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ABSTRACT

The shuttling motion of the ferrocene-functionalized macrocycle between the dibenzylammonium and the N-methyltriazolium recognition sites in
a bistable [2]rotaxane, as well as the photoinduced electron transfer process occurring between ferrocene units and themorpholin-naphthalimide
fluorescent stopper, can be adjusted not only by acid�base stimuli but also addition�removal of the fluoride anion, along with remarkable, high-
contrast fluorescent intensity changes.

Bistable [2]rotaxanes, in which the competitive binding
ability of a macrocycle with two distinct, well-separated
recognition sites on the thread component can be changed
in response to an external stimuli, have attracted much
attention because of their adjustable physical and chemical
properties, applications in molecular electronics, and as
components of molecular machinery.1 The shuttling mo-
tionof themacrocycle on the rotaxane thread canbedriven

by acid�base stimuli,2 light,3 electrochemical potential
change,4 or ions.5 Recently, solution-phase counterion
effects6 have been harnessed to control submolecular
motion in mechanically interlocked molecules, such as
rotaxanes and catenanes. A counterion-induced switch-
ing strategy represents a very promising approach if the
counterion-induced mechanical movement can be accom-
panied with naked-eye-based property changes, such as
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color changes7 and fluorescence changes,8,9 which holds the
potential to function as a molecular sensing device for ions.
Here, we report the design, preparation, characterization,
and properties of a bistable [2]rotaxane 1-H, in which the
shuttling motion of the macrocycle on the rotaxane thread
can be dual-mode-driven, i.e. by not only acid�base stimuli
but also addition�removal of the fluoride anion, alongwith
remarkable, high-contrast fluorescent intensity changes, by
introducing ferrocene electron donor units into the system.
The chemical structure and preparation of rotaxane 1-H

are shown inScheme1.Thekey feature of the rotaxane-type
molecular shuttle is the introduction of two ferrocene (Fc)
moieties as electron donors into the dibenzo-24-crown-8
(DB24C8) ring, which can be chemically driven to shuttle
between the two well-separated recognition sites, namely
dibenzylammonium (DBA)8b,c,10 and N-methyltriazolium
(MTA) stations.8b,c,11 As a result, the fluorescence of the
4-morpholin-naphthalimide (MA) stopper can be switched
on and off by a tunable, distance-dependent photoinduced
electron transfer (PET) process12 that occurs between theFc
electron donors and the excited MA fluorophore. Using a
threading-followed-by-stoppering strategy,2,4a,8,13 rotaxane
2-H was prepared in a moderate yield through the well-
known copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddi-
tion reaction14 between alkyne 5 and azide 6 in the presence
of macrocycle 7. Then the subsequent methylation of the
triazole unit followed by anion exchange with saturated
NH4PF6 solution afforded the target [2]rotaxane 1-H in a
high yield (90%). The dumbbell-shaped molecule 3-H was

also prepared for comparison in a similar strategy as shown
in Scheme 1.

Rotaxanes1-H, 2-H anddumbbell compounds 3-H, 4-H
were well characterized using 1H and 13C NMR and HR-
ESImass spectrometry. TheHR-ESImass spectrumof the
target rotaxane 1-H revealed that the most intense peak
occurred at m/z 883.8239 as a doubly charged peak, with
an isotope distribution corresponding to the consecutive
loss of two PF6

� counterions, i.e. [M�2PF6]
2þ.

The 1HNMRof 1-H inCDCl3 confirmed the location of
themacrocycle to be predominantly over theDBAbinding
site. The peaks for the methylene protons H4, H5 on the
DBA recognition site (Figure 1c) are shifted downfield
(Δδ = 0.59 ppm) compared with those of dumbbell 3-H
(Figure 1b), meanwhile, the peaks of protons H1, H2, H3

on the dimethoxybenzene stopper shifted upfield (Δδ =
�0.13, �0.08, and �0.11 ppm, respectively) due to the
shielding effect of macrocycle 7. Moreover, the protons H14,
H15, H16, H17 on the unencircled MTA site have the same
chemical shifts as those of dumbbell 3-H. All this evidence
confirmed that the DB24C8 ring exhibits a predominant
selectivity for the encirclement of the DBA recognition site.
Addition of 2 equiv of 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) to the CDCl3 solution of rotaxane 1-H resulted
in the migration of the DB24C8 ring to the MTA recogni-
tion site.As shown inFigure 1d, themethylene protonsH16

andH17 neighboring the naphthalimide stopper are shifted
downfield (Δδ=0.48 and 0.13 ppm, respectively), and the

Scheme 1. Preparation and Chemical Structures of Rotaxane
1-H and Dumbbell-Shaped Compound 3-H
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peaks for the N-methyltriazolium protons are shifted due
to association with the DB24C8 ring, for H14, H15 withΔδ
of �0.19, �0.07 ppm, respectively. All these changes
indicated that the macrocycle moved to theMTA recogni-
tion site. Reprotonation of the �NH� center with the
addition of 4 equiv of CF3CO2H resulted in the return of
the DB24C8 ring to the DBA station as evidenced by the
regeneration of the original 1HNMR spectrum (Figure 1e).
Similar experiments performed in CD3COCD3 (Figure S1)
also proved the reversible shuttling motion of the macro-
cycle between the two stations.
As previously studied by Chiu et al.,15 the interactions

between the DBA station and DB24C8 are affected by the
nature of the counteranions. After adding 2 equiv of
tetrabutylammonium fluoride (TBAF) to a CDCl3 solu-
tion of 1-H, significant changes were observed in the 1H
NMRchanges (Figure 2b),which is similar to the spectrum
obtained by addition of 2 equiv of DBU (Figure 1d),
indicating the migration of the DB24C8 ring to the MTA
recognition site, due to the stronger hydrogen bond be-
tween the fluoride anion and the hydrogen atom on the
DBA station. Subsequent addition of 4 equiv of Ca(PF6)2
to the TBAF-added solution to remove the fluoride anion

through the precipitation of CaF2 provided a spectrum
identical to the original one of rotaxane 1-H (Figure 2c),
indicating themacrocyclemoved back to theDBA station.
To study the selectivity of rotaxane 1-H for the fluoride
anion, the 1H NMR spectra in the same pattern as that of
rotaxane 1-H were obtained upon addition of TBACl,
TBABr, and TBAI, indicating no shuttling movement of
themacrocycle 7 and good selectivity for the fluoride anion
(Figure S2). Thus, by 1H NMR spectroscopic measure-
ments, reversible acid�base-driven and fluoride-anion-
driven shuttling motions of the macrocycle along the
rotaxane thread have been demonstrated.
Next, we focused on the photophysical properties of 1-H

and 3-H in response to chemical stimuli. Upon addition of
2 equiv of DBU or 2 equiv of TBAF to the solution of
rotaxane 1-H or dumbbell 3-H, almost no absorption
spectral changes were observed (Figure S3). The fluores-
cence intensity of dumbbell 3-H upon addition of DBU or
TBAF exhibited a small magnitude of change due to the
deprotonation of the DBA moiety or the counteranion
exchange from PF6

� to F�, respectively.
Very remarkable fluorescence changes were observed in

rotaxane 1-H in response to chemical stimuli. Upon addi-
tion of 2 equiv of DBU to the dichloromethane solution of
rotaxane 1-H, the emission intensity at 517 nm decreased
90% compared with the original spectrum (Figure 3a);
furthermore, time-resolved fluorescence became a biexpo-
nential decay with a lifetime of 2.23 ns (64%) and 0.35 ns
(36%) from the original monoexponential decay with a
lifetime of 1.97 ns. The shorter lifetime can be attributed to
electron transfer between the Fc units and MA fluoro-
phore, while the longer lifetime is similar to the intrinsic
lifetimeof theMAfluorophore. Similar resultswereobtained
when 2 equiv of TBAF were added to the dichloromethane
solution of rotaxane 1-H. The fluorescent intensity decreased

Figure 1. Partial 1HNMRspectra (400MHz, 298K,CDCl3) of (a)
macrocycle 7, (b) dumbbell 3-H, (c) [2]rotaxane 1-H, (d) deproto-
nation with addition of 2 equiv of DBU to sample c and (e)
reprotonation with addition of 4 equiv of TFA to sample d. The
assignments correspond to the structures as shown in Scheme 1.

Figure 2. Partial 1H NMR spectra (400 MHz, 298 K, CDCl3) of
(a) [2]rotaxane 1-H, (b) the solution obtained after adding
2 equiv of TBAF to the solution of (a), and (c) the solution
obtained after adding 4 equiv of Ca(PF6)2 to the solution of (b).
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88% (Figure 3c), and the fluorescent decay in this case
obeyed biexponential function with lifetimes of 2.44 ns
(61%) and 0.52 ns (39%). After the addition of 4 equiv of
Ca(PF6)2, rotaxane 1-H was regenerated, and the fluores-
cence spectra recoverd. The fluorescence changes can even be
observed by the naked eye, as shown in the Supporting
Information. Both of these cases indicate that the distance-
dependent PET process from the Fc electron donors to the
excited state of the MA fluorophore became more efficient
after the functionalmacrocyclemoved from theDBAstation
to theMTA station by deprotonationwithDBUor addition
of the fluoride anion, afterwhich the spatial distance between
the Fc units and the MA fluorophore became much closer
compared with the original state. Most importantly, the
shuttling motion of the macrocycle driven by acid�base
stimuli could be repeated many times without obvious
degradation, as evidenced by the reversible fluorescent
change cycles (Figure S6). To further explore the influence
of counteranions, we conducted experiments of addition of
other halide anions to the solution of rotaxane 1-H and
dumbbell 3-H, respectively. The same change tendencies
were observed for 1-H and 3-H upon addition of 5 equiv of
TBACl, TBABr, and TBAI, indicating that the fluorescence

changes are due to the exchange of counteranions, not the
movement of the macrocycle. This is in accordance with the
result obtaind from the 1H NMR study that C1�, Br� I�

could not result in the shuttlingmotion of themacrocycle. In
addition, the chemical oxidation of the Fc units was per-
formed usingFe(ClO4)3 as an oxidant (Figure S8). Upon the
additionofFe(ClO4)3 to theDBU-added solutionof1-H, the
emission intensity enhanced dramatically. This phenomenon
could be ascribed to the oxidation of the Fc units; after
oxidation, the electron-donating abilities of the Fc units are
reduced, and the PET reaction would be arrested, leading to
fluorescence enhancement.
In conclusion, a novel “bright” [2]rotaxane has been

prepared and well-characterized. The shuttling motion of
the functionalized DB24C8 macrocycle between the DBA
station and the MTA station can be driven by not only
acid�base stimuli but also addition�removal of the fluo-
ride anion. By introducing two Fc moieties into the
macrocycle, the efficiency of the PET process occurring
between Fc units and theMA fluorescent stopper could be
altered due to the well-defined large-amplitude positional
change in response to two kinds of chemical stimuli,
generating remarkable, high-contrast fluorescent intensity
changes observed by the naked eye.Most importantly, the
system can distinguish fluoride anion from other halide
anions, which holds the potential to function as a novel
kind of fluorescent molecular sensing device, translating
molecular recognition into mechanical movement of the
subunits, and remarkable fluorescence outputs.
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Figure 3. Fluorescence spectral changes in CH2Cl2 (a) from
[2]rotaxane 1-H to the mixture obtained after adding 2 equiv of
DBU to the solution of 1-H, (b) from dumbbell 3-H to themixture
obtained after adding 2 equiv of DBU to the solution of 3-H, (c)
from [2]rotaxane 1-H to the mixture obtained after adding 2 equiv
of TBAF to the solution of 1-H, and (d) from dumbbell 3-H to the
mixture obtained after adding 2 equiv of TBAF to the solution of
3-H. Excitationwavelength of all fluorescence spectra was 398 nm.
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