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Abstract—1-(2-Carboxyethyl)-1 0-(10-carbazole-9-yl-decyl)-4,4 0-bipyridinium dibromide 2 forms a unidirectional [2]pseudorotaxane
with a-cyclodextrin (a-CD) in water. Condensation of 2/a-CD [2]pseudorotaxane with 4-amino-1-naphthalenesulfonate or 6-amino-
b-CD provided the unidirectional [2]rotaxanes 3 and 4, in which the secondary face of a-CD is oriented toward the viologen moiety.
The structures were elucidated from two-dimensional ROESY and circular dichroism spectra.
� 2006 Published by Elsevier Ltd.
A [2]rotaxane is a supramolecular assembly in which a
linear rod (axle) threads a macrocycle (wheel) and is
capped with bulky end groups. Rotaxanes are attracting
much attention for the construction of molecular
machines.1,2 Cyclodextrins (CDs) have been widely used
as wheels for the supramolecular assemblies.2–9 Move-
ment of the wheel along the axle by an external stimuli
is one of the desired performances of rotaxanes.4,8 As
CDs are nonsymmetric macrocycles, [2]rotaxanes
composed of a CD and a nonsymmetric rod usually give
two isomers that differ in the orientation of CD with
respect to the rod’s end.5–7 The two isomeric [2]rotax-
anes having CD as a wheel were shown to exhibit quite
contrasting physicochemical properties.6,7 Thus it is
highly desirable to prepare unidirectional rotaxanes for
well-defined structure and characteristics of well-pro-
grammed performances, such as the unidirectional
movement of a wheel along the axle. However, there is
a paucity of reports on the preparation of unidirectional
rotaxanes.

A common strategy for the preparation of [2]rotaxanes
is the capping of [2]pseudorotaxanes formed from a
wheel and a rod component. In this case, the formation
of a unidirectional [2]pseudorotaxane is pre-requisite for
the preparation of an oriented [2]rotaxane. Secchi and
co-workers reported the synthesis of the oriented
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[2]rotaxanes via the capping of a unidirectional
[2]pseudorotaxane obtained from a calix[6]arene deriva-
tive and a rod having a viologen unit.10,11 Craig et al.
obtained a unidirectional hexakis(2,3,6-tri-O-methyl)-
a-CD-based azo dye [2]rotaxane.9 Recently, Tian and
co-workers reported the preparation of the oriented
a-CD-based [2]rotaxanes having azobenzene and/or
stilbene unit on axles and unidirectional shuttling of
the a-CD wheel along the axles upon light irradiation.8

4,4 0-Bipyridinium dication, commonly known as
viologen, has been widely incorporated into rod compo-
nents of rotaxanes or pseudorotaxanes, presumably due
to its unique redox characteristics.5,7,10–12 Yonemura
et al.12 and we7 showed that the aliphatic chain-linked
carbazole-viologen compounds form unidirectional
[2]pseudorotaxanes with a-CD, in which the wider
secondary hydroxyl side of a-CD faces the viologen
moiety in aqueous media. This prompted us to utilize
the characteristics of the formation of the unidirectional
[2]pseudorotaxane for the synthesis of the unidirectional
[2]rotaxanes. In this letter, we report the preparation of
2, which is an aliphatic chain-linked carbazole-viologen
compound having a terminal carboxylic group, the
formation of a unidirectional [2]pseudorotaxane
between 2 and a-CD, and the synthesis of the unidirec-
tional [2]rotaxanes via condensation reactions of 2/a-
CD [2]pseudorotaxanes with bulky amines in aqueous
media.

Scheme 1 illustrates the synthetic pathways for the
[2]rotaxanes 3 and 4 in aqueous media: the reaction for
two isomeric [2]rotaxanes 5a and 5b in DMF was
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Scheme 1. Synthetic pathways for the unidirectional a-cyclodextrin-based [2]rotaxanes 3 and 4 bearing viologen moiety on the axle. The formation of
two isomeric [2]rotaxanes 5a and 5b (in 9:7 ratio) from the capping of 1/a-CD [2]pseudorotaxanes with 3,5-dimethoxybenzyl bromide (DMBB) in
DMF is shown for comparison (from Ref. 7). The counter ions, which are bromide for 1 and 2 and chloride for the purified 3–5, are omitted.
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included for comparison. The compound 2 was prepared
by the reaction of 1-(N-carbazole)-10-[4-(4-pyridino)-
1-pyridinio]decane 17 with 3-bromopropionic acid.13

Stirring of a solution of 2 and 5-molar excess of a-CD
for 2 days gave the unidirectional 2/a-CD [2]pseudorotax-
ane: at the early stage of the stirring, a precipitate was
formed, but further stirring resulted in a clear solution.
We reported that the isomeric [2]rotaxanes composed of
a-CD and an aliphatic chain linked carbazole-viologen
compound, 5a and 5b, exhibit widely different solubility
in water: the 5a isomer in which the secondary side of
a-CD faces the viologen moiety is more soluble than
the other isomer.7 Also, with an aliphatic chain linked
carbazole-viologen compound (an analogue of 2 having
a terminal methyl group instead of carboxyethyl), it has
been shown that, in aqueous media, the threading rates
of viologen unit through either the primary side or the
secondary side of a-CD are not much different, but the
dethreading rate of a [2]pseudorotaxane isomer in which
the secondary side of a-CD faces the viologen (as 2/a-
CD in Scheme 1) is much slower than that of the other
isomer, giving mostly the slower dethreading, that is, the
thermodynamically stable [2]pseudorotaxane isomer
after a long period of time.7 Thus it is certain that the
precipitate formed at the early stage is the [2]pseudoro-
taxane isomer having the a-CD orientation as in 5b, and
the component in the clear solution after stirring for
2 days is mostly the unidirectional [2]pseudorotaxane
having the a-CD orientation as 2/a-CD as depicted in
Scheme 1. The 1H NMR (not shown) and circular
dichroism (vide infra) spectra confirmed the orientation
of a-CD in the pseudorotaxanes. The orientation of
a-CD in [2]pseudorotaxane agrees well with the observa-
tions of the preference of the secondary face of CDs for
viologen moiety in inclusion complexes of viologen com-
pounds with CDs.14 The [2]pseudorotaxane 2/a-CD was
subjected to coupling reaction with either 4-amino-1-
naphthalenesulfonate or 6-NH2-b-CD in the presence
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide HCl
(EDC)15 or sulfo-NHS/EDC,16 respectively, as catalyst
to obtain [2]rotaxanes 3 and 4. Purification by cation
exchange chromatography and membrane filtration
gave analytically pure [2]rotaxanes in 22% (for 3) and
8% (for 4) yields.17,18

Except in the region of the capped groups, the 1H NMR,
1H–1H COSY, and two-dimensional ROESY spectra of
the [2]rotaxanes 3 and 4 (Supplementary data) were
almost identical to that of the oriented rotaxane 5a
reported in an earlier letter,7 and showed no hint of
the presence of the 5b-type isomer.19 The orientation
of a-CD in the rotaxanes was clearly revealed in the
two-dimensional ROSEY spectra (see Fig. 1 for 4).
The i and j protons of carbazole moiety show NOE
cross-peaks with H-6 protons of a-CD. The b- and
c-methylene protons exhibit cross-peaks with H-5, but
not with H-3 protons of a-CD. In contrast to this, the
i-methylene protons show a cross-peak only with H-3
protons. The d- to h-methylene protons exhibit NOE
cross-peaks with both H-3 and H-5 protons of a-CD.
However, the intensities of the cross-peaks of d- and
e-protons with H-5 are much stronger than those with
H-3 protons, while the f- to h-protons show stronger
cross peaks with H-3 than with H-5 protons. The 1H
2D ROESY NMR spectrum of 3 showed essentially
the same pattern of NOE cross-peaks. These are clear
evidences that the secondary side of a-CD is adjacent
to the viologen unit in the [2]rotaxanes, as represented
in Scheme 1.

Circular dichroism spectra of [2]rotaxanes 3 and 4,
and the [2]pseudorotaxane 2/a-CD also confirm the
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Figure 2. Circular dichroism spectra of 2/a-CD, 3, and 4. The
spectrum of 2/a-CD was taken with a mixture of 2 (0.50 mM) and
a-CD (8.0 mM) after stirring for a day. The 300–360 nm regions were
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Figure 1. 1H two-dimensional ROESY NMR (600 MHz) spectrum of
4 in D2O. The assignments of peaks were made by 1H–1H COSY and
the ROESY spectra. The wheel a-CD, which encircles the aliphatic
linkage, is shown above the linkage for clarity.
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orientation of a-CD in the supramolecular assemblies. It
has been shown that, in the carbazole absorption region
of 310–360 nm, 5a shows the positive circular dichroism
band, whereas 5b exhibits the negative one with similar
ellipticity.7 This was ascribed to the difference in the ori-
entation of carbazole ring with respect to CD axis, as
represented in Scheme 1. The positive circular dichroism
bands of 3, 4, and 2/a-CD, and the similar molar ellip-
ticity values of these species to that of 5a are unequivo-
cal evidences for the unidirectionality of a-CD wheel on
axles and the same bent conformation of the carbazole
ring in these systems: the larger ellipticity of 3 in 300–
335 nm region, compared to others, are ascribed to the
contribution from the aminonaphthalene sulfonate moi-
ety used as a stopper (Fig. 2).

It is obvious that the formation of unidirectional
[2]rotaxanes 3 and 4 arises from the unidirectionality
of the precursor, 2/a-CD [2]pseudorotaxanes in aqueous
media. Such orientation specificity was not observed in
the 1/a-CD [2]pseudorotaxane in DMF, as two isomeric
[2]rotaxanes 5a and 5b are obtained with almost 1:1
ratio from 1/a-CD [2]pseudorotaxane.7 Though it
appears to be clear that in aqueous media, the viologen
unit prefers the secondary side of CDs in its complexa-
tion with CDs,14 and the orientation specificity of 2/a-
CD [2]pseudorotaxane is a consequence of the slower
dethreading rate of the isomer, the detailed origin of
the thermodynamic stability of the isomer is not clear
at this point and is beyond the scope of this work.
In conclusion, we have demonstrated the synthesis of
unidirectional a-CD-based [2]rotaxanes 3 and 4. This
work can be extended for the construction of oriented
polyrotaxanes having axles of alternating energetically
favored portions (station) and disfavored portions
(bumper), and for one-way movement of a wheel along
an axle. The [2]rotaxane 4 has an unoccupied b-CD
moiety, which can be utilized to assemble supramole-
cular architectures with molecules having appropriate
guest unit. Works in these directions as well as the
kinetic studies on the directional threading/dethreading
processes are underway.
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