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Abstract—Novel bis(cyclophanes) bearing glucosides and pentakis(cyclophanes) bearing glucosides were prepared as water-soluble
hosts by connecting two or five macrocyclic skeletons, respectively. The guest-binding affinities of the present bis(cyclophanes) and
pentakis(cyclophanes) toward a hydrophobic dye, 6-p-toluidinonaphthalene-2-sulfonate, were enhanced 13- and 1200-fold, respec-
tively, relative to that by a corresponding monocyclic cyclophane, reflecting multivalency effects in macrocycles.
� 2005 Elsevier Ltd. All rights reserved.
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Cyclophanes play a broad and prominent role in supra-
molecular chemistry.1 A number of cyclophane deriva-
tives have been developed as hosts, and their guest-
binding behaviors have been investigated.2 Although
moderate guest-binding ability has been exercised by
various cyclophanes composed of a single macrocyclic
skeleton, more sophisticated functions such as chiral
recognition3 and catalytic performance4 can be achieved
by appropriate modification of the cyclophane hosts. On
the other hand, naturally occurring multivalent clusters
of receptors are known to exhibit extremely strong bind-
ing capability toward substrates, even though individu-
ally these substrates bind only weakly to each other.5

On these grounds, we designed novel polytopic
multi(cyclophanes) hosts in order to enhance the
guest-binding ability. Using a molecular design that
allows the connection of two or five macrocyclic skele-
tons, bis(cyclophanes) 2 and pentakis(cyclophanes) 5
were prepared. In addition, maltosyl-derived substitutes
were introduced into the multi(cyclophanes) to confer
water solubility on the resulting hosts. We describe here-
in, the synthesis of bis- or pentakis(cyclophanes) (2 and
5) and their binding affinity based on multivalent sys-
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tems toward hydrophobic guests as compared with
those of the corresponding monocyclic cyclophane 16

in aqueous media.
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Scheme 1. Preparation of saccharide multi(cyclophanes).
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We have focused on tetraaza[6.1.6.1]paracyclophane
(3),7 prepared by Koga and co-workers, as a macrocy-
clic framework for the construction of multi(cyclo-
phanes) because durene, a guest molecule, was
accommodated in its hydrophobic cavity, as confirmed
by X-ray structural analysis. Bis(cyclophanes) having
glucosides 2 and pentakis(cyclophanes) having gluco-
sides 5 were prepared by following the reaction sequence
given in Scheme 1. Tris(Boc-b-alanyl)-1,6,20,25-tetra-
aza[6.1.6.1]paracyclophane (4)9 was synthesized by con-
densation of 3 with Boc-b-alanine (3.0 equiv) in the
presence of dicyclohexylcarbodiimide (DCC) in a 33%
yield.8 A cyclophane having a carboxylic acid (6)9 was
derived from 4 by a reaction with succinic anhydride
and isolated as a carboxylic acid. A precursor (7)9 of 2
was prepared by condensation of 4 with 6 in the pres-
ence of DCC. Bis(cyclophanes) derivative 29 was
obtained by the reaction of maltonolactone with a hexa-
amine derivative of bis(cyclophanes), which was pre-
pared by removal of the protecting groups of 7. A
precursor (9)9 of 5 was prepared by condensation of a
tetraamine derivative of cyclophane 810 with 6 in the
presence of benzotriazol-1-yl-oxytri-pyrrolidinophos-
phonium hexafluorophosphate (PyBOP). Pentakis(cy-
clophanes) 59 was prepared from 9 in a manner similar
to that applied to the synthesis of 2. Both cyclophanes
2 and 5 had good H2O-solubility of >1 g/mL. Further-
more, they were not self-aggregated, at least at 1 mM
in water, as confirmed by dynamic light scattering
(DLS) and surface tension measurements.

The effects of multivalent macrocycles on the guest-
binding of 2 and 5 were examined by fluorescence
spectroscopy at 293 K toward well-known fluorescent
guests such as 6-p-toluidinonaphthalene-2-sulfonate
(TNS) and 8-anilino-naphthalene-1-sulfonate (ANS),
whose emission is extremely sensitive to change in the
microenvironmental polarity experienced by the mole-
cule. The fluorescence intensity originated from TNS
(1.0 and 0.25 lM for 2 and 5, respectively) increased
upon addition of the cyclophanes as a host, as shown
in Figure 1.

The stoichiometry for the complex was confirmed to be
1:1 host–guest by a Job plot (Fig. 2). Even though these
hosts contain multiple hydrophobic cavities, they did
not simultaneously incorporate more than two anionic
guest molecules due to an electrostatic repulsion under
these conditions. The 1:1 binding constants (K) of 2
and 5 toward TNS were evaluated on the basis of the
Benesi–Hildebrand relationship and are summarized in
Table 1 together with the corresponding value for 1.
Increases in the K values of 2 and 5 relative to 1 (13-
and 1200-fold, respectively) can be regarded as a �multi-
valency effect� that is exhibited by the bis- and penta-
kis(cyclophanes), respectively.11,12 A similar binding
trend was also confirmed for the complexation of these
macrocycles with ANS (Table 1). In addition, the fluo-
rescence maxima of the entrapped TNS by 1, 2, and 5
were almost the same (428, 430, and 429 nm, respec-
tively). These results indicated that the microenviron-
mental polarity experienced by the incorporated guest
molecules was nearly equal, even if the number of cyclo-
phanes increased. The microenvironmental polarity
experienced by the incorporated TNS molecule was
evaluated from the fluorescence maximum in a manner
similar to that reported previously.13 The micro-envi-
ronmental polarity parameter, EN

T
14 for TNS placed in

2 and 5 was estimated to 0.68, which was equivalent
to the EN

T value for ethanol (0.654).

In conclusion, water-soluble bis(cyclophanes) and pen-
takis(cyclophanes) were synthesized on the basis of a
molecular design that allows the connection of two or



Figure 1. Fluorescence spectral changes for aqueous solution of TNS
(1.0 and 0.25 lm for 2 and 5, respectively) upon addition of 2 (A) of 5
(B) in water at 293 K: [2] = 0, 10, 20, 30, 40, 50, 60, 80, 90, 100, 110,
120, 130, and 140 lM, [5] = 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and
4.5 lM (from bottom to top). Inset: the corresponding titration curve.

Figure 2. Job�s plot for complex formation of 5 with TNS; total
concentration of 5 and TNS, 3.0 lM.

Table 1. Binding constants (K, M�1) for host–guest complexes of
cyclophanes with TNS and ANS in water at 293 K

Host K, M�1 (kex, nm; kem, nm)a

TNS ANS

1 1.6 · 103 (324; 428) 1.5 · 103 (375; 459)
2 2.0 · 104 (324; 430) 1.1 · 104 (375; 460)
5 1.9 · 106 (324; 429) 1.1 · 106 (375; 458)

a Excitation and emission maxima are given in parentheses, in this
sequence.
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five macrocyclic skeletons, respectively. The guest-bind-
ing affinity of the present multi(cyclophanes) toward
hydrophobic dyes was much enhanced, reflecting multi-
valency effects in macrocycles. Moreover, the present
multi(cyclophanes) display multivalent glucosides on
the periphery on the cyclophanes, which can be recog-
nized by carbohydrate-binding protein (lectin). The
resulting multi(cyclophanes) having strong guest-bind-
ing affinity were expected to be used in saccharide-direc-
ted delivery of guests to the specific saccharide-binding
surfaces.
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