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Abstract

Simple one-pot syntheses allow the preparation of [2]rotaxane-based degenerate molecular shuttles featuring the recognition of pyrid-
inium ions by BPX26C6 macrocycles. Because of the weak interactions between the BPX26C6 and pyridinium units in the [2]rotaxanes in
CD3COCD3, the rates of shuttling of the BPX26C6 moieties between the pyridinium stations are rapid, relative to those of DB24C8-
based shuttles, on the NMR spectroscopic time scale at ambient temperature.
� 2008 Elsevier Ltd. All rights reserved.
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The synthesis of functional interlocked molecules is an
attractive endeavor because these machine-like molecules1

have applicability in mesoscale molecular electronic
devices.2 To understand the dynamic behavior of these
molecular machines in solution, degenerate molecular
shuttles,3 in which a macrocyclic unit oscillates between
identical recognition sites, are commonly used as probe
substrates because rate data can be obtained readily using
dynamic 1H NMR spectroscopy.4 In some instances, the
placing of two identical recognition sites in the thread-like
component involves a more lengthy synthetic process:5 for
example, if one of the recognition sites must be protected to
prevent the formation of a fully occupied rotaxane.6 Bipy-
ridinium ions have served as recognition sites in many host
molecules;7 we suspected, however, that if a macrocycle
were capable of recognizing monopyridinium ions,8 then
the reaction between a symmetrical bipyridine and two
alkyl halides would result in the formation of a [2]rotaxane
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featuring two identical recognition sites for shuttling of the
macrocycle. Previously, we reported that bis-p-xylyl[26]-
crown-6 (BPX26C6) is capable of forming complexes with
pyridinium ions.9 We took advantage of this property to
perform unique one-pot syntheses of molecular rotaxanes
from three neutral starting compounds (i.e., 4,40-bipyr-
idine, BPX26C6, and an aryl bromide). In this process,
the initial alkylation of one of the pyridyl moieties in situ
generated a cationic pyridinium recognition site, which
then threaded through the crown ether; subsequent alkyl-
ation of the second pyridyl unit interlocked the two compo-
nents (Scheme 1). Herein, we report that this one-pot
synthetic approach is also an efficient method for preparing
degenerate molecular shuttles, in which the BPX26C6 mac-
rocyclic units shuttle rapidly between two distinct pyridini-
um ion moieties on the thread components at room
temperature in CD3COCD3.

Previously, we reported the syntheses of [2]rotaxanes
5�2PF6 and 6�2PF6 through the one-pot reactions of
BPX26C6, 3,5-di-tert-butylbenzyl bromide 1, and bipyr-
idine derivatives 2 and 3, respectively, in CH3CN (Scheme
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Scheme 1. One-pot syntheses of three [2]rotaxanes.
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1).9 Because the recognition of BPX26C6 requires the pres-
ence of only one pyridinium ion, it seemed reasonable to us
to expect that the interlocked BPX26C6 macrocycle might
shuttle back and forth between the two pyridinium cationic
stations on the thread component—thus, making [2]rotax-
anes 5�2PF6 and 6�2PF6 possible degenerate molecular
shuttles (Fig. 1). Because of the weak interactions between
Fig. 1. Cartoon representation of transverse shuttling in a degenerate
molecular shuttle.
the BPX26C6 and pyridinium moieties and the short dis-
tance between the two stations, we found that the shuttling
of the macrocycle in CD3COCD3 was fast on the time scale
of 1H NMR spectroscopy at 400 MHz at temperatures as
low as 183 K; that is, we observed broadening of only
one set of signals of the dumbbell-shaped component in
the low-temperature 1H NMR spectrum of rotaxane
6�2PF6 and sharp signals for rotaxane 5�2PF6, suggesting
that the shuttling of the interlocked BPX26C6 units in
these rotaxanes occurred with low energy barriers.

We suspected that increasing the distance between the
two pyridinium stations might increase the amount of time
required for the interlocked BPX26C6 moiety to traverse
between the two pyridinium stations and, thus, slow the
shuttling process. To examine the shuttling of a BPX26C6
macrocycle along an elongated spacer unit containing two
p-phenylene rings between the two pyridinium centers, we
prepared [2]rotaxane 7�2PF6 in 18% yield, after ion
exchange (NH4PF6/H2O) and column chromatography,
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Fig. 2. Partial variable-temperature 1H NMR spectra (400 MHz,
CD3COCD3) of the molecular shuttle 7�2PF6 at (a) 233, (b) 200, (c) 199,
and (d) 183 K.
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from the reaction between BPX26C6, 3,5-di-tert-butylben-
zyl bromide, and bipyridine 4 in CH3CN.10 The partial 1H
NMR spectrum of 7�2PF6 in CD3COCD3 at ambient tem-
perature exhibited only one set of signals for the dumbbell,
suggesting that the interlocked BPX26C6 macrocycle shut-
tled rapidly between the two pyridinium centers on the 1H
NMR spectroscopic time scale under these conditions.
When we cooled the solution to 183 K, however, we
observed (Fig. 2) the two distinct halves of the dumbbell-
shaped component of 72+, as indicated by the presence of
two peaks at d 1.27 and 1.37 for the two sets of terminal
tert-butyl groups, suggesting that the migration of the
BPX26C6 moiety between the two pyridinium centers
was slow on the 1H NMR time scale. The two tert-butyl
signals coalesced (Fig. 2b) at 200 K with a limiting fre-
quency difference (Dm) of 40 Hz, corresponding to a rate
constant (kc) of 89 s�1 for the process of the macrocycle
shuttling between the pyridinium centers. From the Eyring
equation, we calculated a free energy of activation of
9.8 kcal mol�1 for the shuttling process at the coalescence
temperature (Tc = 200 K).11

To increase the synthetic flexibility of this one-pot syn-
thesis of molecular shuttles, we reversed the position of
the reacting units of the dumbbell-shaped component, that
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Fig. 4. Partial variable-temperature 1H NMR spectra (400 MHz,
CD3COCD3) of the molecular shuttle 10�2PF6 at (a) 243, (b) 203, (c)
198, and (d) 183 K.
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is, rather than reacting one central bipyridine unit with two
bulky aryl bromide stoppers, we investigated the reaction
of two bulky pyridine stoppers with one central aryl dibro-
mide. Because pyridinium recognition sites would be gener-
ated in situ using this approach, we expected the
corresponding semirotaxane and [2]rotaxane to be pro-
duced in this one-pot reaction. Gratifyingly, the reaction
of BPX26C6, 4-(3,5-di-tert-butylphenyl)pyridine (8), and
dibromo-p-xylene (9) in CH3CN provided the correspond-
ing [2]rotaxane 10�2PF6 in 19% yield after anion exchange
(NH4PF6/H2O) and column chromatography (Scheme
2).12

Following vapor diffusion of isopropyl ether into a
CH3CN solution of 10�2PF6, we obtained single crystals
that were suitable for X-ray crystallographic analysis.
The solid-state structure of 10�2PF6

13 (Fig. 3) reveals the
interlocked nature of the [2]rotaxane, with the BPX26C6
macrocyclic unit encircling only one of the pyridinium sta-
tions, suggesting that this [2]rotaxane would behave as a
degenerate molecular shuttle in solution. Similar to the
behavior of the molecular shuttle 7�2PF6, the partial 1H
NMR spectrum (Fig. 4) of 10�2PF6 in CD3COCD3 at
ambient temperature displays only one set of signals for
the dumbbell component, suggesting that the BPX26C6
moiety also shuttles rapidly between the two pyridinium
centers under these conditions. The signal of the two sets
of tert-butyl groups splits into two singlets (Fig. 4b) at
183 K; the limiting frequency difference (Dm) of 51.6 Hz
suggests a value of kc of 115 s�1 and a free energy of acti-
vation of 9.8 kcal mol�1 for the process of the macrocycle
shuttling between the pyridinium centers at the coalescence
temperature (Tc = 203 K). The similar dynamic data for
shuttling despite the shorter distance between the two
pyridinium N atoms in the molecular shuttle 10�2PF6, rel-
ative to those in 7�2PF6, suggest that the degree of flexibil-
ity of the p-xylene spacer plays a role in increasing the
energy barrier for the shuttling process.

We have demonstrated that simple one-pot syntheses
allow the preparation of [2]rotaxane-based degenerate
molecular shuttles featuring the recognition of pyridinium
ions by BPX26C6 macrocycles. Because of the weak inter-
actions between the BPX26C6 and pyridinium units in
[2]rotaxanes in CD3COCD3, the rates of shuttling of the
BPX26C6 moieties between the pyridinium stations are
Fig. 3. Ball-and-stick representation of the solid-state structure of
[2]rotaxane 102+.
rapid, relative to those of DB24C8-based shuttles,14 on
the NMR spectroscopic time scale at ambient temperature.
Increasing the distance between the two pyridinium N
atoms and modifying the flexibility of their spacer units
are the two feasible methods for increasing the energy bar-
rier for the shuttling process.
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þ moieties (even in a solvent that is unfavorable for
hydrogen bonding, CD3SOCD3) than those between the pyridinium
stations and BPX26C6 units (in CD3COCD3).


	Bis-p-xylyl[26]crown-6/pyridinium ion recognition: one-pot synthesis of molecular shuttles
	Acknowledgment
	References and notes


