
Tetrahedron Letters 48 (2007) 301–304
An investigation of the complexation properties of
cyclobis(paraquat-p-phenylene) in water
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Abstract—This article reports the characterization of pseudorotaxanes fabricated from cyclobis(paraquat-p-phenylene) 1, and 1,4-
dialkyloxyphenyl derivative 2 or 1,5-dialkyloxynaphthalene derivative 3 in water. Addition of competing guest 3 to 1.2 or the elec-
trochemical reduction of the cyclophane of 1.3 results in a dethreading of the original pseudorotaxane architecture.
� 2006 Elsevier Ltd. All rights reserved.
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The tetracationic cyclophane cyclobis(paraquat-p-phe-
nylene) (CBPQT4+) has arguably become one of the
most important building blocks to furnish functional
systems in contemporary supramolecular chemistry.1

This has arisen primarily due to the ability to synthesize
this unit on reasonable scales,2 its ability to have its rec-
ognition properties tuned by redox events3 and its abil-
ity to form complexes in both organic and aqueous
media.4 Here, we report an investigation of the complex-
ation properties of 1 with 2 or 3 in aqueous environ-
ments.5 We have shown that 2 and 3 both form
pseudorotaxanes with 1 with large association constants
in water. Furthermore, pseudorotaxane 1.2 can be dis-
rupted upon the addition of 3, whilst 1.3 can be disas-
sembled upon the electrochemical reduction of the
cyclophane moiety.

Compounds 1, 2 and 3 were prepared according to the
literature methods.2,3 1H NMR and 2D NMR (COSY,
NOESY) spectroscopies were used to determine the nat-
ure of the complexes formed between 1 and 2 or 3 in
D2O. Addition of aliquots of either 2 or 3 to a solution
of 1 showed significant changes in the chemical shifts
relative to those of non-complexed species (see Fig. 1
0040-4039/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2006.11.003

Keywords: Supramolecular chemistry; Pseudorotaxanes; Tuneable.
* Corresponding author. Tel.: +44 141 330 5500; fax: +44 141 330

4888; e-mail: graemec@chem.gla.ac.uk
and Supplementary data). It is particularly noteworthy
that dramatic chemical shift changes for the H2/6, H3/7

and H4/8 protons of the naphthalene unit occur
(Dd � �1.5, �1.4 and �4.5 ppm, respectively) during
the formation of pseudorotaxane 1.3. An interesting fea-
ture of the spectrum for 1.3 is the existence of two sets of
signals for Ha, Hb and HPh, suggesting that the local C2h

symmetry of 3 imposes two different environments on
the bipyridium protons of 12,6 and/or that a slow
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Figure 1. Partial 1H NMR spectra of (a) 1 (�2 · 10�3 M) and upon
the addition of (b) 0.25, (c) 0.5, (d) 0.75, (e) 1.0 equivalents of 3, (f) = 3

alone. Recorded in D2O at 298 K.
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exchange occurs (at least on NMR timescale) between
the complexed and the uncomplexed forms.

Further proof regarding the formation of pseudorotax-
ane 1.3 was also obtained from its 2D NOESY spectrum
(Fig. 2). The spectrum recorded in D2O at 298 K clearly
displays strong dipolar correlations between the H4/8,
H3/7 protons of 3 and the HPh and Hb protons of cyclo-
phane 1, respectively.

The addition of 2 to a solution of 1 in water resulted in
the formation of a red solution, corresponding to the
appearance of an absorption at 442 nm in its UV–vis
spectrum, whereas the addition of 3 to a separate solu-
tion of 1 resulted in the formation of a purple solution
corresponding to an absorption centred around
519 nm. A graph of the ratio between the concentration
(C) and absorbance (A) versus 1/

p
A for equimolar solu-

tions of 1 and 3 (10�2 to 10�4 M), provided a straight
line indicating that the stoichiometry of the complex
does not vary significantly over this concentration range
(see Supplementary data).2
Figure 2. Partial NOESY NMR spectrum of the binary complex 1.3 in
D2O at 298 K.
Isothermal titration microcalorimetry (ITC) experi-
ments (see Fig. 3 and Supplementary data) show that
addition of 2 or 3 to dilute solutions of 1 in water at
25 �C gives rise to an exothermic response consistent
with reversible non-covalent 1:1 host–guest complexa-
tion. Analysis of the thermal titration data gives
Ka = 7300 (±150) M�1, DH = �8.3 (±0.2) kcal mol�1

for 1.2, whereas formation of 1.3 is about 200-fold
stronger under these conditions, with Ka = 1.48
(±0.02) · 106 M�1, DH = �15.7 (±0.1) kcal mol�1. The
stoichiometry of the complex 1.2 (see Supplementary
data) was confirmed to be 1:1 by producing a continu-
ous variation plot of the chemical shift of the phenyl
protons of 1 versus its molar fraction, which gave a
maximum value of chemical shift when the molar frac-
tion was equal to 0.5. The stoichiometry of the complex
1.3 was also assumed to be 1:1 as a total disappearance
of all protons belonging to the free host 1 is observed at
a 1:1 ratio of host and guest (see Fig. 1e and Supplemen-
tary data).

We next turned our attention to whether pseudorotax-
ane formation could be controlled using an external
stimulus. Firstly, we have exploited the well-docu-
mented ability of CBPQT4+-based pseudorotaxanes to
have their supramolecular architecture disassembled by
electrochemical reduction of the cyclophane to its dirad-
ical dicationic state.3 To investigate whether this meth-
odology can be extended to aqueous environments, we
have recorded the cyclic and square wave voltammo-
grams of compound 1 (dissolved in water containing
0.1 M NaCl) and upon the addition of excess 3 (see Sup-
plementary data).7 In accordance with previous reports,
cyclic voltammetry indicated that the electrochemistry
of this macrocycle was considerably more complicated
than that of CBPQT4+ ð4PF6

�Þ recorded in acetoni-
trile.3 The first reduction process corresponding to the
formation of the diradical dication state of 1 gave rise
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Figure 3. Isothermal titration calorimetry data for the addition of
aliquots of 3 to 1. Recorded in H2O at 298 K.
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Figure 5. UV–vis spectra of the pseudorotaxane formed between 1 and
2 (�1.5 · 10�3 M) ( ) and upon the addition of 2 equiv of 3 (relative
to 2). Recorded in water at 298 K.

Figure 6. Partial 1H NMR spectra showing (a) 1 (�2 · 10�3 M); (b)
1:1 admixture of 1 and 2; (c) upon the addition of 1 equiv of 3.
Recorded in D2O at 298 K.

M. Bria et al. / Tetrahedron Letters 48 (2007) 301–304 303
to a pseudoreversible reduction wave, whereas the wave
for the subsequent two electron reduction was irrevers-
ible, presumably due to precipitation of the highly insol-
uble (in aqueous environments) fully reduced species
(see Supplementary data).4b Upon the addition of 3 to
a solution of 1, the square wave voltammetry (SWV)
data showed that the first redox wave is shifted by
��60 mV. This shift is presumably due to donor–accep-
tor interactions (resulting from pseudorotaxane forma-
tion between the naphthalene and cyclophane
moieties) destabilizing the diradical dication state of
the macrocycle (see Supplementary data).3

Spectroelectrochemistry measurements were undertaken
on 1.3 to indicate whether reduction causes disassembly
of the pseudorotaxane, as the electrochemically medi-
ated disassembly should result in the cessation of the
CT band in their UV–vis spectra. Increasing the nega-
tive potential applied to a solution of the pseudorotax-
ane in water in an OTTLE cell, indeed resulted in the
disappearance of the CT band at 519 nm (Fig. 4). Thus,
the data indicate pseudorotaxane formation is disrupted
upon reduction of the cyclophane.

As a strategy for disassembling pseudorotaxane 1.2, we
have explored the addition of 3 to a solution of the
aforementioned pseudorotaxane,8 as we have estab-
lished that 3 is a considerably more effective guest for
CBPQT4+ than 2 in water. The addition of aliquots of
3 to a cuvette containing 1 and 2 resulted in the forma-
tion of a purple solution characteristic of the 1.3 com-
plex in water (Fig. 5). Thus, the UV–vis data are
consistent with 3 disrupting pseudorotaxane formation
between 1 and 2.

To prove further that 3 can effectively compete with 2 to
form a pseudorotaxane with 1, we have investigated the
change in the 1H NMR spectra of a 1:1 solution of 1 and
2 upon the addition of 3 (Fig. 6). The addition of 2 to a
solution of 1 in D2O resulted in a significant change in
the chemical shift of the aromatic protons of the former
(��3 ppm) (compared to a solution of 2 alone). Small
shifts were also observed for the cyclophane protons.
Upon the addition of one equivalent of 3, a large upfield
shift in the H4/8 protons occurred (very similar to those
obtained in Fig. 1e), which is diagnostic of the pseudo-
rotaxane formation between 1 and 3. Furthermore, the
aromatic protons of 2 returned to their normal position,
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

400 450 500 550 600 650 700

Wavelength (nm)

A
b

s

Figure 4. Spectroelectrochemistry of 1.3 (�7 · 10�4 M) in acetonitrile.
( ) = 0 V, ( ) = �0.6 V.
indicating that 2 is no longer bound to cyclophane 1 to
any significant extent.

In conclusion, we have shown that pseudorotaxanes
with large association constants can be formed between
1 and 2 or 3 in water. Furthermore, we have shown that
complexation can be disrupted by, in the case of 1.2, the
addition of 3, or in the case of 1.3, by the electrochem-
ical reduction of the cyclophane. Further work in our
laboratory will focus upon the application of these and
related systems as a means of reversibly functionalizing
biological macromolecules and surfaces. Our work in
this area will be reported in due course.
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