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Abstract—The first paraquat-based [3](taco complex) was successfully prepared from a linear bis(crown ether) host and paraquat as
shown by proton NMR characterization and X-ray analysis. It has a dumbbell shape in the solid state. The two crown ether binding
sites are independent of each other during their complexation in solution.
� 2006 Elsevier Ltd. All rights reserved.
Paraquat derivatives (N,N 0-dialkyl-4,4 0-bipyridinium
salts) are one of the most widely used families of guests
in preparation of host–guest complexes.1 We reported
the first solid state paraquat-based taco complex, in
which the guest is sandwiched within the folded host,
from a bis(m-phenylene)-32-crown-10 (BMP32C10)
derivative (diol 1a) and paraquat (2a).2 Based on this
finding, we designed and prepared a series of crown
ether-based cryptands which can complex paraquat
derivatives much more strongly than the corresponding
simple crown ethers.3 Furthermore, we reported the
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preparation of the first solid state supramolecular poly
(taco complex).4 Recently it was found that host folding
is an addressable step for the formation of taco com-
plexes and can be promoted by proper introduction of
substituents that provide additional attractive host–
guest interactions.5

The synthesis of high order assemblies with more than
two components remains a considerable challenge for
supramolecular chemists.6 Therefore, we are interested
in making high order paraquat-based taco complexes.
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Figure 1. Partial proton NMR spectra (400 MHz, acetone-d6, 22 �C) of paraquat 2a (a, bottom), bis(crown ether) 3 (b, middle), and 1.33 mM 2a and
0.67 mM 3 (c, top).
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Figure 2. Mole ratio plot for 2a and 3, indicating 2:1 stoichiometry.
The solvent is acetone-d6. [3]0 = 0.500 mM.
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Figure 3. Scatchard plot for the complexation of paraquat guest 2a

with bis(crown ether) host 3 in acetone-d6 at 22 �C. p = fraction of
crown ether units bound. Error bars in p: ±0.03 absolute; error bars in
p/[2a]: ±0.06 relative. [3]0 = 0.500 mM.
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Herein, we report the preparation of the first paraquat-
based [3](taco complex) from a linear bis(crown ether)
host 37 and paraquat guest 2a. Furthermore, to under-
stand the formation mechanism of this [3](taco complex)
could be helpful for future higher order paraquat-based
taco complexes, so we studied how the two crown ether
binding sites of host 3 interact with each other during its
complexation with guest 2a by using the Scatchard plot
method.8

Solutions of 3 and 2a have a yellow color due to charge
transfer between the electron-poor pyridinium rings of
guest 2a and the electron-rich aromatic rings of host 3.
Partial proton NMR spectra of 2a, 3, and a mixture of
2a and 3 are shown in Figure 1. Only one set of peaks
was found in the proton NMR spectrum of the mixed
solution of 2a and 3, indicating fast-exchange complex-
ation. After complexation, peaks corresponding to b-
pyridinium protons H3 on 2a and aromatic protons
H4, H5, H9, and H10 and a-ethyleneoxy protons H6 of
3 moved upfield significantly. Furthermore, N-methyl
protons H1 and a-pyridinium protons H2 on 2a and b-
ethyleneoxy H8 and ester methylene protons H11 on 3
also moved upfield, while c-ethyleneoxy protons H7

and phenylene protons H12 of 3 moved downfield. The
stoichiometry of the complex between paraquat guest
2a and linear bis(crown ether) host 3 was determined
to be 2:1 in solution by a mole ratio plot9 using proton
NMR data (Fig. 2).

In order to study the relationship between the two
crown ether binding sites of 3 during its complexation
with 2a, proton NMR characterizations were done on
a series of acetone solutions for which the initial concen-
tration of host 3 was kept constant at 0.500 mM while
the initial concentration of guest 2a was varied system-
atically. Based on these proton NMR data, the extent
of complexation, p, of the crown ether units was deter-
mined10 and a Scatchard plot was made (Fig. 3). The lin-
ear nature of this plot demonstrated that the two crown
ether binding sites are independent of each other during
the complexation;8 that is, the complexation between 2
and 3 is statistical.11 From the intercept and the slope
of the plot the average association constant12 (Kav) is



Figure 4. Two views of the X-ray structure of 3Æ2a2. Compound 3 is red, 2a is blue, oxygens are green, and nitrogens are black. Four PF6 counterions,
solvent molecules, and hydrogens except the ones on 2a were omitted for clarity. Hydrogen-bond parameters: C� � �O distances (Å), H� � �O distances
(Å), C–H� � �O angles (deg) a, 3.31, 2.43, 149; b, 3.35, 2.51, 147; c, 3.10, 2.45, 126; d, 3.27, 2.57, 130; e, 3.30, 2.43, 147. Face-to-face p-stacking
parameters: centroid–centroid distances (Å) 3.59, 3.66; ring plane/ring plane inclinations (deg): 5.1, 7.9. The centroid–centroid distance (Å) and
dihedral angle (deg) between two phenylene rings of 3: 7.47 and 20.5.
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3.7 (±0.4) · 102 M�1 for the complexation between 2a
and 3. This average association constant is lower than
the association constants 5.5 (±0.5) · 102 M�1 for
1bÆ2a3b and 8.2 (±0.8) · 102 M�1 for 1cÆ2a5 in acetone.
This is understandable considering the steric and confor-
mational effects caused by the introduction of a large
group on the crown ether moieties, similar to our previ-
ous results on the host–guest systems based on poly-
meric host13 or guest.7

Ultimate proof of the formation of the first paraquat-
based [3](taco complex) 3Æ2a2 is from X-ray analysis
(Fig. 4).14 X-ray quality yellow single crystals of 3Æ2a2

were grown by vapor diffusion of pentane into an ace-
tone solution of 3 with excess 2a. This [3](taco complex)
has a dumbbell shape in the solid state as shown in Fig-
ure 4. As in the 1:1 complexes 1aÆ2a,2 1bÆ2b,4 and 1cÆ2a5

between BMP32C10 and paraquat derivatives, the 1:2
complex 3Æ2a2 is stabilized by hydrogen bonding and
face-to-face p-stacking interactions (Fig. 4). However,
there are still some notable differences. Firstly, at each
end of 3, two a-pyridinium hydrogens (H2) of 2a are in-
volved in hydrogen bonding to ethyleneoxy oxygen
atoms of the crown ether unit (b–d in Fig. 4) and none
of the b-pyridinium hydrogens (H3) are involved in
hydrogen bonding between the crown ether host unit
and the paraquat guest. This is the same as we observed
in 1:1 paraquat-based complexes 1aÆ2a2 and 1bÆ2b,4 but
different from what we saw in 1cÆ2a, where only one
a-pyridinium hydrogen (H2) is involved in hydrogen
bonding between the host and the guest and two b-
pyridinium hydrogens (H3) are hydrogen bonded to
the oxygen atom of the end OH moiety of the host
1c.5 Secondly, at each end of 3, two N-methyl hydrogens
(H1) of 2a are hydrogen bonded (a and e of Fig. 4) to
ethyleneoxy oxygens of the crown ether unit in the 1:2
complex 3Æ2a2. None of the N-methyl hydrogens (H1)
of 2a are involved in hydrogen bonding between the host
and guest in 1:1 complex 1aÆ2a,2 while two of them are
hydrogen bonded to the host in 1:1 complex 1cÆ2a.5

Thirdly, the face-to-face p-stacking distances between
the pyridinium rings of 2a and the phenylene rings of
the crown ether host unit are about equal (3.59 and
3.66 Å) to each other, presumably in order to maximize
this donor–acceptor orbital interaction, while these two
distances are not so close to each other in 1:1 complexes
1aÆ2a (3.55 and 3.71 Å),2 1bÆ2b (3.94 and 4.20 Å)4 and
1cÆ2a (3.98 and 4.39 Å).5 Strong charge transfer between
the electron-rich crown ether host units and the electron-
poor paraquat guests in the 1:2 complex 3Æ2a2 gave rise
to the bright yellow color of its crystals.

The 1H NMR chemical shift changes (Fig. 1) of host 3
and guest 2a upon complexation are consistent with a
structure in solution similar to that of 3Æ2a2 in the solid
state (Fig. 4). Protons H4, H5, H6, H8, H9, H10, and H11

are in shielding regions of the pyridinium rings, while H7

resides in the deshielding environment of these rings.
Aromatic protons H12 are far away from these pyridi-
nium rings so their chemical shift does not change
appreciably. The upfield shift of N-methyl (H1) and
pyridinium protons (H2 and H3) of the guest 2a is con-
sistent with their positions in the shielding region of the
aromatic moieties of the crown ether host unit.

In summary, we successfully prepared the first paraquat-
based [3](taco complex) from a linear bis(crown ether)
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host 3 and paraquat guest 2a as proved by proton NMR
characterization and X-ray analysis. It has a dumbbell
shape in the solid state. The two crown ether binding
sites are independent of each other during their com-
plexation in solution. This work should be helpful for
the future preparation of high order complexes.
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