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A Bis(m-phenylene)-32-crown-10/Paraquat [2]Rotaxane
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The successful preparation of the first bis(m-phenylene)-32-
crown-10/paraquat [2]rotaxane showed unambiguously that
psuedorotaxane-type complexation, rather than the taco-
complex-type complexation previously observed in the solid
state and in solution, exists — in solution — for complexation

between bis(m-phenylene)-32-crown-10 derivatives and

paraquat derivatives.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Mechanically interlocked threaded structures, such as
rotaxanes and catenanes, have attracted much attention not
only because of their topological importance but also as a
result of their application in the preparation of artificial
molecular machines.['l Paraquat derivatives (N,N’-dialkyl-
4,4’ -bipyridinium salts) have been widely used as guests in
the preparation of these mechanically interlocked struc-
tures, not only because they are easy to prepare and have
interesting oxidation/reduction properties, but also because
they can form pseudorotaxane-type complexes in solution
with bis(p-phenylene) and bis(o-phenylene) crown ethers
such as bis(p-phenylene)-34-crown-10 (BPP34C10) and di-
benzo-24-crown-8 (DB24C8).> 4 For the construction of
more complicated mechanically interlocked threaded struc-
tures based on paraquat derivatives, it becomes worthwhile
to functionalize bis(p-phenylene) and bis(o-phenylene)
crown ethers. However, the use of mono- and difunction-
alized bis(p-phenylene) and bis(o-phenylene) crown ether
hosts leads inevitably to complications as a result of the
formation of stereoisomeric complexes when two or more
hosts participate.’] One strategy by which to solve this sym-
metry-based problem would be the introduction of bis(-
phenylene) crown ethers, such as bis(m-phenylene)-32-
crown-10 (BMP32C10, 1a).5¢¢8] Because of their symmet-
ric natures, (5-)-mono- and (5,5'-)-difunctional derivatives
of bis(m-phenylene) crown ethers can be easily prepared as
pure compounds without tedious isomer separation and
have simpler NMR spectra than their substituted bis(o-

phenylene) analogues.[:6-8]
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Therefore, this symmetry-based problem can be solved if
we use (5-)-mono- and (5,5'-)-difunctional BMP32C10 de-
rivatives instead of functionalized BPP34C10 and DB24C8
derivatives to prepare mechanically interlocked structures
with paraquat derivatives. Before we can do this, we have
to show that pseudorotaxane-type complexation (Fig-
ure la) exists in solution between BMP32C10 and paraquat
derivatives. However, it had previously been observed that
BMP32C10 derivatives such as 1a and 1b formed taco com-
plexes with paraquat derivatives such as 2 and 3 in the solid
state (Figure 2).188-8¢8¢81 Taco-complex-type complexation
(Figure 1b) should also exist between BMP32C10 deriva-
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Figure 1. (a) Psuedorotaxane-type complexation and (b) taco-com-
plex-type complexation between BMP32C10 and paraquat deriva-
tives.
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tives and paraquat derivatives in solution because
BMP32C10-based supramolecular cryptand structures can
form in solution.[8-8¢]

55

Figure 2. X-ray taco complex structures of 1b-2[%3] and 1a-3.[5]

To establish whether we might be able to use paraquat
derivatives to prepare mechanically interlocked threaded
structures with BMP32C10 derivatives, and because the
manner in which a guest is incorporated into a host (or
how a host is threaded onto a guest) is very important in
supramolecular chemistry,””? we wanted to study whether
pseudorotaxane-type complexation between BMP32C10
and paraquat derivatives exists in solution.

One direct method by which to establish whether pseudo-
rotaxane-type complexation between BMP32C10 and para-
quat derivatives exists in solution would be to confirm
whether a rotaxane can be synthesized from a paraquat de-
rivative with BMP32C10 as the macrocycle. Here we report
the successful preparation of the first rotaxane based on the

BMP32Cl10/paraquat recognition motif, which unambigu-
ously demonstrates that pseudorotaxane-type complex-
ation, rather than the previously reported taco-complex-
type complexation, also exists in solution between
BMP32C10 derivatives and paraquat derivatives.

Results and Discussion

The synthesis of the BMP32C10-based rotaxane by the
threading-followed-by-stoppering strategy!*>%10121 was at-
tempted. After equimolar quantities of BMP32C10 and
paraquat dibromide derivative 4*!1 had been mixed in
MeNO,, tris(4-methoxyphenyl)phosphane was added
(Scheme 1). After counterion exchange, the [2]rotaxane 7
with tris(4-methoxyphenyl)phosphane stoppers was isolated
in 6% yield, which unambiguously showed that pseudorot-
axane-type complexation between BMP32C10 and para-
quat derivatives does exist in solution. The low yield was
due to only a small proportion of the BMP32C10 and 4
molecules forming pseudorotaxanes in solution.

When triphenylphosphane was used instead of tris(4-
methoxyphenyl)phosphane, no rotaxane was obtained. This
demonstrated that the tris(4-methoxyphenyl)phosphane
groups are large enough to act as stoppers to form rotax-
anes from BMP32C10 whereas the triphenylphosphane
groups are not large enough, which could be further con-
firmed by comparing the cavity size of BMP32C10 with
the diameters of triphenylphosphane and tris(4-meth-
oxyphenyl)phosphane salts. X-ray analysis by Stoddart and
co-workers showed BMP32C10 to have a 7.8 X 4.9 A2 cavity
in the solid state.’* In solution, the BMP32C10 cavity may
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Scheme 1. Syntheses of BMP32C10/paraquat [2]rotaxane 7 and dumb!

1054 WWW.eurjoc.org © 2009 Wiley-VCH Verlag Gm

bell-shaped compounds 5'?l and 6.1'?!

bH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 1053-1057



A Bis(m-phenylene)-32-crown-10/Paraquat [2]Rotaxane

Eur

expand to larger sizes. The previously reported X-ray struc-
ture showed that the triphenylphosphane group has a dia-
meter of only about 7.8 A, equal to the size of the macro-
cyclic ring of BMP32C10."! The triphenylphosphane
groups are therefore obviously not large enough to act as
stoppers to form rotaxanes from BMP32C10. The X-ray
structures of similar tris(4-methoxyphenyl)phosphane salts,
however, showed them to have diameters of about
10.5 A3 larger than the size of BMP32C10, so tris(4-
methoxyphenyl)phosphane groups are large enough to act
as stoppers for the formation of rotaxanes from
BMP32C10.

Partial proton NMR spectra of BMP32C10 1a, rotaxane
7 and dumbbell-shaped component 6!'?! in CD;SOCD; are
shown in Figure 3. After the formation of rotaxane 7, the
signals of the aromatic protons of BMP32C10 (H;, H, and
H;) were dramatically shifted upfield. Significant upfield
shifts were also observed for the signals of pyridinium pro-
tons H, and Hy, on 6, whereas the phenyl protons Hy and
H. were shifted slightly downfield.

(a) JH3 A
(®) 5 J ’ gy A,
/ s H \ ' H
(C) tHo 1 Ha JQMBLJ He | He i Hr
95 90 85 80 75 70 65 60 55 50

Figure 3. Partial proton NMR spectra (400 MHz, CD;SOCD;,
22 °C) of (a) BMP32C10, (b) rotaxane 7, and (c) dumbbell-shaped
compound 6.

The formation of the mechanically interlocked [2]rotax-
ane 7 was further confirmed by its low- and high-resolution
ESIMS. Three relevant peaks were observed in its low-reso-
lution ESIMS: the peak at m/z (%) = 2037.0 (15) corre-
sponds to [7 — HPF¢ — H]*, the peak at m/z (%) = 1908.3
(18) corresponds to [7 — 2 HPF, — H + H,O]*, and the peak
at m/z (%) = 1657.6 (100) corresponds to [7 — 3 HPF¢ —
PhOCH; + H,O]". One relevant peak was found in its
high-resolution ESIMS: calcd. for CosH;osFsN,O¢P3 [7 —
3 PF¢]** 583.2220; found 583.2191 (error —5.0 ppm).

The existence of psuedorotaxane-type complexation be-
tween BMP32C10 derivatives and paraquat derivatives in
solution was also confirmed by the difference in the associa-
tion constants (K,) of BMP32C10-5 and BMP32C10-6. The
stoichiometries of the complexation between BMP32C10
and the two paraquat derivatives 5" and 6 were both de-
termined to be 1:1 in acetone by Job plots!'¥ (Figure 4)
based on UV/Vis absorption spectroscopy data at 403 nm.
Initial UV/Vis absorption studies were carried out with
solutions with constant concentrations of 5 or 6 (0.136 mm)
and varying concentrations of BMP32C10 (up to 38.0 mm).
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From these absorption data (Figure 5), the association con-
stants (K,) of BMP32C10-5 and BMP32C10-6 in acetone
were then calculated by use of a modified Benesi-Hilde-
brand equation!’ to be 313 (x7)M ! and 220 (x10) m !,
respectively. Because the structures of compounds 5 and 6
are very similar, their complexation abilities with
BMP32C10 should be almost the same. The decrease in the
association constants on going from K, gmpiacios to
K., smp3acio-6 should be due to the fact that BMP32C10 and
5 molecules can form taco complexes and pseudorotaxanes
at the same time in solution, whereas BMP32C10 and 6
molecules can form only taco complexes in solution, be-
cause the tris(4-methoxyphenyl)phosphane groups at the
two ends of paraquat derivative 6 cannot be threaded over
by BMP32C10, whereas the triphenylphosphane groups at
the two ends of paraquat derivative 5 can.
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Figure 4. Job plots showing the 1:1 stoichiometries of the complex-
ation between BMP32C10 and paraquat derivative guest 5 (a) and
between BMP32C10 and paraquat derivative guest 6 (b) in acetone
by plotting of the absorbance intensity at 2 = 403 nm (the host—
guest charge-transfer band) against the mol fraction of 5 or 6.
[BMP32C10]y, [5]p and [6], are initial concentrations of
BMP32C10, 5 and 6, respectively. [BMP32C10], + [5], =
[BMP32C10], + [6]p = 5.0 X 104 M

Further confirmation of the existence of psuedorotax-
ane-type complexation in solution was provided by proton
NMR characterization. The chemical shifts of the signals
of the pyridinium protons H, and Hy, are almost the same
for the two paraquat derivatives 5 and 6 (Figure 6a and d)
before their complexation with BMP32C10. However, the
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Figure 5. Plots of the modified Benesi-Hildebrand equation Io/( —
1y) = {al(b — a)} {(1/K,)[BMP32C10],"" + 1} for the complexation
between BMP32C10 and the two paraquat derivative guests 5 (a)
and 6 (b) in acetone, based on the UV/Vis absorption titration data
at 2 = 403 nm. Here a and b are constants whereas I and [ are the
UV/Vis absorbance intensities at A = 403 nm with concentrations
of [BMP32C10], and 0, respectively.

signals corresponding to H, and H;, moved upfield more
when 5 was mixed with BMP32C10 than when 6 was mixed
with  BMP32C10. This should also be due to the
BMP32C10 and 5 molecules being able to form taco com-
plexes and pseudorotaxanes at the same time in solution,
whereas BMP32C10 and 6 can form only taco complexes in
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) - 5
(c) M

@ L

(O I S
m  im o

Figure 6. Partial proton NMR spectra (400 MHz, CD;CN, 22 °C)
of (a) 5, (b) a mixture of BMP32C10 (2.00 mm) and 5 (2.00 mm),
(¢) a mixture of BMP32C10 (2.00 mm) and 6 (2.00 mm), (d) 6, (e)
a mixture of 6 (2.00 mm) and rotaxane 7 (2.00 mm), and (f) rotax-
ane 7.
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solution. The '"H NMR spectrum of a mixture of dumbbell-
shaped compound 6 and [2]rotaxane 7 (Figure 6¢) shows
two sets of signals from each species because each compo-
nent cannot exchange, which gives further strong evidence
for the formation of the [2]rotaxane structure.

Conclusions

We have synthesized the first rotaxane based on the
BMP32C10/paraquat recognition motif and have demon-
strated that pseudorotaxane-type complexation also exists
in solution between BMP32C10 derivatives and paraquat
derivatives, in addition to the previously reported taco-com-
plex-type complexation. Further intended work will include
the application of paraquat derivatives in the preparation
of more complicated mechanically interlocked threaded
structures with symmetric (5-)-mono- and (5,5'-)-difunc-
tional BMP32C10 derivatives.

Experimental Section

General: All reagents were purchased from commercial suppliers
and were used as received. Paraquat derivative dibromide 4,['!]
BMP32C10 (1a)"! and dumbbell-shaped component 6!'? were pre-
pared according to published literature procedures. NMR spectra
were recorded with a Bruker Avance DMX 500 spectrophotometer
or a Bruker Avance DMX 400 spectrophotometer with use of the
deuterated solvent as the lock and the residual solvent or TMS as
the internal reference. Low-resolution electrospray ionization mass
spectra were recorded with a Bruker Esquire 3000 Plus spectrome-
ter. High-resolution mass spectrometry experiments were per-
formed with a Bruker Daltonics Apex III spectrometer.

Synthesis of [2]Rotaxane 7: Tris(4-methoxyphenyl)phosphane
(52.8 mg, 0.150 mmol) was added to a solution of BMP32C10
(26.8 mg, 0.0500 mmol) and paraquat derivative 4 (40.7 mg,
0.0500 mmol) in MeNO, (5 mL). The reaction mixture was stirred
at room temperature overnight. Et,O was then added, and the re-
sulting precipitate was filtered and washed with Et,O. The air-dried
precipitate was dissolved in H,O, and a saturated aqueous solution
of NH4PF, was added until no further precipitation was observed.
The resulting solid was filtered, washed with H,O and dried. The
crude compound was purified by preparative thin layer chromatog-
raphy [SiO,, MeOH/NH,CI (2 m)/MeNO,, 17:2:1] to give [2]rotax-
ane 7 (6.0 mg, 6.0%) as a yellow solid. M.p. 220-222 °C (dec.). 'H
NMR (500 MHz, CD;CN, 22 °C): ¢ = 8.88 (d, J = 6.5 Hz, 4 H),
7.92 (d, J = 6.5Hz, 4 H), 7.45-7.39 (m, 16 H), 7.14-7.08 (m, 16
H), 6.72 (t, J = 8.0 Hz, 2 H), 5.90 (dd, J, = 8.0, J, = 2.0 Hz, 4 H),
5.76 (s, 4 H), 5.19 (s, 2 H), 4.50 (d, J = 14.5 Hz, 4 H), 3.86 (s, 18 H),
3.65-3.60 (m, 16 H), and 3.54-3.47 (m, 16 H) ppm. Low-resolution
ESIMS: m/z (%) = 2037.0 (15) [7 — HPF — H]*, 1908.3 (18) [7 -3
HPF¢, - PhOCH; + H,0]*, 1657.6 (100) [7 — 2 HPF, — H +
H,0]*. High-resolution ESIMS: calcd. for CogH o6FsN,O6P3 [7 —
3PF]** 583.2220; found 583.2191 (error —5.0 ppm).

Supporting Information (see footnote on the first page of this arti-
cle): "TH NMR spectrum and low-resolution electrospray ionization
mass spectrum of rotaxane 7, and determination of association
constants of BMP32C10-5 and BMP32C10-6.
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