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Combinations of anions and organic solvent molecules were
screened to give encapsulation complexes with three different
guests inside.

For most of the last four decades, molecular recognition in
chemistry was concerned with binding a single target with high
affinity and selectivity.1 Occasionally, bimolecular targets—model
complexes of nucleic acid base pairs—arose and synthetic
receptors were devised to recognize them.2 In the last decade self-
assembled capsules appeared.3 They offer well-defined spaces
capable of accommodating many types of guests, and pairwise
recognition of smaller molecules as coencapsulation complexes has
become more common.4,5 The cylindrical capsule 1·14 (Fig. 1a)
shows recognition based on the proper filling of space: one large,
two medium and three small molecules are accommodated. The
limited motions of the guests within the confined space give rise to
new types of stereochemistry such as social isomerism.6 and
constellational isomerism.7 This research was undertaken to
examine the behavior of the capsule when offered three different
guests, and we report here some findings on the selectivity of the
encapsulation process.

Three arrangements in space are available for three different
guests inside the capsule (Fig. 1b), and we define selectivity as the
formation of a single constellational isomer. Some preferences are
expected since the capsule offers a gradient of polarity: the most
polar environment is near the seam of hydrogen bond donors and
acceptors that hold the capsule together at its center; the least polar
is the p surface of the resorcinarenes at the tapered ends.
Accordingly, anions gravitate to the polar center of the capsule and
earlier we showed that one CHCl3 occupies each end of the capsule
when anions such as Cl2, BF4

2, PF6
2 or IO4

2 are detained in the
middle.8 We used this tendency to limit the isomeric possibilities by
positioning PF6

2 as the anionic guest in the center of the capsule
and used 19F NMR spectroscopy to monitor the environment of the
anion. The remaining spaces were presented to combinations of
small solvent molecules (Fig. 2). The coencapsulated solvent guest

species are easily identified by the strong upfield shifts (Dd up to
25 ppm) in the 1H NMR spectra. The intense anisotropy arises
from the eight aromatic rings that line the ends of capsule. When
two different guests are included at the ends, the two halves of the
capsule are no longer equivalent and the NMR signals of the
capsule are doubled.

We first examined the combination of dichloromethane, PF6
2

and benzene (entry I). In the presence of excess nBu4N+PF6
2 in

dichloromethane-d2 the cylindrical capsule exists entirely as a PF6
2

bound species 2 (Fig. 3a). After addition of 50 mL benzene to this
mixture, new sets of signals appeared in 1H NMR and 19F NMR
(Fig. 3b, see arrows). These signals gradually grew with addition of
benzene. After addition of 200 mL of benzene, approximately 90%
of 2 had been converted to the new capsule (Fig. 3c). The singlet
around 3.6 ppm was assigned to the encapsulated benzene by a 1D
GOESY experiment (mixing time = 1.0 s). The large change in
chemical shift (Dd = 23.57 ppm) shows the encapsulated benzene
stays at the end of the capsule and its integral (6 H) indicates one
benzene molecule is accommodated inside. The encapsulation of
PF6
2 was separately confirmed by 19F NMR spectroscopy, and the

Fig. 1 (a) Line drawing of tetraimide subunit, ball and stick model of the
cylindrical capsule and cartoon representation used elsewhere in this work.
(b) Constellational isomers possible for the encapsulation of three different
guests A, B, and C.

Fig. 2 Combination of molecular guests.

Fig. 3 Dilution experiment of 7 with benzene. Conditions: 1·1 (1 mM),
nBu4NPF6

2 (20 mg), dichloromethane-d2 (600 mL), 300 K, 1H NMR (600
MHz), 19F NMR (564.5 MHz), C6F6 was used as a external standard
(2162.0 ppm) for 19F NMR.
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splitting of N–H and Ar–H resonances of the capsule in 1H-NMR
spectrum revealed that two halves of the capsule are no longer
equivalent. These results indicate that the capsule contains three
different guests.9 In the case of a 1 : 1 ratio of dichloromethane-d2

and benzene-d6, capsule 3 was formed in high conversion10 and
selectivity ( > 99%, > 99%)11 (Fig. 4). The observed selectivity is
attributed to the guests of 3 filling the space of the cavity better than
in 2 (packing coefficient: 46% for 3, 41% for 2).

The other entries II, III, IV, and V were also investigated. In the
case of II and IV, we could detect ABC-type encapsulation,
however those were not selective. For entry II, the excess addition
of cyclohexane gave an ABC-type capsule and the capsule with two
cyclohexanes; with less cyclohexane both the ABC-type capsule
and the capsule with two dichloromethanes with the anion were
present. Similar results were observed for entry IV. When toluene
(case III) was used instead of benzene, the ABC-type capsule was
not obtained but a broad, complicated spectrum was observed
because toluene was too long to fit well. On the other hand, the
combination of entry V formed the capsule 4 selectively in the
presence of 40 mL of ethanol. In this case the dissociated capsule
was also observed.12 We could observe signals of the each of the
encapsulated guests (Fig. 5). The large Dd of the encapsulated
ethanol (24.28 for CH3, 24.46 for CH2, 23.85 for OH ppm) and

benzene (23.05 ppm) clearly shows these guests are positioned at
the capsule’s ends. The Dd of PF6

2 (23.1 ppm) in the 19F spectrum
was comparable to the encapsulated PF6

2 previously reported,8
which confirmed that PF6

2 is in the middle of the capsule.
A few other anions were examined for ABC-type encapsulation

with dichloromethane and benzene (Fig. 6). In the case of IO4
2 and

ClO4
2, 5 and 6 formed in good conversion ( > 99% for 5 and > 99%

for 6) and selectivity ( > 99% for 5 and > 99% for 6). In the other
cases (SCN2, Cl2, and NO3

2), broad and complicated spectra were
obtained instead of ABC-type capsule 7, 8, and 9. These results are
likely to be caused by weak binding of the anions to the capsule.

In summary, we have demonstrated the coencapsulation of three
different guests, with cases of surprising selectivities. The coencap-
sulation of three guests gives 18 combinations and, if these can be
selected for, maintained and read out, information storage could be
possible in this nano-scale capsule.
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Fig. 4 Selective encapsulation of dichloromethane-d2, PF6
2, and benzene-

d6. 1H NMR spectrum at 600 MHz and 19F NMR spectrum at 564.5
MHz.

Fig. 5 Encapsulation complex 4, and the chemical shifts and Dd of guests
are indicated. Conditions: 1·1 (1 mM), nBu4NPF6

2 (10 mg), ethanol-d6 (40
mL), benzene-d6 (560 mL), 300 K, 1H NMR (600 MHz), 19F NMR (564.5
MHz), C6F6 was used as an external standard (2162.0 ppm) for 19F
NMR.

Fig. 6 Encapsulation complexes 5–9 of various anions.

C h e m . C o m m u n . , 2 0 0 4 , 1 8 0 2 – 1 8 0 3 1 8 0 3


