for Phenol Blue (PB) and Anthrol Blue
(AB). The butyl group was introduced to add moderate
hydrophobicity to the calixarene cavity. We have found for the
first time that the calixarene cavity is capable of molecular
recognition on the basis of the ‘hole-size selectivity’.

CX4, CX, and CXg were synthesised in a manner similar to
that described previously® and identified by i.r. and n.m.r.
spectroscopy and by elemental analysis. Since the purpose of
the present study was related to the molecular recognition, it

was necessary to carry out measurements below the c.m.c.s
(critical micelle concentrations) of these calixarenes. We thus
determined the ¢.m.c.s by electric conductance® (30 °C, [CX,,}
= 2.60 X 10-3 mol dm-3) and 'H n.m.r.? spectroscopy
(20.9°C, D,0). Figure 1 shows plots of the 'Hn.m.r. chemical
shift vs. CX, concentration. Above 2.5 X 10-3mol dm—3 some
protons are shifted to higher field with increasing CX4
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Figure 1. '"H N.m.r. chemical shift (p.p.m.) vs. CX, concentration
(20.9°C, D,0).

concentration. This indicates that CX, forms an aggregate at
this concentration.? Electric conductance gave an almost
identical c.m.c. value (2.5 X 10-3 mol dm-3) although the
measurement temperature was somewhat higher than that for
the 'H n.m.r. results. In a similar manner, we determined the
c.m.c.s for CX¢ (1.0 X 10-3 mol dm—3) and CX;g (7.0 x 10-4
mol dm~3).

The inclusion phenomena of cyclophanes have been fre-
quently estimated by 'H n.m.r. studies in D,O since the
chemical shift of the guest molecule was found to move to
higher field on inclusion.?-19 This is also the case in calixarene
complexes since the ring current of the benzene rings induces a
significant upfield shift. We have found that the chemical shift
of organic ammonium cations is especially sensitive to this
effect. For example, aromatic protons in trimethylanilinium
chloride moved to higher field by 0.47—1.23 p.p.m. in the
presence of an equimolar amount of CX,4 (20.9 °C, [CX,] =
1.01 x 10-3 mol dm-3, [guest] = 1.00 x 10-3 mol dm-3
(Scheme 1). Since the shift for N*—CH; is relatively small, the
ammonium cation is ‘anchored’ on the sulphonate edge (i.e.,
upper rim) of the calixarene cavity and the phenyl group is
included in the centre of the aromatic ring cavity. Much
smaller shifts are found for trimethylbutylammonium
chloride.
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Scheme 1. Upfield 'H n.m.r. shifts (p.p.m.) in the presence of an
equimolar quantity of CX,.
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Figure 2. ApK, and log K+ (data taken from Table 1).

In order to evaluate the ‘hole-size selectivity’ in CX,, we
chose PB and AB as guest molecules, their binding constants
being easily determined by the colour change from blue to
pink. This occurs owing to the stabilisation of the included
protonated species (PBH+, ABH+) by the sulphonate
groups.® The total scheme for the complex formation (e.g.,
with PB) is illustrated in Scheme 2.

First, we confirmed that PB and AB form 1:1 complexes
with these calixarenes on the basis of a continuous variation
method {30°C, [PB (or AB)] + [CX,] = 1.92 X 10-5 mol
dm~—3}. Based on the phototitration of PB (at 660 nm) and AB
(at 560 nm) in the absence and the presence of CX,, and the
computer assisted curve-fitting of the plots of the absorbance
(660 nm and pH 6.4 for PB; 560 nm and pH 5.5 for AB) vs.
[CX,], we could determine the pK.,Y, pK,, and K+ indepen-
dently.t The results are shown in Table 1 and Figure 2.

+ Further details of this analytical method will be reported elsewhere
together with results on related systems. The K values, which are
smaller by 1—2 orders of magnitude than K*, are not determined
accurately in the present method.



J. CHEM. SOC., CHEM. COMMUN., 1988

Table 1. pK, Shifts and binding constants (K*) for the calixarene
complexes (30°C).

Guest Calixarenc
——
CX, CX, CXy
PB« ApK,© 1.68 1.75 0.73
10-3 K+/(dm3 mol -1) 47.2 557 13.5
AB" ApK,© 1.02 0.54 2.84

10-3 K*/(dn%‘ mol-1) 1.82 9.30 15.0

a pK," (in the absence of CX,,) = 4.60. ® pK,° (in the absence of CX,,)
=4.34. <« ApK, = pK, (in the presence of CX,,) —pK," (in the absence
of CX,,).

Examination of these results reveals that the K+ values are
sensitive to changes in the cavity size. PB (small guest
molecule) shows the selectivity order of CXg > CX, > CXj,
while AB (large guest molecule) shows the selectivity order of
CXg > CXg > CX,. The results suggests that PB can fit the
cavity of CX, and CXg while AB is too large to be included in
the cavity of these calixarenes. Thus, the largest difference in
K+ (31-fold) was attained between CX4—PB (largest K+, 5.57
% 104 dm? mol-!) and CX4~AB (smallest K+, 1.82 x 103 dm?
mol-!). The pK, shift is roughly correlated with log K+,
indicating that the apparent basicity of strongly bound guest
molecules is efficiently strengthened. On the basis of X-ray
studies! and Corey-Pauling—Koltun molecular models, the
upper-rim diameters of calix[4]arene and calix[6]arene
are estimated to be 3.8 and 5.0 A, respectively. Therefore, the
molecular recognition pattern of calix[6]arene and its deriva-
tives would be comparable to that of f-cyclodextrin (diameter
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5.5—5.9 A) which favourably binds benzene analogues. On
the other hand, the cavity of CXg, the size of which cannot be
estimated precisely because of a conformational fluctuation
called ‘transannular pinching,’! would be too large to include
benzene analogues. These findings consistently support the
idea that the calixarene cavity is capable of molecular
recognition on the basis of ‘hole-size selectivity.’

In conclusion, the present study indicates that the ‘hole-size
selectivity’ does exist in host—guest type complexation with
calixarenes. The finding suggests that calixarenes would act as
a new, potential building block to design enzyme mimics in
totally synthetic systems.
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