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AbstractÐA prochiral salen±Co(II) complex (6) bearing two boronic acid groups was synthesized. The saccharide-binding event was
conveniently monitored by a circular dichroism (CD) spectral change. The exciton-coupling-type CD spectra thus obtained were compared
with those of chiral salen±Co(II) complexes, (R)-4 and (R)-5. Very interestingly, monosaccharides which are selectively bound to (R)-4 and
(R)-5 with P helicity generate the P helicity CD spectra in prochiral 6. This means that the two boronic acid groups in (R)-4 and (R)-5 are
chirally preorganized suitable to the binding of these monosaccharides. Re¯ecting the short distance between the two boronic acid groups, 6
shows the very high selectivity for talose which has all OH groups arranged on the same side of the pyranose ring. These results indicate that
6 is useful for sugar `chirality' sensing at visible wavelength region and prediction of d/l selectivity for (R)-4 and (R)-5. q 2000 Elsevier
Science Ltd. All rights reserved.

Introduction

Molecular recognition of neutral and ionic species by
synthetic receptors has been the fascination of many
chemists for the last few decades. In many reported
synthetic receptors hydrogen-bonding interactions play a
central role.1 It is shown, however, that the hydrogen-bond-
ing interactions are effective in aprotic solvents but less
effective for recognition of guests soluble only in aqueous
media. We are currently investigating the recognition of
saccharides which are soluble only in aqueous media.
Covalent-bond formation between saccharide and boronic
acid has been utilized for sugar recognition in af®nity
chromatography by Wulff et al.2 More recently, we demon-
strated that this concept is applicable to reversible sacchar-
ide sensing in aqueous media: that is, diboronic acids 1 and
2 form rigid, cyclic complexes with mono- and di-sacchar-
ides to give the CD-active species.3 The induced chirality
upon formation of rigid, chiral complexes was monitored by
circular dichroism (CD) spectroscopy at UV wavelength
region. Yoon and Czarnik4 also reported the ¯uorescence
suppression of anthrylboronic acids in the presence of
saccharides. The suppression is due to the intramolecular
¯uorescence quenching by the boronate anion developed
after complexation with saccharides. In these systems,
sugar sensing can be carried out only at basic pH region.3±5

To detect saccharides at more useful neutral pH region we
designed a diboronic-acid compound 3 which includes a
¯uorescent anthracene moiety and a photo-induced

electron-transfer (PET) contrivance within a molecule.6

Compound 3 not only generates CD-active saccharide
complexes but also induces a large ¯uorescence change
upon saccharide complexation.6 This compound has
enabled us for the ®rst time to detect glucose with high
selectivity and high sensitivity (Scheme 1).5,6

Here, it occurred to us that salen±metal complexes would be
applicable as a new scaffold for molecular design of sugar
sensing systems related to chiral discrimination.7±9 For
salen±metal complexes, for example, one can expect several
intriguing abilities: e.g. (i) various chiral scaffolds can be
readily prepared by using various commercially-available
chiral diamines, (ii) sugar sensing becomes possible at
visible wavelength region, (iii) the distance between two
boronic acids can be made shorter, so that some saccharide
different from those bound to 1±3 may be captured, (iv) the
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distance can be ®nely tuned by the coordination geometry of
the central metal, and (v) the catalytic reaction mediated by
the central metal would be controlled by the bound sacchar-
ide. With these expectations in mind we previously
designed compounds (R)-4 and (R)-5.10 As a central
metal, Co(II) was chosen which is typical in salen±metal
complexes, does not form the m-oxo dimers, and may be
applicable to the catalytic reactions11 and to electrochemical
sensing using interconversion between Co(II) and
Co(III).12,13 In (R)-4 and (R)-5 the distance between the
two boronic acid groups is shorter than other diboronic
acid-based receptors, so that the saccharide selectivity is
quite different from other systems: the particularly large
association constant was observed for fructose and talose.10

In addition, chiral recognition was achieved for certain
saccharides: the largest discrimination was 2.1 observed
for (R)-4 with d/l-allose.10 These ®ndings imply that
when a `prochiral' salen±Co(II) complex is used as a
saccharide receptor, the saccharide binding should induce
the `chiral' twisting of the salen±Co(II) complex, which
should be readily read out as a change in the CD spectra.
This means that saccharide `chirality' sensing is possible
with a `prochiral' salen±Co(II) complex. Taking these
lines of expectation into account, we newly synthesized
compound 6 (Scheme 2).

Results and Discussion

Estimation of pKa

Compound 6 was not so soluble in water. Hence, we
employed a water±methanol 1:1 (v/v) solution. The pH
values indicated are those measured for the water buffer
solution before mixing with methanol. To con®rm that
this compound is homogeneously solubilized into this
mixed solvent, the absorption spectra were measured at
the various concentrations (,1024 mol dm23). The
Lambert±Beer's plot of an absorbance (lmax 366 nm) vs.
6 concentration showed a satisfactory straight line [258C,
water (pH 9.5 with 50 mmol dm23 carbonate)±methanol�
1:1 (v/v)], indicating the homogeneous solubilization of 6
into this mixed solvent.

The pH-dependent absorption spectral change is shown in
Fig. 1. With increase in the medium pH the lmax shifted
from 383 to 392 nm with several tight isosbestic points. In
(R)-4 and (R)-5 the stepwise titration curves were observed,
indicating that the two boronic acid groups are dissociated
separately.10 In contrast, Fig. 1 supports the view that the
two boronic acid groups are dissociated simultaneously.
From a plot of A366 vs. pH (Fig. 2) the pKa was estimated
to be 9.7. Presumably, in (R)-4 and (R)-5 in which the
framework is rigidi®ed by chiral amines, electrostatic
repulsion between the two boronic acid groups cannot be
relaxed by the appropriate molecular motion. As a result, the
dissociation of the ®rst boronic acid group affects that of the
second one. On the other hand, 6 bearing a prochiral
2,2 0-biphenyldiamine is more ¯exible, so that electrostatic
repulsion can be relaxed by the appropriate molecular
motion. This situation results in the simultaneous dissocia-
tion of the two boronic acid groups in 6.

CD spectral change in the 6´saccharide complexes

It has been established that both (R)-4 and (R)-5 form 1:1
stoichiometric cyclic complexes with most monosacchar-
ides.10 Since their basic skeleton is not much different
from that of 6, it is undoubted that 6 also forms 1:1 stoichio-
metric complexes. According to the theoretical calculations
(for the method see Experimental), two phenyl rings in the
biphenyl moiety are twisted with a dihedral angle of 47.78
which results in either P or M helicity in the Co(II) complex
moiety. As expected, addition of d-galactose induces a shift
of this P±M equilibrium and results in the exciton-coupling-
type CD spectra (Fig. 3). Of course, addition of l-galactose

Scheme 2.

Figure 1. pH dependence (6.0±11.0) of the absorption spectra of 6
(5.0£1025 mol dm23): 258C, water (5.0£1022 mol dm23 buffer)±methanol�
1:1 (v/v).

Figure 2. Plots of A366 vs. pH for 6.
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results in the CD spectrum symmetrical to this (Fig. 3). On
the other hand, Fig. 4 shows the CD spectrum of (R)-4 which
generates the P helicity in the Co(II) complex moiety owing
to the chirality of the (1R,2R)-1,2-diphenylethylenediamine
moiety. Comparison of these two ®gures indicates that the
exciton-coupling bands of (R)-4 are similar to those of
the 6´l-galactose complex while symmetrical to those of
the 6´d-galactose complex. The results clearly establish
that the salen plane of 6 is twisted into the P helicity by
complexation with l-galactose while it is twisted into the M
helicity by complexation with d-galactose.

Very interestingly, we previously found that (R)-4 has the
higher af®nity with l-galactose than with d-galactose (Table
1).10 One may consider, therefore, that the two diboronic
acid groups in (R)-4 are chirally preorganized so that they
can favorably bind l-galactose in preference to d-galactose.
The similar exciton-coupling-type CD bands as 6´d-galac-
tose complex were also induced by addition of d-glucose or
d-xylose. Although these saccharides are not chirally dis-
criminated by (R)-4, it is known that (R)-5 which has the
similar chiral plane as (R)-4 shows the l.d selectivity for
these saccharides (Table 1).10 These results support the view
that from a CD spectral change induced for prochiral 6 one
can reasonably predict l/d selectivity of (R)-4 and (R)-5.
The CD spectral change induced by addition of d-mannose
is somewhat different from others and cannot be used to
evaluate the above correlation relationship (Fig. 5). On the
other hand, addition of d-fructose or d-talose induced the
CD spectral change in 6 similar to (R)-4 (Fig. 6). This trend

suggests that (R)-4 and (R)-5 would show d selectivity for
these saccharides. For fructose l/d selectivity was not
clearly observed whereas for talose both (R)-4 and (R)-5
still showed l selectivity (Table 1).10 As illustrated in
Scheme 3, d-talose has a unique absolute con®guration
which features all OH groups situated on the pyranose
ring. The distance between two boronic acid groups in 6
(ca. 5.5 AÊ )10 is shorter than those in other diboronic-acid-
based receptors with glucose or galactose selectivity (ca.
7±8 AÊ ).3,5±7 Hence, 6 should show the high af®nity with
d-talose. As discussed later, the association constant (K)
for d-talose is greater by about two orders of magnitude
than those for other saccharides. Presumably, d-talose
employs the different binding mode (e.g. using the different

Table 1. Ratios of association constants of (R)-4 and (R)-5 and d-sacchar-
ide-induced helicity of 6

Saccharide l/d Selectivity ratioa Induced
helicity in

6 by d-
saccharide

(R)-4 with P helicity (R)-5 with P helicity

d-Galactose 1.5 1.5 M
d-Glucose 1.0 1.2 M
d-Xylose 1.0 1.7 M
d-Mannose 1.6 ± ?
d-Fructose 1.0 ± P
d-Talose 1.6 1.4 P

a Ratios of association constants cited from Ref. 10.Figure 3. CD spectra of 6 (5.0£1025 mol dm23): 258C, water (pH 10.5 with
5.0£1022 mol dm23 carbonate)±methanol�1:1 (v/v). Solid line: [d-galac-
tose�0.0±1.8£1022 mol dm23; dotted line: [l-galactose]�1.8£1022 mol
dm23.

Figure 4. CD spectrum of (R)-4: the measurement conditions are the same
as those in Fig. 3.

Figure 5. CD spectra of 6 (5.0£1025 mol dm23) in the presence of d-
mannose (0.0±1.8£1022 mol dm23).

Figure 6. CD spectra of 6 (5.0£1025 mol dm23) in the presence of d-talose
(0.0±1.8£1022 mol dm23).
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OH groups) from other saccharides, which results in an
exception in the l/d selectivity-CD sign correlation
relationship.

Determination of K values

Since one can regard that 6, as well as (R)-4 and (R)-5, forms
1:1 cyclic complexes with monosaccharides10 and the resul-
tant complexes are CD-active, the K values can be readily
estimated by analysis of u vs. [saccharide] plots according
to Benesi±Hildebrand equation.14 Fig. 7 shows typical plots
for d-glucose at umin (391 nm) and umax (436 nm). From
these plots the K for d-glucose was estimated to be
2.4£102 dm3 mol21. The K values for other saccharides
were also determined in a similar manner. The results are
summarized in Table 2, together with umin and umax of the
CD spectra at the intensity-saturated region.

Examination of Table 2 reveals that one can raise several
interesting characteristics of the salen-based saccharide
receptor 6. Firstly, the particularly large K was observed
for d-talose and the next K for d-fructose. On the other

hand, the K values for typical monosaccharide such as
d-glucose and d-galactose were relatively small. The most
likely binding sites with the two boronic acid groups are 1,2-
diol and 3,4- or 4,6-diol in the pyranose form (or 3,5- or 5,6-
diol in the furanose form) in d-talose. This short binding
sites meet the characteristic short distance between the two
boronic acid groups in 6. The similar steric situation is also
adapted to d-fructose. On the other hand, d-glucose uses
1,2-diol and 4,6-diol in the pyranose form (or 5,6-diol in
the furanose form) and d-galactose uses 1,2-diol and 3,4- or
4,6-diol in the pyranose form (or 3,5-diol or 5,6-diol in the
furanose form) as the binding sites and the distance is too
long to ®t the diboronic acid cleft of 6. Thus, saccharide
selectivity can be basically rationalized in terms of host/
guest distance selectivity.

Secondly, one may recognize some correlation between the
CD sign and the saccharide absolute con®guration. d-Galac-
tose, d-glucose, and d-xylose give the M helicity for the CD
spectra: these saccharides commonly have 2-OH directed
downward the pyranose ring. This con®gurational charac-
teristic allows them to be bound to two boronic acid groups
in an extended, anti-like structure. On the other hand, d-
talose has 2-OH directed upward the pyranose ring. This
con®gurational characteristic allows it to be bound to two
boronic acid groups in a folded, syn-like structure. This
difference should twist the salen plane into the opposite
direction.

Thirdly, there is no signi®cant correlation between the
K and the CD intensity: the CD intensity for d-talose is
not particularly strong and the strong CD intensity is
observed for d-glucose and d-mannose with the medium
to small K values.

Computational evaluation of P/M preference

To obtain an insight into the P/M preference of 6 we
evaluated by a computational method whether typical
l-saccharides really induce the molecular twist into the P
helicity. The energy-minimization was carried out accord-
ing to the following processes. Firstly, 6 including both the
biphenyl moiety and the Co(II) complex moiety is enforced
to adopt a coplanar conformation and keeping this confor-
mation, l-galactose is bound to the two boronic acid groups
(where the two B atoms employ OH2 adduct sp3-hybridi-
zation) (Fig. 8A). Secondly, this enforced coplanarity is
released so that the 6´l-galactose complex can be twisted
into either P or M helicity. Thirdly, this preferable twisted
molecule is ®nely energy-minimized (Fig. 8B).

It is clearly seen from Fig. 8B that complexation with
l-galactose induces the twist of the Co(II) complex plane
into P helicity. The result is exactly complementary to our
previous ®nding that both (R)-4 and (R)-5 with P helicity
bind l-saccharides in preference to d-saccharides.10 In fact,
the energy-minimized structure for (R)-4 (Fig. 8C) shows
the molecular twist into P helicity, which provides the same
helicity for the chiral orientation of the two boronic acid
groups in the energy-minimized 6´l-galactose complex.

The foregoing results thus establish that the d/l preference
of the diboronic acid receptor designed on a salen±Co(II)

Table 2. Association constants (K) and CD parameters

Saccharide K/dm23 mol21 u(l)/deg cm22 dmol22 (nm)

d-Galactose 2:6 £ 102 22970 (388) 2010 (443)
d-Glucose 2:4 £ 102 23880 (391) 3190 (436)
d-Xylose 4:5 £ 102 22960 (391) 2030 (425)
d-Mannose 3:9 £ 102 4640 (392) 940 (456)
d-Fructose 8:0 £ 102 3013 (394) 21692 (440)
d-Talose 1:0 £ 104 2650 (398) 2860 (429)

Scheme 3.

Figure 7. Plots of umin (at 391 nm) and umax (436 nm) vs. [d-glucose]:
[6]�5.0£1025 mol dm23.
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complex scaffold is readily estimated by a saccharide-
induced CD sign in prochiral 6.

Conclusion

The present study has shown that the salen skeleton is useful
to design diboronic-acid-based receptors with the particu-
larly large K value for d-talose and with the moderate K
values for other saccharides and the complexation event
can be readily detected by a CD spectroscopic change in
the metal complexes. Furthermore, the CD sign is useful to
predict d/l selectivity of chiral salen±Co(II) complexes.
These basic ®ndings indicate that the chiral recognition
ability of the present system will be further improved by
optimized selection of amines and metal ions. In addition,
these improved systems will be fruitfully applied to cata-
lytic reactions, the activity and selectivity of which are
controlled by the saccharide-binding to the diboronic-acid-
based receptor site. Further extension to these systems are
currently continued in this laboratory.

Experimental

Materials

The synthesis of 3-boronylsalicylaldehyde (7) was reported
previously.10

Compound 6. To a stirred solution of 2,2 0-bipheyldiamine
in absolute ethanol (5 ml) at 50 8C Co(OAc)2 (53.3 mg,
0.300 mmol) was added. After 5 min 7 (100 mg,
0.60 mmol) was added. The mixture was stirred for
15 min at 508C and then allowed to cool to room tempera-
ture. The solution was evaporated to dryness and the solid
residue was dissolved in chloroform. This solution was
washed with water and then dried over Na2SO4. The
solution was again evaporated to dryness, the solid residue
being puri®ed by reprecipitation from chloroform to
n-hexane: yellow powder, yield 40 mg (25 %);
mp.2208C (decomp.); IR (KBr) nO±H 3400, 3244 cm21,

nCvN 1602 cm21, nCvC 1549, 1427 cm21, nB±O

1342 cm21. Anal. Calcd for C26H20O6B2N2Co: C, 58.15;
H, 3.75; N, 4.03 %. Found: C, 58.30; H, 3.80; N, 4.13%.

Computational methods

Theoretical calculations were carried out with Insight II/
Discover 3 (Molecular Simulations Inc.), ESFF force®eld.
Initially, stable structures were generated by MD at 500 K
and then energy-minimized using MM force®eld.

Miscellaneous

Absorption spectra, 1H NMR spectra, IR spectra were
measured with Shimadzu 2500-PC, Bruker AC-250P,
Shimadzu FTIR-8700, respectively, unless otherwise stated.
CD spectra were performed using a JASCO J-720WI
spectrophotometer. The buffers used to adjust the medium
pH were 50 mmol dm23 acetate at pH,5.8, 50 mmol dm23

phosphate at pH 5.8±8.0, 50 mmol dm23 carbonate at pH
8.0±11.0.
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