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Use of Anions To Allow Translational Isomerism of a [2]Rotaxane
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Introduction

Although supramolecular systems that recognize cations and
anions were discovered at about the same time,[1] progress
in anion binding occurred sporadically up to late 1980s pos-
sibly because of the larger sizes, diverse shapes, and higher
solvation energies of anions relative to those of cations.[2]

Studies into anion recognition systems have, however,
become popular since then, with many systems exhibiting
features comparable to those of cation-based supramolec-
ular species.[3] Although cations have been utilized for quite
some time to mediate the translational isomerization of in-
terlocked molecules—that is, to switch machine-like systems
between different states[4]—reports of the application of
anions to such tasks are rare. The addition of cations to ma-
chine-like molecules inevitably involves the simultaneous
addition of anions; if such anions also induce specific molec-

ular motion within functional interlocked molecules, then
the addition of a single salt could, in theory, be used to oper-
ate two separate events within a multifunctional molecular
machine. To the best of our knowledge, the only reversible
anion-controlled in situ translational isomerism was one re-
ported by the Leigh group for a [2]rotaxane that operated
through hydrogen bonding between the macrocyclic unit
and a phenoxide motif on the thread-like component.[5] Sur-
prisingly, counteranion-induced in situ reversible translation-
al isomerism of bistable [2]rotaxanes has not been described
previously.[6] In this paper, we report a molecular [2]ro-
taxane comprising a molecular cage and a dumbbell-shaped
component; the latter incorporating two pyridinium and two
dialkylammonium centers, in which translational isomerism
can be performed reversibly through an in situ anion ex-
change process, that is, sequential addition of Bu4NCl/
AgPF6 reagent pairs.

Result and Discussion

Previously, we demonstrated that the rod-shaped salt 2·2 PF6

can penetrate through the two 24-membered rings of molec-
ular cage 1 to form a complex stabilized through multiple
[C-H···O] hydrogen bonds between the a-protons of the pyr-
idinium centers of 22+ and the oxygen atoms of the ethylene
glycol chains of 1 (Scheme 1).[7] In order to prepare the cor-
responding [2]rotaxanes from such a system we used the
threading-followed-by-stoppering approach.[8] We synthe-
sized a functionalized derivative, 3·2 PF6, by reacting 1,2-
bis(4-pyridyl)ethane with 1,5-dibromopentane and expected
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that 32+ would also form [2]pseudorotaxane-like complexes
with molecular cage 1 in solution.

Indeed, when we added 2.4 equiv of 4-(3,5-di-tert-butyl-
phenyl)pyridine (4) to an equimolar mixture of molecular
cage 1 and salt 3·2 PF6 in CH3CN, we obtained the [2]ro-
taxane 5·4 PF6 in 36 % yield after ion exchange and column
chromatography (Scheme 2). When we repeated this reac-
tion using 4-tert-butylbenzylamine (6) as the nucleophile in
a solvent mixture of CH3CN and CH2Cl2 3:1, we obtained
the [2]rotaxane 7-2 H·4 PF6 in 18 % yield.

Because the association and dissociation processes of
3·2 PF6 and macrocycle 1 are slow on the 1H NMR spectro-
scopic timescale, we would expect to observe another set of
signals representing a second translational isomer, if macro-
cycle 1 were to reside anywhere other than on the central
bipyridinium moiety of the dumbbell-shaped component. As
we did not observe additional signals, it appears that the

macrocyclic unit in 5·4 PF6 re-
sides predominately about this
central unit in CD3CN at room
temperature (Figure 1).

Single crystals suitable for
X-ray crystallography were ob-
tained by liquid diffusion of
isopropyl ether into a CH3CN
solution of 5·4 PF6. The solid-
state structure[9] (Figure 2) re-
veals the expected [2]rotaxane
molecular geometry: the rod-
like component is encircled by
the two 24-membered-ring
openings of molecular cage 1,
which resides about the central
bipyridinium moiety of the
dumbbell-shaped component.

The 1H NMR spectrum of [2]rotaxane 7-2H·4 PF6 in
CD3NO2 (Figure 1d) is relatively complex: it displays signals
corresponding to a 1:4 mixture of the translational isomers
[7a-2 H]4+ and [7b-2H]4+ (Scheme 3). The ratio of these
two translational isomers was solvent-dependent: In a polar
solvent which would favor p-stacking over hydrogen-bond-
ing interactions, such as CD3CN, we observed exclusively
the symmetrical translational isomer [7a-2H]4+ (Figure 1c);
because CD3NO2 is less disruptive of hydrogen bonds (rela-
tive to CD3CN), its use as the solvent provided predomi-
nately the unsymmetrical translational isomer [7b-2H]4+ .[10]

The addition of 2 equiv of triethylamine to [2]rotaxane 7-
2 H·4 PF6 in CD3NO2 provided a 1H NMR spectrum (Fig-
ure 3b) similar to that of the [2]rotaxane 5·4 PF6 in the same
solvent (see the Supporting Information); this observation
implies that the macrocyclic unit migrated to the central bi-
pyridinium center in the [2]rotaxane 7·2 PF6 because of the

Scheme 1. Complexation of molecular cage 1 with the rod-like salts 2·2 PF6 and 3·2 PF6.

Scheme 2. Syntheses of molecular cage-based [2]rotaxanes.
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weaker [N-H···O] hydrogen bonding that occurs after depro-
tonation of the terminal dialkylammonium units. Subsequent
addition of 2 equiv of TFA to this solution resulted in a
1H NMR spectrum (Figure 3c) similar to that of the original
spectrum of [2]rotaxane [7-2H]4+ (Figure 3a), but with the
ratio of the two translational isomers deviating from 1:4,
even after an excess of TFA had been added (Figure 3d).

We suspected that the change in the ratio of the two
translational isomers in CD3NO2 after performing the acid/
base switching process was the result of the TFA anions, be-
cause the binding affinity of a crown ether to a dialkylam-
monium trifluoroacetate is weaker than that to the corre-

sponding PF6 salt.[11] Thus, we
expected that if we were to in-
troduce a counterion that
binds tightly to dialkylammoni-
um ions into the CD3NO2 solu-
tion of rotaxane 7-2 H·4 PF6,
the crown ethers motifs of the
molecular cage component
would complex more poorly to
the terminal NH2

+ units and,
therefore, the translational
isomer [7a-2 H]4+ would re-
place [7b-2H]4+ as the pre-
dominant species in solution.
Thus, after we had added
4 equiv of Bu4NCl to the
CD3NO2 solution of 7-
2 H·4 PF6, the originally com-
plex 1H NMR spectrum, in
which the ratio of translational
isomers [7a-2H]4+ and [7b-
2 H]4+ was 1:4, simplified to a
spectrum (Figure 4c) similar to
the spectra of both the transla-
tional isomer [7a-2 H]4+ and
the salt 5·2 PF6; this suggested
that molecular cage 1 now re-
sides about the central bipyri-
dinium unit. Subsequent addi-
tion of 4 equiv of AgPF6—in
order to remove the chloride
anions from the solution—re-
sulted in a spectrum (Fig-
ure 4e) similar to that of the
original 1:4 mixture of [7a-
2 H]4+ and [7b-2 H]4+ ; that is,
the asymmetrical species [7b-
2 H]4+ was regenerated as the
predominant translational
isomer in solution.[12] Thus, the
translational isomerization of
7-2 H·4 PF6 in CD3NO2 can be
operated in situ through ex-
change of this [2]rotaxaneLs
counteranions. Indeed, this

unique molecular switch can be controlled three ways:
through changing the solvent polarity,[13] adding acidic/basic
reagents,[8c,14] and switching the counteranions.

Conclusion

We have demonstrated that the strong binding affinity be-
tween the molecular cage 1 and the bipyridinium units of
3·2 PF6 allows the synthesis of the [2]rotaxane 7-2 H·4 PF6

through a threading-followed-by-stoppering approach using
4-tert-butylbenzylamine as the nucleophile. The rotaxane

Figure 1. Partial 1H NMR spectra (400 MHz, 298 K) of a) equimolar mixture of 1 and 3·2PF6 (3 mm, CD3CN/
CDCl3 9:1; b) [2]rotaxane 5·4 PF6 (CD3CN); c) [2]rotaxane 7-2H·4 PF6 (CD3CN); d) [2]rotaxane 7-2H·4 PF6

(CD3NO2).

Figure 2. Ball-and-stick representation of the solid-state structure of rotaxane 54+ .
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exists as a 1:4 ratio of the translational isomers [7a-2 H]4+

and [7b-2 H]4+ in CD3NO2. This [2]rotaxane functions as a
triply operable molecular switch, which can be controlled
through altering the polarity of the solvent, adding acidic
and basic reagents (TFA/Et3N), and the varying the nature
of the counteranions (Cl� vs PF6

�). To the best of our
knowledge, this system represents the first example of
count ACHTUNGTRENNUNGeranion-mediated switching of translational isomerism
in situ; we believe that this result may be important in the
design of multiple-input logic gates and molecular machines
that exhibit efficient stepwise functions when operated
through the addition of salts, that is, without modifying the
covalent structure of the functional system.

Experimental Section

General : All glassware, stirrer bars, syringes, and needles were either
oven- or flame-dried prior to use. All reagents, unless otherwise indicat-
ed, were obtained from commercial sources. Anhydrous CH2Cl2 and
CH3CN were obtained by distillation from CaH2 under N2. Reactions
were conducted under N2 or Ar. Thin-layer chromatography (TLC) was
performed on Merck 0.25 mm silica gel (Merck No. 5715). Column chro-

Scheme 3. Translational isomerization of rotaxane 7-2H·4PF6.

Figure 3. Partial 1H NMR spectra (400 MHz, CD3NO2, 298 K) of a) ro-
taxane 7-2H·4 PF6; b) reaction mixture obtained after adding Et3N
(2 equiv) to the solution in a); c) reaction mixture obtained after adding
TFA (2 equiv) to the solution in b); d) reaction mixture obtained after
adding TFA (1 equiv) to the solution in c).

Figure 4. Partial 1H NMR spectra (400 MHz, CD3NO2, 298 K) of a) ro-
taxane 7-2H·4 PF6; b) reaction mixture obtained after adding Bu4NCl
(2 equiv) to the solution in a); c) reaction mixture obtained after adding
Bu4NCl (2 equiv) to the solution in b); d) reaction mixture obtained after
adding AgPF6 (2 equiv) to the solution in c); e) reaction mixture ob-
tained after adding AgPF6 (2 equiv) to the solution in d).
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matography was undertaken over Kieselgel 60 (Merck, 70–230 mesh).
Melting points are determined by Fargo MP-2D melting point apparatus.
In NMR spectra, the deuterated solvent was used as the lock, while
either the solventLs residual protons or TMS was employed as the inter-
nal standard. Chemical shifts are reported in parts per million (ppm).
Mutiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet),
m (mutiplet), and br (broad).

X-ray crystallographic analysis : CCDC-615 116 (5·4 PF6) contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Compound 3·2PF6 : A solution of 4,4’-ethylenedipyridine (300 mg,
1.63 mmol) and 1,5-dibromopentane (2 mL, 14.6 mmol) in DMF (9 mL)
was stirred at ambient temperature for 16 h before being poured into
ethyl acetate (15 mL). The precipitate was filtered off and dissolved in
CH3CN (10 mL). Saturated aqueous NH4PF6 (10 mL) was added and the
organic solvent was evaporated under reduced pressure. The precipitate
was collected and washed with H2O (20 mL) to give 3·2 PF6 as a pale-
yellow solid (1.2 g, 95 %). M.p. 122–123 8C; 1H NMR (400 MHz, CD3CN):
d=1.47 (quint, J=8 Hz, 4H), 1.83–2.02 (m, 8 H), 3.27 (s, 4H), 3.48 (t, J=
7 Hz, 4 H), 4.46 (t, J=7 Hz, 4H), 7.85 (d, J=7 Hz, 4H), 8.54 ppm (d, J=
7 Hz, 4H); 13C NMR (100 MHz, CD3CN): d=25.0, 30.7, 32.4, 34.5, 35.0,
61.4, 128.3, 143.9, 160.3 ppm; HR-MS (ESI): m/z : calcd for
C22H32Br2F6N2P

+ : 627.0574; found: 627.0562 [3·PF6]
+ .

Compound 4 : 4-Pyridineboronic acid (1.28 g, 10.5 mmol), MeOH
(40 mL), and Na2CO3 (2m in H2O, 40 mL) were added to a toluene
(56 mL) solution of 1-bromo-3,5-di-tert-butylbenzene (2 g, 7.43 mmol),
tetrakis(triphenylphosphine)palladium(0) (427 mg, 0.37 mmol), and tri-
tert-butylphosphine (25 mm in toluene; 7.4 mL, 0.19 mmol) at room tem-
perature. The solution was stirred at 90 8C for 16 h before being parti-
tioned between CH2Cl2 (500 mL) and H2O (500 mL). The organic layer
was washed with H2O (200 mL), dried (MgSO4), and concentrated to
give a crude product that was purified (silica gel; MeOH/CH2Cl2 1:99) to
afford 4 as a pale-yellow solid (1.7 g, 86%). M.p. 120–121 8C; 1H NMR
(400 MHz, CDCl3): d=1.37 (s, 18H), 7.43 (s, 2 H), 7.46–7.52 (m, 3H),
8.63 ppm (d, J=5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=31.8, 35.3,
121.0, 121.7, 122.8, 137.2, 149.0, 149.5, 151.1 ppm; HR-MS (ESI): m/z :
calcd for C19H26N: 268.2065; found: 268.2095 [4+H]+ .

Compound 5·4PF6 : Substituted pyridine 4 (33 mg, 0.12 mmol) was added
at ambient temperature to a CH3CN (2 mL) solution of dibromide
3·2PF6 (37 mg, 0.05 mmol) and 1 (50 mg, 0.05 mmol). The mixture was
then stirred at 80 8C for 5 d. The solution was cooled to room tempera-
ture and then CH3CN (10 mL) and saturated aqueous NH4PF6 (10 mL)
were added. The organic solvent was evaporated under reduced pressure
and the precipitate was collected, washed with H2O (20 mL), and purified
(silica gel; MeOH/CH2Cl2 5:95) to afford [2]rotaxane 5·4 PF6 as a white
solid (42 mg, 36%). M.p. >280 8C (decomp); 1H NMR (400 MHz,
CD3CN): d=0.41 (s, 4H), 1.09 (s, 8H), 1.41 (s, 36H), 1.51–1.61 (br, 4H),
1.69 (s, 12H), 2.10–2.22 (m, 4 H), 2.31–2.41 (br, 4H), 3.65–4.10 (m, 48H),
4.60 (t, J=7 Hz, 4 H), 4.67–4.72 (m, 4H), 6.43–6.50 (m, 12H), 7.74 (s,
4H), 7.78 (s, 2H), 8.36 (d, J=7 Hz, 4 H), 8.72 (d, J=7 Hz, 4 H), 9.00 ppm
(d, J=7 Hz, 4H); 13C NMR (100 MHz, CD3CN): d=18.4, 24.4, 28.6, 31.3,
31.9, 35.7, 36.5, 37.5, 41.7, 59.9, 61.7, 68.5, 70.4, 70.9, 105.2, 122.6, 122.7,
125.5, 127.0, 133.6, 138.0, 144.1, 144.4, 146.1, 152.7, 157.0, 157.2 ppm; HR-
MS (ESI): m/z : calcd for C120H158F12N4O16P2

2+ : 1100.5479; found:
1100.5556 [5·2 PF6]

2+ .

Compound 7-2H·4PF6 : 4-tert-Butylbenzylamine (18 mL, 0.10 mmol) in
CH3CN/CH2Cl2 3:1 (2 mL) was added dibromide 3·2PF6 (37 mg,
0.05 mmol) and 1 (50 mg, 0.05 mmol). The mixture was stirred at ambient
temperature for 7 d. The mixture was poured into a mixture of HCl (1n,
0.5 mL) and CH3CN (10 mL), saturated aqueous NH4PF6 (10 mL) was
added, and then the organic solvent was evaporated under reduced pres-
sure. The precipitate was collected, washed with H2O (20 mL), and then
purified (silica gel; MeOH/CH2Cl2 5:95) to afford rotaxane 7-2H·4PF6 as
a white solid (20 mg, 18 %). M.p. >262 8C (decomp); 1H NMR
(400 MHz, CD3COCD3): d=0.67 (s, 4H), 1.11 (s, 8 H), 1.29 (s, 18H), 1.73
(s, 12 H), 1.75–1.85 (m, 4H), 2.18–2.24 (m, 4H), 2.51–2.58 (m, 4 H), 3.57
(t, J=7 Hz, 4H), 3.73–4.22 (m, 48H), 4.56 (s, 4H), 4.83 (t, J=7 Hz, 4H),

6.57 (s, 8H), 6.76 (d, J=7 Hz, 4H), 7.48–7.55 (m, 8H), 9.15 ppm (d, J=
7 Hz, 4H); 13C NMR (100 MHz, CD3CN): d=18.5, 25.0, 26.9, 28.8, 31.5,
35.5, 36.8, 37.8, 42.1, 48.8, 52.2, 60.4, 69.2, 71.0, 71.5, 106.1, 123.7, 127.1,
129.0, 131.0, 139.1, 145.6, 147.3, 153.9, 158.2 ppm; HR-MS (ESI): m/z :
calcd for C104H142F12N4O16P2

2+ : 996.4852; found: 996.4873 [7-2 H·2PF6]
2+ .
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