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The complexation behavior of a series of paraquats (G1·2PF6–G5·2PF6) and bis(pyridinium)
derivatives (G6·2PF6–G14·2PF6) with pillar[5]arene (P5A) host has been comprehensively investigated
by 1H NMR, ESI mass and UV-vis absorption spectroscopy. It is found that P5A forms 2 : 1 external
complexes with N,N¢-dialkyl-4,4¢-bipyridiniums (G1–G4·2PF6); while it forms 1 : 1 pseudorotaxane-
type inclusion complexes with methylene [–(CH2)n–] linked bis(pyridinium) derivatives possessing
appropriate chain lengths (n = 3–6, G7–G10·2PF6). Host–guest association constants in dimethyl
sulfoxide (DMSO) were determined, indicating G7–G10·2PF6 axles form stable [2]pseudorotaxanes
with P5A wheel in this very high polarity solvent and 1,4-bis(pyridinium)butane (G8·2PF6) was the
most suitable axle unit. Meanwhile, the nature of the substituents attached to 1,4-bis(pyridinium)butane
dramatically affects the molecular recognition behavior. The introduction of pyridyls (G13·2PF6)
increases not only the Ka value (4.5 ¥ 102→7.4 ¥ 102 M-1), but also the charge transfer (CT) absorption
(colorless→yellow). Furthermore, the solvent effects have also been investigated, showing they
significantly influence the association strength during the course of host–guest complexation.
Particularly, the Ka value of P5A–G13·2PF6 in 1 : 1 (v:v) acetone-d6/DMSO-d6 is enhanced by a factor
of 7.3 compared with pure DMSO-d6 (7.4 ¥ 102→5.4 ¥ 103 M-1).

Introduction

Calixarenes are pronounced with regard to the third generation
of supramolecular hosts, next to crown ethers and cyclodex-
trins, and are described as “macrocycles with (almost) unlimited
possibilities”.1 Owing to the facile modification, perfect pre-
organized structures and special binding characteristics, this
class of molecules has now found application in a number
of areas, including phase-transfer agents, ion-channel blockers,
fluorescent probes, pharmaceutics, nanochemistry and crystal
engineering.2 To further improve their properties and functionali-
ties, many efforts have been made to synthesize structurally similar
scaffolds such as calixpyrroles,3 calixpyridines,4 calixfurans,4b,5

resorcarenes6 and heteroatom-bridged calixarenes.7 It is well doc-
umented by Sessler et al.3a,b,4 that calixpyrroles and calixpyridines
show considerable promise in the area of anion recognition and
sensing. Resorcarenes are cavity-shaped resorcinol derivatives, and
are thought to be effective host cages to entrap small guests
(ions and neutral molecules). The introduction of heteroatoms
into the bridging positions of calixarenes, obtaining heteroatom-
bridged calixarenes, could change the electronic and steric nature
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of typical calixarenes and therefore result in different binding
properties. For example, Wang and co-workers8 demonstrated that
azacalix[n]pyridines (n = 5–10) were powerful host molecules able
to bind with fullerenes C60 and C70.

Recently, Ogoshi et al. reported the synthesis of a symmetrical
calixarene analogue, pillar[5]arene (P5A).9 P5A is a macrocyclic
molecule made up of five hydroquinone units linked by methylene
(–CH2–) bridges at the 2 and 5 positions. Being different from
the conventional calixarene’s “basket” structure, P5A forms the
symmetrical pillar architecture and its two cavity portals are
identical. The structural features of P5A make it superior to
calixarenes in the construction of pseudorotaxanes, polyrotaxanes
and tubular assemblies. Therefore, comprehensive understand-
ing of P5A’s binding behavior is very essential for developing
pillararene-based nano-supramolecular assemblies. In this work,
we choose a series of paraquats and bis(pyridinium) derivatives
(Chart 1) as guest molecules, and carry out a systematic binding
investigation using 1H NMR spectra, ESI mass spectra and UV-vis
spectra, which results in formation of some stable complexes with
specific structures. Moreover, the solvent effects have also been
investigated to see how they affect the association strength during
the course of host–guest complexation. The present studies will
serve to increase our understanding of this new class of host and
therefore improve its applications in supramolecular chemistry.

Results and discussion

Complexation of paraquat derivatives by P5A

Paraquat (N,N¢-dimethyl-4,4¢-bipyridinium) and its derivatives
have been widely utilized not only as herbicides,10 but also as
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Chart 1 Structure and proton designations of the host and the guests.

probes to study DNA,11 and as prooxidants in stress tests.12

They have been extensively used in the fabrication of functional
supramolecular systems with many kinds of hosts, including crown
ethers,13 cyclodextrins,14 calixarenes15 and cucurbiturils.14a,16 Fig. 1
shows the 1H NMR spectra of N,N¢-dioctyl-4,4¢-bipyridinium
bishexafluorophosphate salt (G3·2PF6) in acetone-d6 recorded in
the absence (Fig. 1c) and in the presence of approximately 1 equiv
of host (Fig. 1b). The proton resonance bands attributed to both
the viologen groups and methylene signals showed upfield shifts,
accompanied with peak broadening. Therefore, we can deduce
that the guest molecule is included in the cavity of P5A, which
thus leads to an efficient shield toward guest protons.17 The proton
signal derived from the viologen a position (Ha) exhibits a larger
upfield shift than that from the b position (Hb), indicating that
the P5A bead doesn’t reach the central viologen nucleus of the
guest. For methylenes, Ha and Hb exhibit the most remarkable
complexation-induced broadening effects because their signals
can’t be observed in the 1H NMR spectrum. In contrast, Hc and
Hd protons of the guest don’t show significant upfield shifts and
broadening. These observations indicate that both the methylene
moieties and pyridinium rings are partially included in the cavity of
P5A. As we know, cation–p-electron interactions play a crucial role
in the recognition of positively charged guests by the electron-rich
p-systems of natural18 and synthetic hosts.19 Herein, the host P5A
provides a three-dimensional, rigid, p-rich cavity. So the cation–p-

electron interactions between host and pyridinium cations should
be the important driving forces.19

We also attempted to perform 1H NMR experiments for
other guests (Chart 1) with P5A in acetone-d6. Although these
cationic guests have good solubility in acetone-d6, in most cases,
precipitation occurred immediately when mixing them with P5A,
which itself signals an interaction between the host and guest.
Therefore, we chose DMSO-d6 as solvent for the 1H NMR
experiments. (Fig. S1) In DMSO-d6, all of the host–guest mixtures
are soluble. As can be seen from Fig. S1 (f & g), the changes of
proton resonance bands of G3·2PF6 observed upon P5A addition
are not remarkable compared with using acetone-d6 as solvent,
indicating a weak binding interaction. But the broadening effects
of Ha, Hb, Ha and Hb protons of the guest G3·2PF6 can also
be observed. The NMR spectroscopic results suggest that P5A
can bind paraquat derivative G3·2PF6 in the highly polar DMSO
solvent, but the association abilities are much weaker than in
acetone. 1H NMR experiments reveal that other alkyl-substituted
viologens (G1·2PF6, G2·2PF6 and G4·2PF6) behave similarly to
G3·2PF6, forming external complexation modes. (Fig. S1) In other
words, in DMSO, inclusion complexation takes place with these
four paraquats in such a way that the main binding site for
the host is the joint of alkyl and aromatic viologen residues.
The complexation of P5A with paraquat derivative G5·2PF6

containing two benzyl groups has also been investigated. It is
quite different from the complexation between the host and alkyl-
substituted paraquats, because the addition of P5A doesn’t result
in the upfield displacement and broadening of the proton peaks
in guest G5·2PF6, indicating that the P5A-G5·2PF6 complex does
not form. This is reasonable because the benzyl unit is too bulky
to entirely locate in the P5A cavity. Furthermore, the shape of the
G52+ dication, with two pronounced methylene bending points,
could be another reason for the uncomplexation between this guest
and P5A.

Formation of pseudorotaxanes from P5A and bis(pyridinium)
derivatives

As mentioned above, P5A forms a symmetrical architecture, with
two identical cavity portals. However, because the viologen group
is relatively bulky, P5A can’t reside on the viologen nucleus of
dicationic paraquat guests to form pseudorotaxane-type com-
plexes. Thus, we prepared a series of symmetrical bis(pyridinium)
bishexafluorophosphate salts in which two pyridinium units are
connected by methylene [–(CH2)n–] linkers (n = 2–6, G6·2PF6–
G10·2PF6). Fig. 2 & S2 shows the 1H NMR spectra of these guests
in DMSO-d6 recorded in the absence and in the presence of an
equivalent amount of P5A host.

As seen from Fig. 2 & S2, the addition of P5A dramatically
affects the resonances of bis(pyridinium) guests, resulting in
the upfield displacement and broadening of the a pyridinium
aromatic protons and the methylene protons of the guest, except
for the P5A-G6·2PF6 system. In the latter case, it is reasonable
because its carbon chain length is too short as compared with
the P5A depth. In fact, G6·2PF6 derivatives are well documented
to construct pseudorotaxanes with 24-crown-8 ethers.20,21 When
the linker possesses 4 or 5 methylenes (G8·2PF6 or G9·2PF6),
the complexation-induced upfield shift and broadening effect are
more remarkable. As can be seen from Fig. 2e and S2i, in the
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Fig. 1 1H NMR spectra (500 MHz) of (a) P5A, (b) P5A + G3·2PF6, and (c) G3·2PF6 in acetone-d6 at 5.0 mM.

Fig. 2 1H NMR spectra (500 MHz) of (a) P5A, (b) G6·2PF6, (c) P5A + G6·2PF6, (d) G8·2PF6 and (e) P5A + G8·2PF6 in DMSO-d6 at 4.5–5.0 mM.
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presence of about 1 equiv of P5A, proton signals derived from
methylene (Ha, Hb & Hc) of the linked chain show very significant
broadening effects and we can’t identify them in the NMR spectra.
At the same time, the signal corresponding to the a-protons of the
pyridine group exhibits a pronounced upfield shift and broadening
effect, while no obvious changes were observed for the b- and g -
protons. In the control experiments, under identical conditions no
NMR changes of G8·2PF6 and G9·2PF6 occurred upon addition
of hydroquinone, i.e., the monomeric unit of P5A host. Hence, the
P5A-induced upfield shifts and broadening effects on the pyridine
a-protons and methylene protons reveal that the host engulfs
the central part, forming stable internal inclusion complexes with
G8·2PF6 and G9·2PF6. Similar P5A complexation-induced effects
are observed for guests G7·2PF6 and G10·2PF6, having three- and
six-carbon chains. But the broadening effects are relatively weak
by comparison with G8·2PF6 and G9·2PF6 systems.

Due to the similar complexation effects observed with G7·2PF6–
G10·2PF6, all guests must have a similar mode of binding with
P5A. That is to say, the host is fully threaded by these four
bis(pyridinium) guests and the main binding site for the host is the
methylene linker. Meanwhile, a small part of the pyridinium ring
(N+ & a-position) is also included in the host cavity. These inclu-
sion complexes can be considered to have pseudorotaxane struc-
tures. Furthermore, we can deduce from the NMR changes that
the two pyridinium units bridged by 4 and 5 methylenes (G8·2PF6

and G9·2PF6) are more suitable for P5A; longer or shorter chain
lengths weaken the association abilities. The present formation of
P5A-based pseudorotaxanes will broaden calixarene analogues’
applications in supramolecular chemistry. Usually, calixarenes and
their analogues are difficult to convert to pseudorotaxane-type

complexes due to their “basket” structures.22 Credi and Arduini
et al.22b demonstrated the pseudorotaxane complexes between N-
phenylureido-substituted calix[6]arene wheel and viologen axles.
In this system, the calix[6]arene’s cavity was extended and rigidified
by N-phenylureido groups on the upper rim, so a viologen guest
can be threaded into it. Beer and coworkers22e reported the anion-
templated pseudorotaxanes and catenanes in which the wheel
component is provided by a calix[4]arene macrobicyclic unit.

We also prepared compound G11·2PF6, in which two pyri-
dinium units are attached to a central phenylene unit via methylene
linkers. In the presence of P5A, no signal change was observed for
the proton signals of this guest. Similar to G5·2PF6, G11·2PF6

can’t be bound because of the bulky volume of phenylene group
and the steric hindrance of methylene bending points.

To examine the influence of substituted groups on the bind-
ing interaction of bis(pyridinium) guests by P5A, we prepared
G12·2PF6 and G13·2PF6. When methyl groups are substituted to
the para position of axle G8·2PF6, affording G12·2PF6, similar
signal changes were observed from NMR spectra. (Fig. 3b) In
contrast, for G13·2PF6, having larger pyridyl groups, the P5A-
induced changes in the 1H NMR spectrum clearly depart from
those observed with G8·2PF6 and G12·2PF6. Fig. 3d shows
the corresponding spectra. Notice that a new species occurs,
in addition to the corresponding signals for the uncomplexed
cation and the pillararene host, indicating slow exchange on
the NMR timescale. The resonances of the new species are
consistent with the formation of an interpenetrated complex,
the peaks for the methylene protons exhibit substantial upfield
shifts compared to the free axle (Dd = -2.11 and -2.02 ppm for
Ha and Hb, respectively) as a consequence of inclusion-induced

Fig. 3 1H NMR spectra (500 MHz) of (a) G12·2PF6, (b) P5A + G12·2PF6, (c) G13·2PF6, (d) P5A + G13·2PF6 and (e) P5A in DMSO-d6 at 4.6–4.9 mM.

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 1568–1576 | 1571
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shielding effects.17 The signals for the a¢- and b¢-protons (for
proton identification, see Chart 1 or Fig. 3c) shift downfield
no more than 0.15 ppm, while those for the a- and b-protons
exhibit upfield shifts of 1.55 and 0.17 ppm, respectively. The
NMR spectroscopic results show that internal complexation
[at the central bis(pyridinium)-1,4-butane unit] occurs between
G13·2PF6 and P5A. Similar NMR signal changes were observed
for P5A–G14·2PF6 complex. But the proportion of complexed
species of P5A–G14·2PF6 was much smaller than that of P5A–
G13·2PF6, showing the weaker association strength between P5A
and G14·2PF6.

Complexation stoichiometry

It’s essential to point out that the binding stoichiometries of
paraquats and bis(pyridinium) derivatives with P5A are possibly
different, due to their different complexation modes. Electrospray
ionization mass spectrometry (ESI-MS) is a very convenient

technique for determining the stoichiometry of the charged host–
guest complexes. As shown in Fig. 4, the ESI mass spectrum of
1 : 1 mixture of G1·2PF6 and P5A in methanol solution showed
peaks for both 1 : 1{[G1–P5A]2+ (m/z 398.6), [G1·PF6–P5A]+ (m/z
941.1)} and 2 : 1{[G1–P5A2]2+ (m/z 703.5), [G1·PF6–P5A2]+ (m/z
1551.0)} host–guest complexes. Similar results were found when
using other paraquat derivatives (G2·2PF6–G4·2PF6) as the guest
molecules. (See Electronic Supplementary Information).

When we further tested the complexation stoichiometry between
the host and the bis(pyridinium) derivatives G6–G10·2PF6, it
was interesting that the complexation stoichiometry was totally
different from the cases of the paraquat derivatives. In the ESI
mass spectrum of an equimolar mixture of G8·2PF6 and P5A
(Fig. 4), only two intense peaks for a 1 : 1 complex were observed,
one for [G8–P5A]2+ (m/z 412.5), and one for [G8·PF6–P5A]+

(m/z 969.1). Similarly, the host also forms a 1 : 1 complex with
other bis(pyridinium) derivatives, G6·2PF6, G7·2PF6, G9·2PF6

and G10·2PF6 (see Electronic Supplementary Information).

Fig. 4 ESI mass spectra of G1·2PF6 and G8·2PF6 in the presence of 1.2 eq P5A in methanol solution.
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Fig. 5 Two different modes of binding interaction between the investigated guests and the P5A host.

Consequently, the ESI mass experiments indicate that P5A forms
2 : 1 host–guest complexes with paraquats, but 1 : 1 complexes with
bis(pyridinium) derivatives.

Additionally, we performed a Job plot experiment. Job plots also
showed the different complexation stoichiometries by calculating
the host–guest charge transfer band (see Electronic Supplementary
Information). Combined with the 1H NMR experiments, we can
unambiguously conclude the quite different binding modes of
these two types of guests, as shown in Fig. 5.

Charge transfer

As can be seen from Fig. 6, upon addition of paraquat derivatives
(G1·2PF6–G5·2PF6) to the DMSO solution of P5A, different
spectroscopic behaviors were observed. While the mixture of P5A
and G5·2PF6 does not show a charge transfer (CT) band, the
complexes P5A with G1–G4·2PF6 give the obvious CT bands.
Interestingly, the CT bands that appeared at about 450 nm lead
these complexes to become light red. Upon mixing hydroquinone
(the monomeric unit of P5A) with paraquat derivatives, no
color change and CT band were observed. One may reasonably
deduce that the longer CT band comes from the stronger p-
stacking interactions between the electron-rich hydroquinone
and the electron-poor viologen aromatic rings of paraquats.
Moreover, the paraquat possessing four-carbon chains (G4·2PF6)
gives the strongest CT peak upon complexation with P5A. The
CT absorption also implies that the pyridinium ring of paraquat
is at least partially included in the P5A cavity, which is consistent
with the binding mode determined by 1H NMR spectra.

On the other hand, the equimolar mixture of P5A and
bis(pyridinium) cations G6–G11·2PF6 does not show a significant
CT band. (Fig. 6) This is reasonable because pyridinium groups
are relative weak electron acceptors compared with viologens.
The introduction of electron-donating methyl groups (G12·2PF6)
to G8·2PF6 doesn’t change the CT band obviously, while the
introduction of pyridyl groups (G13·2PF6) significantly improves

Fig. 6 Upper: UV-vis spectra of G1–G5·2PF6 (1.9–2.0 mM) in the
presence of about 2 eq P5A (4.0 mM); Lower: UV-vis spectra of G8·2PF6

and G13·2PF6 (1.9–2.1 mM) in the presence of about 1 eq P5A (2.0 mM)
in DMSO at 298 K.

the CT absorption, leading the complex to become yellow.
Pyridyl is a stronger electron-withdrawing group, and the resulting

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 1568–1576 | 1573
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Table 1 Association constants23,24 (Ka/M-1) for 1 : 1 inclusion complexa-
tion of G6–G14·2PF6 with P5A in DMSO at 298 K

Guest Ka

G6·2PF6 —a

G7·2PF6 (8.8 ± 0.7) ¥ 10b

G8·2PF6 (4.5 ± 0.4) ¥ 102b

G9·2PF6 (3.7 ± 0.3) ¥ 102b

G10·2PF6 (1.2 ± 0.1) ¥ 102b

G11·2PF6 —a

G12·2PF6 (4.0 ± 0.3) ¥ 102b

G13·2PF6 (7.4 ± 0.3) ¥ 102c

G14·2PF6 (1.2 ± 0.2) ¥ 102c

a The Ka value was too small to be calculated. b The Ka value was
determined by probing the charge-transfer bands of the complex by UV-
vis spectroscopy employing a titration method. c Chemical exchange was
slow on the NMR time scale and peaks were observed for both complexed
and uncomplexed species. Ka was determined by integration from a 1 : 1
mixture ([G13·2PF6] = 4.7 mM, [G14·2PF6] = 4.6 mM, [P5A] = 4.8 mM).

increased p-stacking interaction results in the stronger CT effect.
This complexation-induced CT absorption is similar to that
observed in the dibenzo-24-crown-8–1,2-bis(pyridinium)ethane
inclusion complex, as previously reported by us.21 Therefore, the
chromophoric sensor behavior of complexation between P5A
and bis(pyridinium) cations can be controlled by changing the
substituting groups of the axles.

Molecular binding ability

As mentioned above (Fig. 3d), chemical exchange is slow on the
NMR time scale and peaks are observed for both complexed
and uncomplexed species in P5A–G13·2PF6 and P5A–G14·2PF6

host–guest complexes. So association constants23,24 for these
two complexes could be determined by integration from a 1 : 1
mixture using the 1H NMR single point method.25 For other
bis(pyridinium) cations (G6–G12·2PF6), however, it is not possible
to determine values of Ka for P5A-guest complexes by direct NMR
measurements, because they display fast exchange kinetics relative
to the NMR chemical shift time scale. The association constants
between P5A and G6–G12·2PF6 were determined by UV-vis spec-
tral titrations26 (probing the CT bands) and the indirect method
based on 1H NMR spectroscopy27 (See Electronic Supplementary
Information). For paraquat derivatives, the average association
constants26,28 with the host are very small (Kav < 50 M-1) in
DMSO, and can’t be calculated accurately. The Ka values of
bis(pyridinium) derivatives (G6–G14·2PF6) by P5A are listed in
Table 1.

As can be seen from Table 1, large differences in the associa-
tion constants are observed for complexation of bis(pyridinium)
derivatives G6–G11·2PF6 with P5A, suggesting that the linker
pattern has a dramatic effect upon the molecular recognition
behavior. The Ka value decreases in the following order:

G82+ > G92+ > G102+ > G72+ � G62+, G112+

When the two pyridinium cations are connected by ethylene
and 1,4-xylylene to afford G6·2PF6 and G11·2PF6, the association
constants are too small to be calculated. In contrast, G8·2PF6,
possessing four methylenes in its linker, gives the largest Ka value
(4.5 ¥ 102 M-1), indicating that a bis(pyridinium) axle with four-
carbon linker is the most suitable for a P5A wheel. The Ka values

Table 2 Association constants (Ka/M-1) for 1 : 1 inclusion complexation
of P5A and G13·2PF6 in different solvents at 298 K

Solvent Ka
a

DMSO-d6 (7.4 ± 0.3) ¥ 102

DMSO-d6 : CD3ODb (2.3 ± 0.2) ¥ 103

DMSO-d6 : CD3CNb (4.9 ± 0.1) ¥ 103

DMSO-d6 : (CD3)2COb (5.4 ± 0.2) ¥ 103

a Chemical exchange was slow on the NMR time scale and peaks were
observed for both complexed and uncomplexed species. Ka was determined
by integration from a 1 : 1 mixture (4.5–4.8 mM). b 1 : 1 (v:v).

for G7·2PF6, G9·2PF6 and G10·2PF6 with the host are reduced
by factors of 5.1, 1.2, and 3.8, respectively, compared with that of
G8·2PF6. We also examined the electronic effect of the substituent
groups on the complexation of G8·2PF6 with P5A. Axle G12·2PF6

possesses electron-donating methyl groups, while axle G13·2PF6

presents electron-withdrawing pyridyl groups in their structures.
The association constants follow the expected trend based on the
electronic nature of the substituents. The substitution of methyl for
hydrogen in G8·2PF6, affording G122+·2PF6, does not dramatically
alter the original association ability (Ka = 4.0 ¥ 102 M-1), but the
introduction of pyridinium rings increases the Ka value 1.6 times
for G13·2PF6 (Ka = 7.4 ¥ 102 M-1), implying increased p-stacking
interactions with P5A host (Table 2). The association constants for
the interaction of P5A with 1,4-bis(pyridinium)butane derivatives
(G8·2PF6, G12·2PF6 and G13·2PF6) in a very high-polarity
DMSO solvent are comparable with the reported values of the
formation of some pseudorotaxanes in relatively low-polarity
CH3CN.20,21,29 Furthermore, since the pyridyl groups are located at
the two ends of pseudorotaxane P5A–G13·2PF6, it is convenient
to construct P5A-based rotaxanes and catenanes through metal
coordination and nucleophilic substitution.13a,30

Solvent effects

It is well documented that solvents could significantly affect the
Ka values upon complexation of host with guest. Warner and Liu
et al.31 have demonstrated that the addition of a small amount
of organic solvents, such as alcohols, could alter the association
abilities of cyclodextrin hosts toward model substrates in aqueous
solution. Our previous work32 reported the solvent effects of com-
plexation of b-CD, calix[4]arenesulfonate and cucurbit[7]uril with
dyes, and cucurbit[7]uril with alkaloids. The results indicated that
the solvent effects dramatically influence not only the host–guest
association affinity, but also the complexation selectivity. Recently,
Clarkson29b and Huang13f et al. investigated the solvent effects on
pseudorotaxane or taco-complex formation between macrocyclic
crown ether and dicationic guests. Hence, it is interesting to study
the effects of solvent in the host–guest association behaviors for
the new synthetic receptor P5A.

To examine the influence of solvents on the association abilities
of P5A, we performed the 1H NMR experiments in 1 : 1 (v:v)
CD3OD/DMSO-d6, CD3CN/DMSO-d6 and (CD3)2CO/DMSO-
d6 solution. The results for a representative G13·2PF6 system are
listed in Table 2. It can be seen that the solvent effects are very
pronounced on the formation of P5A–G13·2PF6 inclusion com-
plex since the association constant significantly increased when the
pure DMSO-d6 was replaced by 1 : 1 solution mixed by CD3OD,
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CD3CN or (CD3)2CO. During the course of complexation of P5A
with these positively charged guests, cation–p-electron interactions
should be the important driving forces,19 which are dramatically
affected by the solvent polarity. The solvent polarity increases
in the order of (CD3)2CO < CD3CN < CD3OD < DMSO-d6.
Therefore, it is reasonable that the P5A–G13·2PF6 Ka values in
1 : 1 (v:v) CD3OD/DMSO-d6 (2.3 ¥ 103 M-1), CD3CN/DMSO-
d6 (4.9 ¥ 103 M-1) and (CD3)2CO/DMSO-d6 (5.4 ¥ 103 M-1)
are enhanced by factors of 3.1, 6.6 and 7.3 compared with pure
DMSO-d6. Accordingly, the association strength of guests with
P5A can be effectively modulated by changing solvents.

Conclusion

In summary, we have presented the binding behavior of paraquats
and bis(pyridinium) derivatives by P5A. Different binding modes
and complexation stoichiometry for the two types of guests
were given. The host forms 2 : 1 external complexes with alkyl-
substituted paraquats, and it forms 1 : 1 pseudorotaxane-type
inclusion complexes with methylene connected bis(pyridinium)
derivatives. The complexes constructed from P5A and paraquats
resulted in a visible color change from colorless to light red,
but their association constants are very small in high polarity
DMSO solvent. In contrast, moderate Ka values were found
for the formation of [2]pseudorotaxanes between bis(pyridinium)
dicationic axles and the P5A wheel in DMSO. The nature of the
substituents attached to the pyridinium rings in bis(pyridinium)
guests affects the molecular recognition behavior. For the electron-
withdrawing pyridyl groups, both the association ability and CT
absorption are dramatically enhanced. For the electron-donating
methyl groups, the Ka and CT absorption changes are not obvious.
We have also explored the effect on the association constant of the
solvent, indicating that solvent polarity exerted an extraordinary
influence over the association ability. The decrease of solvent
polarity can effectively enhance the association affinity of P5A
host with guests. The present studies will clarify the inclusion
characteristics of the new supramolecular host, pillar[5]arene,
and therefore provide reference for further investigating the
pillararene-based molecular recognition and assembly.

Experimental section

General

Ultraviolet-visible spectra were measured employing a Shimadzu
UV-2401PC using a conventional 1 cm path (1 ¥ 0.25 cm) quartz
cell in a thermostated compartment, which was kept at 25 ◦C
through a Shimadzu TB-85 Thermo Bath unit. 1H NMR spectra
were recorded on a Bruker AV500 instrument. ESI Mass spectra
were performed on a Thermofinnigan LCQ Advantage LC-MS.

Materials

Starting materials were commercially available unless noted oth-
erwise. The host P5A9 was prepared according to the literature
procedures. With the exception of methyl viologen, which is
commercially available, all other paraquat and bis(pyridinium)
citromide salts (G2·2Br–G14·2Br) were prepared by literature
methods.16b,33,34 The hexafluorophosphate salts were precipitated

from water by the addition of saturated aqueous NH4PF6 and
recrystallized before use.
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