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A cationic water-soluble pillar[6]arene: synthesis, host–
guest properties, and self-assembly with amphiphilic
guests in water†

Yingjie Ma, Jie Yang, Jinying Li, Xiaodong Chi and Min Xue*
The facile and efficient preparation of a cationic water-soluble pillar

[6]arene was achieved, which shows a high affinity for sodium 2-

naphthalenesulfonate and could encapsulate an amphiphilic guest

containing the 2-naphthalenesulfonate unit as the hydrophilic part

to change the aggregation of the amphiphilic guests in water, giving

regular and uniform micelles.
The development of supramolecular chemistry leads to
synthesis of new host compounds for a manifold of substrates,1

such as crown ethers, cyclodextrins, cucurbiturils, calixarenes
and pillararenes. Pillararenes,2–6 as a new kind of macrocyclic
host, display a lot of fascinating properties in the preparation of
supramolecular polymers,3d vesicles,3i articial transmembrane
channels,4b nano tubes,3i and other interesting supramolecular
systems. However, most of the work about pillararenes were
studied in organic solvents, but less in aqueous media, espe-
cially about pillar[6]arenes. Pillar[6]arenes consist of six arene
rings covalently linked at the para-positions to give a well-
formed cavity,3b,r which would make them have both a high
affinity and a high selectivity for the binding of guests in water.
Until now, only few examples of water-soluble pillar[6]arenes
has been reported by Prof. Huang3u and Prof. Li.5 By introducing
carboxylate anionic groups on both rims of pillar[6]arenes,
Huang et al. synthesized the water-soluble pillar[6]arenes for
the rst time, which could be used in the pH-controlled
reversible dispersion of multiwalled carbon nanotubes in water
and reducing the toxicity of paraquat efficiently.

Hence, in order to gain insight into the host–guest properties
of pillar[6]arenes in aqueous solution, we report the synthesis of
a cationic water-soluble pillar[6]arene (1, Scheme 1) and a novel
molecular recognition between 1 and 2-naphthalenesulfonate
y, Hangzhou 310027, P. R. China. E-mail:
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(G1, Scheme 1) in water, mainly driven by hydrophobic, p–p
stacking interactions and electrostatic interactions. Further-
more, we utilized this new recognition motif in self-assembly
between 1 and an amphiphilic guest (G2, Scheme 1) bearing a
hydrophilic 2-naphthalenesulfonate unit. G2 itself could form
micelles in aqueous solution by self-assembly. However, the
host–guest system of 1 and G2 could form larger, regular and
uniform micelles in water.

In our previous work,3h we reported a method of synthesis of
pillar[5]arene decabromide. By a modied method, not only
pillar[5]arene decabromide (3) but also pillar[6]arene dodeca-
bromide (2) could be prepared (Scheme 1). The preparation
concerned the reaction of 4 and paraformaldehyde in 1,2-
dichloroethane in the presence of boron triuoride diethyl
etherate. Aer stirring at 20 �C for 10 min, the reaction was
quenched with saturated NaHCO3 aqueous solution and
worked up as usual to give a solid residue. Aer column chro-
matography, 2 and 3 were obtained in 27% and 6%,
Scheme 1 Synthesis of a water-soluble pillar[6]arene (WP6, 1).
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Fig. 2 2D NOESY NMR spectrum (400 MHz, D2O, 298 K, mixing time ¼ 1.0 s) of
4.00 mM 1 and G1.
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respectively. 3 was a white solid, while 2 was a colorless oil. It
was found that the reaction time and temperature were the key
factors for the formation of pillar[6]arene. And 20 �C and 10min
were the best condition for the formation of pillar[6]arenes.
Higher temperature and longer reaction time could only lead to
3, but not 2. Owing to the reversibility of the Friedel–Cras
alkylation reaction,6 this is a thermodynamic controlled reac-
tion, thus allowing 3 to be obtained in high yields. Bearing
twelve alkyl bromide terminal groups makes 2 be easily func-
tionalized to generate derivatives of pillar[6]arene. Treatment of
2 with excess trimethylamine in ethanol gave compound 1
containing twelve trimethylammonium groups at upper and
lower rims (97% yield). 1 has a very good solubility in water to
give a colorless solution.

Compound 1 possesses both a hydrophobic cavity and twelve
charged substituents, thus providing a very efficient recognition
motif for guests with multiple functional groups such as 2-
naphthalenesulfonate G1. A detailed study of the inclusion
property of 1 with the anionic guests revealed that compound 1
displayed high affinities for G1 in water. As shown in Fig. 1, the
1 : 1 mixture of 1 and G1 in D2O had signicant chemical shi
changes in the 1H NMR signals compared with the free host and
free guest under the same condition. And only one set of peaks
was found for the solution of 1 and G1, indicating fast-exchange
complexation on the 1H NMR time scale. The protons (Ha–Hg)
on G1 moved upeld sharply, indicating the formation of host–
guest complex. Binding of G1made the shielding effect on H3 of
1 a little diminished, causing the signals of H3 to move down-
eld, while leaving the other peaks (H1, H2, H4–H7) of 1
unchanged. The 2D NOESY NMR spectrum of an equimolar
mixture of 1 and G1 (Fig. 2) showed correlations between phenyl
protons H7 of 1 and all the protons (Ha–Hf) of G1. Besides, there
were correlations between protons H3/H4 or H6/H5 of 1 and all
the protons of G1, respectively. These phenomena suggested
that G1 was fully encapsulated by 1 to form a [2]pseudorotaxane
with the hydrophobic naphthalene group located at the deep
cavity of 1 and the sulfonic acid group positioned at the
Fig. 1 1H NMR spectra (D2O, 293 K, 400 MHz) of (a) 4.00 mM G1; (b) 4.00 mM 1
+ 4.00 mM G1; (c) 4.00 mM 1.

23954 | RSC Adv., 2013, 3, 23953–23956
entrance of the cavity. The formation of the complex might be
mainly driven by electrostatic interactions between the anionic
sulfonate moieties and the cationic ammonium groups of the
host, p–p stacking interactions between the benzene rings on
the pillar[6]arene host and the naphthalene group on G1, and
the hydrophobic interactions between the benzene ring of G1
and the hydrophobic cavity of 1 in aqueous solution.3h,6c

For the estimation of the association constant for the
complexation between 1 and G1, uorescence titrations of 1
with G1 were carried out with the concentration of G1 kept
constant at 1.00 � 10�4 M and that of 1 varied from 0 to 1.77 �
10�4 M at room temperature. Addition of 1 to a solution of G1 in
water resulted in a substantial decrease in the intensity of the
emission band at 339 nm (Fig. S13†), because of the formation
of host–guest complex. And it was found that the stoichiometry
of the complex was 1 : 1 (Fig. S13†). By using the Stern–Volmer
equation, the association constant (Ka) of 1 with G1 was calcu-
lated to be (2.45 � 0.20) � 104 M�1. In our previous work, we
reported the complexation of the sodium 1-octanesulfonate
guest by a cationic water-soluble pillar[5]arene bearing trime-
thylammonium groups, the Ka value of which is (1.33 � 0.94) �
104 M�1.3h This Ka value is close to that of 1IG1.

Aer the establishment of the new host–guest recognition
motif in aqueous solution, we further applied it to construct a
supra-amphiphile and utilized it in self-assembly. G2 itself is an
amphiphilic molecule which contains a long alkyl chain as
Fig. 3 TEM images of (a) G2 aggregates, and (b) 1IG2.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Cartoon representation of the structure of large multimolecular micelles
formed by 1 and G2 in water.
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hydrophobic part and naphthalenesulfonate unit as hydrophilic
part. In order to investigate the self-assembled aggregates in
water, an aqueous solution of G2 was prepared with a concen-
tration of 1.00 � 10�4 M. According to transmission electron
microscopy (TEM), small spherical micelles were observed with
a diameter of �2 nm (Fig. 3a). These micelles had a regular
spherical morphology. Interestingly, upon addition of 1 equiv.
of 1, regular micelles with a diameter of �100 nm were
observed, drastically different from the smaller micelles formed
by G2 alone. How can molecules of 1 and G2 self-assemble into
the large micelles around 100 nm? The self-assembly process
might be that 1 bonds G2 to form a host–guest complex which is
considered as a new amphiphilic molecule (Fig. 4C) and self-
assembles into small micelles in water (Fig. 4B); the small
micelles further aggregate together to form large multi-molec-
ular micelles (Fig. 3b and 4A). That is to say, the large micelles
are a type of multimicelle aggregates with the basic building
units (Fig. 4B).7
Conclusions

In conclusion, we have reported the synthesis and full charac-
terization of a pillar[6]arene dodecabromide, which could serve
as a good precursor for functionalized pillar[6]arene derivatives.
The precursor was obtained starting from easily accessible
compounds by a modied method reported by us previously. By
introduction of trimethylammonium groups at both upper and
lower rims of the pillar[6]arene dodecabromide, a new cationic
water-soluble pillar[6]arene was synthesized, which showed a
high affinity to 2-naphthalenesulfonate in water. They could
form a stable 1 : 1 [2]pseudorotaxane in aqueous solution,
driven by electrostatic interactions, hydrophobic interactions,
andp–p stacking interactions. This novel recognitionmotif was
further used to control the aggregation of an amphiphilic
derivative of 2-naphthalenesulfonate (G2) in water. In contrast
to the small sphere micelles formed by amphiphilic molecule
G2, the host–guest complex 1IG2 self-assembled into much
larger regular sphere micelles in water. This new recognition
motif based on the cationic water-soluble pillar[6]arene should
be helpful for the investigation of the application of
pillararenes.
This journal is ª The Royal Society of Chemistry 2013
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