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Abstract

The binding constants (K) tor complexation of the phenyl acetates with linear a-1.4-linked dextrins have been
determined from the kinetics of the hydrolyses of the esters. The K value tends to increase with increasing the
number of the glucopyranose units, suggesting hydrophobic interaction as a binding force. The weak ability of the
linear dextrins to form the molecular complexes makes it possible to separate the enantiomers of binaphthyl
derivatives such as 1.1'-binaphthyl-2,2’-dicarboxylic acid, 1,1'-binaphthyi-2,2'-diyl hydrogenphosphate and 2,2'-
dihydroxy-1.1'-binaphthyl-3,3'-dicarboxylic acid in their anionic forms. Hydrogen bonding as well as hydrophobic
interaction is suggested as an essential force for enantioselective complexation between saccharide and anionic

binaphthyl.

1. Introduction

Although cyclic oligosaccharides, cyclodextrins
(CDs), are well known to include various organic
compounds in their cyclic cavities [1], the ability
of non-cyclic oligosaccharides to form molecular
complexes has scarcely been recognized. How-
ever, judging from the fact that a-1,4-linked
linear polymer of glucose, amylose, forms com-
plexes with various alcohols whose helical struc-
tures have been determined by X-ray analysis
(see, for example, [2] and [3]). it is expected that
linear «-1.4-linked oligosaccharides such as mal-
tohexaose (G,) and/or maltoheptaose (G,).
which may have a turn of a dextrin helix [2].
complex with organic compounds. We found that
(4Z,15Z )-bilirubin-1X (BR) is bound to maltose

* Corresponding author.

(G,), maltotriose (G,) and G, to form chiral BR
complexes through hydrogen bonding between
the CO; groups of BR and the OH groups of
linear «-1,4-linked dextrin (G,) [4}. Recently,
the hydrophobic fluorescence probes such as 8-
anilino-1-naphthalenesulfonate (ANS) and 6-
toluidino-2-naphthalenesulfonate (TNS) form
the molecular complexes with G, (n = 4-7) while
the binding constants (K) are extremely small
(1.8-27 M) [5]. Meanwhile, CDs with many
chiral centers can recognize the chiralities of
their guest molecules [6]. Linear oligomers of
glucose are also expected to act as guest mole-
cules which discriminate between the enantio-
mers of the guest molecules. Although the
studies on the molecular recognition by non-
cyclic oligosaccharides seem to be very important
in connection with the role of oligosaccharides at
biological cell surfaces (see, for example, [7]),
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little attention has been paid to chiral recogni-
tion of non-cyclic oligosaccharides. The present
study deals with the ability of G, (n =2-7) to
form molecular complexes and its use to separate
the enantiomers of the binaphthyl derivatives
such as 1,1'-binaphthyl-2,2'-dicarboxylic acid
(BNC), 1,1’-binaphthyl-2,2’-diyl hydrogenphos-
phate (BNP), 2,2’-dihydroxy-1,1'-binaphthyl-
3,3'-dicarboxylic acid (HBNC) and 1,1’-bi-2-
naphthol (BN) by capillary zone electrophoresis
(CZE) using G, as the chiral separators.
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It is very important to know the ability of G,
to form molecular complexes and to clarify the
mechanisms of molecular complex formation of
G,. In general, however, it is very difficult to
study the molecular complex formation of G,
because of their very small K values. Since the
determination of small K values by spectroscopic
titrations is very difficult, we employed the
kinetic method to evaluate the K values for
complexation of p-nitrophenyl acetate (PNPA)
and p-carboxyphenyl acetate (PCPA) with G,,.
Both PNPA and PCPA should be regarded as the
probe molecules. The hydrolyses of the esters
were carried out in aqueous alkaline solutions
containing G,,. The results obtained in this work
suggest a hydrophobic interaction between the
ester and G,. The weak ability of G, to form
molecular complexes was applied to realize the
optical resolution of the racemic binaphthyls
using CZE. This may be the first case where the
chiral recognition of the axial chiralities by non-
cyclic oligosaccharides is proved.

2. Experimental

D-Glucose (G, ), G,, G, (Nacalai), G,, G, G,
and G, (Hayashibara) were purchased and used
without further purification. An antioxidant in a-
and B-CDs (Nacalai) commercially obtained was

extracted with tetrahydrofuran (THF) using a
Soxhlet extractor. PNPA (Nacalai) was re-
crystallyzed from aqueous ethanol. PCPA was
prepared and purified according to the proce-
dures described in the literature [8]. Optically
active and racemic BNP and BN (Aldrich) were
commercially obtained. The preparation of ( * )-,
(5)- and (R)-HBNCs were described before [9].
The hydrolyses of PNPA and PCPA were carried
out using a UNISOKU stopped-flow apparatus
with a multichannel spectrophotometer. The
changes in absorbances of the phenolate ions
were followed at 440 nm for PNPA and 295 nm
for PCPA and the kinetic data were analyzed by
a damping Gauss—-Newton method (a non-linear
least squares method) using a microcomputer.

The CZE experiments were performed with a
Jasco capillary electrophoresis system CE-800
with a 300 mm (effective length) x 50 um L.D.
fused-silica capillary cartridge (non-coated). The
capillary was filled with the buffer solution with
G, and the sample in the same buffer solution
was introduced into the capillary by applying the
potential for 10 s. The electropherogram was
taken at the same potential using a Jasco 875-CE
UV-Vis detector.

The molecular mechanics—molecular dynamics
(MM-MD) calculations were carried out using an
AMBER program system (version 4, presented
by P. Kollman, University of California at San
Francisco, USA) on a COMTEC 4D RPC
XS24Z R4000 workstation at 285.1-302.6 K for
10-11,8 ps. The calculations include the effects
of water as a solvent. Before MM-MD calcula-
tions, the information of the charge of the
glucopyranose was prepared by a MOPAC (ver-
sion 6 developed by J.J.P. Stewart, US Airforce
Academy, USA) calculation.

3. Results and discussion

3.1. Interaction between G, and esters
Spectroscopic titration using UV-Vis, fluores-

cence, circular dichroism or NMR spectroscopy

is the most common way to determine the K
value. However, the spectroscopic titration can-



K. Kano et al. i J. Chromatogr. A 694 (1995) 307-313 309

not be applied for most systems having very
small K values. In the present study, we used a
kinetic method to evaluate the K value for
complexation of benzene derivatives with G,,. It
is well known that CD accelerates the hydrolyses
of phenyl acetates [1,10]. The hydrolysis of the
ester catalyzed by saccharide is as follows:
K

S + Gn == S-Gn complex GnP, + P,
Ksp
Py + P Gn + Py + P;

where S and GnP, represent the substrate (ester)
and acylated G, . respectively, and &, and &,
are the pseudo first-order rate constant for the
hydrolysis of the ester in the absence of G, and
the first-order rate constant for the reaction of
S-G,, complex, respectively. In the case of CD,
the dissociated secondary OH group of CD
attacks to the carbonyl carbon of the ester to
promote acyl transfer reaction. However, since
the pK, of the secondary OH group of G, is
much higher than that of CD, the nucleophilic
attack of the dissociated OH group does not
occur in the G, -catalyzed hydrolysis under the
present conditions. VanEtten et al. [11] reported
the G,-catalyzed hydrolyses of the phenyl ace-
tates and assumed a hemiacetal alkoxide anion is
an active species which attacks to the carbonyl
group of the ester. The K and k_,, values can be
evaluated from the Eadie-type plot [12]:

kohs - ksp = 7 (kubs - k p)/(K[Gn]) + kcat - ks

5

p

(1)

The hydrolyses of PNPA were carried out in
the pH 11.7 phosphate buffer (0.1 M) containing
various amounts of G, at 25°C. The plot of &,
vs. [G,] is not linear for each saccharide (Fig. 1),
indicating that the complexation between PNPA
and G, occurs. Good linear relationship (correla-
tion factor r>0.999) between (k. —k,,) and
(ks — k,,)/[G,] provided K and k. The re-
sults are summarized in Table 1. In contrast with
the CD-catalyzed hydrolyses. the k_,, values are
almost the same in the hydrolyses in the pres-
ence of various G, compounds. In the case of
the PNPA-a-CD complex. the active site (the
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Fig. 1. Effects of the concentrations of G, (O) and G, (@)
on k., for hydrolyses of PNPA in 0.1 M phosphate buffer at
pH 11.7 and at 25°C.

dissociated secondary OH group of a-CD) is
located far from the carbonyl group of PNPA
leading to smaller k_,,. Meanwhile, the PNPA
molecule can alter its position in larger cavity of
B-CD. The PNPA molecule may move freely in
the PNPA-G, complex leading to relatively
large and constant k_, in the G ,-catalyzed hy-
drolyses. Except for the G, complex, the K
value increases with increasing the number of the
glucopyranose units of G, . Similarly, very small
K values have been obtained in complexation of

Table 1
Linear dextrin-catalyzed hydrolyses of PNPA in 0.1 M
phosphate buffer at pH 11.7 and at 25°C

Saccharide ko Ko K
) G M
None 0.09 - -
G, 0.12 0.56 7.9
G, 0.14 0.48 13.4
G, 0.14 0.67 9.0
G, 0.15 0.60 14.2
G. 0.18 0.62 20.0
a-CD 0.15 0.24 74.0
B-CD .49 0.76 147

The hydrolysis of PNPA (0.1 mM) was carried out in the
phosphate buffer at pH 11.7 containing 0.01 M saccharide.
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G, with ANS or TNS [5]: the K values for the
TNS-G, and TNS-G, complexes being reported
to be 1.9 and 27 M ', respectively.

The dissociated PCPA was chosen as another
substrate which can interact with G, through
hydrogen bonding between the CO, group of
PCPA and the OH group of G,. The results are
shown in Table 2. In the case of G,, a good
linear relationship was observed between k.
and [G,], indicating that no complex of G, and
PCPA is formed. The k_,, value for each G, is
much larger than those for a- and B-CDs. Very
small k_, for B-CD suggests the difference
between the structures of the 8-CD complexes of
PNPA and PCPA. Similar to the case of PNPA,
the K value increases with increasing the number
of the glucopyranose units of G, and no signifi-
cant difference is found between the K values for
PNPA and PCPA. This may suggest that hydro-
gen bonding does not participate in complex-
ation of PCPA and G,. Our results are in good
agreement with those obtained by Aoyama et al.
[5] and indicate the hydrophobic nature of linear
a-1,4-linked dextrins by which the molecular
complexes are formed. Recent studies on
solubilization, Diels—Alder reactions and de-
naturation of protein also demonstrate that
linear «-1,4-linked dextrin shows an amphiphilic
nature while only hydrophilic character is shown
for B-1,4-linked glucoside cellulose and a-1,4-
linked dextran [13].

Table 2
Linear dextrin-catalyzed hydrolyses of PCPA in 0.1 M
phosphate buffer at pH 11.7 and at 25°C

Saccharide Ko ko K
) s MY

None 0.019 - -

G, 0.022 - -

G, 0.025 0.079 13.3

G, 0.026 0.078 15.5

G, 0.029 (.096 16.0

G, 0.032 0.094 21.0

a-CD 0.025 0.044 29.2

B-CDh 0.020 0.022 160

The hydrolysis of PNPA (0.1 mM) was carried out in the
phosphate buffer at pH 11.7 containing 0.01 M saccharide.

3.2. Chiral separation of binaphthyls by CZE
using G, as separator

Rapid development has been achieved in chi-
ral separation by HPLC [14] and CZE [15] using
CDs as chiral separators. The enantiomers of
amino acid derivatives [16-18] and drugs and
related compounds [17,19-23] have been sepa-
rated by CZE using a-, 8- and y-CDs and their
methylated derivatives. S-Aminonaphthalene-2-
sulfonic acid derivatives of monosaccharide en-
antiomers are also separated by CD CZE [24].
We also reported excellent separation of the
enantiomers of BN, HBNC and BNC by CZE
using heptakis(2,3,6-tri-O-methyl)-8-CD (TMe-
B-CD) as a chiral additive in the running buffer
electrolyte [9]. The present study on CZE re-
veals that linear dextrins (G, ) also discriminate
between the enantiomers of the binaphthyl de-
rivatives.

The electropherograms of BNC are shown in
Fig. 2 and the numerical data are summarized in
Table 3. The separation factor « is defined as

a = (t, = t,)/(t; —t,) (2)

where ¢, and ¢, represent the retention times of
the first and second peaks, respectively, and ¢, is
the retention time of the coexisting compound
which does not interact with G,,. We used metha-
nol (2%, v/v) to determine ¢,. G, (0.4 M) in
0.04 M carbonate buffer (pH 9-9.5) were used
as the separators. Except for the case of Gg,
baseline or partial separation of the enantiomers
of BNC was achieved by CZE. In CZE using
G,. G, and G,, the retention times of the (§)-
enantiomer are shorter than those of the (R)-
enantiomer. The enantiomers of BNC are par-
tially resolved by G, (e =1.02) and baseline
separation is realized by G; CZE (a =1.10).
The retention times of the BNC enantiomers are
close again in G, CZE (a = 1.09) and no peaks
separation occurs in the case of Gy (a =1.00).
The enantiomers of BNC are separated again by
G, (@=1.03) and G, (a=1.08). In contrast
with the cases of G,, G, and G, the retention
times of the (§)-enantiomer become longer than
those of the (R)-enantiomer in CZE using G,
and G,. In these experiments, the currents were
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G2(8kV) @ w ly the same results were obtained. In CZE of
BN, BNC, BNP and HBNC using TMe-g-CD or

1 ® B-CD as the separator, the retention time of the
enantiomer having a larger K for complexation

P, with CD is shorter than that of another enantio-

O oo
g™

(&) ®)

G4 (11kV)

A
v

G5 (13kV)

R ®
G6 (21kV)

mer having a smaller K [9]. Although we have
not verified the correlation between the reten-
tion times of the enantiomers and the K values
for complexation of the enantiomers with G,,
the enantiomer having a shorter retention time
seems to have a larger K. Therefore, it can be
concluded that G, has the highest enantioselec-
tivity amongst G,, G, and G, which prefer the
(8)-enantiomer of BNC as the guest and the
(S5)-selectivity is weakened and the (R)-selectivi-
ty is gradually enhanced with increasing the
number of the glucopyranose units of the G,,. It
is quite reasonable to assume that the macro-
scopic structure of G, as a polymer is preferable
to complex with (R)-BNC while the microscopic
structure of G, prefers the (S)-enantiomer of

G7 (22kV) 1 U‘)/\-/Q BNC . . .
In order to explain the effect of the chain
length of G, on the chiral recognition of BNC,
r , T ; the MM-MD calculations were carried out for G,
0 % “© 60 (n =2-7) in water. The most stable structures
time/min derived from the calculations are shown in Fig.

Fig. 2. Electropherograms of ( = )-BNC (0.1 mM) obtained
by CZE using 0.04 M carbonate buffer (pH 9-9.5) con-
taining G, (0.4 M); current 1718 pA, detection wavelength
225 nm.

controlled to be 17-18 A by changing applied

voltages. Table 4 shows the results on CZE
examined at constant voltage (10 kV). Essential-

Table 3

3. As can be expected, a helical structure be-
comes remarkable as increasing the number of
the glucopyranose units of G,. The primary OH
groups of G, of n=3 are directed to the outside
of the helix and the hydrophobic environment is
constructed inside of the helix. One turn of the
helix is prepared in G, which is in good agree-
ment with the result of the X-ray analysis [2].

Chiral separation of ( + }-BNC (0.1 mM) by CZE at 17-18 pA using linear dextrins (0.4 M) as separators

G, Voltage (kV) t, (min) 7, (min) 1, (min) a

G, 8 9.6 26.4(8) 26.8(R) 1.02
G, 10 9.2 23.6(S) 25.0(R) 1.10
G, 11 10.6 27.0(S) 27.9(R) 1.09
G. 13 12.0 29.8(S) 29.8(R) 1.00
G, 21 13.8 322(R) 32.7(S) 1.03
G, 22 17.8 60.3(R) 63.7(S) 1.08

The carbonate buffer (0.04 M) was used as a background electrolyte.
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Table 4

Chiral separation of ( = )-BNC (0.1 mM) by CZE at 10 kV using linear dextrins (0.4 M) as separators

K. Kano et al. | J. Chromatogr. A 694 (1995) 307-313

G, Current (pA) t, (min) t, (min) t, (min) a

G, 21 7.4 20.3(S) 20.6 (R) 1.02
G, 17 9.2 23.6(S) 25.0(R) 1.10
G, 15 13.0 33.0(S) 34.0(R) 1.05
G, 13 16.4 40.8(5) 40.8(R) 1.00
G, 8 33.6 71.6 (R) 72.5(S) 1.02

The carbonate buffer (0.04 M) was used as a background electrolyte.

The structures of G and G, very much resemble
those of a- and B-CDs, respectively, though the
catalyses of G, and G, for the hydrolyses of
PNPA and PCPA are quite different from those
of @- and B-CDs. It is reasonable to assume that
a hydrophobic environment is prepared inside of
the helix of G, to which hydrophobic or am-
phiphilic compounds such as PNPA, PCPA and
BNC are bound to form molecular complexes.

G2 G3
w m
G4 G5
G6 G7
LE s
Fig. 3. Optimized structures of G, in water computed by the
MM-MD calculations.

The fact that G, having larger n forms more
stable molecular complexes of the phenyl ace-
tates can be interpreted in terms of the helical
structure of G,. In the previous paper [9], we
reported that 8-CD as well as TMe-B-CD pre-
fers the (R)-enantiomer of BNC as the guest
which is included in the cavity of CD. Pseudo-
cyclic oligosaccharides such as G, and G, may
recognize the chirality of BNC through the
similar mechanism which is applied for CD.
The electropherograms of other (=)-
binaphthyls are shown in Fig. 4. CZE was
performed at 15 kV and 28 uA by using 0.4 M
G, in the 0.04 M carbonate buffer at pH 9. The
enantiomers of the anionic binaphthyls such as
BNC, BNP and HBNC can be separated while
no peak separation is achieved in the case of BN
without charge. This seems to suggest the partici-
pation of hydrogen bonding between the anionic
sample and the OH group(s) of G, in chiral
recognition. Further study is now in progress to
clarify the mechanism for chiral recognition by
G

n-
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Fig. 4. Electropherograms of ( +)-BNC, ( = )-BNP, ( = )-HBNC and ( =)-BN (0.1 mM) obtained by CZE using 0.04 M
carbonate buffer at pH 9.0 containing G, (0.4 M); applied voltage 15 kV. current 28 uA, detection wavelength 225 nm for BNC,

215 nm for BNP, 235 nm for HBNC, 227 nm for BN.
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