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Triptycene-based cylindrical macrotricyclic polyether1 has
been proved to be an efficient host for the complexation with
diquaternary salts in solution and in the solid state. Moreover,
it was also found that binding and release of the guest
molecules could be easily controlled by the addition and
removal of potassium ions.

Host-guest complexes,1 in particular, those in which the
binding to substrate could be switched “on” or “off” by external
stimuli, have attracted great interest due to their extensive
potential applications not only in the construction of artificial
molecular machines but also in the development of sensing and
controllable drug-delivery systems.2,3 It was known that diqua-

ternary salts4 were usually used as herbicides and have played
an important role in various biological systems, which also made
them some of the most common guests and caused then to be
studied intensively in numerous inclusion complexes.5 Although
the controlled binding and release of diquaternary salts as guests
would be very useful both in biological and in supramolecular
chemistry, little is so far known about their complexes which
could be switched between the complex states and uncomplex
states by chemical or other external stimuli.

Recently, we6 became interested in the development of new
supramolecular systems based on triptycene with unique three-
dimensional rigid structure and electron-rich cavity.7 As a result,
a novel triptycene-based cylindrical macrotricyclic polyether16b

has been synthesized and proved to be a powerful host for the
complexation with paraquat derivatives. Herein we report the
efficient complexation of host1 toward diquat2 and the
diquaternary salt of phenanthroline3 (Figure 1) in solution and
in the solid state. Moreover, since there are two dibenzo[24]-
crown-8 moieties in the host molecule, we reasoned that the
well-established cation-crown interaction could dissociate the
host-guest complexes. Consequently, the binding and release
of guests2 and3 in the complexes can be easily controlled by
adding and removing the potassium ions.

First, we investigated the complexation between triptycene-
based host1 and diquaternary guests2 and3 in solution. As a
result, it was found that when host1 and diquat2 (2 mM each)
were mixed in 1:1 chloroform/acetonitrile solution at room
temperature, they gave an orange solution immediately due to
charge transfer between the electron-rich aromatic rings of host
1 and the electron-poor pyridinium rings of guest2. Similarly,
the mixed solution of1 and 3 also showed a typical charge-
transfer feature but the color was deep red. In the1H NMR
spectrum of a 1:1 mixture (2 mM each) of1 and 2 in 1:1
chloroform/acetonitrile, only one set of peaks was found, which
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indicated the fast-exchange complexation between the host and
the guest. As shown in Figure 2c, the Ha, Hb, and He proton
signals of the pyridinium ring and the H1 proton signal of1
showed significant upfield shifts, which might be due to the
strong shielding effect of the aromatic rings. In addition, a slight
downfield shift of the proton Hc was observed, which might be
attributed to the deshielding effect of the host’s aromatic rings.
These observations suggested that a new complex1‚2 was
formed. Similarly, host1 could also form a stable complex with
guest3, which has been confirmed by the1H NMR spectral
studies of a 1:1 mixture of host1 and guest3.8

The stoichiometries of these complexes were determined to
be 1:1 in solution by mole ratio plot9 with use of proton NMR
data, which is different from that of a 1:2 complex between
dibenzo[24]-crown-8 and diquat in acetone solution.5a,b Fur-
thermore,1H NMR spectroscopic titrations afforded a quantita-
tive estimate for the apparent association constant (Ka) of the
two complexes.10 Consequently,Ka1‚2 and Ka1‚3 for the 1:1

complexes were calculated to be 3.5((0.3)× 103 and 4.6((0.4)
× 103 M-1, respectively, by the Scatchard plots.11 As we can
see thatKa1‚3 is slightly bigger thanKa1‚2, this is probably due
to the strongerπ-π stacking interaction between the host and
guest3. The 2D-NMR spectrum technique was also used to
investigate the noncovalent interaction between the host and
the guests. As a result, NOE effects betweenN-methylene
protons and crown ether protons were all observed in the ROSY
spectra of the complexes1‚2 and1‚3.8 Moreover, NOE effects
between the aromatic protons of phenanthroline and crown ether
protons could also be observed, which might indicate that the
phenanthroline ring is adjacent to the crown ether moieties of
the host molecule.

The electrospray ionization mass spectra (ESI MS) provided
more evidence for the formation of the 1:1 complexes.8

Consequently, the strongest peak atm/z666.5 for [1‚2-2PF6]2+

was found by using the solution of1 and2 in 1:1 chloroform
and acetonitrile. Similarly, the peak atm/z 678.6 for [1‚3-
2PF6

-]2+ was also observed at the same condition.
Further support for the formation of the complex1‚2 came

from its X-ray diffraction results. It was noted that the structural
feature of the complex1‚2 was quite different from those of
paraquat-based complexes we reported previously.6b As shown
in Figure 3, the diquat molecule threaded the cavity from the
central ring of the cylindrical macrotricyclic host and the two
pyridinium rings of the guest were non-coplanar with the
dihedral angle of 19.19°. Moreover, the proton Hc of the diquat
molecule extend out of the shielding region of the triptycene
aromatic ring, which is consistent with the result in solution. It
was further found that there existed not only multiple‚C-H‚‚‚
O hydrogen bonding interactions between the hydrogen atoms
of the guest and polyether oxygen atoms, but also aπ-π
stacking (dπ‚‚‚π ) 3.26 Å for B) and C-H‚‚‚π interactions
(dH‚‚‚π ) 2.71 Å for A, 2.81 Å for C, and 2.75 Å for D) between
the host and the guest. These multiple noncovalent interactions
played an important role in the stability of the complex.
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FIGURE 1. The structures and proton designations of the host1 and
guests2 and3.

FIGURE 2. Partial1H NMR spectra (300 MHz, CD3CN:CDCl3 1:1,
295 K) of (a) free host1, (b) free guest2, and (c)1 plus 1.0 equiv of
2. [1]0 ) 2 mM.

FIGURE 3. Top view (a) and side view (b) of the crystal structure of
the complex1‚2. The distances of the noncovalent interactions between
the complex1‚2 and the solvents are the following:a ) 2.34 Å,b )
2.45 Å,c ) 2.23 Å for O-H‚‚‚O; d ) 2.43 Å for C-H‚‚‚O; e ) 2.58
Å for C-H‚‚‚N; f ) 2.59 Å for C-H‚‚‚π. Two PF6

- counterions, other
solvent molecules, and hydrogen atoms not involved in the noncovalent
interactions are omitted for clarity.
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Interestingly, we also found that a water molecule and an
acetonitrile were included in the cavity of host1, which acted
as a noncovalent force bridge to connect the diquat and the host.

We also obtained the single crystals of complex1‚3 suitable
for X-ray analysis. As shown in Figure 4, it was found that
guest3 positioned in almost the center of the cavity of host
molecule, which is different from that of complex1‚2, and the
host molecule had a big distortion to maximize the face-to-
face π-π interactions. There existed multiple C-H‚‚‚O hy-
drogen bonds between aromatic hydrogen atoms in the guest
molecule and oxygen atoms in the polyether chains of host1.
Moreover,π-π stacking interactions between the phenanthro-
line ring and the aromatic rings of the host with the distances
of 3.37 (A), 3.31 (B), and 3.35 Å (D), and a C-H‚‚‚π interaction
between theN-methylene proton and the aromatic ring of the
host with the distance of 2.74 Å (C) were also observed. These
multiple noncovalent interactions resulted in the stable complex
1‚3, which is consistent with that in solution.

Since host1 contains two dibenzo[24]-crown-8 moieties, we
speculated that it could form a complex with cations, and the
consequent complexation of cations would introduce extra
electrostatic repellent force to the cationic diquaternary guest
molecules and dissociate the previously formed host-guest
complex. It was found that a solution of1 and 2 equiva of KPF6
showed a single strong peak atm/z 613.8 in the ESI-MS
spectrum,8 which indicated that two potassium ions could bind
to the crown ether moieties to form the complex1‚2KPF6.
Moreover, 18-crown-6 is known to be a very strong sequestering
agent12 for potassium ion, which encouraged us to further
investigate the potassium ion-controlled binding and release of
the guest molecules in the above complexes.13 Consequently, a
series of1H NMR experiments were carried out. As shown in
Figure 5c, the1H NMR spectrum of a 1:1 mixture of1 and
guest3 showed a well-defined resonance, which was consistent

with formation of the 1:1 complex1‚3. When excess KPF6 salts
were added to the above solution, it was found that the proton
signals of the complex1‚3 totally disappeared, while the proton
signals of guest3 shifted downfield almost to the original
positions (Figure 5d). Moreover, the aromatic proton signals
of host molecule had a little downfield shift while the peak shape
of the crown ether region had a big change. These observations
indicated that the potassium ions bond to the crown ether
moieties, which resulted in the release of the guest3 from the
cavity of the host molecule probably due to the extra electrostatic
repellent force. When 18-crown-6 was added into the above
system, it was further found that the proton signals of complex
1‚3 recovered (Figure 5e), which suggested that the complex
1‚3 formed again. Thus, the ion-controlled binding and release
of the guest3 could be easily performed by adding and removing
the potassium ions. Similarly, it was found that the binding and
release of the guest2 in the complex1‚2 could also be efficiently
controlled by the potassium ions.8

In conclusion, the triptycene-based cylindrical macrotricyclic
polyether has been proved to be an efficient host for the
complexation with the diquaternary salts. They could form 1:1
stable complexes in solution and in the solid state, in which
the multiple noncovalent interactions played an important role
in the stabilities of the complexes. Moreover, it was also found
that the binding and release of the diquaternary salts could be
easily controlled by adding and removing the potassium ions,
which would have many potential applications in the develop-
ment of controllable drug-delivery systems or complicated
switchable supramolecular systems.

Experimental Section

Materials. Host molecule1 was synthesized according to the
previous publication.6b Diquaternary bromic salts2 and 3 were
prepared according to the literature,4b and the corresponding

(12) (a) Pedersen, C. J.J. Am. Chem. Soc.1967, 89, 2495-2496. (b)
Pedersen, C. J.J. Am. Chem. Soc.1967, 89, 7017-7036. (c) Inoue, Y.;
Liu, Y.; Tong, L.-H; Ouchi, M.; Hakushi, T.J. Chem. Soc., Perkin Trans.
2 1993, 1947-1950.

(13) More reasons why the potassium ion was used are (1) the cavity
size of dibenzo[24]-crown-8 is known to be appropriate for the cesium ion,
and the potassium ion has a similar radius as that of the cesium ion (RK+ )
1.33 Å, RCs+ ) 1.67 Å), and (2) the potassium hexafluorophosphate used
in the experiments has good solubility in acetonitrile.

FIGURE 4. Top view (a) and side view (b) of the crystal structure of
the complex1‚3. The C-H‚‚‚O hydrogen-bonding distances (Å) are
the following: a ) 2.48;b ) 2.53;c ) 2.57;d ) 2.51;e ) 2.54; and
f ) 2.62. Two PF6- counterions, the solvent molecules, and hydrogen
atoms not involved in the noncovalent interactions are omitted for
clarity.

FIGURE 5. Partial1H NMR spectra (300 MHz, CD3CN:CDCl3 1:1,
295 K) of (a) free host1, (b) free guest3, (c) 1 plus 1.0 equiv of3, (d)
the mixture obtained after adding KPF6 (4 equiv) to the solution in
part c, and (e) the mixture obtained after adding 18-crown-6 (6 equiv)
to the solution in part d. [1]0 ) 2 mM.
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hexafluorophosphate salts were obtained by ion exchange with
saturated aqueous NH4PF6.

Complexation Studies by Proton NMR. Since host1 could
not dissolve in acetonitrile and guests2 and3 could not dissolve
in chloroform, a 1:1 chloroform/acetonitrile solution was chosen
as the NMR solvent to dissolve the host and guests. In the NMR
measurements, the deuteriated acetonitrile (CD3CN) was used as
the lock, while the TMS was employed as the internal standard.
Chemical shifts were reported in parts per million (ppm).1H NMR
characterization was done on solutions with a constant [1]0 and
varied [2]0 or [3]0. All solutions were prepared as follows. Precisely
weighted amounts of dried host and guests were added into separate
screw cap vials. The NMR solvents were added with to-deliver
volumetric pipets. Then specific volumes of each fresh solution
were mixed to yield the desired concentration.∆ is the observed
chemical shift change relative to uncomplexed species,∆0 is the
difference between the uncomplexed and fully complexed species,
and is determined by extrapolation of a plot of∆ vs 1/[guest]0 in
the high initial concentration range of guest. The complex fraction
p value was calculated fromp ) ∆/∆0, and [guest] values were
calculated from [guest]0 - p[1]0. A plot of p/[guest] vsp was used
to determine the association constantKa, which was obtained from
the average value of the slope and the intercept.6c

Single-Crystal Analyses.Single crystals of the complexes1‚2
and1‚3 suitable for X-ray analysis were obtained by slow diffusion
of ether into an equimolar mixture of the two relevant components

in a 1:1 CHCl3/CH3CN solution. Crystallographic data for1‚2‚
5.25CH3CN‚H2O: C90.50H105.75F12N7.25O17P2, FW 1857.01, mono-
clinic, space groupP21/c, a ) 20.2750(10) Å,b ) 19.9664(8) Å,
c ) 24.5497(10) Å,â ) 114.0130(10)°, V ) 9077.4(7) Å3, Z ) 4,
d ) 1.359 g cm-3, T ) 113(2) K,µ ) 0.143 mm-1. R1 ) 0.0880,
wR2 ) 0.2006 (all data);R1 ) 0.0681,wR2 ) 0.1824 [I > 2σ(I)].
Crystallographic data for1‚3‚6CH3CN: C94H106F12N8O16P2, FW
1893.81, monoclinic, space groupP21/c, a ) 17.996(3) Å,b )
18.364(3) Å,c ) 28.784(3) Å,â ) 91.452(7)°, V ) 9509(2) Å3,
Z ) 4, d ) 1.323 g cm-3, T ) 113(2) K,µ ) 0.137 mm-1. R1 )
0.1534,wR2 ) 0.3444 (all data);R1 ) 0.1259,wR2 ) 0.3263 [I >
2σ(I)].
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