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Herein we describe a fullerene rotaxane, in which shuttling

between two well-defined and distant co-conformations is both

induced and monitored by the C60 stopper.

The potential applicability of rotaxanes in technology relies

directly on the control of the basic motions that they can be

subjected to. Full and efficient control of such motions will

contribute to the design of novel devices at the molecular level,

leading to miniaturization.1 Lately, a wide variety of switches have

been developed to shuttle the macrocycle reversibly between two

different parts of the thread. Electrochemical2–8 and light9–15

controlled shuttles have emerged to be among the best candidates

for the development of novel nanodevices for practical reasons.

Additionally, shuttling can be coupled with a change in the

physical properties of the molecule, providing a way to monitor

the position of the macrocycle, avoiding the use of spectroscopic

techniques that require specialized equipment (i.e. NMR spectro-

meters). In this light, several rotaxanes have been designed to

produce detectable responses, including conductivity,2,16 circular

dichroism12 and fluorescence.14,17,18

Fullerenes have well-established photophysical19 and electro-

chemical properties.20 The different excited and charged species of

fullerenes are typically generated either photophysically or

electrochemically and their characteristics have shown to be

affected in some cases by the presence or the motion of the

macrocycle.21–24

In this article we describe a fullerene rotaxane in which shuttling

is induced by p–p interactions between the C60 stopper and the

macrocycle, which in some cases are strong enough to overpower

four hydrogen bonds. This is remarkable, since p–p interactions

are usually considered weaker than hydrogen bonds.25

Simultaneously, some selected physical properties of fullerenes

are used to monitor the position of the macrocycle along the

thread. Therefore, the fullerene stopper is used both to induce and

to monitor shuttling.

Rotaxane 2 was assembled from thread 1 through hydrogen

bond recognition between the peptidic residue and the precursors

of the macrocycle, using Leigh’s protocol.26 In the neutral state,

rotaxane 2 exists in two co-conformations in different solvents

(Scheme 1 and Fig. 1), as shown by NMR spectroscopy. In

CD2Cl2, CDCl3 and THF-d8, protons G, C and D (the assign-

ments correspond to the lettering shown in Scheme 1) are shielded

because of the anisotropic effect of the benzylic rings of the

macrocycle over the thread, which confirms that the macrocycle

stays preferentially on the peptidic station (co-conformer 2A). In

DMSO-d6 and DMF-d7 the hydrogen bonds are weakened

favoring p–p interactions between the macrocycle and the

fullerene. Thus, the macrocycle shuttles to the opposite end of

the thread, assuming the stacked co-conformation 2B, which is

reflected by the shielding of protons E, L and F.

The existence of such p-stacking interactions is well supported

by photophysical experiments carried out on thread 1 and
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rotaxane 2 (see ESI{) in CH2Cl2, CH2Cl2–HFIP (1 : 1) (HFIP =

hexafluoroisopropanol), DMF and DMSO (i.e., increasing

hydrogen bonding basicity). The ground state absorption spectra

obtained in DMF and DMSO, in which co-conformer 2B is

mainly present, show broadening, red-shifts and reduced oscillator

strengths in the transition around 330 nm. In the excited state

absorption measurements, the fluorescence of the fullerene is

quenched by the proximity of the macrocycle with 28 ¡ 7% and

44 ¡ 6% respectively in DMF and DMSO. When photoexciting

at 325 nm, the residual fullerene fluorescence in DMSO is 51% of

that in CH2Cl2.
27,28

The translocation of the macrocycle is also achieved by the

reduction of the fullerene to its trianion in THF, which is both

effected and observed by cyclic voltammetry. In DMSO, where the

rotaxane adopts co-conformation 2B, anodic half-wave potential

shifts (DE1/2) on reduction waves II and III are observed in

rotaxane 2 when compared with those of thread 1 (see Table 1).

This indicates that the macrocycle stabilizes the charge by the close

proximity to the fullerene through p–p interactions. Such

stabilization increases with the anionic charge of the fullerene. In

THF, smaller DE1/2 values are expected since the macrocycle is

bound to the peptidic residue and far from the fullerene.

Surprisingly, the DE1/2 value in reduction process III is comparable

with that of DMSO, which is contradictory with the NMR

spectrum in THF-d8 that shows preferentially 2A and with

previous electrochemical studies on fullerene rotaxanes reported by

us.23,24 Although contradictory, these results can be easily

rationalized in terms of electrochemically-induced shuttling. The

high DE1/2 values in THF provide evidence for the existence of p–p

interactions between the macrocycle and the electrogenerated

trianion. Therefore, a co-conformational change takes place,

transforming 2A into 2B, in the benefit of the stabilization of the

negative charge present on the fullerene. The fact that this

phenomenon is solely observed in this particular system, in

comparison with previous fullerene rotaxanes,23,24 is explained as a

consequence of the less efficient binding between the peptidic

template and the macrocycle, which is in agreement with the

relative binding strengths of the different templates (fumaramide

& succinamide . glycylglycine).3,24,29

In order to gain quantitative information from the shifts in the

reduction potentials, simulations of the cyclic voltammograms

(DigiSim1) were carried out using the well-established square

scheme mechanism30 set out in Scheme 2 (see also ESI{). The

equilibrium constants (Keq) calculated for each of the redox states

(Table 2) corroborate the electrochemically-induced shuttling. In

the neutral state, the Keq values for DMSO (Table 2) shows

preferential formation of 2B, which is in agreement with the NMR

experiments. The Keq values tend to increase by increasing the

anionic charge on the fullerene, due to stronger p–p interactions

with the more cathodic species. On the other hand, the Keq value

for THF in the neutral state speaks for 2A, which is consistent with

Fig. 1 400 MHz 1H NMR spectra of (a) thread 1 in CDCl3 (b) rotaxane

2 in CDCl3 (c) thread 1 in DMSO-d6 (d) rotaxane 2 in DMSO-d6.

Table 1 Second and third half-wave reduction values (E1/2/V vs Fc+/
Fc) of thread 1 and rotaxane 2 in different solvents

Wave 1a 2a DE1/2
a 1b 2b DE1/2

b

I 20.381 20.381 0 20.621 20.621 0
II 20.816 20.790 0.026 21.180 21.170 0.010
III 21.436 21.390 0.046 21.790 21.750 0.040
a 0.5 mM in a 0.05 M solution of TBAPF6 in DMSO, b THF. 5 V s21

Scheme 2 Square scheme mechanism for molecular shuttle 2.

Table 2 Calculated equilibrium constants of rotaxane 2 by simula-
tion of the experimental voltammograms using DigiSim1

Equilibrium Keq (kf/kb) (DMSO) Keq (kf/kb) (THF)

2A = 2B 9.5 6 102 1 6 1022

2A2 = 2B2 1 6 103 1 6 1021

2A22 = 2B22 2.8 6 103 1
2A32 = 2B32 1.5 6 104 8

1946 | Chem. Commun., 2007, 1945–1947 This journal is � The Royal Society of Chemistry 2007



the NMR spectrum. Consecutive increase of the negative charge

shifts the equilibrium towards 2B. The interaction between the

fullerene dianion and the macrocycle is sufficiently strong to

compete with the hydrogen bonding station, which is expressed in

a 1 : 1 ratio of 2A and 2B in the equilibrium. Finally, the even

stronger p–p interactions between the trianion and the macrocycle

overwhelm the hydrogen bonds favoring the formation of 2B over

2A in an 8 : 1 ratio.

In conclusion, we have demonstrated that C60 induces shuttling

in benzylic amide rotaxanes. Remarkably, p–p interactions

between the macrocycle and the trianion of the fullerene are

strong enough to overcome the hydrogen bonds between the

macrocycle and the peptidic template. Alternatively, shuttling in

the neutral state is achieved by a solvent change. It is noteworthy

that the position of the macrocycle in the different stations is

identified through measurable changes in electrochemical, absorp-

tion and fluorescence measurements centered on the fullerene.

Fullerene-based switches provide new perspectives not only for the

design of novel molecular shuttles but also for extending their

applicability in research fields where fullerenes have proven to

play an active role such as photovoltaics, non-linear optics and

self-organization.31–33
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