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The effects of conformation on the noncovalent bonding interactions in a

bistable donor–acceptor [3]catenanew
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A switchable donor–acceptor bistable [3]catenane, composed of

a crown ether containing a pair of alternating p-electron rich

tetrathiafulvalene and 1,5-dioxynaphthalene units, encircled by

two p-electron deficient cyclobis(paraquat-p-phenylene) rings, has
been synthesised and the redox-activated switching it undergoes

investigated.

In nature, biological systems can spontaneously convert1

chemical into mechanical energy by using sophisticated motor

molecules to conduct stepwise linear or rotary molecular-level

motions. These motors play essential roles in a wide variety of

events, important for sustaining life, particularly those related to

the activities in cells, e.g., ATP synthesis.2 All of these motors

rely on a cocktail of molecular recognition processes that involve

a subtle interplay between inter- and intramolecular noncovalent

bonding interactions in order to execute their biological func-

tions. In order to help unravel the complexities of their intra-

molecular geometries and interactions, and the recognition

processes behind them, not to mention engineer totally synthetic

prototypes, researchers have been inspired to develop so-called

artificial molecular machines3 which are designed to exploit the

same types of noncovalent bonding interactions found in naturally

occurring motor molecules. Towards this end, molecular

switches,4 elevators,5 rotors,6 and muscles7 have been reported.

In the realm of artificial molecular switches,3 mechanically

interlocked molecules (MIMs),8 such as bistable catenanes and

rotaxanes,9 are particularly well-suited for nanomechanical work

and have gained9 much attention during the past two decades.

The controllable co-conformational molecular motions—

circumrotation and translation—displayed within MIMs have

foundmany applications in molecular electronic devices10 (MEDs),

mechanised mesoporous silica nanoparticles (MMSNPs) for

drug delivery,11 and nanoelectromechanical systems12 (NEMS).

For example, bistable [2]rotaxanes have been employed10a in

the fabrication of a working defect-tolerant 160 kBit molecular

memory device with a density of 1011 bits per square centimeter.

Tetrathiafulvalene (TTF), on account of its two reversible

oxidation processes, has proven13 to be an indispensable

building block for materials chemists. On account of the much

stronger binding of TTF to cyclobis(paraquat-p-phenylene)

(CBPQT4+), compared to that of 1,5-dioxynaphthalene (DNP),

TTF has been incorporated into bistableMIMs along with DNP

to construct redox-active molecular switches.10b In 1998, we

reported9a a bistable [2]catenane which is composed of a crown

ether containing p-electron rich TTF and DNP recognition

units, interlocked mechanically with a CBPQT4+ ring. The

switching is controlled by the reversible oxidation and reduction

of the TTF unit. These redox processes induce the translational

movement of CBPQT4+ ring between the TTF and DNP units.

The ground-state distribution of translational isomers favours14

encirclement of the TTF unit—called the ground state

co-conformation (GSCC)—over the DNP unit—called the

metastable state co-conformation (MSCC)—in a 150 : 1 ratio,

while in its linear rotaxane analogue, the distribution is over an

order of magnitude less at 10 : 1. This difference in ratios

prompted us to speculate that the geometry of the catenane

leads to enforced noncovalent bonding interactions—namely,

preorganisation15 in the molecular world of the mechanical

bond—which amplify the stability of the TTF-encircled trans-

lational isomer in comparison with the rotaxane. Thus, we became

interested in exploring this switching behaviour, and in particular,

the ground-state distribution of translational isomers, of the

bistable [3]catenane 18+ (Scheme 1), in which the crown ether 2

(see ESIw) containing two TTF units and two DNP units is inter-

locked mechanically with two CBPQT4+ rings. Here, we report (1)

the template-directed synthesis of 18+, (2) its solid-state structure

and superstructure, and (3) its switching behaviour in solution.

As a consequence of the conformation of the crown ether, the

arrangement of the multiple noncovalent bonding interactions

resembles more closely those found in the corresponding

[2]rotaxane rather than the [2]catenane, containing in each case

only one set of TTF and DNP units in their polyether compo-

nents, leading to a ground-state distribution of 10 : 1 in 18+.

The template-directed synthesis of [3]catenane 1�8PF6 is

outlined in the ESI.w Slow diffusion of iPr2O into a MeCN

solution of 1�8PF6 produced
17 dark green crystals, suitable for
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X-ray crystallography. The crystal structure and superstructure

are shown in Fig. 1a and b. The TTF units exist in their trans

configurations within the CBPQT4+ cavities and are stabilised

by a combination of weak interactions, including p–p stacking

between the bipyridinium units and the included TTF units, as

well as [C–H� � �O] close contacts between some of the crown

ether oxygens and the bipyridinium a-hydrogens. The DNP

units participate in alongside short interplanar p–p stacking

interactions with the outside faces of the bipyridinium units,

but only interact with half of the bipyridinium units. It is

important to note the fact that the [C–H� � �O] interactions are

spread out across both BIPY2+ units of the CBPQT4+ ring, a

feature which is reminiscent of the intramolecular interactions

present (Fig. 1c and d) in the analogous [2]pseudorotaxane16

and not the [2]catenane.9a In the analogous [2]catenane, the

[C–H� � �O] interactions are necessarily confined to only one of

the BIPY2+ units, a condition imposed by the cyclic nature of

the crown ether.

In order to study the mechanical movement of the

CBPQT4+ ring between the TTF and DNP units and evaluate

the ground-state distribution of the translational isomers, the

switching behaviour of 1
8+ was investigated (see ESIw) by

UV-Vis spectroscopy and cyclic voltammetry (CV) in MeCN.

Its ground-state UV-Vis spectrum shows a broad charge

transfer (CT) absorption band centered at 830 nm, which is

characteristic of the translational isomer in which the TTF

unit is encircled by the CBPQT4+ ring. The addition of

Fe(ClO4)3 (up to 2 equiv.) causes a continuous decrease in

the intensity of the CT band at 830 nm, accompanied by an

increase in the intensity of the absorption bands at 450 and

600 nm, which are characteristic of TTF�+ radical cation.

These observations indicate that the CBPQT4+ ring migrates

away from the TTF�+ to the DNP unit. Interestingly, another

two absorption bands, centered on 523 and 785 nm, which also

appeared during this process, can be assigned18 to the char-

acteristic absorption bands of the TTF radical cation dimer

(TTF�+)2. The intensities of these bands, arising from dimeri-

sation, are approximately half of those observed for the free

macrocycle (see ESIw) under identical conditions, leading us to
estimate that the equilibrium ratio between the TTF�+ radical

cation dimer and the free radical species to be about 1 : 1 in

the 12(�+)8+ catenane. The ability of the oxidised catenane to

dimerise is hindered by the energetic penalty of bringing the

bulky and positively charged CBPQT4+ rings close together.

This interaction was not anticipated at the outset. Further

addition of Fe(ClO4)3 until the fully oxidised state was reached

resulted in a weak absorption at 525 nm, associated with the

CT band between the DNP unit and the CBPQT4+ ring. The

original spectrum can be recovered following reduction by

ascorbic acid, indicating that these redox processes in 18+ are

fully reversible.

We have employed variable scan-rate CV in order to

measure14 the distribution of translational isomers in the

ground state at equilibrium. The electrochemical behaviour

of 1
8+, as indicated (Fig. 2) by CV, was also recorded in

MeCN at 298 K. In the case of an analogous [2]catenane, the

distribution was measured to be 150 : 1, while in the case of

the analogous [2]rotaxane, it is 10 : 1. Previously, we invoked

the idea of enforced side-on interactions present in the geo-

metry in the [2]catenane while not so in the [2]rotaxane to

rationalise this order of magnitude difference in distribution

constants. Specifically, the [C–H� � �O] interactions in the

catenane are forced to involve only one BIPY2+ unit, whereas

in the rotaxane, the [C–H� � �O] interactions are spread out over

these BIPY2+ units. We hypothesise that there is a cooperative

effect, which results from confining the [C–H� � �O] interactions

to the inside BIPY2+ unit that increases the ground-state

distribution constant in a non-linear fashion. The concept is

analogous to preorganisation, except that it is within the

context of the mechanical bond, and so has its basis in the

molecular world rather than the supramolecular one. This fact

makes these intramolecular recognition processes similar to

Scheme 1 Structural formula for the bistable [3]catenane 18+, which

contains two TTF and two DNP recognition units as well as two

CBPQT4+ rings, and a schematic representation of its redox-controlled

switching behaviour.

Fig. 1 (a) A plan view of the solid-state structure of 18+ and (b) its

superstructure, (c) a plan view of the solid-state superstructure of the

[2]pseudorotaxane16 which serves as a model for the analogous

[2]rotaxane, and (d) the solid-state structure of a related [2]catenane.9a

Note how the [C–H� � �O] interactions in 1
8+ resemble those of the

[2]pseudorotaxane and not those of the [2]catenane. The disordered

PF6
� counterions, hydrogen atoms and disordered solvent molecules

are omitted for clarity.
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the ones that control, for example, the folded structure of a

protein rather than its ability to bind different substrates. In

the oxidation region of 18+ recorded in the fast-scan rate

regime (200 mV s�1, see ESIw), a small peak is observed

around +0.50 V, the intensity of which is commensurate with

a 10 : 1 distribution. As the TTF is encircled by CBPQT4+

ring, the first oxidation of TTF is shifted to a higher potential.

When scanning in the slow scan-rate regime, the degree of the

shift in the first oxidiation potential of TTF, measurable as

EEq, compared to that of ‘‘free TTF’’ which is measurable in

the fast scan rate regime as EMSCC, is used to determine the

ground-state distribution ratio of GSCC to MSCC. We con-

firmed this distribution constant to be 10 : 1 by observing a

60 mV difference between EMSCC and EEq. Even although 18+ is

a catenane, its intramolecular interactions are more in keeping

with a [2]rotaxane than those of a [2]catenane, a feature which is

reflected in its ground-state distribution at equilibrium.

The switching behaviour of 18+ was also monitored (see

ESIw) by 1H NMR spectroscopy in CD3CN at 233 K. In the

ground state, the 1H NMR spectrum is further complicated

because of (1) the presence of multiple isomers stemming from

the cis/trans isomerism of the TTF units and (2) the dynamic

processes associated with the CBPQT4+ ring. After the oxida-

tion of TTF units, however, with tris(4-bromophenyl)aminium

hexachloroantimonate, the 1H NMR spectrum becomes rela-

tively simple. The signals for the TTF unit shift to 9.20 ppm, a d
value which is characteristic of the free TTF2+ dication. The

DNP protons experienced large up-field shifts to 2.30 (H4/8),

5.95 (H3/7), and 6.21 (H2/6) ppm, respectively, indicating that

the CBPQT4+ rings have undergone translation from the

oxidised TTF units to the DNP units. Subsequent reduction

of TTF2+ with zinc powder results in the movement of the

CBPQT4+ rings away from the DNP units and back to the

TTF units, restoring the original (ground state) 1H NMR

spectrum.

In this communication, we have demonstrated synchronised

switching of a bistable [3]catenane during an investigation

which provides additional fundamental understanding of

switchable MIMs and the effect that their intramolecular

interactions have on their ground-state thermodynamics. This

knowledge offers new perspectives for further development

of MIM-based molecular materials, and has the potential to

lead to fresh insights into the complex recognition processes

exploited by naturally occurring motor molecules.
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E. M. Pérez, P. Rudolf, G. Teobaldi and F. Zerbetto, Nat. Mater.,
2005, 4, 704–710; (b) Y. B. Zheng, Y.-W. Yang, L. Jensen, L. Fang,
B. K. Juluri, A. H. Flood, P. S. Weiss, J. F. Stoddart and
T. J. Huang, Nano Lett., 2009, 9, 819–825.

13 (a) J. L. Segura and N. Martı́n, Angew. Chem., Int. Ed., 2001, 40,
1372–1409; (b) M. Bendikov, F. Wudl and D. F. Perepichka,
Chem. Rev., 2004, 104, 4891–4946; (c) D. Canevet, M. Sallé,
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b= 104.124(3), g= 90.629(3)1, V= 4729.4(4) Å3, Z= 1, rcalcd =
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