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Fluorescence transfer across a donor-acceptor tagged rotaxane

was studied and a small conformational change of the rotaxane

observed using fluorescent spectroscopy and ROESY NMR.

Fluorescence resonance energy transfer (FRET) is widely used

to monitor asssociation and dynamic processes of biological

molecules,1 and has been used to monitor the self-assembly of

molecular capsules.2 There are only a few systems featuring

FRET across mechanically interlocked components,3–7 and

we proposed a new rotaxane with FRET labels. Rotaxanes

have been extensively studied for the development of mechanically

bonded molecular machines8 (Fig. 1a),8d,e such as shuttles,9

switches10 and even muscles.11 We report here the synthesis and

characterization of the system, and observations relevant to their

use as moving parts.

The relevant structural feature of the rotaxane 1 is a macrocycle

bearing a fluorophore and the axle bearing another fluorophore

at one end. Coumarin 2 was the donor on the axle and coumarin

343 was the acceptor on the macrocycle. The motion of the

interlocked molecule was based on the behavior of rotaxanes

developed by Leigh and co-workers12 (Fig. 1b). The most

straightforward synthesis, involving macrocyclization13 of the fully

labeled components around 2 was thwarted by low solubility.

Instead, an extended alkyl chain was attached to the macrocycle

precursor 3 on an Alloc group using olefin metathesis (see

electronic supplementary information). The macrocycliation of

precursor 3 with 4 to gave the [2]rotaxane 5 (Scheme 1). The

standard deprotection using Pd(0) removed the modified

Alloc group, and gave the amino-[2]rotaxane 6. The installation

of coumarin 343 on the macrocycle through the amide condensa-

tion using EDCI concluded the synthesis of the FRET labeled

[2]rotaxane 1.

The absorption and emission spectra of the [2]rotaxane 1

were recorded as illustrated in Fig. 2. Labeled 1 possesses the

characteristic absorption of both donor and acceptor coumarins,

and the fluorescence of the acceptor (lmax 5 470 nm in CHCl3)

when excited at 345 nm shows that efficient FRET occured. This

emission property of 1 was not affected under high dilution, as
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Fig. 1 (a) Schematic representation of the rotaxane showing that a

macrocycle (red) was mechanically interlocked by a dumbbell composed of

an axle (black) with a hydrogen bonding site (green), terminated by the

bulky end group (yellow). Interlocked components were tagged by

the donor D (blue) and acceptor A (purple). (b) Chemical structure of the

[2]rotaxane 1.

Scheme 1 Synthesis of the [2]rotaxane 1: (i) Et3N, anhydrous CHCl3,

RT, 3 and 4 were added to a solution of 2 by syringe pump over 4 h then

stirred for 10h; (ii) Pd(PPh3), PhSiH3, CH2Cl2, RT, 12 h, 8.4% (through

procedures i and ii); (iii) EDCI, CHCl3, RT, 10h, 69%.
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expected by the mechanical bonding of the donor and acceptor

(see ESI{). Absorption and fluorescence properties of 1 were

also investigated under polar and non-polar environments.

Although it is clear that the overall intensity of both absorption

and emission are lower in polar solvent (DMSO), the fluorescence

intensity in DMSO is relatively lower than that in CHCl3. This

can be attributed to the release of the macrocycle from the

Gly-Gly station through the disruption of hydrogen bonding

by DMSO. The Förster distances of the dyes are typically around

20–80 Å;1a a distance that mostly exceeds the length of the axle.

Accordingly, the system maintains FRET as long as the rotaxane

is intact.

The motion of the macrocycle was also observed using NMR

analysis. The conformation of the rotaxane 1 was elucidated by 1H

and ROESY NMR spectra as shown in Fig. 3. In a non-polar

environment,14 the macrocycle was predominantly located around

one of the glycine residues and the proton Ha. In the polar

environment, the macrocycle shifts towards the center of the axle

as is apparent from the upfield shifts (up to 0.8 ppm) of protons

that also show NOE interactions with the macrocycle.

In summary, the present research demonstrated that FRET

labeling can be used to detect small motions in mechanically

interlocked systems.

We are grateful to the Skaggs Institute for Research and to The

National Institutes of Health (GM 50174) for financial support.

H. O. is a Skaggs Postdoctoral Fellow.

Notes and references

1 For reviews on FRET theory and applications, see: (a) P. Wu and
L. Brand, Anal. Biochem., 1994, 218, 1; (b) J. Szöllősi, S. Damjanovich
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