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In response to molecular electroactive device requirements,
a molecular shuttle in the shape of an amphiphilic bistable
[2]rotaxane has been designed, synthesized, and character-
ized. It contains a hydrophobic, tetraarylmethane and a hy-
drophilic, dendritic stopper and two π-electron-rich sta-
tions—a (monopyrrolo)tetrathiafulvalene unit and a 1,5-di-
oxynaphthalene moiety — on the rod section of its dumbbell
component, which can act as recognition sites for the tetra-
cationic cyclophane, cyclobis(paraquat-p-phenylene), to res-
ide around. In contrast to a previously reported ‘‘slow’’ am-
phiphilic bistable [2]rotaxane, which has an SMe group at-
tached directly to the (monopyrrolo)tetrathiafulvalene unit,
this ‘‘new and improved’’ bistable [2]rotaxane has a much less
bulky hydrogen atom attached to the (monopyrrolo)tetra-
thiafulvalene unit. This seemingly small difference in the sub-
stituents on the (monopyrrolo)tetrathiafulvalene unit leads to
profound changes when comparing the physical properties of
the two bistable [2]rotaxanes. Two hydrophilic semidumbbell
compounds, comprising only a (monopyrrolo)tetrathiafulva-
lene unit, and one hydrophobic semidumbbell compound
comprising only a 1,5-dioxynaphthalene moiety on its rod
section have also been prepared and used to form their cor-
responding cyclobis(paraquat-p-phenylene) complexes. The
kinetics of the complexation/decomplexation process occur-

Introduction

The rise of supramolecular chemistry,[1] and its precise
dependence on delicate noncovalent bonding interactions,
has stimulated research by chemists of many different per-
suasions in mechanically interlocked compounds like ca-
tenanes and rotaxanes.[2] The internal guidance, provided
by their intercomponent noncovalent bonds, has trans-
formed these interlocked molecular compounds from
chemical curiosities into the centerpieces of a vibrant area
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ring in these complexes have been investigated, using both
absorption and 1H NMR spectroscopy. In addition, these
model complexes have been used to investigate the strength
of the noncovalent bonding interactions occurring between
the cyclobis(paraquat-p-phenylene) ring component and the
semidumbbell component at different temperatures, al-
lowing the free energies, enthalpies, and entropies for the
formation of these complexes to be determined. The outcome
of these investigations can be used to explain the fact that
the ‘‘slow’’ [2]rotaxane exists as a 1:1 mixture of its two pos-
sible translational isomers, whereas the ‘‘new and improved’’
[2]rotaxane exists as a 4:1 mixture in favor of the translational
isomer where the cyclobis(paraquat-p-phenylene) tetracat-
ion encircles the (monopyrrolo)tetrathiafulvalene unit, and
also to explain the thermochromic behavior of the ‘‘new and
improved’’ [2]rotaxane. In this amphiphilic bistable [2]rotax-
ane, shuttling of the cyclobis(paraquat-p-phenylene) tetra-
cation can be driven by both chemical and electrochemical
oxidation of the (monopyrrolo)tetrathiafulvalene unit render-
ing it a good candidate for incorporation into two-terminal
molecular switch tunnel junctions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

of contemporary research in nanochemistry.[3] Since the
mechanically-interlocked components of nondegenerate ca-
tenanes and rotaxanes can be induced to change their rela-
tive positions as a result of some well-chosen external
stimulus, they are ideally suited for the construction of arti-
ficial molecular machines[3,4,5] and the fabrication of nano-
electronic devices.[6,7,8] Further, because large-amplitude
motions can be envisaged[9] within bistable [2]rotaxanes,
without the risk of damage to their molecular structures,
they can serve as archetypical molecules for the develop-
ment of nano-electro-mechanical systems (NEMS).

The relative movements, such as circumrotation[10] (ro-
tary motion) and shuttling[11] (linear motion), of the inter-
locked components can be triggered by chemical, electro-
chemical, and photochemical stimuli,[12] forcing bistable
[2]catenanes and bistable [2]rotaxanes, respectively, to
switch between two non-degenerate states (State 0 and
State 1). Much effort has been devoted over the past two
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decades in trying to understand and control the use of non-
covalent bonding interactions in the template-directed syn-
thesis[10,11,13] of such catenanes and rotaxanes. A [2]rotax-
ane containing two constitutionally different recognition
sites (‘‘stations’’) in its dumbbell-shaped component can ex-
ist in two different nondegenerate co-conformations[14] as
translational isomers, whose relative populations reflect
their free energy difference as determined primarily by the
strengths of the two different sets of noncovalent bonding
interactions. In suitably designed bistable [2]rotaxanes, the
ring component resides preferentially � in ideal cases[9]

only � on one of the two recognition sites. In such systems,
the properties of the preferential recognition site can be re-
versibly altered in response to either physical (light acti-
vation) or chemical (redox or pH changes) stimuli.[12] As a
consequence, shuttling of the ring component between the
two stations can occur.[13] Recently, we reported[15] the tem-
plate-directed syntheses of amphiphilic bistable [2]rotaxanes
in which the ring component is cyclobis(paraquat-p-phenyl-
ene) (CBPQT4�) and the dumbbell component — contain-
ing a (monopyrrolo)-TTF (MPTTF) unit and a 1,5-dioxy-
naphthalene (DNP) moiety within its rod section — is ter-
minated by a hydrophilic dendritic stopper at one end and
a hydrophobic tetraarylmethane stopper at the other. These
molecules have already been used in the fabrication of solid-
state, nanoelectronic devices.[8e] In the case of the [2]rotax-

Figure 1. Molecular formulas of the ‘‘slow’’ two-station [2]rotaxane 1·4PF6, the ‘‘fast’’ two-station [2]rotaxane 2·4PF6, and some model
complexes 3�CBPQT4�, 4�CBPQT4�, and 5�CBPQT4�
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ane 14� (Figure 1), it transpired[15] that the SMe group,
situated between the MPTTF and the DNP recognition
sites, contributes substantially to a considerable activation
barrier for the shuttling of the tetracationic cyclophane
CBPQT4� between the two recognition sites, rendering the
device performance of this molecule poor. In addition, both
absorption and 1H NMR spectroscopy have demon-
strated[15] the presence, in Me2CO (CD3COCD3) solution,
of two stable translational isomers in an approximately 1:1
ratio at room temperature. Since the MPTTF recognition
site fails to entice the CBPQT4� ring component to reside
exclusively on it, its subsequent oxidation, and removal of
its stabilizing interactions with the CBPQT4� ring compo-
nent produces a switch that works in no more than 50% of
the [2]rotaxane molecules. By replacing the SMe group on
the MPTTF unit in the [2]rotaxane 14� with the very much
less bulky hydrogen atom � producing the [2]rotaxane 24�

(Figure 1) � we expected that the activation barrier for the
shuttling of the tetracationic cyclophane CBPQT4� be-
tween the MPTTF and the DNP recognition sites will be
considerably decreased. In addition, it had also been
shown[16] that the binding constant (Ka) increases threefold
when the 1:1 complexation of the tetracationic cyclophane
CBPQT4� with the MPTTF derivatives 6 (Ka � 1300 m�1,
Me2CO) and 7 (Ka � 3900 m�1, Me2CO) is compared (Fig-
ure 2). Therefore, it was anticipated that the predominant
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Figure 2. Complexation of the MPTTF derivatives 6 and 7 by
CBPQT4�

translational isomer of the [2]rotaxane 24� will be the one
in which CBPQT4� encircles the MPTTF unit.

Here, we describe (1) the synthesis of the ‘‘new and im-
proved’’ amphiphilic bistable [2]rotaxane 2·4PF6, in which
the SMe group situated between the MPTTF and DNP rec-
ognition sites in the ‘‘slow’’ molecular shuttle/switch
1·4PF6, has been replaced (Figure 1) by a hydrogen atom.
Subsequently, (2) the syntheses of three model compounds
� namely two hydrophilic semidumbbell compounds 3 and

Scheme 1. Synthesis of the dumbbell compound 16
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4 comprising only an MPTTF unit on their rod sections
and a hydrophobic semidumbbell compound 5 comprising
only a DNP moiety on its rod section � are described.
Thereafter, we compare (3) the photophysical and 1H NMR
spectroscopic properties of the amphiphilic bistable [2]rot-
axanes 14� and 24�, followed by describing (4) thorough
kinetic and thermodynamic investigations of their corre-
sponding model complexes 3�CBPQT4�, 4�CBPQT4�,
and 5�CBPQT4�. Finally, (5) the chemical redox-switching
of 24�, together with (6) some electrochemical studies per-
formed on 24� and on the model complexes 3�CBPQT4�,
4�CBPQT4�, and 5�CBPQT4� are discussed.

Results and Discussion

Synthesis

The syntheses (Scheme 1) of the DNP moiety[15] 11 carry-
ing the hydrophobic stopper and the chloride 15 carrying
the hydrophilic stopper,[8b,17] have already been reported.
Here, we describe the syntheses (Schemes 1 and 2) of a no-
vel MPTTF building block 10 and the ‘‘fast’’ molecular
shuttle/switch 2·4PF6, before outlining (Schemes 3�5) the
syntheses of the two hydrophilic semidumbbell compounds
3 and 4 and the hydrophobic semidumbbell compound 5.

The synthesis of the asymmetric MPTTF building block
10 was carried out as outlined in Scheme 1. Cross-coupling
of 5-tosyl-5H-1,3-dithiolo[4,5-c]pyrrol-2-one[18] (8) with
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two equivalents of 4-(2-cyanoethylthio)-1,3-dithiole-2-
thione[19] (9) in neat (EtO)3P gave 10 in 64% yield. The
dumbbell compound 16, the precursor to the ‘‘fast’’ molec-
ular shuttle/switch 2·4PF6, was synthesized as illustrated in
Scheme 1. Treatment of the bromide[15] 11 with NaI gave,
in almost quantitative yield, the iodide 12, which could be
coupled with the MPTTF building block 10 following its in
situ deprotection with one equivalent of CsOH·H2O to give
13 in 70% yield. The tosyl protecting group on the MPTTF
unit was removed in good yield (85%) by using NaOMe in
a THF/MeOH mixture. The resultant pyrrole nitrogen atom
in 14 was alkylated with the chloride[8b,17] 15, and the
dumbbell compound 16 was isolated in 70% yield. The
[2]rotaxane 2·4PF6 was self-assembled (Scheme 2) under
high pressure conditions[20] by using the dumbbell com-
pound 16 as the template for the formation of the encircling
CBPQT4� tetracation, and the [2]rotaxane 2·4PF6 was iso-
lated in 55% yield from a mixture of the dumbbell com-
pound 16, the dicationic precursor[10] 17·2PF6, and the di-
bromide 18 after they had been subjected to a 10 kbar
pressure in DMF at room temperature for 3 days.

The semidumbbell compounds 3�5 were synthesized as
shown in Schemes 3�5. N-Alkylation of the MPTTF de-
rivative[18] 6 with the chloride[8b,17] 15 gave (Scheme 3) the
hydrophilic semidumbbell compound 3 in 81% yield. In or-
der to construct the hydrophilic semidumbbell compound
4, the MPTTF building block 10 was treated (Scheme 4)
with one equivalent of CsOH·H2O. This procedure gener-
ated the MPTTF-monothiolate, which was alkylated with

Scheme 2. Synthesis of the ‘‘fast’’ two-station [2]rotaxane 2·4PF6
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Scheme 3. Synthesis of the semidumbbell compound 3 and its com-
plexation by CBPQT·4PF6

MeI, to give the MPTTF derivative 19 in almost quantitat-
ive yield. Removal of the tosyl protecting group was carried
out in 88% yield using NaOMe in a THF/MeOH mixture.
Finally, the hydrophilic semidumbbell compound 4 was ob-
tained in 71% yield, following N-alkylation of the pyrrole
unit in 7 with the chloride[8b,17] 15. Treatment of the iodide
12 with NaSMe afforded (Scheme 5) the hydrophobic semi-
dumbbell compound 5 in excellent yield (99%).
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Scheme 4. Synthesis of the semidumbbell compound 4 and its com-
plexation by CBPQT·4PF6

Scheme 5. Synthesis of the semidumbbell compound 5 and its com-
plexation by CBPQT·4PF6

Mass Spectrometric Investigations

The dumbbell compound 16, the semidumbbell com-
pounds 3�5, and the [2]rotaxane 2·4PF6 were all charac-
terized by matrix-assisted laser-desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry. The spectra
obtained for 3�5 and 16 gave peaks corresponding to the
[M]� ion, whereas the spectrum for 2·4PF6 gave peaks cor-
responding to the [M � 3PF6]� and [M � 4PF6]� ions.

Photophysical Investigations

Just as observed[15b] previously for the dumbbell compo-
nent of the [2]rotaxane 14�, the absorption spectrum of the
dumbbell compound 16 is quite similar to the sum of the
spectra of its chromophoric units, indicating that, in dumb-
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bell compound 16, there are no significant interactions
among its chromophoric units in the ground state.

In contrast to the [2]rotaxane 1·4PF6 which was isolated
as a brown solid, the [2]rotaxane 2·4PF6 was isolated as a
dark green solid. This observation indicates that the major
translational isomer of 24� is 2·GREEN4�. The absorption
spectrum (Figure 3), recorded from 24� in Me2CO at
298 K, reveals a broad charge transfer (CT) absorption
band centered at 815 nm (ε � 1410 L·mol�1·cm�1), which
is characteristic[21] of co-conformations containing an
MPTTF unit located inside CBPQT4�. This band is ac-
companied by a CT absorption band � observed as a tiny
shoulder at 520 nm (ε � 850 L·mol�1·cm�1) � which re-
sults from the DNP moiety that is located inside the
CBPQT4� ring.[22] A comparison of the absorption spectra
(Figure 3) of equilibrium mixtures of the [2]rotaxanes 14�

and 24� recorded in Me2CO at 298 K indicates clearly that
the translational isomer in which CBPQT4� encircles the
MPTTF is more populated in the case of 24�, since the
MPTTF/CBPQT4� CT interaction, centered around
800 nm, for 24� is significantly stronger than that ob-
served for 14�.

Figure 3. Absorption spectra recorded at 298 K in Me2CO of equi-
librium mixtures of the [2]rotaxanes 1·GREEN4� and 1·RED4�

(—–) and of the [2]rotaxanes 2·GREEN4� and 2·RED4� (��);
both spectra were recorded using 0.41 mm solutions of 14� and
24�, respectively

We have previously reported[15] that the two-station [2]ro-
taxane 14� was isolated as a 1:1 mixture of 1·GREEN4�

and 1·RED4�. It was found[15] that the absorption spectrum
of the isolated 1:1 mixture of the two-station [2]rotaxane
14� recorded in MeCN at 298 K changes with time, such
that the absorption bands for the MPTTF/CBPQT4� CT
interaction — centered around 820 nm — increases in
intensity and the DNP/CBPQT4� CT interaction — cen-
tered around 520 nm — decreases in intensity, indicating
clearly that shuttling of CBPQT4� from the DNP recog-
nition site in 1·RED4� to the MPTTF recognition site oc-
curs. After 20 h under these conditions, the system reaches
equilibrium, and no perceptible changes are observed in ab-
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sorption spectra recorded subsequently. 1H NMR spec-
troscopy reveals[15b] that the equilibrated MeCN (CD3CN)
solution contained a 3:1 mixture of 1·GREEN4� and
1·RED4�. In the case of the two-station [2]rotaxane 24�,
equilibration occurs much more rapidly and the absorption
spectrum (Figure 4) of 24� recorded in MeCN at 298 K
does not change with time. A comparison of the absorption
spectra (Figure 4) recorded in MeCN at 298 K of equilib-
rium mixtures of the [2]rotaxanes 14� and 24� indicates
clearly that the translational isomer in which CBPQT4� en-
circles the MPTTF is more populated in the case of 24�.

Figure 4. Absorption spectra recorded at 298 K in MeCN of equi-
librium mixtures of the [2]rotaxanes 1·GREEN4� and 1·RED4�

(—–) and of the [2]rotaxanes 2·GREEN4� and 2·RED4� (��);
both spectra were recorded using 0.41 mm solutions of 14� and 24�,
respectively; in the [2]rotaxane 24�, equilibration occurs immedi-
ately; however, in the case of the slow [2]rotaxane 14�, equilibration
takes 24 h

Figure 5 shows the absorption spectra of the [2]rotaxane
24� recorded in MeCN, Me2CO, and Me2SO. In all these
solvents, a broad absorption band (Table 1) is observed in
the region 600�1100 nm, which can be assigned to the CT
interactions of the MPTTF unit encircled by CBPQT4�.
However, it should be noted that the MPTTF/CBPQT4�

CT band decreases significantly in intensity when changing
the solvent from MeCN � Me2CO � Me2SO, while the
DNP/CBPQT4� CT band, at the same time, exhibits a more
or less constant intensity, indicating that the solvent has
a pronounced influence on the distribution of CBPQT4�

between the two stations. These results can be explained by
the relative positioning of the MPTTF unit and the DNP
moiety with respect to the hydrophilic dendritic stopper. In
the [2]rotaxane 24�, the hydrophilic dendritic stopper is lo-
cated closer to the MPTTF station and both the CT and
[C�H···O] hydrogen-bonding interactions between the
hydrophilic stopper and CBPQT4� play an important role
as far as the relative occupation of the MPTTF station by
CBPQT4� is concerned. When changing the solvent from
MeCN � Me2CO � Me2SO, the [C�H···O] hydrogen-
bonding interactions between the bismethyleneoxy groups
of the hydrophilic stopper and some of the α-CH hydrogen

Eur. J. Org. Chem. 2005, 196�220 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 201

atoms in the bipyridinum units of the CBPQT4� ring com-
ponent[23] become less dominant as a result of competing
[C�H···O] hydrogen-bonding interactions that occur be-
tween the solvent and CBPQT4�.

Figure 5. Absorption spectra (298 K) of an equilibrium mixture of
the [2]rotaxanes 2·GREEN4� and 2·RED4� recorded in MeCN
(—–), Me2CO (��), and Me2SO (� ·� ·�); all spectra were re-
corded using 0.41 mm solutions of 24�

Table 1. Comparison of the photophysical data[a] at 298 K for the
[2]rotaxanes 14� and 24�

GREEN RED
λmax. ε λ[b] ε

Com- Solvent [nm] [L·mol�1·cm�1] [nm] [L·mol�1·cm�1]
pound

14� MeCN 820 1220 520 790
14� Me2CO 805 860 520 860
24� MeCN 825 1820 520 850
24� Me2CO 815 1410 520 850
24� Me2SO 790 1090 520 640

[a] Data obtained from equilibrated solutions of the two com-
pounds. In the [2]rotaxane 24� equilibration occurs immediately.
However, in the case of the [2]rotaxane 14�, equilibrium is reached
in approximately 24 h. [b] Observed as a shoulder.

In order to assess the thermochromic properties of the
bistable [2]rotaxane 24�, a temperature-controlled UV/Vis
experiment (Figure 6) was carried out in Me2CO. At 298 K,
the absorption bands for both the MPTTF/CBPQT4� CT
interaction — centered around 815 nm — and the DNP/
CBPQT4� CT interaction — centered around 520 nm —
were clearly evident (Figure 6). On increasing the tempera-
ture, the CT band, centered around 815 nm, increases in
intensity, and the band around 520 nm decreases in inten-
sity. The reverse trend was observed on decreasing the tem-
perature. As a consequence of these spectroscopic varia-
tions, the color of the solution changes from greenish
brown (low temperature) to pale green (high temperature).
This sequence of events indicates that a interconversion of
2·RED4� into 2·GREEN4� take place when the tempera-
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ture is raised from 288 K to 328 K and that 2·GREEN4� is
the dominant translational isomer at 328 K.

Figure 6. Absorption spectra recorded on an equilibrium mixtures
of the [2]rotaxanes 2·GREEN4� and 2·RED4� in Me2CO
(0.41 mm) at different temperatures

1H NMR Investigations

While absorption spectroscopy indicates qualitatively the
locations of CBPQT4� between the recognition sites on the
rod section of the semidumbbell component, 1H NMR
spectroscopy provides a quantitative tool for monitoring its
precise distribution between the sites and also yields fine,
as well as gross, structural information.

Two-Station [2]Rotaxane 24�

A variable-temperature (VT) 1H NMR investigation of
the [2]rotaxane 24� was undertaken in order to study the
temperature dependence of the equilibrium between the
translational isomers 2·GREEN4� and 2·RED4�. Three
different solvents were used for this investigation, namely,
CD3COCD3, CD3CN, and CD3SOCD3. Data for the equi-
librium distribution of the two translational isomers were
obtained at temperatures where the shuttling process is slow
on the 1H NMR timescale. Because of the relatively high
freezing point for CD3SOCD3, determination of the distri-
bution of translational isomers was precluded by the fact
that the shuttling process is fast on the 1H NMR timescale
at all temperatures above the freezing point. Integration and
partial line-shape analysis of the signals arising from the
ethyl group on the hydrophobic stopper were used to deter-
mine the relative amounts of 2·GREEN4� and 2·RED4�

present at a given temperature in both CD3COCD3 (Fig-
ure 7) and CD3CN (Figure 8), and the results are listed in
Table 2 and 3.

A plot showing a summary of the data collected is given
in Figure 9. A comparison of the equilibrium at 263 K
shows that in CD3COCD3 approximately 60% of 2·RED4�

is present with 40% of 2·GREEN4�. In CD3CN, the prefer-
ence is reversed and only 30% of 2·RED4� is present at
263 K with 70% of the [2]rotaxane existing as 2·GREEN4�.
As can be seen from the plot in Figure 9, the CD3CN solu-
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Figure 7. Partial 1H NMR spectra of [2]rotaxane 24� recorded in
CD3COCD3 between 206�267 K showing the signal correspond-
ing to the Me group in the ethyl substituent on the hydrophobic
stopper

Table 2. Ratio[a] (Keq) and derived free energies[b] (∆∆G) between
the translational isomers 2·GREEN4� and 2·RED4� in an equilib-
rium mixture of the [2]rotaxane 24� determined by 1H NMR spec-
troscopy at different temperatures (T) in CD3COCD3

Keq
[a] ∆∆G[b]T [K]

206 0.11 0.90
215 0.22 0.65
227 0.33 0.50
231 0.43 0.39
241 0.59 0.25
253 0.74 0.15
267 0.92 0.04

[a] The ratio Keq � [2·GREEN4�]/[2·RED4�] between the trans-
lational isomers 2·GREEN4� and 2·RED4� was determined by in-
tegration and partial line-shape analysis of the signal arising from
the CH3 group in the ethyl substituent on the hydrophobic stopper.
[b] ∆∆G � ∆G(2·GREEN4�) � ∆G(2·RED4�).

tion shows a markedly larger temperature dependence for
this equilibrium relative to the CD3COCD3 solution.
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Figure 8. Partial 1H NMR spectra of [2]rotaxane 24� recorded in
CD3CN between 226�316 K showing the signal corresponding to
the CH2 group in the ethyl substituent on the hydrophobic stopper

Table 3. Ratio[a] (Keq) and derived free energies[b] (∆∆G) between
the translational isomers 2·GREEN4� and 2·RED4� in an equilib-
rium mixture of the [2]rotaxanes 24� determined by 1H NMR spec-
troscopy at different temperatures (T) in CD3CN

T [K] Keq
[a] ∆∆G[b]

226 0.67 0.18
238 1.1 �0.04
248 1.6 �0.24
259 2.3 �0.44

[a] The ratio Keq � [2·GREEN4�]/[2·RED4�] between the trans-
lational isomers 2·GREEN4� and 2·RED4� was determined by in-
tegration and partial line-shape analysis of the signal arising from
the CH2 group in the ethyl substituent on the hydrophobic stopper.
[b] ∆∆G � ∆G(2·GREEN4�) � ∆G(2·RED4�).

Kinetic Investigations

A fundamental understanding of the shuttling behavior
in solution by bistable [2]rotaxanes must be achieved if their
switching properties in solid-state devices[8] are going to be
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Figure 9. A linear plot of Keq against T for the translational isomer-
ism of the [2]rotaxane 24� between the 2·GREEN4� and 2·RED4�

isomers, data in Me2CO are represented by triangles and MeCN
by circles; the Keq values were obtained as described in Table 2
and 3

harnessed to the full. Toward this end, detailed kinetic in-
vestigations of the complexation/decomplexation processes
for the 1:1 complexes formed between the model semi-
dumbbell compounds 3�5 and CBPQT4� were carried out
in Me2CO with the objective of obtaining the kinetic and
thermodynamic parameters for the processes.

Two-Station [2]Rotaxane 24�

The barrier for shuttling of the CBPQT4� ring in 24� can
be determined by observing the coalescence (Figure 7 and
8) of the 1H NMR signals arising from 2·RED4� and
2·GREEN4� as the temperature is increased. The rate con-
stant for the shuttling process, kS, is given by the equation
kS � (π∆υex)/(√2), where ∆υex is the separation between the
peaks at low temperature in Hz. The ∆G‡

c value can then be
calculated, and was determined to be 14.8 kcal·mol�1 in
CD3COCD3 at 293 K and 14.7 kcal·mol�1 in CD3CN at
293 K.

3�CBPQT4�

Mixing equimolar amounts (0.89 mm) of the yellow semi-
dumbbell compound 3 and the colorless CBPQT4� ring
component[24] in Me2CO at 297 K produced a yellow solu-
tion which slowly became green, an observation that is re-
lated to the slow formation (Scheme 3) of the [2]pseudoro-
taxane 3�CBPQT4�. The process whereby CBPQT4� thre-
ads onto the MPTTF unit in 3 could be followed (Fig-
ure 10) by monitoring the increase in the intensity of the
MPTTF/CBPQT4� CT absorption band centered at
807 nm. After 45 min at 297 K, the system reached equilib-
rium and no perceptible changes were observed in absorp-
tion spectra recorded subsequently. The kinetics of the thre-
ading of CBPQT4� onto the MPTTF unit are expected to
be first-order.[25] The process whereby CBPQT4� threads
onto the semidumbbell compound 3 was investigated using
absorption spectroscopy by monitoring the increase in the
CT band intensity resulting from the MPTTF unit being
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located inside CBPQT4�. Immediately after mixing equi-
molar amounts of CBPQT4� and the semidumbbell com-
pound 3 in Me2CO,[26] the threading process was followed
at different temperatures (Table 4) using the absorbance A
at 807 nm as the probe. The experimental data were sub-
jected to a first-order analysis and rate constants (k) were
obtained for the threading of CBPQT4� onto the semi-
dumbbell compound 3 at different temperatures. The
straight lines obtained (Figure 11) by plotting ln A against
time (t) confirmed[27] the first-order nature of the threading
process. The k values and the corresponding free energies

Figure 10. Absorption spectra recorded in Me2CO at 297 K on a
1:1 mixture of the semidumbbell compound 3 and CBPQT4� at
different times after mixing

Table 4. Rate constants (k) and derived free energies of acti-
vation[28] (∆G‡) for the threading of CBPQT4� on the semi-
dumbbell compound 3, determined by absorption spectroscopy in
Me2CO[a] at different temperatures using the MPTTF/CBPQT4�

CT band as the probe

T λmax. Data Correlation k t1/2 ∆G‡

[K] [nm] Points Coefficient [s�1] [s][b] [kcal·mol�1]

287 807 17 0.997 1.25 � 10�2 55 19.3
290 807 17 0.996 1.37 � 10�2 51 19.4
291 807 15 0.998 1.43 � 10�2 48 19.4
292 807 9 0.994 1.47 � 10�2 47 19.5
293 807 9 0.998 1.66 � 10�2 42 19.5
296 807 18 0.999 1.94 � 10�2 36 19.6
297 807 11 0.995 2.01 � 10�2 34 19.7
299 807 14 0.995 2.04 � 10�2 34 19.8
301 807 13 0.985 2.30 � 10�2 30 19.9
303 807 9 0.994 2.54 � 10�2 27 20.0

[a] Experiments were performed with an initial concentration of the
semidumbbell compound 3 (equal to that of CBPQT4�) of
0.71 mm.[26] The k values were obtained from the slope of the
straight line in the plot of ln A against t using the relationship of
ln A/A0 � k t � ln A0. The values A and A0 correspond to the
absorbance (at 807 nm) at time t, and to the initial absorbance (at
807 nm), respectively. [b] The values for the ‘‘half-life’’ were ob-
tained from t1/2 � ln 2/k and are the theoretical ones that would
be observed in a nonequilibrating system, i.e. if the reverse process
was prevented by constant removal of the separated components
from the system.
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of activation[28] (∆G‡) were obtained directly from the
slopes of these straight lines and are recorded in Table 4,
together with the half-lives (t1/2). As expected, the exchange
between the complexed and uncomplexed species in the 1:1
complex formed between the semidumbbell compound 3
and CBPQT4� occurs slowly on the 1H NMR timescale
(CD3COCD3, 300 MHz) at 300 K.

Figure 11. A linear plot of ln A against t for a 1:1 mixture of
CBPQT4� and the semidumbbell compound 3 in Me2CO obtained
by using the MPTTF/CBPQT4� CT absorption band (807 nm) as
the probe; the absorbance A was measured at 291 K on an initial
0.93 mm solution with respect to both CBPQT4� and 3; the 15 data
points were collected in the early stages of the experiment where
the reverse process is not yet occurring to any significant extent;
they have been fitted by a best straight line, giving a correlation
coefficient of 0.998, indicating that first-order kinetics are in oper-
ation

4�CBPQT4�

Mixing equimolar proportions (0.75 mm) of the semi-
dumbbell compound 4 and CBPQT4� in Me2CO leads to the
immediate formation (Scheme 4) of the [2]pseudorotaxane
4�CBPQT4�, as evidenced by the spontaneous production
of a green-colored solution. These results indicate that the
threading process leading to the formation of 4�CBPQT4�

is a much faster one than the threading process leading to
the formation of 3�CBPQT4�. In contrast to
3�CBPQT4�, the exchange between the complexed and un-
complexed species in a 1:1 mixture of the semidumbbell
compound 4 and CBPQT4� occurs rapidly on the 1H NMR
timescale (CD3COCD3, 500 MHz) at 303 K. At 196 K, the
kinetics enter the regime of slow exchange on the 1H NMR
timescale, and both complexed and uncomplexed species
can be observed in the 1H NMR spectrum (CD3COCD3,
500 MHz) recorded on the semidumbbell compound 4 and
0.5 equivalents of CBPQT4�.

In order to determine an activation barrier for the
complexation/decomplexation process occurring in
4�CBPQT4�, a CD3COCD3 solution of the semidumbbell
compound 4 containing 0.5 equivalents of CBPQT4� was
studied using VT 1H NMR spectroscopy. At 260 K, the
spectrum (500 MHz) obtained (Figure 12, a) displays the
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expected time-averaged signal for the resonances associated
with the protons on the SMe groups. Upon cooling the
sample down, a gradual broadening of this signal occurs,
which leads eventually, on further cooling, to a separation
(Figure 12, e) of this signal into two resonances, which can
be associated with the SMe protons in the complexed and
uncomplexed forms of the semidumbbell compound 4. At
the coalescence temperature, the activation barrier (∆Gc

‡) for
the process whereby a CBPQT4� ring exchanges between
two semidumbbell molecules can be calculated[29] and was
determined to be 11.7 � 0.1 kcal·mol�1 at 238 K.

Figure 12. Partial 1H NMR spectra (500 MHz) of the SMe region
recorded on a CD3COCD3 solution of 4 (1 mm) �0.50 equiv.
CBPQT4� at a) 260 K, b) 249 K, c) 238 K, d) 226 K, and e) 215 K;
at lower temperatures two signals can be observed for the protons
of the SMe group (e); these signals can be attributed to the com-
plexed and uncomplexed forms of 4; upon increasing the tempera-
ture they are observed to broaden (d), coalesce (c), and eventually
appear as one signal (b) at 249 K; the descriptions c and uc refer
to complexed and uncomplexed species, respectively

5�CBPQT4�

Just as in the case of the pseudorotaxane 4�CBPQT4�,
the exchange between the complexed and uncomplexed
species in a mixture of the semidumbbell compound 5 and
0.70 equivalents of CBPQT4� occurs rapidly on the 1H
NMR timescale (CD3COCD3, 500 MHz) at 303 K (Fig-
ure 13, a). At 196 K (Figure 13, b), the kinetics enter the
regime of slow exchange on the 1H NMR timescale, and
both complexed and uncomplexed species can be observed
in the 1H NMR spectrum (CD3COCD3, 500 MHz) re-
corded on the semidumbbell compound 5 and 0.7 equiva-
lents of CBPQT4�. In the 1H NMR spectrum
(CD3COCD3, 500 MHz) recorded (Figure 14, a) at 196 K
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on a mixture of the semidumbbell compound 5 and a slight
excess of CBPQT4�, virtually no uncomplexed semi-
dumbbell 5 is present, indicating that the complexation of
5 by CBPQT4� is very strong at this temperature. Evidence
for the fact that CBPQT4� encircles the DNP moiety is ap-
parent from the observation of a high upfield shift of the
peaks corresponding to the protons of the DNP moiety. As
a consequence of the asymmetry present in the semi-
dumbbell component, the DNP-H-2/6 protons resonate as
two overlapping doublets (J � 8 Hz) at δ � 6.38 ppm, while
the DNP-H-3/7 protons resonate as two triplets (J � 8 Hz)
centered at δ � 6.21 and 6.24 ppm, in the spectrum (Fig-
ure 14, a) of 5�CBPQT4�. The upfield shift of the DNP-
H-2/6 and DNP-H-3/7 protons results from anisotropic
shielding of the protons on the DNP moiety by the aro-
matic units present in the encircling CBPQT4� ring. Ad-
ditionally, the DNP-H-4/8 protons of the encircled DNP
moiety participate in [C�H···π] interactions. The fact that
they are pointing toward the π-faces of the p-xylylene units
of the tetracationic cyclophane CBPQT4� results in a very
large upfield shift of their resonances, which are observed
as two doublets (J � 8 Hz) at δ � 2.63 and 2.65. The δ val-
ues for the DNP-H-4/8 protons in 5�CBPQT4� and the
same protons in the semidumbbell compound 5 are shifted
upfield by 5.24 and 5.22 ppm. Examination of the 1H DQF-
COSY (Double Quantum Filtered � Correlation Spec-
troscopy) spectrum (Figure 14, b) for 5�CBPQT4� clearly
shows the scalar coupling between the protons in the
DNP moiety.

Figure 13. 1H NMR spectra (500 MHz) recorded in CD3COCD3
of 5 (1 mm) and 0.7 equivalents CBPQT4� at a) at 303 K and b) at
196 K; the descriptions c and uc refer to complexed and uncom-
plexed CBPQT4� components, respectively
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Figure 14. A sample of 5 (1 mm) in CD3COCD3 and 1.0 equivalent
of CBPQT4� was prepared and the a) 1H NMR spectrum
(500 MHz) and b) 1H DQF-COSY (500 MHz) recorded at 196 K

Table 5. Rate constants (kex) and derived free energies of activation
(∆G‡) for the threading of CBPQT4� on the semidumbbell com-
pound 5 determined by 1H NMR spectroscopy in CD3COCD3 at
different temperatures (T)

T [K][a] kex [s�1] t1/2 [s][b][c] ∆G‡ [kcal·mol�1][a][d]

228 1 0.693 13.2
239 3 0.231 13.4
249 6 0.116 13.6
261 25 0.028 13.5
272 55 0.013 13.7
282 125 0.006 13.8

[a] Calibrated using neat MeOH sample, see: ref.[44]. [b] Experiments
were performed with an initial concentration of the semidumbbell
compound 5 of 1 mm containing 0.70 equiv. of CBPQT4�. The kex

values were obtained from partial line-shape analysis of the signal
arising from the Me group in the ethyl substituent on the hydro-
phobic stopper using spin saturation transfer method, see: ref.[47]

[c] The values for the ‘‘half-life’’ were obtained from t1/2 � ln 2/kex.
[d] Estimated error for ∆G‡: �0.1 kcal·mol�1.
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In order to determine an activation barrier for the
complexation/decomplexation process occurring in
5�CBPQT4�, a CD3COCD3 solution of the semidumbbell
compound 5 containing 0.70 equivalents of CBPQT4� was
studied by VT 1H NMR spectroscopy. Partial line-shape
analysis[30] of the signals corresponding to the 1H NMR
signals for the ethyl group of the hydrophobic stopper as a
function of temperature provided a series of rate constants
(Table 5) for the complexation/decomplexation process.

Thermodynamic Parameters

Since, the ∆G‡ values have been determined at different
temperatures, the enthalpic (∆H‡) and entropic (∆S‡) con-
tributions to the threading process leading to the formation
of 3�CBPQT4� and 5�CBPQT4� can be calculated from
plots (Figure 15) of ∆G‡ against T. The kinetic parameters
obtained from these plots and the values obtained[15,31] for
the [2]rotaxanes 14� and 24� are summarized in Table 6,

Figure 15. a) A linear plot of ∆G‡ against T for the complexation
of the semidumbbell compound 3 by CBPQT4�; the ∆G‡ values
were obtained as described in Table 4; b) a linear plot of ∆G‡

against T for the complexation of the semidumbbell compound 5
by CBPQT4�; the ∆G‡ values were obtained as described in Table 5
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Table 6. Kinetic and thermodynamic parameters for shuttling of CBPQT4� in the [2]rotaxanes 14� and 24� and for the threading processes
of CBPQT4� and the semidumbbell compounds 3�5, leading to the formation of the [2]pseudorotaxanes 3�CBPQT4�, 4�CBPQT4�,
and 5�CBPQT4�, respectively. Temperature 297 K, unless otherwise stated

k[a] t1/2
[a] ∆G‡[a] ∆H‡[b] ∆S‡[b]Compound/Complex

[s�1] [s][b] [kcal·mol�1] [kcal·mol�1] [cal·mol�1·K�1]

14� 2.0 � 10�5 35000 24.0 17 �24
24� 60[c] 0.012[c] 14.8[c] � �
3�CBPQT4� 2.0 � 10�2 35 19.7 7.3 �42
4�CBPQT4� 89[d] 0.008[d] 11.7[d] � �
5�CBPQT4� 125[e] 0.006[e] 13.8[e] 11 �10

[a] The k, t1/2, and ∆G‡ values were obtained as described in Table 4 for 3�CBPQT4� and as described in ref.[15] and ref.[31] for 14�. In
the case of 4�CBPQT4� and 5�CBPQT4�, the k, t1/2, and ∆G‡ values are given at the coalescence temperatures. [b] The ∆H‡ and ∆S‡

values were obtained from the intercept and slope of the straight line in the plot of ∆G‡ against T, using the relationship ∆G‡ � ∆H‡ �
T ∆S‡, where T is the absolute temperature. [c] At 293 K. [d] At 238 K. [e] At 282 K.

together with the ∆Gc
‡ values reported for the threading pro-

cess leading to the formation of 4�CBPQT4�.

Discussion of Kinetic and Thermodynamic Parameters

Knowledge of the thermodynamic parameters associated
with the shuttling of the macrocyclic ring component
CBPQT4� between the MPTTF and DNP recognition sites
is of crucial importance in view of the use[8] of bistable
[2]rotaxanes in the construction of devices. In the case of
the slow bistable [2]rotaxane 14�, the rate-limiting step for
the shuttling of CBPQT4� between the MPTTF and DNP
recognition sites is the passage of CBPQT4� over the SMe
group attached to the MPTTF unit. Replacement of this
SMe group with a hydrogen atom, as in the bistable [2]rot-
axane 24�, is therefore expected to lower the activation bar-
rier considerably. Inspection of the data in Table 6 reveal
that this is indeed the case, since the activation barrier for
the process whereby the CBPQT4� ring component shuttles
between the MPTTF and the DNP recognition sites is sig-
nificantly lower (9.2 kcal·mol�1) in the case of 24�. This
observation is also reflected when comparing the processes
whereby a CBPQT4� ring threads onto the MPTTF in the
hydrophilic semidumbbell model compounds 3 and 4.

A comparison (Table 6) of the kinetic and thermo-
dynamic data obtained for the [2]rotaxane 14� and the
[2]pseudorotaxane 3�CBPQT4� reveals that ∆H‡ is much
lower (9.7 kcal·mol�1) in the case 3�CBPQT4�. This ob-
servation can be explained by the fact that CBPQT4�, in
the case of 14�, has to pass both an SMe group and a more
bulky thioalkyl group before encircling the MPTTF unit, as
compared with two SMe group in the case of 3�CBPQT4�.
Although the ∆S‡ value is negative in both 14� and
3�CBPQT4�, the value is approximately twice as large in
the case of 3�CBPQT4�, which can be explained by the
fact that the threading process, leading to the formation of
3�CBPQT4�, involves the assembly of two separate com-
ponents, whereas, in the shuttling process occurring in 14�,
only one species is involved.

Binding Studies

To shed more light on the factors influencing the relative
populations of the two translational isomers in the bistable
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[2]rotaxanes 14� and 24� and to get a better understanding
of the thermochromic behavior observed in these com-
pounds, detailed binding studies between the model semi-
dumbbell compounds 3�5 and CBPQT4� have been carried
out in Me2CO. The outcome of investigations such as these
is likely to be of fundamental importance in designing fu-
ture bistable molecular switches.

3�CBPQT4�

As a consequence of the high activation barrier leading
to the formation (Scheme 3) of 3�CBPQT4�, the hydro-
philic semidumbbell compound 3 was observed to be in
slow exchange with its CBPQT4� complex on the 1H NMR
timescale (300 MHz) over a wide temperature range, al-
lowing the binding constants between 3 and CBPQT4� to
be determined at different temperatures by employing the
1H NMR single-point method.[26,32] A CD3COCD3 solu-
tion (1.1 mm) containing equimolar amounts of 3 and
CBPQT4� was subjected to VT 1H NMR spectroscopic
analysis (300 MHz). At each temperature, the solution was
allowed to equilibrate for 1 h before the 1H NMR spectrum
was recorded. Several of the protons in the semidumbbell
component show significant shifts in their resonances upon
complexation. However, none of these signals were useful
as probes for measuring Ka values, since they overlap other
signals. The most diagnostic evidence which indicates that
CBPQT4� encircles the MPTTF unit is the downfield
shift[33] of the resonance for the SMe protons. At 298 K,
this signal is observed as a singlet at δ � 2.64 ppm in
3�CBPQT4�, compared with a singlet resonating at δ �
2.45 ppm in the uncomplexed semidumbbell compound 3.
However, at higher temperatures, the singlet for the SMe
protons in 3�CBPQT4� begins to overlap the intense signal
associated with the H2O resonances therefore preventing ex-
act integration of the SMe signal. The cyclophane protons
also show significant shifts in their resonances upon com-
plexation, and the signals associated with the �NCH2 and
p-xylylene protons were found to be useful as probes.[34]

The binding constants and derived free energies of com-
plexation[35] (�∆G°) obtained from these experiments are
listed in Table 7.
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Table 7. Binding constants (Ka values) and derived free energies of
complexation[35] (�∆G°) between CBPQT4� and the semidumbbell
compound 3 in CD3COCD3 determined using the 1H NMR single-
point method at different temperatures employing the �NCH2 and
p-xylylene (xy-H) protons as probes

�NCH2 xy-H
T Ic Iu Ka Ic Iu Ka Ka (average) �∆G°
[K] [M�1][a] [M�1][a] [M�1] [kcal·mol�1]

298 1.00 3.05 400 1.00 2.74 450 425 3.58
302 1.00 3.39 350 1.00 2.95 410 380 3.56
306 1.00 3.75 310 1.00 3.13 380 345 3.55
310 1.00 4.01 280 1.00 3.47 340 310 3.53
314 1.00 4.34 260 1.00 3.78 300 280 3.51
318 1.00 4.64 240 1.00 4.15 270 255 3.50
322 1.00 5.13 210 1.00 4.60 240 225 3.46

[a] Estimated error on Ka: �15%.

4�CBPQT4�

Mixing equimolar amounts (0.75 mm) of the yellow semi-
dumbbell compound 4 and the colorless CBPQT4� ring
component in Me2CO leads to the immediate formation
(Scheme 4) of the [2]pseudorotaxane 4�CBPQT4�, as evi-
denced by the spontaneous production of a green-colored
solution. The absorption spectrum (Figure 16) recorded at
297 K of this Me2CO solution shows a broad band centered
at 825 nm arising from the CT interactions that occur when
CBPQT4� encircles[21] the MPTTF unit. An increase in the
temperature of the green solution results (Figure 16) in a
decrease in the intensity of the MPTTF/CBPQT4� CT
band. The reverse is true on decreasing the temperature.
UV/Vis dilution experiments were carried out at several dif-
ferent temperatures to determine the temperature depen-
dence of the binding constants for the 1:1 complexation of
CBPQT4� with the semidumbbell compound 4 in Me2CO.
The binding constants were obtained by correlating[21c] the
maximum absorption of the MPTTF/CBPQT4� CT band

Figure 16. Absorption spectra recorded on a 1:1 mixture (0.75 mm)
of the semidumbbell compound 4 and CBPQT4� in Me2CO at dif-
ferent temperatures
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with the absolute concentrations of the components.[26] The
Ka and derived �∆G° values,[35] obtained from these UV/
Vis dilution experiments, are presented in Table 8, together
with the molar extinction coefficients (ε).

Table 8. Binding constants (Ka values) and derived free energies of
complexation[35] (�∆G°) between CBPQT4� and the semidumbbell
compound 4, determined by absorption spectroscopy in Me2CO
at different temperatures using the MPTTF/CBPQT4� CT band
as probe

λmax. Data Correlation ε Ka �∆G°T
[K] [nm] Points Coefficient [L·mol�1·cm�1] [m�1][a] [kcal·mol�1]

287 825 12 0.999 1120 8300 5.14
292 825 11 0.999 1160 5700 5.01
297 825 11 0.998 1200 3950 4.89
302 825 10 0.999 1290 2500 4.69
307 825 9 0.999 1330 1800 4.57
312 825 8 1.000 1400 1250 4.42
317 825 8 0.998 1450 900 4.28

[a] Estimated error on Ka: �15%.

5�CBPQT4�

Mixing equimolar proportions (0.91 mm) of the colorless
hydrophobic semidumbbell compound 5 and the colorless
CBPQT4� ring component in Me2CO at 299 K leads
(Scheme 5) to the formation of the [2]pseudorotaxane
5�CBPQT4�, as indicated by the immediate appearance of
a red-colored solution, which is related to the presence of a
broad CT absorption band centered at 520 nm in the ab-
sorption spectrum (Figure 17). This band is character-
istic[22] of superstructures containing a DNP moiety located
inside CBPQT4�. Just as in the case of the [2]pseudorotax-
ane 4�CBPQT4�, the absorption spectrum (Figure 17) re-

Figure 17. Absorption spectra recorded on a 1:1 mixture (0.91 mm)
of the semidumbbell compound 5 and CBPQT4� in Me2CO at dif-
ferent temperatures
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corded on a 1:1 mixture of the semidumbbell compound 5
is strongly temperature dependent. The Ka and derived
�∆G° values[35] for the 1:1 complexation between
CBPQT4� and compound 5 were obtained (Table 9) in
Me2CO at several different temperatures by UV/Vis dilution
experiments, by using the DNP/CBPQT4� CT band as the
probe.

Table 9. Binding constants (Ka values) and derived free energies of
complexation[35] (�∆G°) between CBPQT4� and the semidumbbell
compound 5, determined by absorption spectroscopy in Me2CO at
different temperatures using the DNP/CBPQT4� CT band as probe

λmax. Data Correlation ε Ka �∆G°T
[K] [nm] Points Coefficient [L·mol�1·cm�1] [m�1][a] [kcal·mol�1]

287 520 9 0.989 790 2350 4.42
290 520 8 0.989 830 1600 4.25
293 520 6 0.999 840 1150 4.11
296 520 5 0.997 920 800 3.93
300 520 5 0.994 1010 570 3.77
302 520 5 0.987 1040 440 3.66
305 520 5 0.998 1070 350 3.55

[a] Estimated error on Ka: �15%.

Thermodynamic Parameters

By constructing plots (Figure 18) of ∆G° against T for
the complexation of the semidumbbell compounds 3�5 by
CBPQT4�, the enthalpic (∆H°) and entropic (∆S°) contri-
butions to the formation of 3�CBPQT4�, 4�CBPQT4�,
and 5�CBPQT4� can be determined. Straight lines, each
with a good fit, can be approximated to the experimental
data, and the thermodynamic parameters obtained are
summarized in Table 10.

Figure 18. Linear plots of ∆G° against T for the complexation of
the semidumbbell compounds 3 (solid triangles), 4 (solid squares),
and 5 (solid circles) by CBPQT4� in Me2CO (CD3COCD3)
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Table 10. Binding constants (Ka values) and thermodynamic par-
ameters for the complexation between CBPQT4� and the semi-
dumbbell compounds 3�5 in Me2CO at 302 K

Ka
[a] �∆G°[a] �∆H°[b] �∆S°[b]Complex

[m�1] [kcal·mol�1] [kcal·mol�1] [cal·mol�1·K�1]

3�CBPQT4� 380 3.56 5.0 4.6
4�CBPQT4� 2500 4.69 13.4 29
5�CBPQT4� 440 3.66 18.3 48

[a] The Ka and ∆G° values were obtained as described in Tables
7�9. [b] The ∆H° and ∆S° values were obtained from the intercept
and slope of the straight line in the plot of ∆G° against T, using
the relationship ∆G° � ∆H° � T ∆S°, where T is the absolute tem-
perature.

Discussion of Thermodynamic Parameters

A fundamental understanding of the noncovalent bond-
ing interactions between CBPQT4� and the MPTTF and
DNP recognition sites is of crucial importance in view of
the possible applications of bistable [2]rotaxanes in the con-
struction of devices and to aid the design of improved bi-
stable [2]rotaxanes. In the bistable [2]rotaxane 14�, it was
found[15] that the two translational isomers 1·GREEN4�

and 1·RED4� were present in a 1:1 ratio in Me2CO at
300 K, an observation which suggests that the two major
sets of noncovalent bonding interactions between
CBPQT4� and the MPTTF and DNP recognition sites are
of similar magnitudes. It is evident from Figure 18 and the
data in Table 10 that the noncovalent bonding interactions
between CBPQT4� and the hydrophilic semidumbbell com-
pound 3 and the hydrophobic semidumbbell compound 5,
respectively, have the same strength at 302 K. These results
are in perfect agreement with the fact that 14� exist as a 1:1
mixture of 1·GREEN4� and 1·RED4� in Me2CO at this
temperature. In the case of the bistable [2]rotaxane 24�, the
1H NMR spectroscopic findings suggest that 24� exists ap-
proximately as 50% 2·GREEN4� and 50% 2·RED4� in
Me2CO at 273 K. The binding studies carried out on the
model complexes 4�CBPQT4� and 5�CBPQT4� reveal
that the free energy difference (∆∆G°) between the com-
plexation ability of CBPQT4� with the separate MPTTF
and DNP units of 24� is about 0.3 kcal·mol�1. Assuming
that the relative distribution between 2·GREEN4� and
2·RED4� is related to this free energy difference, one can
calculate[36] that the equilibrium constant (Keq) between
2·GREEN4� and 2·RED4� is approximately 1.5. This Keq

value implies that the calculated amounts of 2·GREEN4�

and 2·RED4� is 60% and 40%, respectively, in Me2CO at
273 K, which are in good agreement with the observed pro-
portion of 2·GREEN4� and 2·RED4� in the [2]rotaxane.

A comparison (Table 10) of the thermodynamic param-
eters for the model complexes 4�CBPQT4� and
5�CBPQT4� reveal that, while (1) the formation of
5�CBPQT4� is more enthalpically favorable than the as-
sembly of 4�CBPQT4�, (2) entropy factors favor the as-
sembly of 4�CBPQT4� more than the formation
5�CBPQT4�. Both complexes are stabilized by CT and
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π�π stacking interactions between their respective donor
units and the electron-accepting bipyridinium units present
in CBPQT4� ring component. In the case of 5�CBPQT4�,
the DNP-H-4/8 protons of the encircled DNP moiety also
participate in [C�H···π] interactions with the π-faces of the
p-xylylene units of CBPQT4�, which probably further sta-
bilize the 5�CBPQT4� complex enthalpically. However,
this additional [C�H···π] enthalpic stabilization results in a
significant loss of translational, rotational, and vibrational
degrees of freedom in both CBPQT4� and the DNP moiety,
and therefore probably contributes negatively to the total
entropy of formation for 5�CBPQT4�.

Electrochemical Investigations

These were carried out in nitrogen-purged MeCN solu-
tions at room temperature by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). Our studies have
mainly focussed on the oxidation processes of the MPTTF
units contained in the semidumbbell and dumbbell compo-
nents.

Semidumbbells and Dumbbells

The hydrophilic semidumbbell compounds 3 and 4 con-
tain one MPTTF electron-donating unit and a hydrophilic
stopper. They both show (Figure 19, a and Figure 20, a)
two reversible, monoelectronic oxidation processes, associ-
ated with the MPTTF unit and, at more positive potentials
(�1.25 V vs. SCE), irreversible oxidation processes associ-
ated with the hydrophilic stopper. A comparison of the re-
sults obtained (Table 11) shows that the first oxidation pro-
cess, associated with the MPTTF unit in the semidumbbell
compound 4, takes place at a potential that is less positive
than that observed for the semidumbbell compound 3. This
cathodic shift (20 mV) is a consequence of replacing one of
the electron-withdrawing SMe groups on the MPTTF unit
with a hydrogen atom. The hydrophobic semidumbbell
compound 5 contains one DNP electron-donating unit and
a hydrophobic stopper. As expected, it shows (Figure 21,
a and Table 11) one irreversible monoelectronic oxidation
process associated with the DNP moiety and, at more posi-
tive potentials (� 1.35 V vs. SCE), irreversible oxidation
processes associated with the hydrophobic stopper.

In common with semidumbbell compound 4, the dumb-
bell compound 16 shows (Figure 22, a) two reversible,
monoelectronic oxidation processes, associated with the
MPTTF unit. However, the results obtained (Table 11) re-
veal that both the first and the second oxidation processes
associated with the MPTTF unit in the dumbbell com-
pound 16 take place at a potential that is less positive than
those observed for compound 4. This behavior can be attri-
buted to the presence of stabilizing interactions between
both the MPTTF�· and MPTTF2� and the DNP moi-
ety[15b,37] present in 16. Besides the MPTTF-based pro-
cesses, compound 16 shows, at more positive potentials (�
1.25 V vs. SCE), irreversible processes that can be attributed
to the oxidation of the DNP moiety, as well as to the
phenoxy units present in the two stoppers. Unfortunately,
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Figure 19. Differential pulse voltammograms (DPVs) recorded in
MeCN at 298 K on a) the semidumbbell compound 3 (0.17 mm),
b) 3 and 10 equiv. CBPQT4� immediately after mixing, c) 3 and 10
equiv. CBPQT4� 15 min after mixing, and d) 3 and 10 equiv.
CBPQT4� 24 h after mixing

Figure 20. Differential pulse voltammograms (DPVs) recorded in
MeCN at 298 K on a) the semidumbbell compound 4 (0.15 mm)
and b) 4 and 10 equiv. CBPQT4�
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Table 11. Electrochemical data[a] for the semidumbbell compounds
3�5, the dumbbell compound 16, the [2]pseudorotaxanes
3�CBPQT4�, 4�CBPQT4�, and 5�CBPQT4�, and the [2]rotax-
ane 24�

MPTTF[b] DNP[b]

Compound/Complex Eox [V][c] Eox [V][d]

3 �0.43 �0.73 �
4 �0.41 �0.74 �
5 � � �1.18
16 �0.37 �0.72 �
24� �0.50 �0.77[e] �
3�CBPQT4� �0.73[e] �0.79[e] �
4�CBPQT4� �0.47 �0.74 �
5�CBPQT4� � � �1.20

[a] Nitrogen-purged MeCN, room temperature and tetrabutylam-
monium hexafluorophosphate (TBAPF6) as supporting electrolyte,
platinum disk as working electrode. Potential values in V vs. SCE.
[b] Units involved in the observed processes. [c] Reversible and
monoelectronic processes, unless otherwise indicated. [d] Irrevers-
ible process. [e] Overlapping of processes. For more details, see the
text.

Figure 21. Differential pulse voltammograms (DPVs) recorded in
MeCN at 298 K on a) the semidumbbell compound 5 (0.10 mm)
and b) 5 and 10 equiv. CBPQT4�

the first irreversible oxidation of the hydrophilic dendritic
stopper take place at a potential similar to that of the DNP
moiety, preventing us from obtaining any useful infor-
mation about the precise location of the oxidation potential
of the DNP moiety incorporated in the dumbbell com-
pound 16. However, in the semidumbbell compound 14, the
precursor to the semidumbbell compound 16, the hydro-
philic stopper is absent, and the irreversible oxidation pro-
cess of the DNP moiety can be observed. This occurs at
�1.30 V (vs. SCE) and is anodically shifted (120 mV) rela-
tive to that of the semidumbbell compound 5. This behavior
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can be attributed to the fact that oxidation of the DNP
moiety in the semidumbbell compound 14 can only occur
after dioxidation of the MPTTF unit. As a consequence of
Coulombic repulsion between the MPTTF2� and the
DNP�· moiety, oxidation of the DNP moiety is rendered
more difficult when it is incorporated into the semi-
dumbbell compound 14.

Figure 22. Differential pulse voltammograms (DPVs) recorded in
MeCN at 298 K on a) the dumbbell compound 16 (0.5 mm) and b)
the [2]rotaxane 24� (0.5 mm)

[2]Pseudorotaxane 3�CBPQT4�

The process whereby CBPQT4� threads onto the
MPTTF unit contained in the semidumbbell compound 3
could also be followed (Figure 19) by monitoring the
changes in the position and the shape of the DPV peaks.
Figure 19 (b) shows the DPV recorded on a MeCN solution
containing 0.15 mm of 3 and excess (10 equivalents)
CBPQT4� immediately after its preparation. A comparison
of the DPV peaks in Figure 19 (a and b) shows almost no
changes in the position and shape of the DPV peaks, indi-
cating that the MeCN solution contains at this stage almost
exclusively uncomplexed species, namely, the semidumbbell
compound 3 and CBPQT4�. As time progresses (Figure 19,
c and d), and CBPQT4� starts to thread onto the MPTTF
unit, a significant decrease in the current intensities of the
first DPV peak, centered around �0.44 V (vs. SCE) is ob-
served. Moreover, this decrease in the current intensities is
accompanied by the formation of a shoulder on the right
side of the second DPV peak, centered around �0.73 V
(vs. SCE). After 24 h at room temperature, the system had
equilibrated and no perceptible changes were observed in
the voltammograms recorded subsequently. These obser-
vations can be explained by the slow formation of
3�CBPQT4�. The peak observed at �0.45 V in Figure 19
(d) can be attributed to the first oxidation process of the
MPTTF unit in the uncomplexed semidumbbell compound
3, whereas the peak observed around �0.73 V is a result of
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overlapping processes and can be assigned to the second
oxidation (�0.73 V) of the MPTTF unit in the uncom-
plexed semidumbbell compound 3 and to the first (�0.73
V) and second (�0.79 V) oxidations of the MPTTF unit in
3�CBPQT4�. The large shift of 300 mV toward more posi-
tive potentials for the first oxidation process of the MPTTF
unit in 3�CBPQT4� shows that the MPTTF unit is en-
gaged in strong CT interactions with the two-electron-ac-
cepting bipyridinium units in CBPQT4�. In the case of
4�CBPQT4�, a much smaller anodic shift (60 mV) is ob-
served (vide infra) when comparing the first oxidation pro-
cess associated with the MPTTF unit in 4 and
4�CBPQT4�. These results indicate that the [2]pseudorot-
axane 3�CBPQT4� has some [2]rotaxane character.[38]

[2]Pseudorotaxane 4�CBPQT4�

The electrochemical investigations of 4�CBPQT4� were
carried out in a MeCN solution containing the semi-
dumbbell component and an excess of CBPQT4� in order
to avoid the presence of substantial amounts of free
species.[39] The electrochemical data (Figure 20, b) for
4�CBPQT4� were obtained in a MeCN solution, contain-
ing the semidumbbell compound 4 (0.2 mm) and 10 equiva-
lents of CBPQT4�. A comparison (Figure 20 and Table 11)
of the results obtained for 4 and 4�CBPQT4� show that,
in the [2]pseudorotaxane 4�CBPQT4�, the first oxidation
of the MPTTF unit is shifted (60 mV) toward more positive
potentials with respect to that of compound 4, whereas the
second oxidation potential is unaffected by the presence of
CBPQT4�. These results can be explained[40] as follows: (1)
In 4�CBPQT4�, the MPTTF unit is engaged in CT interac-
tions with CBPQT4� while, after the first oxidation of the
MPTTF unit, (2) dethreading takes place because the non-
covalent bonding interactions between the MPTTF�· unit
and CBPQT4� are eradicated and a Coulombic repulsion is
introduced between the mono-oxidized MPTTF�· unit and
CBPQT4�. Consequently, (3) the second oxidation of the
MPTTF�· unit in the mixture of uncomplexed 4�· and un-
complexed CBPQT4� takes place at the same potential as
that of the second oxidation of the semidumbbell compo-
nent.

[2]Pseudorotaxane 5�CBPQT4�

Once again, the electrochemical investigations of
5�CBPQT4� were carried out in a MeCN solution con-
taining the semidumbbell compound 5 (0.2 mm) and 10
equivalents of CBPQT4� in order to avoid the presence of
substantial amounts of free species. The electrochemical
data (Figure 21 and Table 11), obtained for compound 5
and the [2]pseudorotaxane 5�CBPQT4�, reveal that the
irreversible oxidation process associated with the DNP moi-
ety in 5�CBPQT4� is slightly anodically shifted (20 mV)
relative to the same process in compound 5. This shift to-
ward more positive potentials can be accounted for by the
presence, in 5�CBPQT4�, of CT interactions between the
DNP moiety and CBPQT4�. As in the case of
4�CBPQT4�, dethreading takes place, in 5�CBPQT4�,
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after oxidation of the DNP moiety because the noncovalent
interactions between the DNP moiety and CBPQT4� are
eradicated and a Coulombic repulsion is introduced be-
tween the oxidized DNP�· unit and CBPQT4�.

[2]Rotaxane 24�

The [2]rotaxanes 24� exists (vide supra) in MeCN solu-
tion as a mixture of two translational isomers (Scheme 2).
In the potential range of MPTTF oxidation, 24� show (Fig-
ure 22 and Table 11) two processes that take place at �0.50
and �0.77 V vs. SCE. These two processes exhibit different
CV current intensities and DPV peak areas. We can attri-
bute the first peak at �0.50 V to the first oxidation of the
MPTTF unit in 2·RED4� interacting[41] ‘‘alongside’’ with
CBPQT4�. The peak observed at �0.77 V arises from the
overlapping of the first oxidation of the MPTTF unit in
2·GREEN4�, and to the second oxidation of the MPTTF
unit in 24�. As far as the translational isomer 2·GREEN4�

is concerned, it is impossible to demonstrate unequivocally
the occurrence of the expected ring shuttling after oxidation
of the MPTTF unit, since both oxidation processes for the
free and encircled DNP moieties overlap with the irrevers-
ible oxidation processes of the phenoxy units present in
both the hydrophobic and hydrophilic stoppers. However,
the electrochemical results obtained for the model
[2]pseudorotaxane 4�CBPQT4� show that CBPQT4�

leaves the MPTTF station after the first oxidation. Together
with this, the fact that in the [2]rotaxane 24� the second
oxidation of the MPTTF unit is only slightly anodically
shifted (50 mV), relative (Table 11) to the same process in
its corresponding dumbbell component, seems to indicate
that the [2]rotaxane 24�, after the first oxidation of the
MPTTF unit, consists of only one species, i.e. 2·RED5�·. As
a direct consequence hereof, shuttling of the tetracationic
CBPQT4� ring component must take place after the first
oxidation of the MPTTF unit in 2·GREEN4�. The ob-
served shift toward more positive potentials for the second
oxidation of the MPTTF unit in the [2]rotaxane 24�, com-
pared with the same process for the dumbbell compound
16, can be accounted for by (1) the presence of CBPQT4�,
which destroys the interactions of the oxidized MPTTF unit
with the other electron-donating units present in the case of
the dumbbell compound 16, and (2) a Coulombic repulsion,
which arises between the oxidized MPTTF unit and
CBPQT4�.

Chemical Switching Experiments

In order to investigate the ability to switch the [2]rotax-
ane 24� chemically, two model compounds were investi-
gated to observe the changes in their 1H NMR spectra
upon oxidation. Compounds 20 and 21 were studied in
CD3CN solutions and their 1H NMR spectra recorded
(Figure 23, a and c, respectively). Addition of two equiva-
lents of the oxidant, tris(p-bromophenyl)amminium hexa-
fluoroantimonate, which was used in a previous study[9a]

to oxidize substituted TTFs, to these solutions resulted in
significant downfield shifts (Figure 23, b and d) of all of
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the signals. The signals for the pyrrolo protons shift from
δ � 6.6 and 6.6 ppm for 20 and 21 to δ � 7.5 and 7.6 ppm
for 202� and 212�, respectively. Addition of a reductant
(zinc powder) restored the original spectra (not shown in
Figure 23).

Figure 23. 1H NMR spectra (500 MHz) in CD3COCD3 at 253 K
of 20 a) before and b) after addition of two equivalents of the
oxidant, tris(p-bromophenyl)amminium hexafluorantimonate, and
21 c) before and d) after addition of two equivalents of the oxidant

A similar experiment was performed on the [2]rotaxane
24�. The 1H NMR spectrum (Figure 24, a) of a solution of
24� in CD3COCD3 was recorded at 253 K. In this spec-
trum, the presence of both the RED and GREEN trans-
lational isomers can be seen clearly by the duplication of
the signals, particularly those of the tert-butyl and Me pro-
tons on the hydrophobic stopper shown in the inset. Upon
addition of two equivalents of the oxidant and recording
the 1H NMR spectrum again (Figure 24, b), a major change
is observed. The spectrum is greatly simplified relative to
the initial spectrum, reflecting the presence of only a single
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translational isomer � apparent on observation of the same
signals for the hydrophobic stopper shown in the inset. This
translational isomer can be assigned as the RED isomer on
account of the signals at δ � 6.2, 5.9 and 2.3 ppm and so
corresponding to the protons of a DNP unit encircled by
CBPQT4�.

Figure 24. 1H NMR spectra (500 MHz) in CD3COCD3 at 253 K
of 24� a) before and b) after addition of two equivalents of the
oxidant, tris(p-bromophenyl)amminium hexafluorantimonate; the
insets show the region from δ � 1.0 to 1.5 ppm expanded

Conclusion

Replacement of a thiomethyl speed bump in an amphi-
philic bistable [2]rotaxane containing a (monopyrrolo)tetra-
thiafulvalene unit and a 1,5-dioxynaphthalene moiety with
a hydrogen atom creates an open street for the passage of
the tetracationic cyclobis(paraquat-p-phenylene) cyclo-
phane. This simple constitutional modification not only re-
duces the barrier height to translational isomerization by
about 10 kcal·mol�1, but also creates a bias in favor of the
green isomer, i.e. the tetracationic cyclophane resides for
80% of the time around the (monopyrrolo)tetrathiafulva-
lene unit in acetone at room temperature. The ground state
of this bistable rotaxane allows switching of the major
translational isomer to be carried out electrochemically as
well as chemically. It is evident, therefore, that a very small
change in the constitution of a switchable rotaxane can have
a profound effect on its performance as a switch. The find-
ings reported herein are undoubtedly not unimportant
when it comes to the future design and construction of bi-
stable [2]rotaxanes.[42]



J. O. Jeppesen, S. Nygaard, S. A. Vignon, J. F. StoddartFULL PAPER

Experimental Section

General Methods: Chemicals were purchased from Aldrich and
were used as received, unless indicated otherwise. The compounds
5-tosyl-5H-1,3-dithiolo[4,5-c]pyrrol-2-one[18b] (8) (Scheme 1), 4-(2-
cyanoethylthio)-1,3-dithiole-2-thione[19] (9) (Scheme 1), the semid-
umbbell compound[15b] 11, (Scheme 1), compound[8b] 15
(Scheme 1), and 1,1��-[1,4-phenylenebis(methylene)]bis(4,4�-bipyri-
din-1-ium) bis(hexafluorophosphate)[10a] (17·2PF6) (Scheme 2),
2-[4,5-bis(methylthio)-1,3-dithiol-2-ylidene]-5H-1,3-dithiolo[4,5-
c]pyrrole[18b] (6) (Scheme 3), and cyclobis(paraquat-p-phenylene)
tetrakis(hexafluorophosphate)[24] (CBPQT·4PF6) (Scheme 3�5)
were all prepared according to literature procedures. Solvents were
dried according to literature procedures.[43] All reactions were car-
ried out under anhydrous nitrogen. High pressure experiments were
carried out in a Teflon-tube with a Psika high pressure apparatus.
Thin-layer chromatography (TLC) was carried out using alu-
minium sheets pre-coated with silica gel 60F (Merck 5554). The
plates were inspected under UV light and, if required, developed
in I2 vapor. Column chromatography was carried out using silica
gel 60F (Merck 9385, 0.040�0.063 mm). Melting points were deter-
mined on a Büchi melting point apparatus and are uncorrected. 1H
NMR spectra were recorded (at room temperature except where
stated otherwise) with a Bruker Avance500 spectrometer
(500 MHz) or on a Gemini-300BB instrument (300 MHz), using
residual solvent as the internal standard. 13C NMR spectra were
recorded at room temperature with a Gemini-300BB instrument
(75 MHz), using residual solvent as the internal standard. All
chemical shifts are quoted on a δ scale, and all coupling constants
(J) are expressed in Hertz (Hz). Samples were prepared using
CDCl3, CD3COCD3, CD3CN or CD3SOCD3 purchased from
Cambridge Isotope Labs. Temperatures were calibrated using a
neat MeOH sample[44] before or after each experiment and as-
sumed to remain constant during the experiment. Electron impact
ionization mass spectrometry (EI-MS) was performed on a Varian
MAT 311A instrument and matrix-assisted laser-desorption/ioniz-
ation time-of-flight mass spectrometry (MALDI�TOF�MS) was
performed on a Kratos Kompact MALDI�TOF instrument, util-
izing a 2,5-dihydroxybenzoic acid matrix. Infrared (IR) spectra
were recorded on a Perkin�Elmer 580 spectrophotometer. Micro-
analyses were performed by the Atlantic Microlab, Inc., Atlanta,
Georgia.

2-[4-(2-Cyanoethylthio)-1,3-dithiol-2-ylidene]-5-tosyl-5H-1,3-di-
thiolo[4,5-c]pyrrole (10): The ketone 8 (1.48 g, 4.75 mmol) and the
thione 9 (1.04 g, 4.74 mmol) were suspended in distilled (EtO)3P
(35 mL) and heated to 135 °C (during heating the two solids dis-
solved leaving a red solution, and after 20�30 min a yellow orange
precipitate was formed). Two additional portions of the thione 9
(á 0.52 g, 2.37 mmol) were added after 15 and 30 min. The red
reaction mixture was stirred for 2 h at 135 °C and cooled to room
temperature, and addition of MeOH (150 mL) yielded a yellow
solid, which was filtered, washed with MeOH (3 � 150 mL) and
dried in vacuo. The yellow solid was suspended in CH2Cl2 (40 mL)
and subjected to column chromatography (SiO2: CH2Cl2). (Before
the column was eluted an almost insoluble yellow solid exclusively
containing the symmetric bis(pyrrolo)TTF was removed carefully
from the top of the column with a spatula). The yellow band (Rf �

0.4) was collected and the solvent evaporated to give a yellow solid,
which was dissolved in CH2Cl2/MeOH (1:1 v/v, 400 mL) and con-
centrated to approximately half of its volume to precipitate the
product. The yellow crystals were collected by filtration and dried
in vacuo to give the title compound 10 (1.47 g, 64%) as a yellowish
orange solid. M.p. 159�159.5 °C. 1H NMR (CD3SOCD3,
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300 MHz, ppm): δ � 2.38 (s, 3 H), 2.83 (t, J � 6.7 Hz, 2 H), 3.06
(t, J � 6.7 Hz, 2 H), 7.02 (s, 1 H), 7.38 (s, 2 H), 7.46 (d, J � 8.2 Hz,
2 H), 7.83 (d, J � 8.2 Hz, 2 H). 13C NMR (CD3SOCD3, 75 MHz,
ppm): δ � 17.8, 21.1, 30.4, 112.6 (2 signals), 114.6, 117.0, 118.8,
122.8, 125.6, 126.2, 126.3, 126.8, 130.4, 134.5, 145.8. MS (EI): m/z
(%) � 482 (48) [M]�, 327 (88) [M � Ts]�, 273 (20), 184 (45), 91
(100). IR (KBr): ν̃ � 2250 cm�1 (C�N). C18H14N2O2S6 (482.7):
calcd. C 44.79, H 2.92, N 5.80, S 39.86; found C 44.58, H 2.94, N
5.72, S 39.75.

Compound 12: The bromide 11 (1.23 g, 1.43 mmol) was dissolved
in anhydrous Me2CO (80 mL) and NaI (3.22 g, 21.5 mmol) was ad-
ded in one portion. The reaction mixture was heated under reflux
for 3 days, before being cooled to room temperature and the solvent
removed in vacuo. The white residue was dissolved in CH2Cl2
(100 mL) and washed with H2O (3 � 100 mL) before being dried
(MgSO4). Concentration in vacuo gave the title compound 12
(1.28 g, 99%) as a white foam. 1H NMR (CDCl3, 300 MHz, ppm):
δ � 1.22 (t, J � 7.6 Hz, 3 H), 1.29 (s, 18 H), 2.62 (q, J � 7.6 Hz,
2 H), 3.30 (t, J � 6.9 Hz, 2 H), 3.90 (t, J � 6.9 Hz, 2 H), 3.96�4.01
(m, 4 H), 4.03�4.07 (m, 2 H), 4.12�4.16 (m, 2 H), 4.26�4.33 (m,
4 H), 6.77�6.86 (m, 4 H), 7.03�7.10 (m, 10 H), 7.20�7.37 (m, 6
H), 7.86 (d, J � 8.5 Hz, 1 H), 7.87 (d, J � 8.5 Hz, 1 H). 13C NMR
(CDCl3, 75 MHz, ppm): δ � 2.9, 15.3, 28.2, 31.4, 34.3, 63.1, 67.3,
67.9, 68.0, 69.4, 70.0, 70.1, 72.2, 105.7, 105.8, 113.1, 114.6, 114.8,
124.0, 125.1, 125.2, 126.6, 126.7, 126.8, 130.7, 131.0, 132.2, 139.8,
141.3, 144.1, 144.6, 148.3, 154.2, 154.3, 156.5. MS
(MALDI�TOF): m/z (%) � 905 (100) [M]�. C53H61IO5 (905.0):
calcd. C 70.34, H 6.79; found C 70.49, H 6.85.

Compound 13: A solution of compound 10 (0.36 g, 0.75 mmol) in
anhydrous THF (50 mL) was degassed (N2, 10 min) before a solu-
tion of CsOH·H2O (0.13 g, 0.79 mmol) in anhydrous MeOH
(6 mL) was added dropwise with a syringe over a period of 45 min
at room temperature. The mixture was stirred for 15 min, where-
upon a solution of the iodide 12 (0.72 g, 0.80 mmol) in anhydrous
THF (10 mL) was added in one portion, and the reaction mixture
was stirred for 24 h at room temperature. The solvent was evapo-
rated and the resulting yellow brown residue was dissolved in
CH2Cl2 (150 mL), washed with brine (100 mL), H2O (2 � 100 mL)
and dried (MgSO4). Removal of the solvent gave a yellowish brown
semisolid, which was purified by column chromatography (SiO2:
CH2Cl2/cyclohexane, 9:1). The broad yellow band (Rf � 0.3) was
collected and concentrated, affording a yellow foam, which was
repeatedly dissolved in CH2Cl2 (2 � 20 mL) and concentrated to
give the title compound 13 (0.63 g, 70%) as a yellow foam. 1H
NMR (CD3COCD3, 300 MHz, ppm): δ � 1.20 (t, J � 7.6 Hz, 3
H), 1.29 (s, 18 H), 2.39 (s, 3 H), 2.61 (q, J � 7.6 Hz, 2 H), 3.03 (t,
J � 6.4 Hz, 2 H), 3.83 (t, J � 6.4 Hz, 2 H), 3.94�3.98 (m, 4 H),
4.02�4.06 (m, 2 H), 4.15�4.19 (m, 2 H), 4.27�4.34 (m, 4 H), 6.68
(s, 1 H), 6.85 (d, J � 8.8 Hz, 2 H), 6.90�6.97 (m, 2 H), 7.06�7.14
(m, 10 H), 7.24 and 7.26 (AB q, J � 2.1 Hz, 2 H), 7.28�7.44 (m,
8 H), 7.82�7.86 (m, 4 H). MS (MALDI�TOF): m/z (%) � 1205
(22) [M]�, 1051 (100) [M � H � Ts]�. C68H71NO7S6 (1206.7):
calcd. C 67.68, H 5.96, N 1.16, S 15.94; found C 67.45, H 5.99, N
1.27, S 15.65.

Compound 14: Compound 13 (0.53 g, 0.44 mmol) was dissolved in
anhydrous THF/MeOH (1:1 v/v, 65 mL) and degassed (N2, 10 min)
before NaOMe (30% in MeOH, 1.25 mL, 0.35 g, 6.6 mmol) was
added in one portion. The yellow solution was heated under reflux
for 15 min before being cooled to room temperature, whereupon
the solvent was evaporated. The yellow residue was dissolved in
CH2Cl2 (100 mL), washed with H2O (3 � 100 mL) and dried
(MgSO4). Concentration gave a yellowish orange foam, which was
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subjected to column chromatography (SiO2: CH2Cl2). The yellow
band (Rf � 0.4) was collected and concentrated to provide the title
compound 14 (0.39 g, 85%) as a yellow foam. 1H NMR
(CD3COCD3, 300 MHz, ppm): δ � 1.20 (t, J � 7.7 Hz, 3 H), 1.30
(s, 18 H), 2.61 (q, J � 7.7 Hz, 2 H), 3.05 (t, J � 6.4 Hz, 2 H), 3.85
(t, J � 6.4 Hz, 2 H), 3.96�4.00 (m, 4 H), 4.02�4.05 (m, 2 H),
4.15�4.19 (m, 2 H), 4.29�4.34 (m, 4 H), 6.68 (s, 1 H), 6.78 (s, 2
H), 6.85 (d, J � 9.3 Hz, 2 H), 6.94 (d, J � 7.8 Hz, 1 H), 6.96 (d,
J � 7.7 Hz, 1 H), 7.05�7.14 (m, 10 H), 7.27�7.39 (m, 6 H), 7.84
(d, J � 8.6 Hz, 1 H), 7.85 (d, J � 8.8 Hz, 1 H), 10.32 (br. s, 1 H).
MS (MALDI�TOF): m/z (%) � 1051 (100) [M]�. C61H65NO5S5

(1052.5): calcd. C 69.61, H 6.22, N 1.33, S 15.23; found C 69.47,
H 6.15, N 1.42, S 15.07.

Dumbbell 16: Compound 14 (0.21 g, 0.20 mmol) and the chloride
15 (0.20 g, 0.22 mmol) were dissolved in anhydrous DMF (10 mL)
and degassed (N2, 10 min) before NaH (0.021 g of a 60% suspen-
sion in mineral oil, 0.53 mmol) was added. The reaction mixture
was stirred for 50 min at room temperature, causing the initially
yellow solution to become more orange. H2O (40 mL) was added
(dropwise until no more gas evolution was observed), followed by
addition of brine (40 mL). The yellow precipitate was filtered,
washed with H2O (2 � 20 mL) and dried. The crude product was
purified by column chromatography (SiO2: CH2Cl2/EtOAc, 2:1).
The yellow band (Rf � 0.3) was collected and the solvent evapo-
rated affording a yellow oil, which was repeatedly dissolved in
CH2Cl2 (2 � 20 mL) and concentrated to give the title compound
16 (0.27 g, 70%) as a yellow foam. 1H NMR (CD3COCD3,
300 MHz, ppm): δ � 1.19 (t, J � 7.6 Hz, 3 H), 1.29 (s, 18 H), 2.60
(q, J � 7.6 Hz, 2 H), 3.02 (t, J � 6.4 Hz, 2 H), 3.28 (s, 6 H), 3.29
(s, 3 H), 3.47�3.51 (m, 6 H), 3.62�3.66 (m, 6 H), 3.77�3.82 (m,
6 H), 3.83 (t, J � 6.4 Hz, 2 H), 3.92�4.02 (m, 6 H), 4.07�4.16 (m,
8 H), 4.26�4.30 (m, 4 H), 4.91 (s, 2 H), 4.98 (s, 2 H), 5.02 (s, 2 H),
5.03 (s, 4 H), 6.65 (s, 1 H), 6.73 and 6.75 (AB q, J � 2.0 Hz, 2 H),
6.81 (d, J � 8.6 Hz, 2 H), 6.83 (d, J � 8.6 Hz, 2 H), 6.85 (s, 2 H),
6.90�6.97 (m, 8 H), 7.05�7.14 (m, 10 H), 7.17 (d, J � 8.7 Hz, 2
H), 7.24�7.35 (m, 8 H), 7.38 (d, J � 8.5 Hz, 4 H), 7.83 (d, J �

8.5 Hz, 1 H), 7.84 (d, J � 8.5 Hz, 1 H). MS (MALDI�TOF): m/z
(%) � 1920 (100) [M]�, 1711 (15). C111H125NO18S5 (1921.5): calcd.
C 69.38, H 6.56, N 0.73, S 8.34; found C 69.17, H 6.48, N 0.80,
S 8.33.

‘‘Fast’’ Bistable [2]Rotaxane (2·4PF6): A solution of the dumbbell
compound 16 (0.21 g, 0.11 mmol), 17·2PF6 (0.24 g, 0.34 mmol) and
18 (0.090 g, 0.34 mmol) in anhydrous DMF (12 mL) was trans-
ferred to a Teflon-tube and subjected to 10 kbar of pressure at
room temperature for 3 days. The dark green solution was sub-
jected directly to column chromatography (SiO2) and unchanged
16 was eluted with Me2CO, whereupon the eluent was changed to
Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the dark
green band was collected. Most of the solvent was removed in va-
cuo (T � 30 °C) followed by addition of H2O (100 mL). The re-
sulting precipitate was collected by filtration, washed with H2O (2
� 20 mL) and Et2O (2 � 25 mL) before being dried (P2O5), afford-
ing the title [2]rotaxane 2·4PF6 (0.18 g, 55%) as a dark green solid.
M.p. 155 °C (decomposed without melting). The data given below
are for the mixture of the two translational isomers. MS
(MALDI�TOF): m/z (%) � 2585 (4) [M �3PF6]�, 2440 (2)
[M � 4PF6]�, 1920 (1), 665 [CBPQT·PF6]� (18), 561 (100).
UV/Vis (Me2CO, 298 K): λmax. (ε) � 520 (850), 815 nm
(1410 L·mol�1·cm�1). UV/Vis (MeCN, 298 K): λmax. (ε) � 520
(850), 825 nm (1820 L·mol�1·cm�1). UV/Vis (Me2SO, 298 K):
λmax. (ε) � 520 (640), 788 nm (1090 L·mol�1·cm�1). C147

H157F24N5O18P4S5·2H2O (3022.0): calcd. C 57.74, H 5.31, N 2.29,
S 5.24; found C 57.70, H 5.37, N 2.49, S 5.08.
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All attempts to separate the two translational isomers by employing
PTLC failed on account of the fast shuttling of CBPQT4� between
the two recognition sites in 2·4PF6. However, 2·4PF6·RED was
characterized as a consequence of the fact in CD3COCD3 solution
at 215 K, 2·4PF6 exists almost exclusively as 2·4PF6·RED.

Data for 2·4PF6·RED: 1H NMR (CD3COCD3, 500 MHz, 215 K,
ppm): δ � 1.08 (t, J � 7.6 Hz, 3 H), 1.17 (s, 18 H), 2.49 (q, J �

7.6 Hz, 2 H), 2.53 (d, J � 8.0 Hz, 1 H), 2.54 (d, J � 8.0 Hz, 1 H),
3.19 (s, 3 H), 3.23 (s, 6 H), 3.40�3.47 (m, 10 H), 3.55�3.61 (m, 6
H), 3.72�3.77 (m, 6 H), 3.97�4.16 (m, 8 H), 4.32�4.52 (m, 10 H),
4.78 (s, 2 H), 4.87 (s, 6 H), 4.93 (s, 2 H), 5.91�6.17 (m, 10 H), 6.25
(d, J � 8.0 Hz, 1 H), 6.30 (d, J � 8.0 Hz, 1 H), 6.43 (s, 1 H), 6.67
(s, 2 H), 6.74�6.80 (m, 4 H), 6.87 (s, 2 H), 6.89�6.94 (m, 6 H),
7.02�7.11 (m, 10 H), 7.24�7.31 (m, 8 H), 7.40 (d, J � 9.0 Hz, 4
H), 7.58 (d, J � 6.4 Hz, 2 H), 7.64 (d, J � 6.4 Hz, 2 H), 7.70 (d,
J � 6.4 Hz, 2 H), 7.82 (d, J � 6.4 Hz, 2 H), 8.14 (s, 2 H), 8.16 (s, 2
H), 8.32 (s, 2 H,), 8.39 (s, 2 H), 9.09 (d, J � 6.4 Hz, 2 H), 9.10 (d,
J � 6.4 Hz, 2 H), 9.25 (d, J � 6.4 Hz, 2 H), 9.39 (d, J � 6.4 Hz,
2 H).

Semidumbbell Compound 3: Compound 6 (0.072 g, 0.21 mmol) and
the chloride 15 (0.20 g, 0.22 mmol) were dissolved in anhydrous
DMF (10 mL) and degassed (N2, 10 min) before NaH (0.021 g of a
60% suspension in mineral oil, 0.53 mmol) was added. The reaction
mixture was stirred for 45 min at room temperature, causing the
initially yellow solution to become more orange. Brine (80 mL) was
added (dropwise until no more gas evolution was observed), where-
upon the yellow suspension was extracted with CH2Cl2
(3 � 40 mL). The combined organic phase was washed with brine
(2 � 100 mL) and H2O (100 mL) before being dried (MgSO4).
Concentration gave a yellowish brown oil, which was subjected to
column chromatography (SiO2: CH2Cl2/EtOAc, 2:1). The yellow
band (Rf � 0.3) was collected and the solvent evaporated affording
a yellowish brown oil, which was repeatedly dissolved in CH2Cl2
(2 � 10 mL) and concentrated to give the title compound 3 (0.21 g,
81%) as a yellowish brown oil. 1H NMR (CD3COCD3, 300 MHz,
ppm): δ � 2.44 (s, 6 H), 3.29 (s, 9 H), 3.48�3.52 (m, 6 H),
3.63�3.66 (m, 6 H), 3.78�3.83 (m, 6 H), 4.08�4.16 (m, 6 H), 4.91
(s, 2 H), 5.01 (s, 2 H), 5.05 (s, 6 H), 6.79 (s, 2 H), 6.82 (d, J �

8.8 Hz, 2 H), 6.87 (s, 2 H), 6.96 (d, J � 8.4 Hz, 6 H), 7.20 (d, J �

8.4 Hz, 2 H), 7.32 (d, J � 8.8 Hz, 2 H), 7.40 (d, J � 8.4 Hz, 4
H). MS (MALDI�TOF): m/z (%) � 1203 (100) [M]�, 994 (6).
C60H69NO13S6 (1204.6): calcd. C 59.82, H 5.77, N 1.16, S 15.97;
found C 59.92, H 5.80, N 1.20, S 15.77.

2-[4-(Methylthio)-1,3-dithiol-2-ylidene]-5-tosyl-5H-1,3-dithiolo[4,5-
c]pyrrole (19): A solution of compound 10 (0.48 g, 0.99 mmol) in
anhydrous THF (70 mL) was degassed (N2, 10 min) before a solu-
tion of CsOH·H2O (0.18 g, 1.05 mmol) in anhydrous MeOH
(8 mL) was added dropwise with a syringe over a period of 50 min
at room temperature. The mixture was stirred for 15 min before
MeI (1.0 mL, 2.3 g, 16 mmol) was added in one portion, where-
upon the reaction mixture was stirred for 2 h and then purged with
N2 (20 min). The solvent was evaporated and the resulting yellow
residue was dissolved in CH2Cl2 (75 mL), washed with H2O
(3 � 75 mL) and dried (MgSO4). Removal of the solvent gave a
yellowish orange solid, which was purified by column chromatogra-
phy (SiO2: CH2Cl2). The broad yellow band (Rf � 0.6) was col-
lected and concentrated to give the title compound 19 (0.43 g, 98%)
as a yellowish orange solid. M.p. 149�151 °C. Recrystallization
from CH2Cl2/MeOH gave 19 as yellow crystals. M.p. 161�163 °C.
1H NMR (CD3SOCD3, 300 MHz, ppm): δ � 2.38 (s, 3 H), 2.43 (s,
3 H), 6.75 (s, 1 H), 7.38 (s, 2 H), 7.45 (d, J � 8.5 Hz, 2 H), 7.82
(d, J � 8.5 Hz, 2 H). 13C NMR (CD3SOCD3, 75 MHz, ppm): δ �
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18.5, 21.1, 112.6 (2 signals overlapping), 114.5, 116.8, 118.8, 126.3,
126.3, 126.8, 126.9, 130.4, 134.4, 145.8. MS (EI): m/z (%) � 443
(54) [M]�, 288 (100) [M � Ts]�. C16H13NO2S6 (443.7): calcd. C
43.31, H 2.95, N 3.16, S 43.36; found C 43.46, H 2.95, N 3.24,
S 43.49.

2-[4-(Methylthio)-1,3-dithiol-2-ylidene]-5H-1,3-dithiolo[4,5-c]pyrrole
(7): Compound 19 (0.38 g, 0.86 mmol) was dissolved in anhydrous
THF/MeOH (1:1 v/v, 100 mL) and degassed (N2, 10 min) before
NaOMe (30% in MeOH, 2.40 mL, 0.68 g, 12.6 mmol) was added
in one portion. The yellow solution was heated under reflux for
15 min and cooled to room temperature, whereupon the solvent
was evaporated. The yellow residue was dissolved in CH2Cl2
(75 mL), washed with H2O (3 � 75 mL) and dried (MgSO4). Con-
centration gave an orange oil, which was subjected to column chro-
matography (SiO2: CH2Cl2). The yellow band (Rf � 0.6) was col-
lected and concentrated, providing the title compound 7 (0.22 g,
88%) as a yellowish orange oil, which solidified upon standing to
give a yellowish brown solid. M.p. 63.5�65 °C. 1H NMR
(CD3SOCD3, 300 MHz, ppm): δ � 2.44 (s, 3 H), 6.73 (s, 1 H), 6.79
(d, J � 2.3 Hz, 2 H), 11.11 (br. s, 1 H). 13C NMR (CD3SOCD3,
75 MHz, ppm): δ � 18.5, 110.6 (2 signals overlapping), 111.6,
117.3, 117.30, 118.7, 118.8, 126.9. MS (EI): m/z (%) � 289 (100)
[M]�, 185 (52) 141 (47). C9H7NS5 (289.5): calcd. C 37.34, H 2.44,
N 4.84, S 55.38; found C 37.47, H 2.57, N 4.82, S 55.49.

Semidumbbell Compound 4: Compound 7 (0.035 g, 0.12 mmol) and
the chloride 15 (0.10 g, 0.11 mmol) were dissolved in anhydrous
DMF (5 mL) and degassed (N2, 10 min) before NaH (0.011 g of a
60% suspension in mineral oil, 0.28 mmol) was added. The reaction
mixture was stirred for 45 min at room temperature, causing the
initially yellow solution to become more orange. Brine (50 mL) was
added (dropwise until no more gas evolution was observed), where-
upon the yellow suspension was extracted with CH2Cl2
(3 � 25 mL). The combined organic phase was washed with brine
(3 � 75 mL) and dried (MgSO4). Concentration gave a yellowish
brown oil, which was subjected to column chromatography (SiO2:
CH2Cl2/EtOAc 2:1). The yellow band (Rf � 0.2) was collected and
the solvent evaporated, affording a yellowish orange oil, which was
repeatedly dissolved in CH2Cl2 (2 � 10 mL) and concentrated to
give the title compound 4 (0.090 g, 71%) as a yellowish orange oil.
1H NMR (CD3COCD3, 300 MHz, ppm): δ � 2.45 (s, 3 H), 3.29 (s,
9 H), 3.48�3.52 (m, 6 H), 3.63�3.67 (m, 6 H), 3.79�3.83 (m, 6
H), 4.09�4.16 (m, 6 H), 4.92 (s, 2 H), 5.01 (s, 2 H), 5.05 (s, 6 H),
6.57 (s, 1 H), 6.79 (s, 2 H), 6.83 (d, J � 8.4 Hz, 2 H), 6.88 (s, 2 H),
6.96 (d, J � 8.6 Hz, 6 H), 7.21 (d, J � 8.6 Hz, 2 H), 7.32 (d, J �

8.9 Hz, 2 H), 7.40 (d, J � 8.5 Hz, 4 H). MS (MALDI�TOF): m/z
(%) � 1157 (100) [M]�, 948 (6). C59H67NO13S5 (1158.5): calcd. C
61.17, H 5.83, N 1.21, S 13.84; found C 61.18, H 5.89, N 1.29,
S 13.66.

Semidumbbell Compound 5: The iodide 12 (0.20 g, 0.22 mmol)
was dissolved in anhydrous Me2CO (10 mL) and NaSMe
(0.16 g, 2.28 mmol) was added in one portion. The reaction mixture
was stirred for 1.5 h at room temperature, whereupon the solvent
was removed in vacuo. The yellow residue was dissolved in CH2Cl2
(100 mL), washed with H2O (3 � 100 mL) and dried (MgSO4).
Concentration gave a colorless oil, which was subjected to column
chromatography (SiO2: CH2Cl2). The colorless band (Rf � 0.25)
was collected and the solvent evaporated affording the title com-
pound 5 (0.18 g, 99%) as a colorless foam. 1H NMR (CDCl3,
300 MHz, ppm): δ � 1.23 (t, J � 7.6 Hz, 3 H), 1.29 (s, 18 H), 2.15
(s, 3 H), 2.62 (q, J � 7.6 Hz, 2 H), 2.74 (t, J � 6.7 Hz, 2 H), 3.81
(t, J � 6.7 Hz, 2 H), 3.94�3.99 (m, 4 H), 4.03�4.07 (m, 2 H),
4.12�4.16 (m, 2 H), 4.26�4.32 (m, 4 H), 6.77�6.85 (m, 4 H),
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7.03�7.10 (m, 10 H), 7.20�7.36 (m, 6 H), 7.87 (d, J � 8.5 Hz, 2
H). 13C NMR (CDCl3, 75 MHz, ppm): δ � 15.3, 16.1, 28.2, 31.4,
33.6, 34.3, 63.1, 67.3, 67.9, 68.0, 69.5, 70.0, 70.1, 71.0, 105.7, 105.7,
113.1, 114.6, 114.7, 124.0, 125.1 (2 signals overlapping), 126.6,
126.8, 126.8, 130.7, 131.0, 132.2, 139.8, 141.3, 144.1, 144.6, 148.3,
154.3, 154.3, 156.5. MS (MALDI�TOF): m/z (%) � 825 (100)
[M]�, 692 (11), 383 (12). C54H64O5S (825.2): calcd. C 78.60, H 7.82,
S 3.89; found C 78.38, H 7.69, S 3.95.

Photophysical Experiments: All the measurements were performed
in air-equilibrated Me2CO, MeCN, or Me2SO solutions. Hexa-
fluorophosphate (PF6

�) ions were the counterions in the case of
all the cationic compounds/complexes. Absorption spectra were re-
corded with a Shimadzu UV-1601PC instrument and the tempera-
ture was controlled using a home-made, water-cooled thermostat.
The estimated experimental errors are: 2 nm on band maxima and
�5% on the molar absorption coefficients.

Kinetic Experiments: The rate constants for the slipping on of
CBPQT4� on the semidumbbell compound 3 were measured at dif-
ferent temperatures using absorption spectroscopy as the probe.
Experiments were carried out by transferring a Me2CO solution
(1.41 mm) of the semidumbbell compound 3 (1.2 mL) and a
Me2CO solution (1.41 mm) of the cyclophane CBPQT·4PF6

(1.2 mL) to two separate 3.0 mL cuvettes (optical path 1 cm), which
subsequently were placed in the thermostatted cell compartment of
the UV/Vis spectrophotometer and then allowed to equilibrate to
a constant temperature. The two solutions were then mixed, afford-
ing an equimolar solution (0.71 mm)[45] of 3 and the slipping on of
CBPQT4� on the semidumbbell compound 3 was followed using
the MPTTF/CBPQT4� CT band (807 nm) as the probe. The tem-
perature T was measured in the cuvette before and after each
experiment and readings of equal to or less than �0.1 K were ob-
tained. The data points were collected in the early stage of the
experiments where the reverse process is not yet occurring to any
significant extent and subjected to a first-order analysis by plotting
ln A against t, where A is the absorbance (at 807 nm) at time t.
The linear relationship between ln A and t was, at each particular
temperature, demonstrated by calculation of the correlation coef-
ficient and values (Table 4) of 0.985�0.999 were obtained. The k
values were obtained from the slopes of these lines, according to
the relationship ln A � k t � ln A0 and the estimated experimental
errors are �5%.

The estimated experimental errors are �5% for ∆G‡, ∆H‡. As a
result of the logarithmic nature of the plots and the fact that the
∆G‡ values only have been calculated over an approximate 20 K
wide temperature range, the error in ∆S‡ is somewhat larger: we
estimate it to be �25% for ∆S‡.

Determination of Binding Constants (Ka values) using the 1H NMR
Single-Point Method: [2]Pseudorotaxane 3�CBPQT·4PF6: Mixing
the colorless cyclophane CBPQT·4PF6 and the yellow semi-
dumbbell compound 3 in equimolar proportions in CD3COCD3 at
298 K produced a yellow-colored solution (1.1 mm), which slowly
became green. The solution was placed in a thermostatted 1H
NMR spectrometer and the system was allowed to equilibrate for
1 h before the 1H NMR spectrum (300 MHz) was recorded. Experi-
ments were carried out at 298, 302, 306, 310, 314, 318, and 322 K.
At all of these temperatures, slowly equilibrating complexation/de-
complexation scenarios were observed, and the Ka values were de-
termined as follows: integrals of the signals in the 1H NMR spectra
associated with the �NCH2 and p-xylylene protons in both uncom-
plexed and complexed CBPQT4� component were measured, and
by knowing accurately the concentrations of the semidumbbell
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compound 3 and CBPQT4� that were dissolved initially, the Ka

values are given by the expression:

where Ic and Iu are the integrals of a specific proton in the com-
plexed (c) and uncomplexed species (u), respectively, and c(3) and
c(CBPQT4�) are the initial molar concentrations of compound 3
and CBPQT4�, respectively.

Determination of Binding Constants (Ka values) using the UV/Vis
Dilution Method: [2]Pseudorotaxane 4�CBPQT·4PF6: Mixing the
colorless cyclophane CBPQT·4PF6 and the yellow semidumbbell
compound 4 in equimolar proportions in Me2CO immediately pro-
duced a green-colored solution. Appropriate dilutions produced
solutions with absolute concentrations (c) in the range of 0.1 to
0.8 mm, which subsequently were placed in the thermostatted cell
compartment of the UV/Vis spectrophotometer and then allowed
to equilibrate to a constant temperature, before the absorbance A
was measured at 825 nm (λmax.). Measurements were carried out at
286.8, 291.9, 297.1, 302.1, 307.2, 311.9, and 317.0 K, where the
temperature T was measured in the cuvette before and after each
experiment and readings of equal to or less than �0.1 K were ob-
tained. This resulted in 12, 11, 11, 10, 9, 8, and 8 data points [c/A,
1/A1/2]. For each particular temperature a plot of c/A against 1/A1/2

afforded a straight line with slope α of (1/Kaε l)1/2 and a y-intercept
y0 of 1/ε l, where ε is the molar extinction coefficient for the CT
band of the complex and l is the optical path length, according[16]

to the Equation c/A � [(1/Kaε l)1/2 (1/A1/2)] �1/ε l. The linear re-
lationship between c/A and 1/A1/2 at each particular temperature
was demonstrated by calculation of the correlation coefficient, and
values (Table 8) of 0.998�1.000 were obtained. The Ka and ε values
were obtained from the relationship Ka � y0/α2, where α and y0 �

1/ε l is the slope and y-intercept of the line, respectively.

[2]Pseudorotaxane 5�CBPQT·4PF6: Mixing the colorless cyclo-
phane CBPQT·4PF6 and the colorless semidumbbell compound 5
in equimolar amounts in Me2CO immediately produced a red-col-
ored solution. Appropriate dilutions produced solutions with abso-
lute concentrations (c) in the range of 0.2 to 0.9 mm, which sub-
sequently were placed in the thermostatted cell compartment of the
UV/Vis spectrophotometer and then allowed to equilibrate to a
constant temperature, before the absorbance A was measured at
520 nm (λmax). Measurements were carried out at 286.9, 290.3,
293.4, 296.2, 299.5, 302.4, and 305.3 K where the temperature T
was measured in the cuvette before and after each experiment, and
readings of equal to or less than �0.1 K were obtained. This re-
sulted in 9, 8, 6, 5, 5, 5, and 5 data points [c/A, 1/A1/2]. For each
particular temperature a plot of c/A against 1/A1/2 afforded a
straight line with slope α of (1/Kaε l)1/2 and a y-intercept y0 of 1/ε l,
where ε is the molar extinction coefficient for the CT band of the
complex and l is the optical path length, according[16] to the Equa-
tion c/A � [(1/Kaε l)1/2 (1/A1/2)] �1/ε l. The linear relationship be-
tween c/A and 1/A1/2 at each particular temperature was demon-
strated by calculation of the correlation coefficient, and values
(Table 9) of 0.987�0.999 were obtained. The Ka and ε values were
obtained from the relationship Ka � y0/α2, where α and y0 � 1/ε l
is the slope and y-intercept of the line, respectively.

Electrochemical Experiments: Cyclic voltammetric (CV) and
differential pulse voltammetric (DPV) experiments were carried out
in nitrogen-purged MeCN solutions in a classical three-electrode,
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single-compartment cell at room temperature. The electrochemical
cell was connected to a computerized AutolabPGSTAT10 po-
tentiostat (ECO CHEMIE BV, Utrecht, The Netherlands) con-
trolled by the GPSE software running on a personal computer. The
working electrode was a platinum disk electrode, and its surface
was polished immediately prior to use. The counter electrode was
a platinum wire and the reference electrode was a Ag/AgNO3 elec-
trode. 1,1-Dimethylferrocene (�0.31 V vs. SCE)[46] was present as
an internal standard, and all potentials are referenced to the SCE
electrode. The concentration of the examined compounds and com-
plexes was 0.1 mm to 0.5 mm, and tetrabutylammonium hexa-
fluorophosphate (0.1 m) was added as the supporting electrolyte.
All MPTTF derivatives exhibited two pairs of reversible redox
waves corresponding to two one-electron processes. The reversi-
bility of the observed processes was established by using the criteria
of (1) the separation of 60 mV between cathodic and anodic peaks,
(2) the close to unity ratio of the intensities of the cathodic and
anodic currents, and (3) the constancy of the peak potential on
changing sweep rate in the cyclic voltammograms. The same half-
wave potentials were obtained from the DPV peaks and from an
average of the cathodic and anodic CV peaks, as expected for re-
versible processes. For irreversible processes, the potentials were es-
timated from the DPV peaks. The experimental errors on the po-
tentials are estimated to be �10 mV.
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