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Rotaxanes are considered to be prototype molecular
machines bearing a rotor and an axis within a molecule. In
our study on complex formation of modified @-CDs as host
molecules for guest molecules consisting of an alkyl chain with
pyridyl end caps, we observed control of complex formation and
dissociation by pH responses of functional groups on modified
a-CDs.

In a biological system, external stimuli control catalytic
functions and structures. Recently, supramolecular structures'
have been controlled using external stimuli such as pH,? redox
changes,? and light.* In our research, we have selected cyclo-
dextrins (CDs)!™® as a ring component to construct rotaxanes
due to the rigidity, well-defined nonsymmetric ring structures,
and hydrophobic cavities of CDs. Previously, we have reported
the formation of a pseudo[2]rotaxane consisting of -CD and
1,10-di(1-pyridyl)decane axis molecules® as well as face-
direction control of CDs in the construction of pseudo-rotaxane
with an alkyl chain bearing pyridyl end caps.” One characteristic
of dipyridyldecane axis molecules is that the rotor on the axle is
entrapped by the repulsion between -CD and the cationic end
group.®? Herein, we report a study on complex formation and
dissociation by pH responses of the basic functional groups in
modified o¢-CDs.

We chose NH,-o-CD and Py-a-CD, which have substitu-
ents at the C3 and C6 positions, as pH-responsive host
molecules. Mixing modified CD with a dipyridinium axis
molecule caused the protons of the axis molecule to split in an
aqueous solution (pH 7). This splitting is related to the
formation of [2]rotaxane (Figure 1). 2D ROESY NMR spec-
troscopy characterized the formation of [2]rotaxane with 6-Py-
«-CD and an axis. The inner protons of 6-Py-o-CD and protons
of an axis were correlated, suggesting the formation of [2]rotax-
ane (Figure S4!'). The ratio of complex formation using
6-modified a-CD (6-Py-o-CD and 6-NH,-o-CD) was slightly
smaller than that of a-CD at pH 7 (Table 1). The steric repulsion
between the substituents and an electric stopper affected the ratio
of the complex formation. The ratio of complex formation of
6-modified a-CD was significantly larger than that of 3-modified
a-CD  (Figure S12'") because the structural stability of
3-modified @-CD changed when the glucopyranose unit was
modified to an altrose unit.!

We investigated the dependence of [2]rotaxane formation on
the pH using 6-modified a-CD, which effectively formed
[2]rotaxane under neutral conditions. Figure 1 shows the
"HNMR spectra of the dipyridinium axis molecule with 6-Py-
o-CD at SmM. The pH of the solution was adjusted using NH;
(aq) or D,SO,4. Change in the pH of the solution of 6-Py-o-CD
with the axis solution from 7 to 3 caused the integral value of the
¢’ and ¢”’ proton to decrease. On the other hand, neutralizing the
acid solution with NHj (aq) caused the integral value of the e

Chem. Lett. 2011, 40, 758-759

© 2011 The Chemical Society of Japan

N
. YQ
<\ /N—cH2712(cnz)ﬁcnzcn2 Ny >

Br- Br-
e e

N
H &

N —

<\ N=CHCHR(CHRJ5CH,CHy N />
Br- / Br-
& o
mixture &' e
atpH 3

mixture ; x

at pH 7 w
e

axis only 7\

21 2 19 18 17 "1le
ppm

Figure 1. 'HNMR spectra of the axis (5mM) in the absence
and presence of 6-Py-o-CD (S§mM) at pH 3 or 7 in D,O at
30°C.

Table 1. Ratios of complex formation and association con-
stants for mixtures of axis (5 mM) and several 6-modified a-CDs
(5mM) at pH 7 and 3 in D,0O at 30°C

R Ratio of ~ Association

complex®/% constant/M ™!
6-Py-a-CD -HNOC <\_/:N 7 49 380
3 31 130
6-NH,-a-CD -NH, 7 51 430
3 12 30
ao-CD —-OH 7 79 3600
3 75 2400

#The ratio of complex was calculated by the integral values of
complex (¢’ and e”’ protons) and uncomplex (e proton).
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Figure 2. pH response of the [2]rotaxane axis (SmM) and
6-Py-a-CD (5 mM) in D,0 at 30°C.
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Figure 3. Chemical structure for switching of [2]rotaxane
using the pH response of 6-Py-a-CD.

proton to recover the value at the neutral state, indicating
[2]rotaxane is re-formed. We hypothesize that the decreasing
ratio of complex formation is due to electric repulsion between
the pyridyl group of 6-Py-o-CD at pH 3 and the pyridinium
group of the axis under the acidic conditions.

Changing the pH of the solution of 6-NH,-¢¢-CD from 7 to 3
using D,SO,4 decreased the complex ratio from 50 to 10%
(Table 1). Although this decline is an interesting behavior,
6-NH,-a-CD was irreversible because 6-NH,-o-CD was not
deprotonated by NHj3 (aq). On the other hand, [2]rotaxane with
6-Py-a-CD indicated the reversibility for complex formation
depends on pH. Figure 2 shows the repetition of pH dependency
for the formation of [2]rotaxane with 6-Py-a-CD. The formation
(threading) and deformation (dethreading) cycle of [2]rotaxane
could be repeated at least four times by adjusting the pH.

In conclusion, we have studied complex formation of
[2]rotaxane with o-CD derivatives. Using 6-Py-a-CD or 6-NH,-
a-CD, we observed the pH dependency of the complex
formation of [2]rotaxane (Figure 3). Our results suggested that
[2]rotaxane on a polymer side chain can be used to prepare a
supramolecular hydrogel. Although we were unable to find
another report on complex formation of CD-[2]rotaxane
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controlled by pH, we believe these stimulus-responsive proper-
ties may eventually be applied to stimulus-responsive sol-gel
supramolecular materials and stretchable materials.

This research was supported by the CREST project, Japan
Science and Technology Agency. The authors thank Seiji Adachi
(Osaka University) for his helpful advice in the measurement of
2D NOESY spectra.

References and Notes

1 a) J-M. Lehn, Supramolecular Chemistry: Concepts and
Perspectives, VCH, Weinheim, Germany, 1995. b) J. L.
Atwood, J. E. D. Davies, D. D. MacNicol, F. Vogtle, J.-M.
Lehn, Cyclodextrins in Comprehensive Supramolecular Chem-
istry, Pergamon, Oxford, 1996, Vol. 3. c¢) J.-M. Lehn, Angew.
Chem., Int. Ed. Engl. 1990, 29, 1304. d) C. Fouquey, J.-M.
Lehn, A.-M. Levelut, Adv. Mater. 1990, 2, 254.

2 S. A. Ahmed, X. Sallenave, F. Fages, G. Mieden-Gundert,
W. M. Miiller, U. Miiller, F. Vogtle, J.-L. Pozzo, Langmuir
2002, 78, 7096.

3 S. Kawano, N. Fujita, S. Shinkai, J. Am. Chem. Soc. 2004, 126,
8592.

4 a) K. Murata, M. Aoki, T. Suzuki, T. Harada, H. Kawabata, T.
Komori, F. Ohseto, K. Ueda, S. Shinkai, J. Am. Chem. Soc.
1994, 116, 6664. b) J. H. Jung, Y. Ono, S. Shinkai, Angew.
Chem., Int. Ed. 2000, 39, 1862. c) J. H. Jung, S. Shinkai, T.
Shimizu, Chem. Mater. 2003, 15, 2141. d) C. T. Lee, Jr., K. A.
Smith, T. A. Hatton, Macromolecules 2004, 37, 5397. e) Y.
Zhou, M. Xu, T. Yi, S. Xiao, Z. Zhou, F. Li, C. Huang,
Langmuir 2007, 23, 202.

5 a) M. L. Bender, M. Komiyama, Cyclodextrin Chemistry,
Springer-Verlag, Berlin, 1978. b) Special issue on Cyclo-
dextrins: Chem. Rev. 1998, 98, Issue 5. ¢) G. Wenz, B.-H. Han,
A. Miiller, Chem. Rev. 2006, 106, 782. d) A. Harada, Y.
Takashima, H. Yamaguchi, Chem. Soc. Rev. 2009, 38, 875. e)
A. Harada, A. Hashidzume, H. Yamaguchi, Y. Takashima,
Chem. Rev. 2009, 109, 5974.

6 Y. Kawaguchi, A. Harada, J. Am. Chem. Soc. 2000, 122, 3797.

7 a) T. Oshikiri, Y. Takashima, H. Yamaguchi, A. Harada, J. Am.
Chem. Soc. 2005, 127, 12186. b) H. Yamaguchi, T. Oshikiri, A.
Harada, J. Phys.: Condens. Matter 2006, 18, S1809. c) T.
Oshikiri, Y. Takashima, H. Yamaguchi, A. Harada, Chem.—
Eur. J. 2007, 13, 7091.

8 a)C.J. Easton, S. F. Lincoln, Modified Cyclodextrins: Scaffolds
and Templates for Supramolecur Chemistry, Imperial College
Press, London, 2002. b) Cyclodextrins and Their Complexes:
Chemistry, Analytical Methods, Applications, ed. by H.
Dodziuk, Wiley-VCH, 2006.

9 H. Yonemura, M. Kasahara, H. Saito, H. Nakamura, T. Matsuo,
J. Phys. Chem. 1992, 96, 5765.

10 a) K. Fuyjita, K. Ohta, Y. lkegami, H. Shimada, T. Tahara, Y.
Nogami, T. Koga, K. Saito, T. Nakajima, Tetrahedron Lett.
1994, 35, 9577. b) Y. Nogami, K. Nasu, T. Koga, K. Ohta,
K. Fujita, S. Immel, H. J. Lindner, G. E. Schmitt, F. W.
Lichtenthaler, Angew. Chem., Int. Ed. Engl. 1997, 36, 1899. c)
F. W. Lichtenthaler, S. Mondel, Carbohydr. Res. 1997, 303,
293. d) K. Fujita, W.-H. Chen, D.-Q. Yuan, Y. Nogami, T.
Koga, T. Fujioka, K. Mihashi, S. Immel, F. W. Lichtenthaler,
Tetrahedron: Asymmetry 1999, 10, 1689. ¢) W.-H. Chen, M.
Fukudome, D.-Q. Yuan, T. Fujioka, K. Mihashi, K. Fujita,
Chem. Commun. 2000, 541.

11 Supporting Information is available electronically on the CSJ-
Journal Web site, http://www.csj.jp/journals/chem-lett/index.
html.

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1002/anie.199013041
http://dx.doi.org/10.1002/anie.199013041
http://dx.doi.org/10.1002/adma.19900020506
http://dx.doi.org/10.1021/la025545g
http://dx.doi.org/10.1021/la025545g
http://dx.doi.org/10.1021/ja048943+
http://dx.doi.org/10.1021/ja048943+
http://dx.doi.org/10.1021/ja00094a023
http://dx.doi.org/10.1021/ja00094a023
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10<1862::AID-ANIE1862>3.0.CO%3B2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10<1862::AID-ANIE1862>3.0.CO%3B2-3
http://dx.doi.org/10.1021/cm0217912
http://dx.doi.org/10.1021/ma036019e
http://dx.doi.org/10.1021/la061530x
http://dx.doi.org/10.1021/cr970027+
http://dx.doi.org/10.1039/b705458k
http://dx.doi.org/10.1021/cr9000622
http://dx.doi.org/10.1021/ja9943647
http://dx.doi.org/10.1021/ja053532u
http://dx.doi.org/10.1021/ja053532u
http://dx.doi.org/10.1088/0953-8984/18/33/S03
http://dx.doi.org/10.1002/chem.200601657
http://dx.doi.org/10.1002/chem.200601657
http://dx.doi.org/10.1021/j100193a021
http://dx.doi.org/10.1016/0040-4039(94)88515-X
http://dx.doi.org/10.1016/0040-4039(94)88515-X
http://dx.doi.org/10.1002/anie.199718991
http://dx.doi.org/10.1016/S0008-6215(97)00173-0
http://dx.doi.org/10.1016/S0008-6215(97)00173-0
http://dx.doi.org/10.1016/S0957-4166(99)00127-5
http://dx.doi.org/10.1039/a909727i
http://www.csj.jp/journals/chem-lett/

