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ABSTRACT: A class of rotaxane is created, not by encapsulating a
conventional linear thread, but rather by wrapping a large
cucurbit[10]uril macrocycle about a three-dimensional, cylindrical,
nanosized, self-assembled supramolecular helicate as the axle. The
resulting pseudo-rotaxane is readily converted into a proper
interlocked rotaxane by adding branch points to the helicate
strands that form the surface of the cylinder (like branches and
roots on a tree trunk). The supramolecular cylinder that forms the
axle is itself a member of a unique and remarkable class of helicate
metallo-drugs that bind Y-shaped DNA junction structures and
induce cell death. While pseudo-rotaxanation does not modify the
DNA-binding properties, proper, mechanically-interlocked rotaxa-
nation transforms the DNA-binding and biological activity of the
cylinder. The ability of the cylinder to de-thread from the rotaxane (and thus to bind DNA junction structures) is controlled by the
extent of branching: fully-branched cylinders are locked inside the cucurbit[10]uril macrocycle, while cylinders with incomplete
branch points can de-thread from the rotaxane in response to competitor guests. The number of branch points can thus a�ord
kinetic control over the drug de-threading and release.

� INTRODUCTION
Drawing on nature for inspiration, supramolecular chemistry
has created a variety of complex, often exotic, nanoscale
structures. Mechanically linked molecules have been of
particular interest, and rotaxanes have been formed by
threading molecular strands through a variety of di�erent
classes of macrocycle.1�3 Applications of rotaxanes have ranged
from protecting peptides from rapid enzymatic degradation, to
creating materials with switchable surface properties.1�8 Yet
the threads used, to date, have been principally linear, 1-
dimensional or 2-dimensional, organic, covalent molecules.

An alternative, but equally exciting, aspect of supramolecular
chemistry, has been to take the designs and lessons of
supramolecular chemistry and to apply them back to the
biology that provided the initial inspiration for the �eld. Indeed
self-assembled metallo-supramolecular helicates9,10 are enjoy-
ing a resurgence of interest for their application in
biology.11�20 They o�er quite large nanoscale surfaces of
de�ned topography, of comparable scale to key structures
found in biomolecules. We have used these external surfaces to
access unique DNA- and RNA-recognition properties,21�23

demonstrating with X-ray crystal structures the remarkable
binding of cylindrical metallo-helicates in the heart of DNA

and RNA 3-way junction structures,24�28 where the nucleic
acid bases form perfectly stacked aromatic interactions29 with
the external aromatic surfaces of the metallo-helicates. Nucleic
acid junction structures are exciting targets found both in
biology and nucleic acid nanoscience.30�35 Our junction-
binding cylinders arrest the proliferation of cancer cells and the
HIV virus.36�39

Given that the supramolecular nano-cylinder helicates
thread so beautifully into and through junctions and bulges in
nucleic acids, we were intrigued to see whether we could push
the boundaries of supramolecular assembly to similarly thread
such self-assembled nanoscale metallo-supramolecular helicates
through synthetic macrocycles to create new types of rotaxanes
and pseudo-rotaxanes in which the thread was not a simple
chain but a three dimensional, self-assembled, metallo-cylinder.
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Since the cylinders recognize DNA-junction structures through
their external surfaces, we anticipated that wrapping another
molecule around this region of the cylinder might also interfere
with (and ultimately control) the DNA-binding. Rotaxanation
in DNA-binding agents has not been previously explored.

We report now, for the �rst time, the wrapping of a synthetic
macrocycle around the external surface of a self-assembled
metallo-supramolecular nanostructure to create a pseudo-
rotaxane, subsequent conversion to a proper (mechanically-
interlocked) [2]-rotaxane, and the e�ect of rotaxanation on the
biomolecular recognition and biological properties of the
metallo-supramolecular cylinders. Examples of larger threads in
rotaxanes include pseudo-rotaxanes created by clipping
macrocycles around carbon nanotubes,40,41 a rotaxane with a
spherical fullerene in the center,42 and DNA rotaxanes,43 but
this work is distinct in representing (to the best of our
knowledge) the �rst example of a proper interlocked rotaxane
assembled around a three-dimensional metal-assembled supra-
molecular helicate as axle. An interesting report of rotaxanation
of a helical peptide has also appeared, but in that case the small
rotaxane ring wraps just around its linear chain (primary
structure) rather than encapsulating a helical secondary
structure.44 The large three-dimensional cylindrical surface
that our metallo-supramolecular helicate axle a�ords also
brings another opportunity: rather than attaching a branched
organic unit at each end of the thread as a stopper, we now clip
unbranched units onto each thread of the helicate axle
exploiting the metal-coordination and supramolecular structure
to achieve the branching e�ect which mechanically constrains
the ring. We show that the rotaxanation allows us to switch the
DNA-binding properties and thus the biological activity of the
cylinder.

� RESULTS AND DISCUSSION
The �rst challenge was to identify a suitable “ring” that might
be wrapped around these metallo-supramolecular helicates.
They are tetracations formed by wrapping three organic ligand
strands about two metal centers (Figure 1).11 They are
cylindrical in shape, around 2 nm in length, and 1 nm in
diameter�much greater than the dimensions normally
associated with rotaxanation or encapsulation�but we
identi�ed that cucurbit[10]uril (Figure 1) might o�er a cavity
of suitable dimensions.45,46

Cucurbit[n]urils (CB[n]s) are a class of macrocycles that are
attracting much attention for both host�guest chemistry and
rotaxanation studies.45�52 They are pumpkin-shaped molecules
with a rigid hydrophobic cavity �anked by two identical
openings (portals) whose rims are each lined with n carbonyl
groups. CB[5,6,7] are ideal sizes for traditional small organics
and CB[6,7,8] have been used with organic, linear threads and
chains to create rotaxanes.48 Other applications have included
using the host guest chemistry to attach proteins to surfaces or
�uorophores, and for drug delivery.47,53 The largest of the
class, with an untwisted cavity, is CB[10] (Fig. 1) which can
accommodate multiple or larger molecules45,46 as demon-
strated by its use to capture both a Stoddart “blue-box” (bis-
bipyridinium) macrocycle and its methoxybenzene guest to
create a Russian-doll style assembly.54 Binding interactions
include hydrophobic e�ects in the heart of the cavity and ion-
dipole interactions at the rims.45�54

While lower order cucurbiturils have relatively rigid cavities,
CB[10] is more �exible. It is observed to be ellipsoidal in its
crystal structure (cavity diameter 1.13-1.24 nm; portal

diameter 0.95-1.06 nm) in complex with 4,6-bis(4-
(ammoniomethyl)phenylamino)-1,3,5-triazen-2(1H)-one,45,46

and it is observed to also complex platinum terpyridyls55 and
porphyrins56 which implies further distortion is possible. The
previous use of CB[10] for rotaxanation is restricted to a
report of a kinetic rotaxane�a pseudo-rotaxane in which the
thread is encapsulated at room temperature but can enter and
leave at elevated temperatures.57

To initiate our studies we �rst explored whether the
supramolecular cylinders would bind to CB[10] to give a
tube threaded through a ring. CB[10] itself is an insoluble
compound, but rapidly dissolves on addition of an aqueous
solution of [M2L3]4+ cylinders (M = Fe, Ru, Ni). Electrospray
mass spectrometry shows peaks corresponding to [M2L3·
CB10]4+ (Figure S1 of the Supporting Information, SI) and
proton NMR spectroscopy of [Fe2L3]4+ with CB[10] con�rms
formation of a 1:1 complex (Figure 2). DOSY NMR reveals
that a single species is formed, of greater hydrodynamic radius
than the free cylinder, and involving both cylinder and CB[10].
The cylinder retains its two-fold and three-fold symmetry in
the complex. The proton NMR resonances corresponding to
the central CH2 of the cylinder and the adjacent phenylene
protons experience up�eld shifts, consistent with a shielded
location in the CB[10] cavity, while the imine proton and the
pyridine H3 are shifted down�eld, consistent with encounter-
ing the carbonyls at the rim of the macrocycle. NOEs are
observed from these two cylinder protons (Him and H3) to the
CH2 proton on the rim of the CB[10] macrocycle (Figure S2).
The NMR is unambiguous con�rmation that the cylinder sits
symmetrically (on the NMR time scale) in the center of the
macrocycle threading through from one side to the other as a

Figure 1. Ligands used in this study together with the structure of the
[Ni2L3]4+ cylinder (CSD-NITBIB) and cucurbit[10]uril (from CSD-
LAZPIM and illustrating the �exibility and potential ellipsoidal
distortions CB[10] can accommodate in response to guests).
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