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Abstract

Three isomers of β-cyclodextrin derivatives 2a–c possessing two trimethylammonio groups on their C(6) atoms were pre-
pared by reaction of the corresponding regioisomers of diamino compounds with methyl iodide. These derivatives recognize
chiral guests through three-point interactions composed of both Coulomb interactions by the two cationic moieties and
hydrophobic interaction by the molecular cavity.

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed
of glucose residues. The most common containing six,
seven, and eight glucose units are known as α-, β-, and γ -
CD, respectively. The molecule can include each enantiomer
of certain chiral guest compounds in its chiral molecular
cavity to form diastereomeric complexes. Differences in the
properties of the two diastereomeric complexes enable dis-
crimination of each enantiomer. Recently, the significance
of the CDs in chiral selective chromatography has been in-
creasing [1]. For example, in capillary zone electrophoresis
(CZE), enantiomeric separation is effectively attained by
addition of CD to a mobile phase [2, 3]. However, the en-
antioselectivity displayed by an unmodified CD is modest
[4]. In order to attain more clear discrimination of enan-
tiomers, modified cyclodextrins have been studied [5–12].
In particular, Kano and his co-workers have studied charged
(anionic and cationic) CD derivatives and their guest in-
clusion [6–12]. They have established the significance of
a cooperative behaviour between inclusion interactions and
Coulomb interactions of the host with the guest. Armstrong
demonstrated that a quaternary ammonium-functionalized
CD worked as an effective chiral selector in CZE [13].
The positive charge of a quaternary ammonio group is in-
dependent of the pH and also possess a strong affinity for
an anionic guest, providing more potential utility compared
to the primary amine-containing CDs studied previously
[6, 7, 9, 12]. We have previously reported the synthesis
of a quaternary-ammonio CD, namely β-CD derivative 1
possessing a trimethylammonio group on a single C(6),
which acts as a novel chiral selector on CZE analysis for
D/L-acetylphenylalanine [14]. The observed chiral discrim-
ination by 1 is obviously due to cooperative recognition of

the guest through an electrostatic interaction between the
trimethylammonio group of 1 and the carboxylate group
of the amino acid, and also inclusion of the amino acid in
the hydrophobic molecular cavity of 1. Introduction of an
additional interaction to the molecular system is expected
to allow more sophisticated recognition of guest molecules.
Therefore, we have studied novel CD derivatives 2a–c; each
of these regioisomers possesses quaternary ammonio groups
on two of primary hydroxy positions, in AB, AC and AD
positions respectively (Scheme 1). And we quantified their
chiral guest recognition by calorimetric studies [15, 16],
and found that the two cationic groups interact with a guest
stereoselectively as we expected. Here we would like to
present a practical method for preparation of the valuable
bis(trimethylammonio) derivatives 2a–c.

Experimental

General

1H NMR (600 MHz) spectra were recorded at 25 ◦C on a
Varian AVANCE 600. Proton signals were assigned using
COSY and TOCSY (mixing time, 120 m s) experiments.
FAB mass measurements were carried out with a Shimadzu-
Kratos CONCEPT 32IH spectrometer. Thin layer chro-
matography (TLC) was run on precoated silica-gel plates
(Art 5554, Merck) with the following solvent systems; 1-
PrOH-AcOEt-water-acetic acid [5 : 1 : 5 : 1(v/v/v/v)]. Spot
detection was carried out by an UV light and/or stain-
ing with 0.1% 1,3-naphthalenediol in EtOH-water-H2SO4
[200 : 157 : 43 (v/v/v)]. A gel permeation chromatography
was performed using Sephadex LH-20 (Pharmacia Biotech).
A trimethylammoniomethyl-modified resin (AG1-X8, BIO-
RAD) was used for an anion exchange chromatography.
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Scheme 1.
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6A, 6X,-Bis(trimethylammonio)-6A, 6X-dideoxy-β-cyclo-
dextrin dichlorides 2a–c1. A solution of AB-diamine 3a [18,
19] (102 mg, 8.42 × 10−5 mol) in 60% aq. MeOH (50 cm3)
was treated with KHCO3 (85.0 mg, 8.50 × 10−4 mol) and
methyl iodide (955 mg, 6.73 × 10−3 mol) were added and
the mixture was stirred in the dark for 25 h. The reaction
mixture was concentrated in vacuo and applied to a gel per-
meation chromatography (eluent, water) followed by anion
exchange chromatography (eluent, water) giving a crude
product (110 mg). Further gel permeation chromatography
gave the desired 2a (73 mg, 68%). The AC isomer 2b and
the AD isomer 2c were prepared similarly from the corres-
ponding diamino compounds [19] (in the yields of 78% and
68%, respectively).

2a Rf 0.13. (Found: C, 39.66; H, 7.25; N, 1.86. Calc. for
C49H86N2O33Cl2·9H2O: C, 39.70; H, 7.22; N, 1.93%.) 1H
NMR (600 MHz, D2O) δ 3.25 and 3.26 (18H, Me), 4.10 (1H,
t, J = 8.75, H3 of trimethylammonioglucose (TMAgluc-
ose)], 4.13 (1H, t, J = 8.75, H3 of TMAglucose), 4.52 (1H,
t, J = 9.05, H5 of TMAglucose), 4.55 (1H, t, J = 9.05,
H5 of TMAglucose), 5.06 (1H, d, J = 3.60, H1 of glucose),
5.07 (1H, d, J = 4.25, H1 of glucose), 5.08 (1H, d, J =
4.00, H1 of glucose), 5.11 (1H, d, J = 3.40, H1 of glucose)
and 5.15 (1H, d, J = 3.60, H1 of glucose), 5.21 (1H, d,
J = 2.90, H1 of TMAglucose), 5.35 (1H, d, J = 2.95, H1
of TMAglucose). m/z (+FAB, HR) 1253.47981 [(M − Cl)+
C48H86N2I33Cl requires m/z 1253.48014], 1203.48807 [(M
− CH3 − 2Cl)+ C47H83N2O33 requires m/z 1203.48781],
1158.42969 [(M − NH(CH3)2 − 2Cl)+ C45H76O33 requires
m/z 1158.42996], (−FAB, HR) 1287.44038 [(M − H)−
C48H85N2O33Cl2 requires m/z 1287.44116].

2b Rf 0.13. (Found: C, 39.73; H, 7.18; N, 1.88. Calc. for
C48H86N2O33Cl2·9H2O: C, 39.70; H, 7.22; N, 1.93%.) 1H
NMR (600 MHz, D2O) δ 3.23 and 3.24 (27H, Me), 4.07 (1H,
t, H3 of TMAglucose), 4.10 (1H, t, H3 of TMAglucose),
4.52 (2H, m, H5 of TMAglucoses), 5.04, 5.08, 5.09, 5.11,
5.12, 5.16 and 5.17 (7H, seven of d, J = 3.70, 3.65, 3.30,
3.55, 3.60, 4.10 and 3.65, respectively, H1 of glucoses and
TMAglucoses). m/z (+FAB, HR) 1253.48335 [(M − Cl+
C48H86N2O33Cl requires m/z 1253.48014], 1203.48928 [(M
− CH3 − 2Cl)+ C47H83N2O33 requires m/z 1203.48781],
1158.42983 [(M − NH(CH3)2 − 2Cl)+ C45H76O33 requires
m/z 1158.42996], (−FAB, HR) 1287.44232 [(M − H)−
C48H85N2O33Cl2 requires m/z 1287.44116].

2c Rf 0.13. (Found: C, 39.29; H, 7.02; N, 1.82. Calc.
for C48H86N2O33Cl2·10H2O: C, 39.21; H, 7.27; N, 1.91%).
1H NMR (600 MHz, D2O) δ 3.23 and 3.24 (27H, Me),
4.08 (1H, t, J = 8.75, H3 of TMAglucose), 4.09 (1H,
t, J = 8.90, H3 of TMAglucose), 4.46–4.51 (2H, m,
H5 of TMAglucoses), 5.06–5.14 (7H, H1 of glucoses and
TMAglucoses). m/z (+FAB, HR) 1253.47821 [(M − Cl)+
C48H86N2O33Cl requires m/z 1253.48014], 1203.48801 [(M
− CH3 − 2Cl)+ C47H83N2O33 requires m/z 1203.48781],
1158.42884 [(M − NH(CH3)2 − 2Cl)+ C45H76NO33 re-
quires m/z 1158.42996], (−FAB, HR) 1287.44180 [(M −
H)− C48H85N2O33Cl2 requires m/z 1287.44116].

1 The AD isomer 2c was reported previously: Ref. [17].

Results and discussion

Syntheses

There are a few ways to obtain the CD derivatives possessing
two trimethylammonio groups. One is a direct substitution
of disulfonylated CDs with trimethylamine. The mono-
trimethylammonio β-CD derivative 1 has been prepared by
the reaction of mono-tosyl CD with trimethylamine [20].
However, this method requires relatively drastic reaction
conditions including the use of gaseous amine which may
cause undesired side reactions such as hydrolysis of sulf-
onate and/or intramolecular dehydration [21]. In place of
the substitution above, we established an alternative method
to get 1 (Scheme 1) [14], namely methylation of an amino
β-CD derivative 4 whose convenient synthesis had already
been described [22]. Then we applied this methodology to
the methylation of the known diamino β-CDs 3a–c [18,
19] in order to give the desired bis(trimethylammonio) de-
rivatives 2a–c (Scheme 1). Thus, the AB-diamine 3a was
treated with methyl iodide in the presence of KHCO3 in
aqueous methanol. There were five primary hydroxy groups
and fourteen secondary hydroxy groups together with the
two amino groups on 3a. In order to avoid undesirable O-
methylation, very mild reaction conditions comprising use
of a weak base and aqueous methanol were adopted. The tri-
methylation of the two amino groups needed excess amount
of methyl iodide to complete the reaction in a reasonable
reaction time. TLC demonstrated the gradual conversion of
3a (Rf 0.43) to the desired product 2a (Rf 0.13) through
an intermediate product (Rf 0.27). After 25 h passed, it
seemed that all of 3a was converted to 2a with a trace of
by-products that showed a little larger Rf values than that
of 2a and may be the additionally O-methylated derivat-
ives. The reaction mixture was concentrated in vacuo and
was subjected to gel permeation chromatography in order
to remove impurities such as inorganic salts. The obtained
crude product was treated with anion exchange chromato-
graphy to convert the counter anion to Cl− ion and was
purified again by gel permeation chromatography in order
to remove small amount of by-products, giving the desired
bis(trimethylammonio)-β-CD dichloride 2a in 68%. The
AC- and AD-bis(trimethylammonio) isomers, 2b and 2c,
were prepared similarly from the corresponding diamino
derivatives. Their structures were determined by their ele-
mental analyses, FAB-MS spectra and 1H-NMR spectra.
They showed that undesired methylation of hydroxy groups
was effectively avoided and that the two trimethylammo-
nio groups had been regiospecifically introduced on C(6)
carbons of β-CD molecule.

Characteristic inclusion complex observed in 1H-NMR
spectra

Chiral recognition of carbobenzyloxy-D- and L-glutamic
acids (Cbz-D- and L-Glu) 5a,b by bis(trimethylammonio)
derivatives 2 have been studied by calorimetric and ROE-
SYNMR studies [15, 16]. The two pairs of Coulombic in-
teractions (—N+Me3- - -−O2C—) and also the hydrophobic
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Scheme 2.

interaction of the CD cavity with the Cbz group of the amino
acid seemed cooperative leading to chiral recognition. In or-
der to understand the guest recognition, it seems noteworthy
to describe here unique 1D-NMR spectra of the complex of
AB-bis(trimethylammonio)β-CD dichloride 2a with each of
Cbz-D- and L-Glu disodium salts 5a,b (Scheme 2). Concen-
tration of a host–guest complex in the solution depends on
the concentration of the host 2a and the guest 5 and also its
association constant. In addition, an observed proton signal
in a spectrum of the host–guest mixture was an averaged
image of that of the complex and the free species, which
indicated the exchange between the complex and the free
species is fast on the NMR time scale. Therefore, when we
compare structures of two kinds of host–guest complexes
based on each NMR spectrum, it should be noted that the
spectra really reflect the structures of the complexes and
they are comparable. However, it was not possible to fully
complex the CD 2a and Cbz-Glu 5 in the NMR sample solu-
tion because of their solubility and the association constant.

Here, equimolar amounts of the AB-isomer dichloride 2a
and Cbz-D-Glu disodium salt 5a were mixed at a concen-
tration2 such that [complexed 2a]/[total 2a] = [complexed
5a]/[total 5a] = 0.61 based on the association constant ob-
tained from the calorimetric study [15]. In a similar way, the
L-isomer 5b was also mixed with 2a at a concentration3 such
that [complexed 2a]/[total 2a] = [complexed 5b]/[total 5b] =
0.61. The solutions were applied to 1D-NMR experiments.

Complexation of the amino acids by the AB-isomer
2a caused splitting of phenyl signals of the amino acid
(Figure 1). In the spectrum of the mixture of Cbz-D-Glu
5a and 2a, the Cbz aromatic protons appeared at 7.40 ∼
7.55 ppm and the Hortho, Hmeta and Hpara were differ-
entiated. Similar phenomena were observed in the case of
the L-enantiomer 5b. The aliphatic proton signals (α-CH, β-
and γ -CH2) of Cbz-Glu also showed chemical shift changes
although they were very small. In contrast, signals of the

2 2.04 × 10−2 M.
3 1.42 × 10−2 M.
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Figure 1. 1H-NMR spectra showing change in aromatic proton signals of
Cbz-D-Glu 5a due to complexation by AB-bis(trimethylammonio)-CD 2a.
(a) Free 5a, (b) [5a]0 = [2a]0 = 2.04 × 10−2 M; [complex 5a]/[total 5a]
= 0.61, which was calculated from the corresponding association constant
[15].

CD 2a showed a dramatic change in the H2–H6 region of
glucose units (3.3–4.8 ppm) (Figure 2). In particular, the
H5 signals of the trimethylammonioglucoses were shifted
upfield. This is probably due to the anisotropic effect of the
included Cbz-Glu in the CD cavity. Complexation of Cbz-
D-Glu 5a afforded two clearly-discriminated signals due to
the H5 protons of the two trimethylammonioglucoses in 2a,
H5A at 4.44 ppm and H5B at 4.30 ppm, which originally
had almost identical chemical shifts (4.52 and 4.55 ppm) in
the free 2a. In the case of the complex with L-enantiomer 5b,
H5B moved to 4.27 ppm while H5A appeared at 4.50 ppm.
The induced shifts on 1D 1H-NMR spectra suggested small
but clear differences in the structures of the two inclusion
complexes. Conformation of the phenyl ring of the Cbz-D/L-
Glu 5a,b in the complexes may be restricted to afford the
observed change of chemical shifts, which contributed to the
unique NOEs observed in ROESY experiments and the ther-
modynamic parameters obtained by calorimetric titration
experiments [15].

Conclusion

The β-CD derivatives possessing two cationic functional
groups have been prepared, which discriminated the chiral
amino acids Cbz-Glu. The CD derivatives are promising as
chiral discriminator on chromatographic separation such as
CZE. Also, these derivatives may provide ideal models to
study cooperation of weak interactions, namely Coulomb
interactions and hydrophobic interaction, and also the rela-
tionship between guest recognition and stereochemistry of
inclusion complexes. Experiments using several kinds of
enantiomeric and diastereomeric guests are underway.
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Figure 2. 1H-NMR spectra showing change in glucose signals of
AB-bis(trimethylammonio)-CD 2a caused by complexing with Cbz-D and
L-Glu 5a and 5b. (a) Free 2a, (b) [2a]0 = [5a]0 = 2.04 × 10−2 M, (c) [2a]0
= [5b]0 = 1.42 × 10−2 M; [complexed 2a]/[total 2a] = 0.61 for both amino
acid enantiomers, which were calculated from the corresponding associ-
ation constants [15]. The H5 signals of the two trimethylammonioglucose
units (A and B) in 2a were shown as H5A and H5B.
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