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Monosaccharides, such as D-ribose, D-xylose, and D-glu-
cose, were successfully transported through a bulk liquid mem-
brane by using amphiphilic cyclodextrin carriers. The transport
ability was remarkably affected by the lipophilicity and ring size
of the carrier molecule.

The development of a saccharide transport system through a
liquid membrane by artificial carriers has attracted much atten-
tion. A saccharide transport system is potentially useful as a tool
for saccharide separation and as a model for studying the func-
tion of saccharide transporters in biological membranes. Thus
far, most of the saccharide transport systems have been con-
structed with boronic acid derivatives, which covalently com-
plex saccharide diols to yield cyclic boronate esters, as carriers.1

On the other hand, there have been only a few saccharide trans-
port systems reported using noncovalent interactions, such as hy-
drogen bonding and ion–dipole interactions, between the carrier
and the guest saccharide,2 although noncovalent interactions
play a crucial role in the biological carbohydrate recognition.

Cyclodextrins (CDs) are �-(1,4)-linked cyclic oligosaccha-
rides usually consisting of 6, 7, or 8 glucopyranose units and
have multiple and convergent hydroxyl groups on their secon-
dary and primary faces. Molecular modeling studies show that
the hydroxy groups on the secondary face of CD, especially
those of �-CD, are situated in positions that permit multiple hy-
drogen bonding to the hydroxy groups of monosaccharides such
as D-xylopyranose and D-glucopyranose. Therefore, an amphi-
philic CD obtained by lipophilic modification of the primary
face of CD, bearing free hydroxy groups on the secondary face,
can be expected to function as a saccharide transport carrier via
multiple hydrogen bonds. In this letter, we report monosaccha-
ride transport through a bulk liquid membrane by use of an am-
phiphilic CD as a novel carrier.

Per(6-O-tert-butyldiphenylsilyl)CDs 1a–c and per(6-O-tert-
butyldimethylsilyl)CDs 2a–c were chosen as amphiphilic CD
carriers (Figure 1). These compounds were prepared according

to the previously reported method.3 The CD derivatives are hard-
ly soluble in water but have good solubility in chloroform as a
liquid membrane. D-Ribose, D-xylose, and D-glucose were em-
ployed as guest monosaccharides. Transport experiments were
carried out using a U-tube apparatus (1.5-cm internal diameter,
14.6-cm high, 2-cm distance between the two arms) equipped
with a stirring rod and magnetic stirrer (300 rpm) at 25 �C. A
chloroform solution (15mL) containing an amphiphilic CD
was placed in the bottom of the tube, and two portions of aque-
ous solutions (both 3mL) were carefully added on top of the
chloroform solution. The details of transport conditions are sum-
marized in the footnotes to Table 1. The saccharide concentra-
tions in the receiving phase were determined by HPLC (Shodex
NH2P-50 column, 4.6mm internal diameter �250mm, acetoni-
trile/water = 75/25 (v/v) as an eluent) using ethylene glycol as
an internal standard. Each experiment was repeated at least three
times to ensure reproducibility (�10%).

Table 1 shows the results of competitive transport toward D-
ribose, D-xylose, and D-glucose using amphiphilic CD carriers.
Leakage of D-ribose from the source to the receiving phase
was observed in the absence of a carrier, and the transport rate
of D-ribose was corrected by subtracting its leakage rate (2:0�
10�7 mol h�1). Heptakis(6-O-tert-butyldiphenylsilyl)-�-CD 1b
and octakis(6-O-tert-butyldiphenylsilyl)-�-CD 1c showed the
highest transport ability toward these monosaccharides among
the carriers examined in this work. In these cases, the transport
rate of the guest monosaccharide increased in the order of D-glu-
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2b: R = Me, R' = H, n = 7
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Figure 1. Structures of amphiphilic cyclodextrin carriers.

Table 1. Transport rates of D-ribose, D-xylose, and D-glucose
using amphiphilic cyclodextrin carriers

Transport ratea/10�8 mol h�1

Carrier D-Riboseb D-Xylose D-Glucose

1a 13 �0 �0

1b 220 133 30
1c 209 120 34
1d �0 �0 �0

2a 10 �0 �0

2b 50 13 3
2c 47 15 �0

3 112 64 12
a Transport conditions: source phase (H2O, 3mL, [D-ribose]
= [D-xylose] = [D-glucose] = 1.5mol dm�3); organic phase
(CHCl3, 15mL, [carrier] = 1:0� 10�2 mol dm�3 except for
3 whose concentration is 5:0� 10�3 mol dm�3); receiving
phase (H2O, 3mL), 25 �C, 48 h, 300 rpm.
b Transport rates of D-ribose were corrected by subtracting its
leakage rate (2:0� 10�7 mol h�1) in the absence of a carrier.
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cose < D-xylose < D-ribose. This order is consistent with the in-
creasing order of lipophilicity of the saccharide molecule,4 sug-
gesting that guest lipophilicity affects transport rates, similar to
the previously reported saccharide transport system using re-
versed micelle carriers.5 In contrast, the corresponding �-CD de-
rivative 1a showed much lower transport ability, hardly trans-
porting D-xylose and D-glucose. These results indicate that the
ring size of the parent CD remarkably affects the transport ability
of per(6-O-tert-butyldiphenylsilyl)CDs. Ring-size effects were
also observed in the per(6-O-tert-butyldimethylsilyl)CD series
2a–c, though replacement of the diphenyl substituents on the sil-
icon atom to dimethyl groups largely decreased the transport
ability, possibly due to a decrease in the lipophilicity of the car-
rier molecule leading to a decrease in the solubility of the carri-
er-guest complex in the liquid membrane. Methylation of all the
hydroxy groups of 1b drastically decreased the saccharide trans-
port ability, suggesting that hydrogen bonding interaction be-
tween the hydroxy groups of 1b and those of the guest monosac-
charides is responsible for the present carrier-guest
complexation.

Apparent aggregation number measurements by vapor pres-
sure osmometry (VPO) for the carriers 1a–d and 2a–c (1:0�
10�2 mol dm�3) in chloroform, which contains almost the same
amount of water (930� 20 ppm) as in the liquid membrane dur-
ing the transport experiments, show that the carrier molecules
1a–c and 2a–c tend to dimerize in the liquid membrane; on
the other hand, carrier 1d, which does not bear free hydroxy
groups, exists as a monomer.6 Aoyama et al. reported that extrac-
tion of methyl �-D-glucopyranoside from water into chloroform
by using amphiphilic resorcinol cyclotetramer as a host molecule
occurs through the formation of a sandwich-like 2:1 host–guest
complex; the guest saccharide is encapsulated by two host mole-
cules so that guest hydroxy groups are not exposed to the sur-
rounding lipophilic media, which would occur in a 1:1 complex.7

Thus, it is reasonable to assume that in the present transport sys-
tem, the guest monosaccharides are mainly transported through
sandwiching by two amphiphilic cyclodextrin molecules in the
liquid membrane. To support this assumption, we prepared am-
phiphilic �-CD dimer 3 (Figure 2) by the reaction of two equiv-
alents of heptakis(6-O-tert-butyldimethylsilyl)-�-CD 2b with
�,�0-dibromo-m-xylene in the presence of sodium hydride as a
base in THF.8 The dimer 3 exhibited higher transport ability to-
ward these monosaccharides than the corresponding monomer
2b even at half-concentration (5:0� 10�3 mol dm�3). This find-
ing clearly shows that the transport of the monosaccharides is ef-

fectively carried out through sandwiching of the guest molecule
by two CD rings in the liquid membrane. The much lower trans-
port ability of �-CD derivatives 1a and 2a may be explained by
considering that these carriers can not form enough lipophilic
sandwich-like complexes with guest monosaccharides, especial-
ly D-xylose and D-glucose, to be solubilized into the liquid mem-
brane; 1a and 2a do not have sufficiently large rings to complete-
ly encapsulate these guests by sandwiching. At present, the
detailed structure of the carrier-guest complex in the liquid
membrane is not clear.

In conclusion, the transport of monosaccharides through a
bulk liquid membrane was successfully carried out by using am-
phiphilic �- and �-CD carriers. The transport ability was affect-
ed by the lipophilicity and ring size of the carrier molecules, im-
plying that the lipophilicity of carrier–guest complexes is closely
related to the transport ability. A detailed mechanistic study of
saccharide transport using the CD carriers and the optimization
of transport conditions are now in progress in our laboratory.
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Figure 2. Structure of amphiphilic �-CD dimer 3.
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