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ABSTRACT

Host�guest complexation between a pillar[5]arene with mono(ethylene oxide) substituents and paraquat was studied. We demonstrated that this
pillar[5]arene can form a 1:1 complex with paraquat in solution and in the solid state. The formation of this complex was confirmed by proton NMR
spectroscopy, electrospray ionization mass spectrometry, and single crystal X-ray analysis. Furthermore, this complexation can be reversibly
controlled through the sequential addition and removal of Zn powder. The host substituent effect on the complexation ability was also addressed.

Stimuli-responsive host�guest complexation has played
an important role in the development of supramolecular
chemistry and been widely applied in the fabrication of
various functional supramolecular systems,1�4 including
molecular switches,1 molecular machines,2 and supramo-
lecular polymers.3 Therefore, the discovery of novel host�
guest complexes with responsiveness to external stimuli

will certainly accelerate the development of supramolecular
chemistry.5 Paraquat, an important herbicide that has rich
electrochemical properties,6 has been commonly used as the
guest component in the preparation of redox-responsive
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supramolecular systems with many kinds of hosts, includ-
ing crown ethers,3b,c,7 cyclodextrins,8 calixarenes,9 and
cucurbiturils.8a,10

Pillararenes,11 a new class of supramolecular host, have
become one of the most popular topics in supramolecular
chemistry since their first synthesis in 2008.12 A lot of
host�guest complexes have been fabricated on the basis of
their recognition to various guests based on their rigid
symmetrical pillar structures.13 The complexation of para-
quat dereratives with per-hydroxylated pillar[5]arene has
been investigated.11a,c,13b However, how the host interacts
with the guest is still not clear in these host�guest com-
plexes since no host�guest complex crystal structure for
such complexation has been reported. Furthermore,
although a redox-responsive pillar[6]arene-based inclusion
complexwith a ferroceniumguestwas reported recently,13e

the redox-responsive property of the pillar[5]arene/paraquat
recognition motif has not been explored.

Herein, we investigated the complexation of paraquat 3
with [n]ethylene glycol-functionalized (n = 1, 3) pillar-
[5]arenes 1 and 2 (Scheme 1). The crystal structure of the
complex between 1 and 3 was reported. It provided the
convincing evidence for the formation of a 1:1 pillar[5]arene/
paraquat inclusion complex. In order to explore the host
substituent effect on the host�guest complexation, the short
mono(ethylene oxide) chains and the long tri(ethylene oxide)
chains were both introduced to the pillar[5]arene host.
Furthermore, the reversible redox-controlled pillar[5]arene/
paraquat complexation was realized by addition and re-
moval of Zn powder.

Pillar[5]arenes 1 and 2 were synthesized according to a
previously reported procedure.11q The chemical structure
of 1was confirmed by single crystal X-ray analysis. Similar
to 1,4-dimethoxypillar[5]arene,11a the pillar shape is also
kept in the crystal structure of pillar[5]arene 1 (Figure 1).

When an acetonitrile solution of pillar[5]arene 1 or 2was
mixed with equimolar paraquat 3, the colorless solution
changed to yellow. This is due to the charge transfer
between the electron-rich aromatic rings of the pillar-
[5]arene host and the electron-poor pyridinium rings of
the paraquat guest (Scheme 1). The recognition possibili-
ties of 1 and 2 to paraquat 3were investigatedby 1HNMR.
The proton NMR spectra of equimolar acetonitrile-d3

Scheme 1. Chemical Structures of Pillar[5]arene Derivatives
1�2 and Paraquat 3 and Cartoon Representation of Redox-
Responsive Complexation between Pillar[5]arene 1 and
Paraquat 3

Figure 1. Ball-stick views of the crystal structure of 1. Hydrogen
atoms are omitted for clarity.
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solutions of hosts 1 and 2with guest 3 are shown inFigure 2;
only one set of peaks was found for the solution of 1 or 2
with 3, indicating fast-exchange complexation on the pro-
ton NMR time scale. After the complexation of 1 and 3,
peaks corresponding to H1a of host 1 and HR and Hγ of
guest 3 shifted upfield, while the ethyleneoxy protons of
host 1 moved downfield (Figure 2a�c). Similar chemical
shift changes were also observed for the complexation
between 2 and 3 (Figure 2c�e). What are more interesting
are the significant differences among these two sets of
NMR spectra. First, two peaks corresponding to pyridi-
niumprotonsHR andHβof guest 3 shifted upfield upon the
complexation of 2 with 3 (Figure 2c�e), while for the
complexation between 1 and 3, one signal of 3 (HR) moved
upfield and the other (Hβ) disappeared. It may result from
the different shielding effects by the short mono(ethylene
oxide) chains of 1 and the long tri(ethylene oxide) chains of
2. Second, one peak corresponding to methoxy protons
(H1d) of 1 shifted downfield, while for the complexation
between 2 and 3, one signal of 2 (H2d) had no chemical shift
change, indicating that 3 was located in the center of the
electron-rich cavity of pillar[5]arene 1. The 2D NOESY
spectrum (Figure S6, Supporting Information) of an acet-
onitrile solution of equimolar 1 and 3 showed the correla-
tion between the signal of protonsHγ of guest 3 and that of
protons H1a of host 1, which also indicated that paraquat
resides in the cavity of 1. The similar correlations were also
found for the complexation between 2 and 3 (Figure S7,
Supporting Information).
Further investigation of the complexations of pillar-

[5]arenes 1 and 2 with paraquat 3 was carried out by
isothermal titration calorimetry (ITC), which is a powerful
tool for studying the host�guest complexes because it not
only gives the complexation association constants (Ka) but
also yields their thermodynamic parameters (enthalpy and
entropy changes). A 1:1 stoichiometry was established for
the complexations between pillar[5]arenes 1 and 2 with

paraquat 3 by ITC experiments (Figures S1 and S2,
Supporting Information). The association constants (Ka)
were determined in acetonitrile tobe (3.35(0.22)� 104M�1

for 1⊃3, and (1.79 ( 0.38) � 103 M�1 for 2⊃3 (Figures S1
and S2, Supporting Information). The big difference in Ka

for these two complexes demonstrated that the substituent
groups on hosts have a big effect on the host�guest com-
plexation in solution.The shorter the [n]ethylene glycol chain
substituents, the higher the association constant. The long
[n]ethylene glycol chains might hinder the paraquat guest to
thread into the cavity of the pillar[5]arene host, leading to the
low association constant. Additionally, electrospray ioniza-
tionmass spectrometryof equimolarmixtures of1and2with
3 exhibited a peak atm/z=1519.9, corresponding to [1⊃3�
PF6]

þ, and apeak atm/z=1349.1, corresponding to [2⊃3�
2PF6]

2þ (FiguresS3andS4,Supporting Information),which
also revealed a 1:1 stoichiometry for the complexations
between pillar[5]arenes 1 and 2 and paraquat 3.
To further study how the host interacts with the guest, a

crystal of 1⊃3was obtained by slow diffusion of isopropyl
ether into an equimolar acetonitrile solution of 1 and 3.
The crystal of 1⊃3 has a yellow color due to the charge-
transfer between the electron-rich aromatic rings of 1 and
the electron-poor pyridinium rings of 3. The crystal struc-
tureof1⊃3 shows that paraquat threads through the cavity
of host 1 to form a 1:1 inclusion complex in the solid state,
which is stabilized by C;H 3 3 3O bonding interactions,
C;H 3 3 3π interactions and face-to-face π-stacking inter-
actions (Figure 3). The inclusion of guest 3 into the cavity
of host 1 in the solid state is in accordance with the above-
mentioned significant upfield chemical-shift changes of

Figure 2. Partial 1H NMR spectra (400 MHz, CD3CN, 293 K):
(a) 1.00 mM 1; (b) 2.00 mM 1 þ 2.00 mM 3; (c) 2.00 mM 3; (d)
2.00 mM 2 þ 2.00 mM 3; (e) 1.00 mM 2.

Figure 3. Ball-stick views of the crystal structure of 1⊃3. Host 1
is red, guest 3 is blue, hydrogen atoms are sky blue, oxygen
atoms are green, and nitrogen atoms are black. PF6

� counter-
ions, solvent molecules and hydrogens except the ones involved
in hydrogen bonding were omitted for clarity. Red dashed lines
indicate hydrogen bonds (A, B, C, D, E, F, G, and H) and blue
dashed lines indicate C;H 3 3 3π interactions (I, J, and K).
Hydrogen bond parameters are as follows: C 3 3 3O distance
(Å), H 3 3 3O distance (Å), C;H 3 3 3O angles (deg): A, 3.12,
2.40, 129.7; B, 3,35, 2.57, 139.8; C, 3.29, 2.41, 154.4; D, 3.32,
2.54, 136.7; E, 3.23, 2.64, 119.2; F, 3.17, 2.71, 111.1; G, 3.24,
2.50, 134.9; H, 3.36, 2.44, 156.9. C;H 3 3 3π interactions para-
meters: C;H 3 3 3π distance (Å), C;H 3 3 3π angle (deg): I, 2.39,
155.7; J, 2.50, 129.30; K, 3.01, 111.1. Face-to-face π-stacking
parameters: centroid�centroid distance (Å): L, 4.00; ring plane�
ring plane inclination (deg): 8.75.



Org. Lett., Vol. 15, No. 18, 2013 4725

protons HR and the disappearance of protons of Hβ in
solution. Eight C;H 3 3 3O hydrogen bonds (A�H) are
formed between eight hydrogen atoms of guest 3 and eight
oxygen atoms on mono(ethylene oxide) substituents of
pillar[5]arene 1. The mono(ethylene oxide) substituents
play a crucial role in the formation of 1⊃3 because pillar-
[5]arene 1 can engulf the central part of paraquat.Not only
four pyridinium hydrogen atoms but also four N-methyl
hydrogen atoms are involved in these hydrogen bonding
interactions. The C;H 3 3 3π-plane distances of three hy-
drogen atoms of guest 3 (I, J,K) are 2.39, 2.50, and 3.01 Å,
respectively, shorter than 3.05 Å, implying the existence of
C;H 3 3 3π interactions.12a

After the confirmation of the interactionalmode and the
stoichiometry for the complexation between 1 and 3,
redox-responsiveness was studied for this complexation.
PreviouslyZnpowderwasused tobringabout the reduction
of paraquat to its radical cationic form.14 When 10.0 equiv
of Zn powder was added into a yellow acetonitrile solution

of 1.00 mM 1 and 3, it became green. Subsequently, the
solution color gradually reverted to yellowagain after excess
Zn powder was removed by filtration and the solution was
exposed to air for twohours, suggesting the formationof the
complex 1⊃3 again (Figure S5, Supporting Information).
This reversible process was confirmed by proton NMR
experiments (Figure 4). When Zn powder (10.0 equiv) was
added toa solutionof 1.00mM1and3 in acetonitrile-d3, the
chemical shift of the phenyl protons of 1 returned to almost
their uncomplexed value, indicating that the complexation
between 1 and 3 was quenched (Figure 4, spectrum c).
However, after removal of excess Zn powder and exposure
of this solution to air for two hours, the complexation
between 1 and 3 was recovered; chemical shift changes
corresponding to the protons on 1 and 3 were observed
again (Figure 4, spectrum e). Therefore, the complexation
between 1 and 3 can be reversibly controlled by the addition
or removal of Zn powder (Scheme 1). This redox-controlled
reversible complexationprocessprovides a convenient switch
to fabricate novel responsive supramolecular materials.
In summary, we investigated the complexation between

two [n]ethylene glycol-functionalized pillar[5]arenes and
paraquat. It was found that these pillar[5]arenes can form
1:1 complexes with paraquat both in solution and in the
solid state. The crystal structure of 1⊃3 gave convincing
evidence for the formation of a [2]pseudorotaxane. The
long [n]ethylene glycol chain substituents led to the low
association constant. More importantly, we demonstrated
that this host�guest complexation couldbe switchedoff by
adding Zn powder. This redox-responsive host�guest
binding property is a novel feature of the host�guest
chemistry of pillar[5]arenes. It is therefore believed that
these redox-responsive host�guest complexes can be
further utilized as the fundamental building blocks to
fabricate novel functional supramolecular materials.
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Figure 4. Partial 1H NMR spectra (400 MHz, CD3CN, 293 K):
(a) 1.00 mM 1; (b) 1.00 mM 1 and 3; (c) after addition of 10.0
equiv of Zn powder to (b); (d) after addition of Zn powder to
1.00 mM 3; (e) after removal of excess Zn powder from (d) and
exposed to air for two hours; (f) 1.00 mM 3.
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