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A racemic [2]rotaxane, composed of an asymmetric rotor and

an asymmetric axle, formed a diastereomer with an amino acid

derivative, and showed an optical response for the chiral

recognition.

Interlocked and topological molecules such as rotaxanes, cate-

nanes, and knots have been of interest in the development of

nanotechnology, especially, molecular devices, memories and

machines, since those supramolecular systems show molecular

movements, such as the shuttling and rotating of rotor moieties,

which are able to be controlled by various stimuli.1 Control of the

molecular movement has been achieved by metal coordination,

oxidation/reduction of metal ions, variation of the MLCT (metal

to ligand charge transfer) excited state, protonation/deprotonation,

electrochemical oxidation/reduction, photoisomerization and arti-

ficial biological reactions.2 More recently, interlocked and

topological molecules have been noted also in the fields of

analytical chemistry3 and organic chemistry4 because of the

specific cavity and the molecular-recognition space constructed

cooperatively by both rotor and axle. Optical- and electro-

chemical-sensors for anions3a,b and biological compounds3c–e

based on rotaxanes and pseudo rotaxanes have been reported so

far. We have succeeded in the development of highly selective

alkaline metal ion sensors based on [1], [2], and [3]rotaxanes

bearing plural metal-binding sites on both rotor and axle.5 Unique

molecular chiralities of rotaxanes and catenanes composed of

asymmetric rotors and asymmetric axles which are achiral

themselves, and helicities of knots, also have been reported to be

attractive chiral architectures.6 Those corresponding racemates

could be separated into each enantiomer using an HPLC system

equipped with commercially available chiral columns,7,8 and were

able to form diastereomers with chiral-shift reagents.9

In this work, to construct a fluorescence-sensing system of chiral

recognition for amino acid derivatives based on [2]rotaxane

composed of an asymmetric rotor and an asymmetric axle without

chiral carbon atoms, we designed and synthesized novel [2]rotax-

anes having molecular chirality and the property of fluorescence

via energy transfer from a donor moiety in the rotor to an acceptor

moiety in the axle. Chiral recognition and sensing abilities of the

rotaxanes in organic solvent were investigated using 1H NMR and

fluorescence spectroscopies.

Rotaxane racemates composed of an asymmetric rotor and an

asymmetric axle were effectively synthesized via our original

method.8{ The difference in structure between rotaxane 1 and 2 is

in only the asymmetric rotor moiety, in which the 26-membered

crownophane has naphthyl, polyether, hydroxy and amide groups

and the 25-membered crownophane has naphthyl, benzyl,

polyether, and hydroxy groups for rotaxane 1 and 2, respectively

(Fig. 1).

Synthesized rotaxanes possess plural proton donor and acceptor

moieties such as hydroxy groups, amide groups and ether oxygens,

and therefore were expected to interact with various amino acid

derivatives through hydrogen-bond formation, and to recognize

their chirality depending on the specific three-dimensional cavity

constructed from the rotor and axle. Binding and chiral

recognition abilities of rotaxanes toward amino acid derivatives

were investigated using a 1H NMR titration method. The 1H

NMR spectrum of rotaxane 1 racemate in the presence of over

0.5 equivalents of L-phenylalaninol gave two completely separate

peaks for the protons numbered in Fig. 1, while the protons

expressed by asterisks in Fig. 1, especially those in the carbazole

moiety, were not separated (spectra are shown in the ESI{). For

the protons without a number in Fig. 1, the assignment and the

justification of peak separation and shift was too difficult because

those peaks overlapped complexly with each other, even though

we confirmed that the shape of the overlapped peaks changed on

the addition of L-phenylalaninol. One of the separated peaks was

similar to that of the rotaxane 1 in the absence of L-phenylalaninol,

and the other indicated a different chemical shift as shown in
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Fig. 1 [2]Rotaxanes composed of an asymmetric rotor and an asym-

metric axle.
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Table 1. A similar phenomenon was also observed in the presence

of D-phenylalaninol. In the presence of alaninol, prolinol, and

tryptophanol, the peak separation and the shift of rotaxane 1

racemate were not observed even if an excess of those amino acid

derivatives was added. These results show that each enantiomer of

rotaxane 1 racemate can, not only selectively interact with L- or

D-phenylalaninol, respectively among four amino acid derivatives,

but also recognize the chirality of phenylalaninol. Of course, the

enantiomer of 1 that interacts with L-phenylalaninol is the mirror

image of the enantiomer of 1 that interacts with that

D-phenylalaninol. The peak separation as shown in Table 1 means

that a diastereomer of rotaxane 1 (one enantiomer) with

L-phenylalaninol and free rotaxane (another enantiomer) coexist

in the solution. The binding and chiral recognition abilities of

rotaxane 2 toward the above amino acid derivatives was also

investigated. However, the 1H NMR spectrum of rotaxane 2

racemate was unchanged in all cases.

When rotaxane 1 selectively formed a diastereomer with L- or

D-phenylalaninol, the optical response of rotaxane 1, having

fluorophores such as anthracene and carbazole in the axle and

naphthalene in the rotor which act as fluorescence-acceptor and

-donor moieties,10 was investigated in detail. We have already

found that a [1]rotaxane composed of a rotor having naphthalene

and an axle having anthracene, emits strong fluorescence from the

anthracene due to the energy transfer from an excited naphthalene

in the rotor to the anthracene in the axle.5a Fig. 2a indicates the

fluorescence spectra of rotaxane 1 racemate, the rotor, and the axle

moieties measured by irradiation at 285 nm which corresponds to

the maximum-absorption band of naphthalene. In the case of only

rotor, a fluorescence band was ordinarily observed at about

340 nm, based on the naphthalene. On the other hand, there is no

naphthalene fluorescence in the case of rotaxane 1. The

fluorescence band consisted of three sharp peaks (395, 416 and

440 nm) and one broad peak (470 nm) based on anthracene in the

axle appearing instead of fluorescence based on naphthalene in

the rotor. The fluorescence band derived from carbazole located at

the other end position of the axle was also observed at 358 and

369 nm, in which the fluorescence intensity was smaller than that

of anthracene. These phenomena strongly suggested the occur-

rence of the energy transfer from the excited naphthalene in the

rotor to anthracene (and carbazole) in the axle, since the

irradiation at 285 nm was not able to directly excite the anthracene

and the carbazole moieties. In fact, the fluorescence intensity of

only the axle moiety measured by the irradiation at 285 nm was

very small as shown in Fig. 2a. The proper excitation wavelengths

of anthracene and carbazole moieties are more than 350 nm

according to the absorption bands of those moieties.

Fig. 2b shows the fluorescence spectra of rotaxane 1 racemate in

the presence and absence of L-phenylalaninol. The fluorescence

intensity of anthracene decreased with an increase in the

concentration of L-phenylalaninol, and alternately the fluorescence

intensity of carbazole gradually increased. A fluorescence spectral

change did not occur on the addition of other amino acid

derivatives, such as alaninol, prolinol, and tryptophanol, as can be

Table 1 Chemical shifts of rotaxane 1 in the presence and absence of L-phenylalaninol in CDCl3 at 25 uCa

Position of 1H

Chemical shift/ppm

Position of 1H

Chemical shift/ppm

Absence Presence Absence Presence

1 (NH) 8.74 (br, 1H) 8.74 (br, 0.5H) 8.72 (br, 0.5H) 10 (Naphthalene) 7.53 (t, 1H) 7.53 (t, 0.5H) 7.54 (t, 0.5H)
2 (Naphthalene) 8.46 (s, 1H) 8.46 (s, 0.5H) 8.45 (s, 0.5H) 11 (Naphthalene) 6.78 (s, 1H) 6.78 (s, 0.5H) 6.80 (s, 0.5H)
3 (Naphthalene) 7.70 (d, 1H) 7.70 (d, 0.5H) 7.72 (d, 0.5H) 12 (OH) 10.15 (s, 1H) 10.15 (s, 0.5H) 10.22 (s, 0.5H)
4 (Naphthalene) 7.50 (d, 1H) 7.50 (d, 0.5H) 7.53 (d, 0.5H) 13 (OH) 7.73 (s, 1H) 7.73 (s, 0.5H) 7.79 (s, 0.5H)
5 (Naphthalene) 7.80 (d, 1H) 7.80 (d, 0.5H) 7.79 (d, 0.5H) 14 (Methylene) 1.42 (d, 2H) 1.42 (d, 1H) 1.36 (d, 1H)
6 (Isobutenyl) 3.45 (s, 2H) 3.45 (s, 1H) 3.51 (s, 1H) 15 (Methylene) 2.04 (t, 2H) 2.04 (t, 1H) 2.06 (t, 1H)
7 (Isobutenyl) 4.59 (s, 1H) 4.59 (s, 0.5H) 4.52 (s, 0.5H) 16 (NH) 6.06 (br, 1H) 6.06 (br, 0.5H) 6.11 (br, 1H)

4.36 (s, 1H) 4.36 (s, 1H) 4.40 (s, 0.5H) 17 (NH) 6.87 (br, 1H) 6.87 (br, 0.5H) 6.92 (br, 1H)
8 (Isobutenyl) 3.16 (s, 1H) 3.16 (s, 0.5H) 3.11 (s, 0.5H) 18 (Methylene) 5.29 (m, 1H) 5.29 (m, 0.5H) 5.30 (m, 0.5H)
9 (Naphthalene) 7.87 (d, 1H) 7.87 (d, 0.5H) 7.89 (d, 0.5H) 5.32 (m, 1H) 5.32 (m, 0.5H) 5.31 (m, 0.5H)

19 (Anthracene) 8.24 (d, 2H) 8.24 (d, 1H) 8.27 (d, 1H)
a Position of 1H corresponds to the number displayed on rotaxane 1 in Fig. 1. (Spectra are shown in the ESI.)

Fig. 2 (a) Fluorescence spectra of 1.0 6 1027 M rotaxane 1 racemate, the rotor, and the axle in CHCl3. (b) Fluorescence spectra of 1.0 6 1027 M

rotaxane 1 racemate, in the presence and absence of 1.0 6 1028–2.5 6 1027 M L-phenylalaninol in CHCl3. (c) Relationship between the variation of the

apparent fluorescence intensity and the molar ratio of L-phenylalaninol to rotaxane 1 racemate. (Excitation wavelength: 285 nm).
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expected by inspection of the above 1H NMR titration experi-

ments. The relationship between the variation of the fluorescence

intensities at 368 and 416 nm and the molar ratio of

L-phenylalaninol to rotaxane 1 racemate is shown in Fig. 2c.

Both plots fit well with two straight lines having an intersection at

[L-phenylalaninol]/[Rotaxane 1 racemate] = 0.5, which corresponds

to a 1:1 stoichiometry because only one enantiomer was able to

form a diastereomer with L-phenylalaninol. We confirmed that the

absorption band of L-phenylalaninol is below 260 nm, and

therefore L-phenylalaninol itself shows no fluorescence by irradia-

tion at 285 nm. Variation of the fluorescence intensity was

ascribable to the formation of a diastereomer.

Rotaxane 1, composed of an asymmetric rotor and an

asymmetric axle, was able to recognize the chirality of phenyl-

alaninol due to the selective diastereomer formation, while it

showed no interaction toward other amino acid derivatives such as

alaninol, prolinol, and tryptophanol. At the same time, rotaxane 1

could also indicate a fluorescence response on the chiral

recognition as shown in Fig. 3. The structure of the diastereomer

between rotaxane 1 and phenylalaninol was still not found in this

work. However, the larger 26-membered rotor and the more

strongly acidic hydroxy group attached near the carbonyl group of

the rotor in rotaxane 1, together with the amide group in the axle

must be important factors for the diastereomer formation, because

rotaxane 2, having a 25-membered rotor without a carbonyl

group, could not interact with phenylalaninol and other amino

acid derivatives. Diastereomer formation will be ascribable to the

complex interactions, such as multiple hydrogen bonds and p2p

interactions, between rotaxane 1, having plural hydrogen bonding

sites (hydroxy and amide groups, ether oxygens) and aromatic

rings (naphthalene, anthracene, carbazole) and phenylalaninol. As

the result, diastereomer formation will influence the distance

between the naphthalene in the rotor as donor and the anthracene

(and carbazole) in the axle as acceptor, since the efficiency of the

energy transfer has been widely known to be dependent on the

donor–acceptor distance.11

We have succeeded in the development of a highly selective

optical sensor for chiral recognition based on an interlocked

molecule, rotaxane. Although chiral recognition using receptors

without any chiral carbon atom is nowadays commonplace,

receptors based on chiral rotaxanes are unique. Rotaxane 1

racemate can be completely separated into its enantiomers by

HPLC equipped with chiral column,{ therefore, the chiral

rotaxane reported here could be applicable not only to the chiral

separation of various compounds but also to the directional

controlling of molecular movements such as the rotating and

shuttling of rotor and axle in rotaxanes.

Notes and references

1 V. Balzani, M. Venturi and A. Credi, Molecular devices and machines,
Wiley-VCH, Weinheim, 2003.

2 (a) J.-P. Collin and J.-P. Sauvage, Chem. Lett., 2005, 34, 742; (b)
P. Mobian, J.-M. Kern and J.-P. Sauvage, Angew. Chem., Int. Ed., 2004,
43, 2392; (c) I. Poleschak, J.-M. Kern and J.-P. Sauvage, Chem.
Commun., 2004, 474; (d) J. D. Badjic, V. Balzani, A. Credi, S. Silvi and
J. F. Stoddart, Science, 2004, 303, 1845; (e) Y. Liu, A. H. Flood and
J. F. Stoddart, J. Am. Chem. Soc., 2004, 126, 9150; (f) J. D. Badjic,
S. J. Cantrill and J. F. Stoddart, J. Am. Chem. Soc., 2004, 126, 2288; (g)
V. Balzani, A. Credi, F. M. Raymo and J. F. Stoddart, Angew. Chem.,
Int. Ed., 2000, 39, 3348; (h) J. V. Hernandez, E. R. Kay and D. A. Leigh,
Science, 2004, 306, 1532; (i) J. S. Hannam, S. M. Lacy, D. A. Leigh,
C. G. Saiz, A. M. Z. Slawin and S. G. Stitchell, Angew. Chem., Int. Ed.,
2004, 43, 3260; (j) C. M. Keaveney and D. A. Leigh, Angew. Chem., Int.
Ed., 2004, 43, 1222; (k) E. M. Perez, D. T. F. Dryden, D. A. Leigh,
G. Teobaldi and F. Zerbetto, J. Am. Chem. Soc., 2004, 126, 12210; (l)
L. Jiang, J. Okano, A. Orita and J. Otera, Angew. Chem., Int. Ed., 2004,
43, 2121; (m) B. K. Daszkiewicz, A. Wieckowska, R. Bilewicz,
S. Comagata and K. Wozniak, Angew. Chem., Int. Ed., 2004, 43,
1668; (n) C. P. Mandl and B. Konig, Angew. Chem., Int. Ed., 2004, 43,
1622; (o) C. A. Stanier, S. J. Alderman, T. D. W. Claridge and
H. L. Anderson, Angew. Chem., Int. Ed., 2002, 41, 1769.

3 (a) D. Curiel and P. D. Beer, Chem. Commun., 2005, 1909; (b) D. Curiel,
P. D. Beer, R. L. Paul, A. Cowley, M. R. Sambrook and F. Szemes,
Chem. Commun., 2005, 1162; (c) I. Smukste and D. B. Smithrud, J. Org.
Chem., 2003, 68, 2547; (d) I. Smukste, B. E. House and D. B. Smithrud,
J. Org. Chem., 2003, 68, 2529; (e) E. Katz, L. Sheeney-Haj-Ichia and
I. Willner, Angew. Chem., Int. Ed., 2004, 43, 3292; (f) I. Willner,
V. Pardo-Yissar, E. Katz and K. T. Ranjit, J. Electroanal. Chem., 2001,
497, 172.

4 (a) Y. Tachibana, N. Kihara and T. Takata, J. Am. Chem. Soc., 2004,
126, 3438; (b) P. R. Carlier, Angew. Chem., Int. Ed., 2004, 43, 2602; (c)
P. Thordarson, E. J. A. Bijsterveld, A. E. Rowan and R. J. M. Nolte,
Nature, 2003, 424, 915; (d) A. H. Parham, B. Windisch and F. Vögtle,
Eur. J. Org. Chem., 1999, 1233.

5 (a) K. Hiratani, M. Kaneyama, Y. Nagawa, E. Koyama and
M. Kanesato, J. Am. Chem. Soc., 2004, 126, 13568; (b) Y. Nagawa,
J. Suga, K. Hiratani, E. Koyama and M. Kanesato, Chem. Commun.,
2005, 749.

6 (a) L.-E. Perret-Aebi, A. v. Zelewsky, C. Dietrich-Buchecker,
J.-P. Sauvage, J.-C. Chambron and J.-P. Sauvage, Angew. Chem., Int.
Ed., 2004, 43, 4482; (b) K. Mislow, A. D. Cian and J. Fischer, Chem.–
Eur. J., 2001, 7, 4085; (c) J.-C. Chambron, C. Dietrich-Buchecker,
G. Rapenne and J.-P. Sauvage, Chirality, 1998, 10, 125; (d)
J.-C. Chambron and J.-P. Sauvage, J. Am. Chem. Soc., 1997, 119,
9558; (e) J.-F. Nierengarten, C. O. Dietrich-Buchecker and
J.-P. Sauvage, J. Am. Chem. Soc., 1994, 116, 375; (f) C. O. Dietrich-
Buchecker, J. Guilhem, C. Pascard and J.-P. Sauvage, Angew. Chem.,
Int. Ed. Engl., 1990, 29, 1154; (g) A. Mohry, F. Vögtle, M. Nieger and
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