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ABSTRACT

The macrocycle bis-p-xylyl[26]crown-6 (BPX26C6) is capable of complexing guanidinium ions in a [2]pseudorotaxane-like manner in solution. A
corresponding molecular switch can be operated through changes in solvent polarity or the addition and removal of halogen and acetate anions.

Arginine plays an important role in the reception pockets of
many enzymes, where its guanidinium residue acts as a
recognition unit for anionic substrates.1 Taking this cue from
Nature, several artificial anion receptors have been prepared

featuring guanidinium derivatives for the recognition of both
spherical halide and Y-shaped carboxylate anions.2 Although
electrons,3 photons,4 cations,5 and heat6 have all been used
as external stimuli to control the operation of molecular
switches, reports of anion-mediated interlocked switches are
rare.7 In theory, an anion-controllable molecular switch could
be constructed by interlocking the components of a [2]pseu-
dorotaxane complex featuring a guanidinium ion-derived
threadlike component because competition between external
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anions and the macrocyclic component for the guanidinium
ion recognition site would influence the location of the
macrocycle. We are unaware of any such [2]pseudorotaxane
complexes having been reported previously, possibly because
most guanidinium salts are soluble only in polar solvents,
which disfavors their hydrogen bonding with external hosts.
In this paper, we report (i) that the macrocycle bis-p-
xylyl[26]crown-68 (BPX26C6) forms [2]pseudorotaxane-like
complexes with guanidinium ions in solution and (ii) that a
corresponding molecular switch can be operated through
changes in solvent polarity or through the addition and
removal of halogen and acetate anions.

Previously, we reported that macrocycle 1 forms [2]pseu-
dorotaxane complexes with diphenylurea derivatives in
solution (Scheme 1).7e Because guanidinium ions and

diphenylurea molecules both feature Y-shaped hydrogen
bond donor units, we suspected that replacing the hydrogen
bond-donating diamidopyridine motif (used to recognize the
CdO group of the urea unit) of macrocycle 1 into another
hydrogen bond-receiving diethylene glycol unit would allow
us to construct a macrocycle capable of forming complexes
with guanidinium ions. Thus, we selected BPX26C6, which
forms complexes with pyridinium and bipyridinium ions
through [C-H···O] hydrogen bonding and complimentary
electrostatic aromatic stacking interactions, to test its ability
to form complexes with planar cationic guanidinium ions.

We synthesized the threadlike guanidinium salt 2-H·PF6

from the 4-bromobenzylamine 3 in five steps (Scheme 2).
The reaction of the amine 3 and benzoyl isothiocyanate 4

furnished the corresponding benzoyl thiourea 5, which we
deacylated to provide the thiourea 6. Boc protection of the
NH2 group of 6 followed by an EDCI-activated substitution
reaction with the amine 3 gave the dibromide 8.9 Removal
of the Boc protecting group of 8 under acidic conditions,
followed by anion exchange and column chromatography,
provided 2-H·PF6 as a white solid.

The 1H NMR spectrum of an equimolar mixture of
BPX26C6 and the threadlike guanidinium salt 2-H·PF6 in
CDCl3/CD3CN (10:1) at room temperature displays signifi-
cant shifts in the positions of many of the signals relative to
those for the free species (Figure 1). The upfield shifts for
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Figure 1. Partial 1H NMR spectra [400 MHz, CDCl3/CD3CN (10:
1), 298 K] of (a) BPX26C6, (b) an equimolar mixture of BPX26C6
and 2-H·PF6 (20 mM), and (c) 2-H·PF6.

Scheme 1

Scheme 2
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the signals of the xylyl and guanidinium protons of BPX26C6
and thread 2-H·PF6, respectively, are consistent with the
proposed geometry of the [2]pseudorotaxane [(BPX26C6⊃2-
H)·PF6], in which the cationic guanidinium ion is located
between the two xylyl groups of BPX26C6. Using 1H NMR
spectroscopic dilution experiments, we determined the as-
sociation constant (Ka) for the interaction between the two
species in CDCl3/CD3CN (10:1) to be 200 ( 20 M-1.10 We
observed negligible shifts for the signals in the 1H NMR
spectra of the same mixture in CD3CN, CD3NO2, and CDCl3/
CD3CN (1:1), relative to those of the free species, indicating
that the interactions between the host and guest are very weak
in moderately polar solvents.

To prove the existence of the [2]pseudorotaxane [(BPX-
26C6⊃2-H)·PF6] in solution, we prepared a corresponding
interlocked [2]rotaxane from a related complex formed
between the threadlike guanidinium salt 9-H·PF6 and
BPX26C6. We synthesized 9-H·PF6 from the amine 10
(Scheme 2) following a reaction pathway similar to that used
to synthesize 2-H·PF6. The reaction of 3,5-di-tert-butylbenzyl
bromide (16), BPX26C6, and the threadlike guanidinium salt
9-H·PF6 (each 150 mM) in CHCl3/CH3CN (10:1) at room
temperature gave the [2]rotaxane 17-H·2PF6 (Scheme 3) and
the dumbbell-shaped salt 18-H·2PF6 in 18 and 52% yield,
respectively, after ion exchange and column chromatogra-
phy.11 This result confirmed that BPX26C6 encircles thread-
like guanidinium ions in the form of [2]pseudorotaxanes in
CDCl3/CD3CN (10:1) solution.

We suspected that [N-H···O] hydrogen bonding between
the BPX26C6 unit and the guanidinium station of the
[2]rotaxane 17-H·2PF6 would be more energetically favorable
in CDCl3 than would be [N+C-H···O] hydrogen bonding and
any π-π interactions between the BPX26C6 unit and the
pyridinium station; i.e., BPX26C6 should encircle the
guanidinium station in nonpolar solvents. The observation
that only small shifts in the positions of the signals of the
pyridinium unit (HR and H�) and its adjacent CH2 group of
the [2]rotaxane 17-H·2PF6 in CDCl3 relative to those in the

1H NMR spectrum of the free dumbbell-shaped salt 18-
H·2PF6 under the same conditions and the lack of cross
signals between these protons and the aromatic protons of
the BPX26C6 unit in 2D NOSEY spectra supported that the
macrocyclic component is not residue on the pyridinium
station of the [2]rotaxane 17-H·2PF6 in CDCl3 (see the
Supporting Information). The addition of CD3CN to the
CDCl3 solution of the [2]rotaxane 17-H·2PF6 led to gradual,
yet significant, upfield shifts in the positions of the signals
of the pyridinium (and adjacent CH2) and xylyl protons in
the 1H NMR spectra (Figure 2). From a comparison with
the spectra of the dumbbell-shaped salt 18-H·2PF6 in these
solvents and from the cross signals observed between the
aromatic protons of the BPX26C6 unit and the pyridinium/
CH2 protons in the 2D NOSEY spectrum of 17-H·2PF6 in
CD3CN, we infer that the BPX26C6 unit prefers to encircle
the pyridinium station of this [2]rotaxane in relatively polar
solvents. Thus, the [2]rotaxane 17-H·2PF6 behaves as a
reversible molecular switch in which the BPX26C6 unit
resides selectively on the guanidinium station in nonpolar
solvents and on the pyridinium station in polar solvents.12

In addition to modifying the polarity of the solvent system,
we expected that we could also operate the molecular switch
by introducing, into a solution of the [2]rotaxane 17-H·2PF6

in a nonpolar solvent, an anion that binds tightly to
guanidinium ions, thereby forcing the BPX26C6 unit to
migrate to the pyridinium station (Scheme 4). Indeed, after
adding 3 equiv of tetra-n-butylammonium chloride (Bu4NCl)
to a CD3NO2 solution of the [2]rotaxane 17-H·2PF6, we
observed significant upfield shifts of the signals of the
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(one signal is missing, possibly because of signal overlapping). HR-
MS(ESI): m/z calcd for [18-H·PF6]+ C43H60N4PF6 777.4460, found 777.4459;
[18-H]2+ C43H60N4 316.2409, found 316.2408.
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Scheme 3. Synthesis of the Molecular Switch 17-H·2PF6
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pyridinium protons (HR and H�) and of the aromatic protons
(HAr) of the BPX26C6 unit, suggesting that the macrocyclic
component now resided on the pyridinium station. The
migration of the BPX26C6 unit from the guanidinium to the
pyridinium station upon the addition of the chloride anions
was supported by 2D NOSEY spectra, which revealed cross
peaks between the signals of the aromatic/ethylene glycol
protons of the BPX26C6 moiety and the pyridinium protons
after we had added Bu4NCl into the solution, but not before.
Subsequent addition of 3 equiv of AgPF6sto remove the

chloride anions from solution through precipitation of
AgClsgave a spectrum (Figure 3e) similar to that of the

original [2]rotaxane 17-H·2PF6, suggesting that the BPX26C6
unit had migrated back to the guanidinium station. Thus,
reversible switching of the BPX26C6 unit between the
guanidinium and pyridinium stations of the [2]rotaxane 17-
H·2PF6 was possible in situ through the addition and removal
of chloride anions. Indeed, we also operated this unique
anion-controllable molecular switch through the addition and
removal of bromide and acetate anions (see the Supporting
Information).

We have demonstrated that guanidinium ions can thread
through the cavity of BPX26C6 to form [2]pseudorotaxane-
like complexes in low-polarity solvents. A [2]rotaxane
derived from this new recognition system functions as a
molecular switch, in which translational movement of the
macrocyclic component can be controlled two ways: through
changes in solvent polarity and through exchange of the
counteranions.
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Figure 2. Partial 1H NMR spectra (400 MHz, 298 K) of the
[2]rotaxane 17-H·2PF6 in (a) CDCl3, (b) CDCl3/CD3CN (2:1), (c)
CDCl3/CD3CN (1:1), (d) CDCl3/CD3CN (1:4), and (e) CD3CN.

Scheme 4. Using Anions to Operate the Molecular Switch
17-H·2PF6

Figure 3. Partial 1H NMR spectra (400 MHz, CD3NO2, 298 K) of
(a) the molecular switch 17-H·2PF6, (b) the mixture obtained after
adding Bu4NCl (1 equiv) to the solution in (a), (c) the mixture
obtained after adding Bu4NCl (2 equiv) to the solution in (b), (d)
the mixture obtained after adding AgPF6 (1 equiv) to the solution
in (c), and (e) the mixture obtained after adding AgPF6 (2 equiv)
to the solution in (d).
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