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a b s t r a c t

We have synthesized a series of three rotaxanes constituted of a calix[6]arene wheel and a 4,40-bipyr-
idinium unit on the axle, which differ in the length of the two aliphatic chains that connect the central
bipyridinium unit with the two terminal stoppers. We have investigated the photophysical and electro-
chemical properties of these systems and of suitable model compounds in two prototypical solvents,
namely, acetonitrile and methylene chloride. Our results show that these rotaxanes are characterized by
a complex pattern of intercomponent interactions whose strength can be influenced by the length of the
axle as well as the nature of the solvent.

� 2008 Elsevier Ltd. All rights reserved.
Figure 1. Schematic representation of a rotaxane and of the shuttling motion of its
ring component.
1. Introduction

The functioning of new molecular devices, able to perform
programmed tasks, is directly connected with the chemical prop-
erties of the fragments or components that constitute their skel-
eton. This concept is particularly important in those cases in which
these devices should respond to external stimuli and work as
molecular machines.1–3 Rotaxanes4dnamely, interlocked chemical
species wherein a macrocyclic (wheel) component encircles
a dumbbell-shaped molecule (Fig. 1)dare indeed appealing sys-
tems for the construction of artificial molecular machines,
because:

� the mechanical bond allows a large variety of mutual ar-
rangements of the molecular components, while conferring
stability to the system;
� the interlocked architecture limits the amplitude of the inter-

component motion in the three directions;
� the stability of a specific arrangement (co-conformation)5

is determined by the strength of the non-covalent
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intercomponent interactions, which are also responsible for
the efficient template-directed syntheses of rotaxanes;
� such interactions can be modulated by external stimulation.

Professor Sir Fraser Stoddart, to whom this paper is dedicated,
has pioneered the use of molecular recognition and self-assem-
bly processes6,7 in template-directed protocols for the syntheses
of mechanically interlocked compounds such as rotaxanes, cat-
enanes and related species.5,8–11 His research activity in the past
two decades has contributed strongly to the development of the
field of molecular devices and machines,12,13 and is indeed
a major source of inspiration for new generations of chemists.14

An interesting intercomponent motion that can be envisaged for
rotaxanes is the translationdi.e., shuttlingdof the wheel compo-
nent along the axle portion of the dumbbell-shaped component
(Fig. 1). In fact, systems of this type, termed molecular shuttles,15

constitute the most common implementation of the molecular
machine concept with rotaxanes.
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In order to control the shuttling motion, rotaxanes are usually
equipped with two distinct recognition sites (‘stations’) on their
axle portion, which can bind the wheel component to different
extents.16–23 The wheel resides initially on the station that gives the
strongest interaction, but can be induced to shuttle onto the other
station with an appropriate stimulus that, for instance, weakens the
former interaction.

In this work we aim at investigating a different aspect of these
systems, that is, the effect of the axle length on the physico-
chemical properties and dynamic behaviour of one-station rotax-
anes. To this purpose, we have designed and synthesized a series of
three rotaxanes (1–3, tosylate salts, Chart 1) bearing a tris(N-phe-
nylureido)-calix[6]arene wheel and a 4,40-bipyridinium station on
the axle that differ in the length of the two stoppered aliphatic
chains attached to the central bipyridinium unit.

We have recently demonstrated that the triphenylureido cal-
ix[6]arene derivatives such as 4 (Chart 1) can act as dissymmetrical
three-dimensional heteropolytopic receptors that forms oriented
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Chart 1. Structural formulae of the examined rotaxanes, of their wheel
pseudorotaxanes and rotaxanes with 4,40-bipyridinium derivatives
in apolar solvents.24–26 These complexes are stabilized by
a combination of hydrogen bonds, CH-p and charge-transfer in-
teractions between the p-electron rich cavity and the p-electronpoor
bipyridinium unit27 and possibly solvophobic effects. The counter-
anions of the dicationic bipyridinium unit also participate in the
stabilization of the complex through hydrogen bonding interactions
with the ureidic groups located on the upper rim of the wheel.

We have shown28,29 that the photophysical properties of these
assemblies differ from those of the separated molecular compo-
nents. We have also observed28,29 that both the redox potential of
the 4,40-bipyridinium unit of their thread and the kinetics of these
redox processes are substantially influenced by the presence of the
calixarene wheel. Therefore, we thought that photophysical and
electrochemical investigations are particularly appropriate to gain
an insight into how the distance between the station, located in the
centre of the axle, and the terminal stoppers can affect the proper-
ties of these rotaxanes. Moreover, such experiments should enable
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component 4 and of the 4,40-bipyridinium model compound doV.
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Scheme 1. Synthesis of 4,40-bipyridinium-based axles bearing alkyl side chains of
different length.
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us to assess the importance of the various interactions that concur in
the stabilization of the system. As the extent of each interaction
depends on the nature of the surrounding medium, we chose to
study rotaxanes 1–3 and their model compounds in two pro-
totypical solvents of different polarity, namely, CH3CN and CH2Cl2.
2. Results and discussion

2.1. Synthesis

Axles 8–10 were obtained as tosylate (TsO�) salts through the
synthesis reported in Scheme 1 by refluxing an excess of the cor-
responding monotosylate (5–7) with 4,40-bipyridine in CH3CN.
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Scheme 2. Template-directed synthesis of rotaxanes 1–3.
Axles 8–10 were then used for the synthesis of rotaxanes 1–3
(Scheme 2). In a typical experiment the appropriate axle was sus-
pended with an equimolar amount of the calix[6]arene wheel 4 in
toluene. To the deep red homogeneous solution that had formed
after stirring, an excess of diphenylacetyl chloride and triethyl-
amine were added and the reaction stirred at 80 �C for two days.
After column chromatography, rotaxanes 1–3 were isolated as
tosylate salts in 19, 15 and 10% yield, respectively.

The structure of these rotaxanes was inferred through NMR
techniques. The main common feature of the three rotaxanes is that,
as expected, the wheel component experiences a conformational
rearrangement as a consequence of the threading–stoppering re-
action sequence. In fact, as also verified in our previous studies,24,25

the OCH3 protons, that in 4 resonate as a broad signal at dz2.9 ppm,
are in all the three rotaxanes 1–3 downfield shifted and resonate in
the 4.0–3.8 ppm region of the spectrum. This observation indicates
that they are no longer oriented inside the calix[6]arene cavity. In
addition, the downfield shift of up to 3 ppm experienced by the six
NH ureido protons in C6D6, CD2Cl2 and also in the more polar CD3CN
suggests their participation in hydrogen bonding interactions with
the two tosylate anions. On the other hand, the length of the two
alkyl chains, that span the dication unit from the two stoppers in the
three rotaxanes, considerably influences the resonances of several
protons of the dumbbell component. In fact, the methine protons (a
and a0) of the two diphenylacetyl stoppers and the O–CH2 protons (1
and 10) of the two alkyl chains are in fact no longer magnetically
equivalent, because they experience a different magnetic environ-
ment due to the intrinsic dissymmetrical geometry of the calixarene
wheel. The a proton, being located over the wheel cavity (see
Scheme 2 and Fig. 2), undergoes an anisotropic aromatic shielding
effect and it resonates at higher field than proton a0.24–26 In C6D6 the
a and a0 protons of 1, characterized by the shortest alkyl spacers,
resonate at d¼5.56 and 5.43 ppm, respectively (Fig. 2a). As the
length of alkyl spacers is increased the difference of chemical shift
(Dd) between the two methine protons tends to decrease: for 2 it is
only 0.1 ppm (Fig. 2b) and for 3 the two signals are almost
Figure 2. 1H NMR (expanded region, 300 MHz) spectra of (a) 1, (b) 2 and (c) 3 taken in
C6D6 (see drawing for proton labelling of the axles).



Table 1
Absorption (CT band) and electrochemical data of the examined compounds at room temperature

Compound Solvent: CH3CN Solvent: CH2Cl2

lmax (nm) 3 (M�1 cm�1) E1 (V vs SCE)a E2 (V vs SCE)a lmax (nm) 3 (M�1 cm�1) E1 (V vs SCE)a E2 (V vs SCE)a

doV �0.42 �0.86 �0.27 �0.81
1 460b 580b �0.59c �1.20c 470b 510b �0.63c �1.15c

2 455 560 �0.62 �1.14 465 550 �0.71c �1.16c

3 450 540 �0.62 �1.18 461 590 �0.73c �1.20c

a Argon-purged solution.
b Shoulder on the lower-energy side of an intense absorption band; see Figure 3.
c Cyclic voltammogram characterized by a large (>90 mV) peak-to-peak separation; potential value estimated by DPV peaks.
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undistinguishable (Fig. 2c). The shielding effect of the calixarene
cavity was even more pronounced for the methylene groups 1 and 10.
In 1 the two resonances are separated by almost 1 ppm.

The threading of the axle inside the wheel was also confirmed,
in all instances, by the extensive upfield shift experienced by both
the aromatic protons of the bipyridinium unit and the protons of
the (py)N–CH2 methylene groups. The chemical shift of the broad
signals corresponding to the latter protons (3–30, 6–60 and 12–120

for 1, 2 and 3, respectively) is still strictly dependent on the length
of the alkyl chains.
Figure 3. Charge-transfer absorption band of the three rotaxanes in (a) CH3CN and (b)
CH2Cl2: 1, full line; 2, dotted line; 3, dashed line.
2.2. Absorption and luminescence properties

The absorption spectra of the rotaxanes 1–3, of their wheel
component 4 and of the tosylate salt of 1,10-dioctyl-4,40-bipyr-
idinium (dioctylviologen tosylate, doV), selected as a model com-
pound for the 4,40-bipyridinium unit contained in their axles, have
been recorded either in CH2Cl2 or in CH3CN at room temperature.
All the spectroscopic data are gathered in Table 1.

For all the rotaxanes the absorption spectra show an intense
band with maximum at around 260 nm, attributed to the absorp-
tion of the wheel component and the bipyridinium unit contained
in the axle components,28 and a weak and broad band with max-
imum around 460 nm. This visible band (Fig. 3) can be ascribed to
the charge-transfer (CT) interactions between the electron-rich
aromatic rings of the wheel and the electron-poor bipyridinium
unit contained in the rotaxane axles. Such an assignment is sup-
ported by the fact that similar bands appear in the spectra of the
pseudorotaxanes formed by mixing in CH2Cl2 equimolar amounts
of 4 and doV or an axle containing a bipyridinium unit and
a diphenylacetic group as a stopper.28

It is interesting to notice that the visible absorption bands of the
examined rotaxanes are very similar as far as energy and intensity
are concerned, and are practically unaffected by the nature of the
solvent (Table 1 and Fig. 3). The molar absorption coefficient of the
CT band (3CT) can be correlated30 with the magnitude of the donor–
acceptor electron-coupling matrix element (HDA) by Eq. 1, derived
from the Hush theory for optical charge transfer:31,32

3CT ¼
kr2

DA

ECTDn1=2
CT

H2
DA (1)

where k is a numeric constant, rDA is the donor–acceptor distance,
ECT is the energy of the optical charge-transfer transition (which is
related to the lmax of the corresponding CT band) and DnCT is the
half-width of the CT band. The absorption spectra (Fig. 3) show that
ECT and DnCT are very similar for all three rotaxanes in the two
solvents examined, and it can be expected that rDA is substantially
unchanged on going from 1 to 3. Therefore, we can conclude that
the donor–acceptor electronic couplingdand hence the CT inter-
actiondis not much affected by solvent polarity and is essentially
the same for all three rotaxanes.
As previously noticed,28 doV does not show any luminescence.
The fluorescence typical of the free calixarene 4 (lmax¼340 nm) is
no longer observed in rotaxanes 1–3. It is very likely that CT in-
teractions are responsible for such a fluorescence quenching, be-
cause they introduce new excited states that offer a radiationless
deactivation path to the upper lying, potentially luminescent level
of wheel 4.28,33,34

Charge-transfer interactions, however, are not the sole inter-
component forces that characterize these compounds. Remarkably,
X-ray crystallography in the solid state evidenced27 that C–H/O
hydrogen bonding35 between some H atoms of the axle and O
atoms of the methoxy groups of the wheel takes place. Spectro-
scopic and electrochemical experiments on pseudorotaxane ana-
logues in CH2Cl2 and CH3CN support these findings: in CH2Cl2
wheel 4 and doV self-assemble very efficiently (Ka>5�105 M�1),



Figure 4. Genetic diagram for the first (full line) and second (dashed line) reduction
processes of the model compound doV and the three rotaxanes in (a) CH3CN and (b)
CH2Cl2.

Figure 5. Cyclic voltammograms of compound 2 in Ar-purged (a) CH3CN and (b)
CH2Cl2. Concentration, 0.5 mM; scan rate, 200 mV s�1. The wave in the region of
positive potentials is that of ferrocene used as a standard.
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whereas in the conditions employed for the spectroscopic and
electrochemical experiments there is no evidence of association in
the more polar CH3CN solvent. Because hydrogen bonding in-
teractions are stronger in apolar solvents, it may be expected that in
CH2Cl2 the C–H/O contacts can contribute in a substantial manner
to the stabilization of the adduct. Furthermore, in CH2Cl2 sol-
vophobic effects should be taken into consideration, because it is
well known that methylviologen is insoluble in this solvent and the
solubility of doV is much lower than in CH3CN. It may be inferred
that the cavity of the calixarene wheel offers to the bipyridinium
unit of the axle a more polar environment compared to CH2Cl2,
thereby favouring its threading into the wheel. Hydrogen bonds, in
contrast with CT interactions, do not give rise to new absorption
bands in the visible region and affect only very slightly the ab-
sorption spectra of the molecular components.36,37 Hence, ab-
sorption spectroscopy does not allow us to evidence such C–H/O
interactions.

On the contrary, 1H NMR spectroscopy would be a perfect tool to
monitor the occurrence of hydrogen bonds in solution. Un-
fortunately, in this case the NMR spectroscopic observation of
C–H/O bridges between the axial component and the wheel are
prevented because of the position assumed by the axle inside the
aromatic cavity. In principle, these weak hydrogen bonding in-
teractions should determine a moderate deshielding effect on the
proton resonances of the methylene group adjacent to the pyridine
ring and oriented towards the calix[6]arene narrow rim (i.e., pro-
tons 30, 60 and 120 in 1, 2 and 3, respectively; see Fig. 2). However, as
we noticed in previous investigations,24–26 the threading of a viol-
ogen-based axle inside the calix[6]arene wheel usually determines
a pronounced upfield shift (from 0.6 to 1 ppm, depending on the
axle type) of the aforementioned methylene protons, owing to the
more intense anisotropic shielding effect exerted by the aromatic
nuclei of the macrocycle. Therefore, although it is likely that the C–
H/O hydrogen bonds evidenced in the solid state27 take place in
solution as well,35 they cannot be clearly detected from the NMR
spectra.

2.3. Electrochemical properties

The electrochemical investigations have been performed by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
on the tosylate salts of rotaxanes 1–3 and the model compound
doV at room temperature in argon-purged CH2Cl2 and CH3CN; the
results obtained are gathered in Table 1 and Figure 4.

The model compound doV shows two reversible and mono-
electronic reduction processes typical of bipyridinium-based
compounds38,39 that occur at potential values less negative in
CH2Cl2 than in CH3CN. This observation can be unequivocally at-
tributed to the fact that, in the apolar CH2Cl2 solvent, less charged
or uncharged species are better stabilized than in the more polar
CH3CN. Therefore the dicationic bipyridinium unit is more easily
reduced in CH2Cl2 than in CH3CN. As expected for an effect related
to charge, the potential difference between the two solvents is
more pronounced for the first reduction process than for the sec-
ond one (Table 1 and Fig. 4).

All three rotaxanes 1–3 exhibit two monoelectronic chemically
reversible reduction processes that can be assigned to the bipyr-
idinium unit contained in their axle component (see, e.g., Fig. 5),
and also exhibit chemically irreversible oxidation processes char-
acteristic of their calixarene-based wheel component.28 These lat-
ter processes, being irreversible and not of fundamental importance
in the context of the present paper, will not be discussed.

First of all, the chemical reversibility observed for the reduction
processes of compounds 1–3 suggests that either no chemical
rearrangement is associated to the redox processes or such a rear-
rangement is fast on the time scale of the electrochemical scan.40,41
As we will discuss later on, the potential values are in better
agreement with the first hypothesis. In CH2Cl2 all the CV waves
show some degree of electrochemical irreversibility with peak-to-
peak separations in the order of 150–200 mV at a scan rate of
200 mV s�1 (see, e.g., Fig. 5). These results are consistent with the
behaviour of the pseudorotaxane assembled from doV and 4, and
can be explained considering that the encapsulation42,43 of the
electroactive bipyridinium unit inside the calixarene slows down
the heterogeneous electron-transfer kinetics.28 On the contrary, in
CH3CN only the CV waves of rotaxane 1 exhibit a peak-to-peak
separation larger than that expected40 for an electrochemically
reversible process. This observation suggests that in the case of the
shorter-tethered rotaxane 1 the redox-active bipyridinium unit is
more effectively confined inside the cavity of the wheel, most likely
because of the close proximity of the two stoppers.
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As shown in Table 1 and Figure 4, the two reduction processes of
the three rotaxanes are shifted towards more negative potential
values in comparison with the corresponding processes of the doV
model compound, both in CH3CN and CH2Cl2. The shift of the first
reduction can be attributed to the interactions with the wheel that,
increasing the electron density on the bipyridinium unit, makes its
reduction more difficult. The shift of the second reduction process
indicates that when the bipyridinium unit is in the monoreduced
form, some interactions remain between the axle component and
the wheel. A similar behaviour has been observed for other bipyr-
idinium-containing rotaxanes.44–46 When the axle is a radical cat-
ion, the interactions responsible for the stabilization of the adduct
are weaker, but the monoreduced bipyridinium is still an electron
acceptor. Such a weak interaction can be established because of the
presence of the stoppers that force the bipyridinium unit to stay
near the wheel. It has indeed been observed28,29 that, in related
pseudorotaxane systems, one-electron reduction causes deth-
reading of the molecular components. In rotaxanes 2 and 3 the long
side chains (6 and 12 methylene units, respectively) would enable
the shuttling of the wheel far from the monoreduced bipyridinium
unit. The fact that the second reduction potential is negatively
shifted with respect to the free axle also in these species means that
the residual CT interaction is strong enough to keep the wheel close
to the bipyridinium station. Further support for this conclusion
stems from the electrochemical irreversibility exhibited by the
second reduction process, indicating that the monoreduced bipyr-
idinium unit is still included in the wheel and hence partially
shielded from the electrode.42,43

In the first instance, we take into account the effect of the length
of the chain and we compare the three rotaxanes in each solvent.
We will limit the following discussion to the first reduction process
because the changes in the potential value for the second reduction
process on going from 1 to 3 cannot be easily rationalized on the
basis of the data available for these rotaxanes. We observe that,
both in CH3CN and CH2Cl2 solution, the first reduction process for
rotaxane 1 is shifted to less negative potential (around 30 and
100 mV, respectively) with respect to rotaxanes 2 and 3, which
show, on the other hand, comparable reduction values.

Such an observation implies that the rotaxanes with longer
chains are more difficult to reduce than the rotaxane with the short
chain. In other words, both rotaxanes 2 and 3 are more stable than 1
in their dicationic form. The charge-transfer interactions between
the axle and the wheel are similar in the three rotaxanes because
the CT bands in the absorption spectra have the same energy and
intensity (see absorption and luminescence properties). Hence, the
different behaviour of 1 compared to 2 and 3 could be related to
the other main intercomponent interactions, i.e., hydrogen bonds:
the axle of compound 1 is so short that it could not be able to make
efficient C–H/O contacts with the wheel. The fact that the po-
tential shift of 1 with respect to the longer-chain rotaxanes is more
pronounced in CH2Cl2 than in CH3CN could be explained consid-
ering that in the latter solvent the hydrogen bonding interactions
are less favoured.

A concomitantdor even alternativedexplanation for this be-
haviour is that the shortness of the axle would force rotaxane 1 to
be more deeply encapsulated inside the cavity of the wheel. As
a consequence of this constraint, the axle could assume a structure
in which the dihedral angle between the two pyridinium rings is
lower than in the case of rotaxanes 2 and 3. It is indeed known47

that in bipyridinium-type compounds the first reduction potential
decreases by increasing the planarity of the aromatic rings, which
favours electron delocalization.38 Therefore, steric constraints may
also be responsible for the surprisingly low first reduction poten-
tial of 1.

Additionally, if we compare the three rotaxanes in the two
solvents, we can observe that: (i) the first reduction process for
rotaxane 1 takes place at nearly the same value in both solvents and
(ii) in CH3CN rotaxanes 2 and 3 are easier to reduce than in CH2Cl2.

The negligible solvent effect on the first reduction potential
observed for rotaxane 1 [point (i)], in spite of the remarkable sol-
vent dependence of the potential for the analogous process in doV
(Table 1 and Fig. 4), can be ascribed to the fact that the bipyridinium
unit, being deeply encapsulated within the wheel–stoppers en-
semble, would experience only the environment created by the
interior of the calixarene.

On the contrary, the first reduction potentials of rotaxanes with
a longer chain are affected by the nature of the solvent [point (ii)]:
in particular, the reduction of compounds 2 and 3 is more difficult
in the less polar CH2Cl2 (DE1 ca. 100 mV). When the chain of the
axle is longer, the bipyridinium unit is not shielded from the sol-
vent like in rotaxane 1, and moreover the axle can optimize all the
stabilizing interactions. If we compare the rotaxanes 2 and 3 with
the model compound doV, we would expect a similar behaviour in
the two solvents: in CH3CN the charged, oxidized species, are more
stable than in CH2Cl2, therefore the dicationic rotaxanes should be
more easily reduced in CH2Cl2 than in CH3CN. However, com-
pounds 2 and 3 exhibit an opposite behaviour compared to the free
axle. To explain this difference we have to again take into account
the interactions that stabilize the rotaxanes. As already pointed
out, the CT interactions between the molecular components give
the same contributions in all the rotaxanes, in both solvents, and
so they do not explain this different behaviour. Also in this case,
solvent-dependent hydrogen bonding interactions need to be in-
voked for the further stabilization of the rotaxanes 2 and 3 in
CH2Cl2.

3. Conclusion

We have designed and synthesized a series of one-station
rotaxanes made of a calixarene wheel and three bipyridinium-
based axles of different lengths. We have studied their spectro-
scopic and electrochemical properties in two solvents in order to
investigate the effect of the chain length and of the polarity of the
solvent on the physico-chemical properties and dynamic behav-
iour of the rotaxanes. The results demonstrate that these inter-
locked species are characterized by a variety of intercomponent
stabilizing interactions that affect the spectroscopic and electro-
chemical properties of the systems, and that can be tuned
changing the polarity of the solvent. Compound 1 shows the most
peculiar behaviour: because of its short axle, the central bipyr-
idinium unit appears to be completely encapsulated in the cavity
of the calixarene, and its properties no longer depend on the
solvent.

This investigation also emphasizes the potentialities of the
techniques employed to estimate the nature and the strength of
the various kinds of interactions that can take place between the
molecular components in supramolecular systems. In particular,
electrochemical measurements are a powerful tool to highlight
weak interactions, which usually do not give rise to appreciable
changes in the absorption and luminescence spectra.

4. Experimental section

4.1. Synthesis

4.1.1. General remarks
All reactions were carried out under nitrogen; all solvents were

freshly distilled under nitrogen and stored over molecular sieves
for at least 3 h prior to use. All other reagents were of reagent grade
quality as obtained from commercial suppliers and were used
without further purification. Column chromatography was per-
formed on silica gel 63–200 mesh. Melting points are uncorrected.
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Elemental analyses were carried out at the laboratory of micro-
analysis of Dipartimento Farmaceutico of the University of Parma.
Calix[6]arene (4),48 3-hydroxypropyl 4-methylbenzenesulfonate
(5),49 6-hydroxyhexyl 4-methylbenzenesulfonate (6)50 and 12-
hydroxydodecyl 4-methylbenzenesulfonate (7)51 were synthesized
according to the literature procedures.

4.1.2. General procedure for the synthesis of axles 8–10
A solution of the appropriate tosylate (5–7, 6.5 mmol) and 4,40-

bipyridine (0.4 g, 2.6 mmol) in CH3CN (300 ml) was stirred under
reflux for 48 h. Afterwards, the solution was evaporated to dryness
under reduced pressure.

4.1.2.1. 1,10-Bis(3-hydroxypropyl)-4,40-bipyridine-1,10-diium ditosy-
late (8). The oily residue was washed with few portions of aceto-
nitrile to afford 8 (tosylate salt) as a pale greenish oil (45%). 1H NMR
(CD3OD, 300 MHz): d 9.19 (4H, d, J¼6.7 Hz), 8.57 (4H, d, J¼6.7 Hz),
7.64 (4H, d, J¼8.1 Hz), 7.19 (4H, d, J¼8.1 Hz), 4.82 (4H, t, J¼7.0 Hz),
3.64 (4H, br t), 2.32 (6H, s), 2.22 (2H, t, J¼6.3 Hz); 13C NMR (CD3OD,
75 MHz): d 151.8, 148.1, 146.0, 144.6, 142.5, 130.8, 129.2, 128.8, 128.7,
127.7, 127.6, 61.7, 59.8, 35.3, 22.1; IR (KBr): ~n 3388 (s), 3020 (w), 2927
(w), 2890 (w), 1639 (m), 1450 (w), 1215 (m), 1186 (m), 1123 (m),
1035 (m), 1011 (w), 816 (w), 685 (w). Anal. Calcd for C30H36N2O8S2:
C, 58.42; H, 5.88; N, 4.54; S, 10.40. Found: C, 58.51; H, 5.95; N, 4.87;
S, 10.15; ESI-MS (m/z): 273 [M�H]þ.

4.1.2.2. 1,10-Bis(6-hydroxyhexyl)-4,40-bipyridine-1,10-diium ditosylate
(9). The oily residue was triturated with acetonitrile to afford 9
(tosylate salt) as a white solid (50%). 1H NMR (CD3OD, 300 MHz):
d 9.22 (4H, d, J¼6.8 Hz), 8.62 (4H, d, J¼6.8 Hz), 7.65 (4H, d, J¼8.1 Hz),
7.21 (4H, d, J¼8.1 Hz), 4.71 (4H, t, J¼7.6 Hz), 3.54 (4H, t, J¼6 Hz), 2.35
(6H, s), 2.0 (4H, br t), 1.6–1.4 (12H, m); 13C NMR (CD3OD, 75 MHz):
d 151.8, 147.3, 143.9, 142.0, 130.2, 128.6, 127.2, 63.5, 62.9, 33.5, 32.8,
27.3, 26.7, 21.6; IR (KBr): ~n 3430 (s), 3070 (w), 3052 (w), 2937 (w),
2860 (w), 1641 (m), 1447 (w), 1206 (s), 1204 (s), 1123 (m), 1035 (m),
1011 (w), 819 (w), 685 (w). Anal. Calcd for C36H48N2O8S2: C, 61.69;
H, 6.90; N, 4.00; S, 9.15. Found: C, 61.81; H, 6.95; N, 4.18; S, 8.96; ESI-
MS (m/z): 357 [M�H]þ; mp: 112.5–113.5 �C.

4.1.2.3. 1,10-Bis(12-hydroxydodecyl)-4,40-bipyridine-1,10-diium dito-
sylate (10). The oily residue was triturated with acetonitrile to af-
ford 10 (tosylate salt) as a white sticky solid. 1H NMR (DMSO-d6,
300 MHz): d 9.36 (4H, d, J¼6.4 Hz), 8.76 (4H, d, J¼6.4 Hz), 7.49 (4H,
d, J¼7.8 Hz), 7.11 (4H, d, J¼7.8 Hz), 4.68 (4H, t, J¼7.2 Hz), 3.36 (4H, t,
J¼6.3 Hz), 2.28 (6H, s), 1.95 (4H, br t), 1.39 (4H, br t), 1.3–1.1 (24H,
m); 13C NMR (DMSO-d6, 75 MHz): d 148.3, 145.6, 145.4, 137.5, 127.9,
126.4, 125.3, 117.8, 60.8, 60.4, 32.3, 30.6, 29.0, 28.8, 28.6, 28.2, 25.3,
25.2, 20.5; IR (KBr): ~n 3441 (s), 3125 (w), 3057 (w), 2920 (s), 2850
(s), 1640 (s), 1561 (w), 1507 (w), 1468 (w), 1445 (w), 1220 (s), 1186
(s), 1125 (m), 1044 (m), 1033 (m), 1011 (m), 843 (w), 817 (w), 684
(w). Anal. Calcd for C48H72N2O8S2: C, 66.33; H, 8.35; N, 3.22; S, 7.38.
Found: C, 66.51; H, 8.40; N, 3.41; S, 7.26; CI-MS (m/z): 525 [M�H]þ;
mp: 178–180 �C.

4.1.3. General procedure for the synthesis of rotaxanes 1–3
A suspension of the appropriate axle (8–10, 0.1 mmol) and cal-

ix[6]arene 4 (0.15 g, 0.1 mmol) in toluene (50 ml) was stirred for 5 h
at 80 �C. Afterwards, when the mixture turned in a deep red ho-
mogeneous solution, diphenylacetyl chloride (0.05 g, 0.2 mmol)
and triethylamine (0.02 g, 0.2 mmol) were added. After being stir-
red for 24 h at 80 �C, the mixture was evaporated to dryness under
reduced pressure.

4.1.3.1. Compound 1. The resulting reddish solid residue was puri-
fied by column chromatography (CH2Cl2/CH3OH¼20:1) to afford 1
(tosylate salt) as red solid compound (19%). 1H NMR (C6D6,
300 MHz): d 9.50 (6H, br s), 8.25 (6H, br s), 8.1–7.9 (10H, m), 7.8–7.6
(16H, m), 7.52 (2H, br d), 7.4–7.2 (3H, m), 7.2–7.0 (18H, m), 6.90 (2H,
br d), 6.78 (2H, br d), 6.7–6.6 (4H, br s), 5.56 and 5.34 (2H, 2s), 4.74
(2H, br t), 4.59 (6H, br d), 4.2–3.6 (21H, m), 3.46 (6H, br d), 2.6 (2H,
br s), 2.07 (6H, s), 1.97 (6H, br t), 1.9–1.3 (32H, m), 1.05 (9H, br t); 13C
NMR (C6D6, 75 MHz): d 172.5, 172.0, 153.6, 153.2, 149.6, 148.6 (2
resonances), 147.7, 146.7, 144.9, 143.6, 143.4, 141.4, 139.8, 139.4,
139.3, 137.7, 134.0, 133.0, 132.4, 129.6, 129.4, 129.1, 129.0, 128.9,
128.7, 127.5, 127.3, 126.8, 126.5, 126.1, 125.5, 121.5, 118.4, 116.9, 73.5,
72.0, 69.6, 67.5, 65.6, 64.0, 61.5, 61.0, 59.2, 58.8, 57.3, 34.9, 32.7, 31.8,
31.2, 30.9, 30.1, 29.9, 29.7, 29.4, 28.4, 26.7, 23.0, 21.1, 14.3. Anal. Calcd
for C160H188N8O19S2: C, 74.16; H, 7.31; N, 4.32; S, 2.47. Found: C,
73.47; H, 7.44; N, 4.23; S, 2.40; ESI-MS (m/z): 2419 [1$TsO]þ, 1124
[1]þþ; mp: 103–104 �C.

4.1.3.2. Compound 2. The resulting reddish solid residue was pu-
rified by column chromatography (CH2Cl2/CH3OH¼20:1) to afford 2
(tosylate salt) as a red solid compound (15%). 1H NMR (C6D6,
300 MHz): d 9.45 (6H, br s), 8.21 (6H, d, J¼7.5 Hz), 8.1–7.8 (16H, m),
7.64 (6H, s), 7.48 (6H, d, J¼7.5 Hz), 7.3–7.1 (15H, m), 6.95 (6H, d,
J¼7.5 Hz), 6.9 (2H, br d), 6.8–6.7 (6H, m), 5.17 (1H, s), 5.16 (1H,
s), 4.51 (6H, d, J¼15 Hz), 4.38 (2H, br t), 4.08 (2H, br t), 3.85 (9H, br
s), 3.8–3.7 (8H, m), 3.6 (2H, br t), 3.42 (6H, d, J¼15 Hz), 2.1 (2H, br s),
2.00 (6H, s), 1.9–1.3 (77H, m), 0.99 (9H, br t); 13C NMR (C6D6,
75 MHz): d 172.9, 172.8, 154.1, 153.7, 149.2, 148.1, 146.4, 144.6, 143.7,
141.6, 140.0, 139.8, 137.5, 134.6, 132.9, 130.3, 130.2, 129.8, 129.6,
129.5, 129.4, 127.2, 125.7, 125.3, 121.9, 118.2, 117.2, 77.1, 73.6, 65.5,
65.4, 61.4, 60.8, 58.2, 57.5, 53.1, 34.4, 31.8, 31.6, 31.0, 30.7, 30.4, 30.2,
29.7, 29.4, 28.9, 28.5, 28.3, 26.5, 26.0, 25.8, 22.6, 21.3, 14.1; IR (NaCl,
film): ~n 3313 (w), 3268 (w), 3234 (w), 3189 (w), 3125 (w), 3064 (w),
3030 (w), 2980 (m), 2930 (s), 2857 (m), 1736 (m), 1701 (m), 1598
(m), 1552 (m), 1464 (m), 1312 (w), 1207 (m), 1145 (w), 1010 (w), 699
(w). Anal. Calcd for C166H200N8O19S2: C, 74.52; H, 7.53; N, 4.19; S,
2.40. Found: C, 74.21; H, 7.54; N, 4.22; S, 2.26; ESI-MS (m/z): 1166
[2]þþ; mp: 89.5–91.5 �C.

4.1.3.3. Compound 3. The resulting reddish solid residue was pu-
rified by column chromatography (n-hexane/ethyl acetate¼2:1) to
afford 3 (tosylate salt) as red solid compound (10%). 1H NMR (C6D6,
300 MHz): d 9.32 and 9.31 (6H, 2 br s), 8.21 (6H, d, J¼8.1 Hz), 8.0–
7.9 (12H, m), 7.72 (6H, s), 7.6 (2H, br s), 7.52 (6H, d, J¼7.5 Hz), 7.39
(6H, d, J¼7.2 Hz), 7.3–7.1 (12H, m), 7.04 (2H, br d), 6.96 (6H, d,
J¼7.2 Hz), 6.91 (3H, br t), 6.87 (2H, br d), 5.19 (1H, s), 5.09 (1H, s),
4.62 (6H, d, J¼14.7 Hz), 4.2–4.1 (4H, m), 4–3.7 (19H, m), 3.52 (6H,
d, J¼14.7 Hz), 2.1 (2H, br s), 2.04 (6H, s), 2.0 (6H, br s), 1.81 (27H,
s), 1.7–1.0 (26H, m); 13C NMR (C6D6, 75 MHz): d 176.8, 172.5, 152.4,
143.6, 142.5, 140.2, 139.9, 138.7 (2 resonances), 133.7, 133.1, 131.9,
129.1, 128.8, 128.6, 128.5, 128.3, 127.2, 126.7, 126.0, 124.0, 121.2,
117.5, 116.3, 77.2, 73.3, 65.3, 65.2, 61.2, 60.4, 58.4, 57.1, 53.0, 34.4,
31.8, 31.6, 31.3, 31.0, 30.7, 30.4, 30.1, 30.0, 29.6, 29.5, 29.4, 29.2,
28.9, 28.5, 28.3, 26.5, 26.0, 25.8, 22.6, 21.3, 14.1. Anal. Calcd
for C178H224N8O19S2: C, 75.18; H, 7.94; N, 3.94; S, 2.26. Found: C,
75.31; H, 8.04; N, 4.12; S, 2.14; ESI-MS (m/z): 1250 [3]þþ; mp:
92–94 �C.

4.2. Absorption and luminescence spectra

Measurements were carried out at room temperature (ca.
295 K) on air-equilibrated CH2Cl2 (Merck Uvasol�) solutions in the
concentration range from 0.05 to 0.2 mM. UV–vis absorption and
luminescence spectra were recorded with a Perkin–Elmer l40
spectrophotometer and a LS50B spectrofluorimeter, respectively.
For the luminescence spectra, excitation was performed at
the wavelength of the absorption maximum. The experimental
errors are as follows: wavelength values, �1 nm; molar absorption
coefficients, �10%.
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4.3. Electrochemical measurements

Cyclic voltammetric (CV) and differential pulse voltammetric
(DPV) experiments were carried out in argon-purged CH3CN or
CH2Cl2 (Romil Hi-Dry�) with an Autolab 30 multipurpose in-
strument interfaced to a PC. The working electrode was a glassy
carbon electrode (Amel; 0.07 cm2); its surface was routinely polished
with a 0.3 mm alumina-water slurry on a felt surface, immediately
prior to use. In all cases, the counter electrode was a Pt wire, separated
from the solution by a frit, an Ag wire was employed as a quasi-ref-
erence electrode and ferrocene was present as an internal standard
(E1/2¼þ0.395 and þ0.460 V vs SCE in CH3CN and in CH2Cl2, re-
spectively). The concentration of the compounds examined was
0.5 mM; 50 mM tetraethylammonium hexafluorophosphate (in
CH3CN) or tetrabutylammonium hexafluorophosphate (in CH2Cl2)
was added as supporting electrolyte. Cyclic voltammograms were
obtained at sweep rates varying from 0.02 to 5 V s�1. The DPV ex-
periments were performed with a scan rate of 20 or 4 mV s�1 (pulse
height 75 and 10 mV, respectively) and a duration of 40 ms. The IR
compensation implemented within the Autolab 30 was used and
every effort was made throughout the experiments in order to
minimize the resistance of the solution. In any instance, the full
electrochemical reversibility of the voltammetric wave of ferrocene
was taken as an indicator of the absence of uncompensated resistance
effects. The experimental error on the potential values was�10 mV.
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