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Shuttling Dynamics in an Acid-Base-Switchable
[2]Rotaxane

Sandrine Garaudée,”? Serena Silvi,® Mar?herita Venturi,! Alberto Credi, **?
Amar H. Flood,”™ and J. Fraser Stoddart®

Molecular shuttles are an intriguing class of rotaxanes which
constitute prototypes of mechanical molecular machines and
motors. By using stopped-flow spectroscopic techniques in aceto-
nitrile solution, we investigated the kinetics of the shuttling pro-
cess of a dibenzo[24]crown-8 ether (DB24C8) macrocycle between
two recognition sites or “stations"—a secondary ammonium
(—NH,*—)/amine (—NH-) center and a 4,4'-bipyridinium (bipy?*)
unit—Ilocated on the dumbbell component in a [2]rotaxane. The
affinity for DB24C8 decreases in the order —NH,™—> bipy’* >
—NH—. Hence, shuttling of the DB24C8 macrocycle can be ob-
tained by deprotonation and reprotonation of the ammonium
station, reactions which are easily accomplished by addition of
base and acid to the solution. The rate constants were measured

Introduction

Molecular and supramolecular systems that can be switched
between two or more stable states have attracted considerable
attention, mainly because of their potential application in the
field of information processing and storage."? Of particular in-
terest are multicomponent switches wherein the switching
process causes changes in the relative positions of the molecu-
lar components. The energy inputs needed for switching can
typically be provided by 1) a chemical reaction, 2) an electro-
chemically induced redox process (thus consuming electrical
energy), or 3) exploiting the energy of photons through a pho-
tochemical reaction. Such systems constitute simple proto-
types of molecular machines and motors,*® and can be
viewed as artificial analogues—yet much less complex—of the
motor proteins that operate in living organisms.”

Threaded and interlocked chemical species such as pseudor-
otaxanes, rotaxanes, and catenanes®™ have proven to be attrac-
tive entities for the development of artificial molecular ma-
chines and motors. [2]Rotaxanes are composed of a molecular
axle surrounded by a macrocyclic ring of a suitable size. Stop-
pers are placed at the extremities of the axle to prevent the
disassembly of the molecule: in other words, the two compo-
nents are mechanically bound. In general, [2]rotaxanes enable
the realization of both rotary and linear motions at the molec-
ular level, since the macrocyclic component can both slide
along the axle and rotate around it. In rotaxanes containing
two different recognition sites on the axle, it is possible to
switch the position of the macrocyclic ring between the two
“stations” by an external energy input. Many systems of this
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as a function of temperature in the range 277-303 K, and activa-
tion parameters for the shuttling motion in both directions were
determined. The effect of different counterions on the shuttling
rates was examined. The shuttling from the —NH,*— to the
bipy?* station, induced by the deprotonation of the ammonium
site, is considerably slower than the shuttling in the reverse direc-
tion, which is, in turn, activated by reprotonation of the amine
site. The results show that the dynamics of the shuttling process-
es are related to the change in the intercomponent interactions
and structural features of the two mutually interlocked molecular
components. Our observations also indicate that the counterions
of the cationic rotaxane constitute an important contribution to
the activation barrier for shuttling.

kind, known as molecular shuttles,®

both by us®” and others.>®

The investigated®'” [2]rotaxane 1H** (Scheme 1) is made of
a dibenzo[24]crown-8 ether (DB24C8), a m-electron-donor mac-
rocycle, and a dumbbell component containing a secondary
ammonium center (-NH,*—) and a 4,4"-bipyridinium (bipy**)
unit. The stoppers are an anthracene moiety on one side—em-
ployed because its absorption, luminescence, and redox prop-
erties are useful for monitoring the state of the system—and a
3,5-di-tert-butylphenyl group on the other side. Since the [N*—
H--O] hydrogen-bonding interactions between the DB24C8
macrocycle and the ammonium center are much stronger than
the charge-transfer (CT) interaction of the m-electron-donor
macrocycle with the m-electron-acceptor bipy?* unit, the
stable co-conformation™” of rotaxane TH*" is that in which the
macrocycle surrounds the ammonium station, denoted as
1AH** in Figure 1. Addition of a base (e.g., tributylamine)'?

have been developed
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Scheme 1. Structures of the investigated [2]rotaxane 1H** and of its molec-
ular components, dumbbell 2H** and ring DB24C8.
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Figure 1. Schematic representation of the shuttling processes of the crown ether ring upon deprotonation and re-
protonation of the ammonium site. Note that the A—B process does not simply correspond to the reverse of the
AH «—BH process, since the former motion concerns the shuttling of the ring from the amine to the bipyridinium
station, whereas the latter concerns ring shuttling from the bipyridinium unit to the ammonium station.

converts the ammonium center into an amine function, to
giving the transient state 1A?" that is transformed into the
stable state 1B?* as a consequence of the displacement of the
macrocycle onto the bipy’™ unit. The process can be reversed
by addition of an acid (e.g., trifluoroacetic acid) and the initial
state is restored via the transient state denoted as 1BH*T.
NMR, absorption, and luminescence spectroscopic experi-
ments, together with electrochemical measurements, indi-
cate'” that the acid-base-controlled switching, which is fully
reversible and relatively fast, exhibits a clear-cut on-off behav-
ior. It should also be noted that, in the deprotonated rotaxane,
the macrocyclic ring can be displaced from the bipy®* station
by destroying the CT interactions through one-electron reduc-
tion of the bipyridinium unit. The successful design and realiza-
tion of this molecular shuttle was central to the recently re-
ported™ construction and operation of a molecular elevator.
Despite the large number of papers in the literature on artifi-
cial molecular machines, kinetic studies on the molecular mo-
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tions in this kind of system are rare events. Examples include:
1) the rotation of molecular rings in catenane- and rotaxane-
type Cu' complexes,™ 2) the Brownian shuttling process in ro-
taxanes as a function of the steric bulk of substituents placed
on the axle (“speed-bumps”),"™ 3) the photoinduced switching
of the macrocycle in molecular shuttles,'® 4) the threading/
dethreading of pseudorotaxanes,”"” 5) the slipping/deslipping
processes in rotaxanes,'® and 6) the influence of the environ-
ment on the electromechanical switching in donor-acceptor
catenanes and rotaxanes."”

Herein, we describe the results of a stopped-flow spectro-
scopic investigation into the macrocycle’s shuttling process be-
tween the ammonium/amine and bipyridinium stations in the
[2]rotaxane 1H?*T (hexafluorophosphate salt), driven by the
successive addition of base and acid. We measured the rate
constants for the “forward” (A—B) and “backward” (AH<«BH)
shuttling motions (Figure 1) of
the DB24C8 ring which occur, re-
spectively, upon deprotonation
and reprotonation of the ammo-
nium/amine recognition site on
the axle. Notably, the A—B pro-
cess does not simply correspond
to the reverse of the AH<—BH
process, since the former motion
concerns the shuttling of the
ring from the amine to the bi-
— pyridinium station, whereas the
% latter concerns ring shuttling
from the bipyridinium unit to
the ammonium station. The be-
havior of the rotaxane was com-
pared with that of its dumbbell
component, 2H** (Scheme 1).
All the experiments were carried
out in acetonitrile solution as a
function of temperature in the
range 277-303 K. The activation
parameters for the shuttling pro-
cess in both directions were obtained. The effect of an excess
of two different electrolytes (tosylate and hexafluorophosphate
tetraalkylammonium salts) was also investigated at 293 K.

1B~

Experimental Section

Chemicals: The syntheses and characterization of compounds TH**
and 2H3* as their hexafluorophosphate salts have been reported
previously."” Tributylamine (Bu;N, Fluka, >99.5%) and trifluoroace-
tic acid (CF;CO,H, Merck, >99.8%) were used as received. Tetrae-
thylammonium tosylate (TEATsO) and tetrabutylammonium hexa-
fluorophosphate (TBAPF;) were both obtained from Fluka (> 99 %)
and were oven dried for two days before use. Acetonitrile solvent
was purchased from Merck (Uvasol) and used without further puri-
fication.

Absorption and Emission Spectra: The measurements were carried
out in air-equilibrated acetonitrile solutions at a concentration of
85x10°m and contained in quartz cells with a 1.0-cm path
length. Some absorbance measurements were obtained with a 0.2-
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cm-path-length cell. UV/Vis absorption and uncorrected lumines-
cence spectra were recorded with a Perkin-Elmer Lambda 40 spec-
trophotometer and a Perkin-Elmer LS-50 spectrofluorimeter, re-
spectively. Experimental errors: wavelength values, =1 nm; molar
absorption coefficients and fluorescence intensity values, +5%.
Titration Experiments: Titrations were performed by adding small
aliquots (typically 20 L) of a concentrated (1.0x 10~*m) solution of
either base or acid to 2 mL of a dilute (8.4x 107> m) solution of the
sample by using a microsyringe. UV/Vis absorption and lumines-
cence changes were monitored during the titration. Whenever pos-
sible, excitation was performed at an isosbestic point, and correc-
tions for inner-filter effects®” were carried out if needed.
Stopped-Flow Experiments: Stopped-flow experiments were per-
formed in air-equilibrated acetonitrile solutions with an Applied
Photophysics SX 18-MV equipment. The standard flow tube had
observation path lengths of 1.0 and 0.2 cm, and the driving ram
for the mixing system was operated at the recommended pressure
of 8.5 bar. Under these conditions the time required to fill the cell
was 1.35ms. A baseline correction was applied to take into ac-
count the dependence of the instrument response on pressure. In
all the experiments, solutions of the sample were mixed with solu-
tions containing a slight excess (1.3-1.5 equiv) of either base or
acid to obtain, after mixing, a sample concentration in the range
of 2-5x107>m. The effect of the presence of 100 equiv of a salt
(TEATSO or TBAPF,) was also investigated at 293 K. The reactions
were monitored by the increase (or decrease) of the absorption in
the 240-390-nm region, calculated as AA=A,—A., where A, is the
absorbance at time t and A is the absorbance at the end of the
process. In all the experiments, the cell block and drive syringes
were thermostated by using a circulating constant-temperature
bath maintained at the required temperature. The data were treat-
ed using the SPECFIT software.”?"

Results and Discussion
Acid-Base Switching

The redox properties and the absorption and luminescence
spectra of the [2]rotaxane 1H>*, and of the dumbbell compo-
nent 2H3*, as well as those of the corresponding deprotonated
forms 12T (1B**) and 2°F, have been described previously."”
'H NMR spectroscopic investigations and voltammetric experi-
ments proved clearly that ring shuttling occurs upon deproto-
nation-reprotonation of TH>*. In this work we studied in detail
the spectral changes that occur upon acid-base switching. The
rotaxane possesses several chromophoric and luminophoric
groups—namely, anthracene-, dioxybenzene-, and bipyridini-
um-type units—that can be used as a probe in this regard. In
particular, the anthracene-type unit, which is incorporated in
the dumbbell component, has intense and distinctive absorp-
tion and fluorescence spectra (see Supporting Information).”?
Hence, for the present system, steady-state and time-resolved
absorption and fluorescence spectroscopic techniques are an
optimal choice to investigate the protonation-deprotonation
reactions and the structural rearrangements that can conse-
quently take place.

Upon titration of the dumbbell component 2H** with Bu;N,
small changes in the anthracene-structured band (300-
400 nm) are observed, together with a decrease of the 254 nm
band (see Supporting Information). Such changes are complete
after addition of 1 equiv of base, which indicates that the de-
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protonated form 22* is obtained. Deprotonation produces a
decrease of the anthracene fluorescence intensity, presumably
because a further quenching pathway—namely, reductive elec-
tron transfer from the amino group—becomes effective.**
These modifications are completely reversed by addition of a
stoichiometric amount (with respect to the previously added
base) of CF;CO,H.

The deprotonation of TH** with 1 equiv of Bu;N to give 1?*
is accompanied by a blue shift of both the high-energy
(256 nm) and low-energy (300-400 nm) anthracene bands
(Figure 2). The latter bands also exhibit an intensity increase.

Ooo .‘.1H3+%12+
1.251 . o P> qH
o’ ®o0o000
1.00- :
0 04 08 12
I 0.754 Base or acid equivalents —
<T
0.50+
0.25+
0 : : ; .
250 300 350 400
Alnm —

Figure 2. Absorption spectra of an acetonitrile solution of TH** (8.5x 107> m,
2.5 mL) upon titration with BusN (1.0x 1073 m) at room temperature. The
inset shows the absorbance changes, monitored at 385 nm, upon addition
of Bu;N to TH** (@) and upon addition of CF;CO,H to 1°* (o).

This behavior indicates® a change in the perturbation of the

anthracene chromophoric group along both of its symmetry
axes and is consistent with the displacement of the aromatic
moieties of DB24C8 from the anthracene unit. As for the
dumbbell component, deprotonation leads to a quenching of
the anthracene fluorescence intensity, and the changes caused
by addition of base are completely reversed by subsequent ad-
dition of CF;CO,H.

It can be noticed (Figure 2) that, upon deprotonation, the in-
tensity of the anthracene absorption band in the 250-nm
region decreases for the dumbbell 2H**, while it moves to a
higher energy and maintains approximately the same intensity
for the rotaxane 1H**. Hence, the spectral changes observed
after addition of tributylamine to the rotaxane cannot arise
from proton removal from the ammonium site: they have to
be assigned to a change in the interaction between the an-
thracene unit and DB24C8. The facts that 1) the presence of
DB24C8 around the —NH, " — station affects the anthracene ab-
sorption bands, and 2) the deprotonated 1?* and 2** species
exhibit very similar absorption spectra indicate that the spec-
tral changes of the anthracene unit upon deprotonation and
reprotonation of the rotaxane are directly related, respectively,
to the forward (A—B) and backward (AH<«BH) shuttling pro-
cesses of the DB24C8 ring.
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Shuttling Kinetics

The kinetics of the shuttling process of DB24C8 between the
ammonium/amine and the bipyridinium stations were studied
by stopped-flow spectroscopic experiments in acetonitrile at
various temperatures. The values of the rate constants for the
base-induced A—B and acid-induced AH<«+BH shuttling pro-
cesses are gathered together in Table 1.

Table 1. Rate constants for the base-induced forward (A—B) and the
acid-induced backward (AH«+BH) shuttling motions of rotaxane 1H**/1%*
in acetonitrile.

T[K] kn_g s Knp—gn [s7']
277 0.42+0.03 15+2
283 0.55+0.06 23+£1
293 0.72+0.05 40+3
303 1.2+0.1 72+6

Figure 3 shows the absorbance change at 386 nm as a func-
tion of the time after mixing Bu;N and 1H3** (final concentra-
tion, 3.5x107°m), recorded at 277 and 303 K. Figure 4 shows
the kinetic absorption trace at 254 nm after mixing CF,;CO,H

303 K

-0.015

AA

~0.0304f

—-0.045

0 5 10 15
s —

Figure 3. Stopped-flow kinetic traces, recorded at 277 and 303 K, for the ab-
sorbance change at 386 nm obtained upon deprotonation of the rotaxane
by mixing TH** and 1.4 equiv of Bu;N in acetonitrile. The concentration of
the rotaxane after mixing was 3.5x 107> m; path length=1.0 cm.

Figure 4. Stopped-flow kinetic traces, recorded at 277 and 303 K, for the ab-
sorbance change at 254 nm obtained upon reprotonation of the rotaxane
by mixing 1>* and 1.5 equiv of CF;CO,H in acetonitrile. The concentration of
the rotaxane after mixing was 2.4x 107> m; path length=1.0 cm.
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and 1%* (final concentration, 2.4x107°m), again at both 277
and 303 K. The reprotonation of the amine site of 1>+ was real-
ized in practice by mixing 1.5 equiv of CF;CO,H to a solution
of rotaxane that had been previously deprotonated by addi-
tion of 1.3 equiv of Bu;N.

Notably, the spectral changes taking place as a function of
time upon deprotonation of the dumbbell component 2H**
by BusN could not be measured on the stopped-flow time-
scale. Similar results were obtained for the reprotonation of
2%+ by CF,CO,H. Such observations indicate that the acid-base
equilibria are reached within the dead time of the equipment
used (1.35 ms); in other words, the deprotonation of the am-
monium site and the protonation of the amine site are too fast
to be measured by the stopped-flow method (k>108m~"s™").
These results, which are not surprising since acid-base reac-
tions are known to be very fast, are important because they
ensure that the time-dependent spectral changes observed for
the rotaxane are exclusively related to ring shuttling.

Fluorescence changes of the anthracene unit, associated
with base- or acid-induced ring shuttling, were anticipated. In
practice, no appreciable changes in the intensity of the anthra-
cene fluorescence could be observed in the stopped-flow ex-
periments upon mixing 1H*T with base, or 1> with acid. The
same results were obtained for the dumbbell component.
Since we found that protonation/deprotonation of the ammo-
nium/amine site of the rotaxane (and of its dumbbell compo-
nent) causes large changes in the anthracene fluorescence in-
tensity (see above), such changes must occur within the stop-
ped-flow dead time. The presence of time-dependent absorp-
tion changes, and the lack of time-dependent fluorescence
changes, for the rotaxane suggests that the electronic interac-
tions between the anthracene unit and the DB24C8 ring are
more important when the former is in the ground state rather
than in the first singlet excited state.

The stopped-flow traces were treated by a conventional ki-
netic analysis with the SPECFIT fitting program®" to afford the
values of the kinetic rate constants of shuttling (Table 1). The
best fit was obtained for a first-order kinetic model, which con-
firmed that the process observed in the stopped-flow experi-
ments is indeed the (intramolecular) ring-shuttling process,
and is not related to the acid-base reactions, which would be
expected to follow second-order kinetics. In each case, the fit-
ting was performed for t>2 ms and covered more than 90%
of the reaction course. Note that the rate constant values are
in agreement with those estimated"” by digital simulation of
the cyclic voltammetric patterns (ky_s<2.55").

Interestingly, for all the temperatures examined, the rate
constant for the acid-induced AH<«—BH shuttling is much larger
than that for the base-induced A—B shuttling (Table 1). Such
an observation suggests that the forward and backward shut-
tling motions, which, as we have noted earlier, are not simply
the reverse of one another (Figure 1), are governed by differ-
ent factors. These differences will be better evidenced from
the analysis of the activation parameters for the two shuttling
processes.
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Activation Parameters

The activation parameters for the base-induced forward (A—B)
and acid-induced backward (AH<«BH) shuttling processes of
the DB24C8 ring, obtained from the temperature-dependence
(Arrhenius and Eyring) plots of the rate constant values in the
range 277-303 K, are reported in Table 2. The diagram of In(k/
T) versus 1/T and the corresponding linear fit, according to the
Eyring equation for both shuttling processes, is shown in
Figure 5.

71.0_
AH< BH
| 30l
x|~
0 |
_50_
A—B
33 3.4 35 3.6
1000 ;1 _ .
K

Figure 5. Eyring plots obtained for the base-induced A—B and acid-induced
AH«—BH shuttling processes in the temperature range 277-303 K in acetoni-
trile.

The Eyring equation, In(k/T)=In(kg/h)+AS*/R—AH/RT,
where kg, h, and R are the Boltzmann, Planck, and gas con-
stants, respectively, enables us to determine the activation pa-
rameters (enthalpy, entropy, and free energy) of the shuttling
motions. From the Arrhenius equation, Ink=InA—E,/RT, the
values of the activation energy E, and the pre-exponential (fre-
quency) factor A can be obtained.

The activation barriers AG™ for both shuttling processes are
similar to those observed for related rotaxanes such as those
composed™® of DB24C8 and a dumbbell whose main station is
—NH,"—, and to that determined® in the case of a dumbbell
with two identical stations threaded into a bis(p-phenyle-
ne)[34]crown-10. In the case of dumbbell components contain-
ing asymmetrically substituted monopyrrolotetrathiafulvalene
(MPTTF) and 1,5-dioxynaphthalene (DNP) recognition sites for
encirclement by cyclobis(paraquat-p-phenylene) (CBPQT**),
the measured activation energies are comparable to those ob-
tained in the present case, or higher if the dumbbell contains
a “speed-bump” in the form of a thiomethyl group (SMe), for
example, situated between the two stations.””’ The acid-base-

ARTICLES

switchable [2]rotaxane displays a general cycle of shuttling
that is not too dissimilar from the one observed™ for bistable
redox-driven rotaxanes bearing TTF and DNP stations along a
dumbbell, interlocked with CBPQT**. In these redox-driven
switches and actuators, the transient states of the present
work have been referred to in the literature! as metastable-
state co-conformations (MSCCs). Whereas 1AH*T starts in a
stable co-conformation and the sequential addition of acid fol-
lowed by base produces the isomeric transient state 1BH*", in
the redox-driven rotaxanes, the sequential addition and remov-
al of positive charges transforms the ground-state co-confor-
mation (GSCC) into the MSCC. For redox-driven rotaxanes in
the solution phase, the MSCC then relaxes thermally over a
barrier (AG™ (298) ~ 16 kcalmol™") to re-form the GSCC—a free
energy barrier that is comparable with the backward shuttling
process (AH«BH) for 1BH** relaxing back to 1AH**. The
cycle of shuttling and the existence of transient or metastable
states are probably required in any bistable molecule that has
a chance to behave as a switch or actuator. It has already been
proposed that bistability in redox-active rotaxanes is responsi-
ble for the memory effect in molecular-switch tunnel junc-
tions.?82

From the analysis of the parameters listed in Table 2 it can
be noted that 1) AS™ is negative for both shuttling motions,
and 2) the transition co-conformation for AH«BH shuttling is
enthalpically more disfavored than that for A—B shuttling, but
3) it is much less disfavored from the entropic point of view. In
fact, the reason for the much lower values of the rate constant
for the A—B shuttling process compared to the AH«BH one
seems to be of an entropic nature.

Activation Enthalpy

The potential energy curve relative to the ring-shuttling pro-
cesses between the different stations on the dumbbell compo-
nent depends on the mutual interplay between intercompo-
nent hydrogen-bonding, hydrophobic, n-zt stacking, charge-
transfer, and other electrostatic interactions. Moreover, the
counterions of the positively charged rotaxane species, as well
as the solvent molecules, are likely to play an important role.
Hence, an interpretation of the activation energy values in
terms of changes in the supramolecular structure that occur in
the shuttling motions is not straightforward. We can speculate,
however, on what are likely to be the most important inter-
component interactions that must be broken to displace the
ring from one station to the other during each shuttling pro-
cess.

(acetonitrile solution, temperature range 277-303 K).

Table 2. Activation parameters for the base-induced forward (A—B) and the acid-induced backward (AH<BH) shuttling motions of rotaxane 1H**/12*

Shuttling process E, [kcalmol ] Al [s] AG*™®9 [kcalmol™"] AH® [kcalmol™] TAS*®9 [kcalmol™"] AS*®! [calmol~ K]
A—B 6.54+1.0 6.0x10* +17.3 +5.90 -11.4 —38.8
AH<«—BH 10.0+1.0 1.3%10° +15.0 +9.48 —5.51 —18.8

[a] Estimated error <20%. [b] Estimated error < 10%. [c] Calculated at 293 K.
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When the 1H* rotaxane is deprotonated upon addition of a
base, the strong [NT—H--O] hydrogen-bonding interactions are
immediately (on the timescale of shuttling) cancelled. For the
DB24C8 ring to reach the new thermodynamic minimum,
which corresponds to its placement around the bipyridinium
station, a residual [N—H--O] bond must be broken. The energy
associated with this type of hydrogen bond (4-15 kcal mol~")E”
accounts for the AH™ value found for the A—B shuttling pro-
cess. A minor contribution to AH* can also be expected from
the rupture of the m-nt stacking interactions between the an-
thracene unit and the dioxybenzene-type moieties of DB24C8.

In the shuttling process induced by reprotonation of the 1**
rotaxane, the crown ether ring has to leave the bipyridinium
station (and the corresponding energy minimum) and move
toward the ammonium station, a situation which represents
the new absolute energy minimum for the DB24C8 ring. There-
fore, AH«—BH shuttling requires the breaking of the CT interac-
tion between DB24C8 and the bipyridinium station. The AH*
value for the A—B process is consistently smaller than that for
the AH+—BH process, an outcome which is expected on the
basis of the relative affinity of the DB24C8 macrocycle for the
—NH-— and bipyridinium stations.

Activation Entropy

A discussion of the entropic effects on the rates of the shut-
tling processes is even more difficult, given the complexity of
the system. In general, for an intramolecular rearrangement in
solution the change (disruption or formation) of the solvent
structure is expected to amount to an important contribution
to the entropy of activation. In the present case, it should be
recalled that 1) the rotaxane is a charged species, 2) counter-
ions are present, and 3) the solvent is relatively polar. In addi-
tion, molecular models revealed that slipping of the ring
through the central p-phenylene moiety increases the overall
rigidity of the rotaxane. Therefore, one can reasonably expect
nonnegligible activation entropy values associated with ring
shuttling.®" It has also been shown that entropic factors can
be employed as elements of structural control in rotaxanes.®?

We observed that the forward and backward shuttling pro-
cesses exhibit both relatively large and negative AS™ values
which, however, are remarkably different from each other
(Table 2). These observations suggest that the forward and
backward shuttling processes take place according to different,
complex mechanisms.

A recent investigation showed®® that, in an organic solvent
such as acetone, 4,4-bipyridinium dications form tight ion
pairs with hexafluorophosphate anions, and that complexation
of the bipyridinium unit by DB24C8 must be preceded by dis-
ruption of the pairs, that is, the complex is not ion-paired. lon
pairing has also been observed for alkylammonium ions in or-
ganic solvents,**** although the association between the N,N-
dibenzylammonium cation and the hexafluorophosphate anion
was found to be insubstantial.®¥ Hence, it is reasonable to
assume that shuttling to and from the bipyridinium station, as
well as shuttling toward the ammonium station, involve the
breaking/restoring of ion pairs."”"’
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A speculation on the possible mechanisms for the A—B and
AH«—BH shuttling motions is reported in Figure 6.5% The tran-
sition co-conformation for the A—B shuttling is likely to be
similar to that shown in Figure 6a, wherein the two PF,~
anions are detached from the bipyridinium station upon arrival
of the ring. As a result of the structuring effect exerted on the
polar solvent molecules by the “naked” hexafluorophosphate
and bipyridinium ions, it is expected that the formation of
such a transition co-conformation is accompanied by a large
and negative entropy change. A smaller AS™ value may be ex-
pected for the AH<«<BH shuttling because, in the transition
state (Figure 6b), one hexafluorophosphate anion is being re-
moved from the ammonium station, but the 2:1 adduct be-
tween PF;~ ions and the bipyridinium station is being restored.

The influence of the counterions on the shuttling rate con-
stants was confirmed by kinetic experiments on the base- and
acid-induced shuttling processes in the presence of 100 equiv
of a tetraalkylammonium salt associated with either hexafluor-
ophosphate or tosylate anions. The results of these experi-
ments are gathered together in Table 3. We observed that,

a
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1% ‘D%jj %QX J{D O'\E’(‘IM'\EPX
1A2* ~o o4
o ® QO

b

%
29
o

I

M g od s I i~
d©d _ f},ﬁ&ﬂu@é\g

1AH

Figure 6. Schematic representation of the energy levels corresponding to
the possible initial, transition, and final co-conformations for a) the forward
A—B shuttling in 1?* and b) the backward AH«BH shuttling in 1H**.
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Table 3. Rate constants for the base-induced forward (A—B) and the
acid-induced backward (AH+«+BH) shuttling motions of rotaxane 1H**/1%*
(c=1.85%107°m) in the presence of 100 equiv of hexafluorophosphate or
tosylate anions (acetonitrile solution, 293 K).

Conditions ka_g s Kagy g [s7'1
No salt added 0.72+0.05 40+3
100 equiv PF ™ 0.6240.05 15+1
100 equiv TsO! 1.4+0.1 3042

[a] Tetrabutylammonium hexafluorophosphate. [b] Tetraethylammonium
tosylate.

upon addition of an excess of PF;~ ions, the rate constant
values for both shuttling processes—and particularly for the
AH<«<BH process—decrease. This observation is consistent
with an increase in the concentration of ion pairs and a corre-
sponding relative stabilization of the initial co-conformations
of both shuttling processes with respect to the transition
states (Figure 6). Interestingly, an excess of tosylate ions accel-
erates the forward A—B shuttling and slows down slightly the
kinetics of the backward AH<«BH motion. The particular be-
havior of tosylate compared to PF,~ ions is most likely related
to the ability of the former to donate hydrogen bonds.!"”>3":38
More specifically, tosylate ions may function as H-bond accept-
ors toward the —NH— group of 1%, thereby stabilizing the
transition co-conformation shown in Figure 6a and accelerat-
ing the A—B shuttling. On the other hand, strong interactions
between the ammonium station of 1H** and a tosylate anion
will lead to stabilization of the initial state for the AH<—BH
shuttling relative to the transition co-conformation (Figure 6b).

Conclusions

We have investigated the kinetics of the ring-shuttling process-
es in an acid-base-switchable [2]rotaxane in acetonitrile solu-
tion. The rotaxane is composed of a dumbbell component
containing two different stations—a secondary ammonium
unit and a bipyridinium unit—threaded through a DB24C8
crown ether ring. The ring exhibits more or less complete se-
lectivity for the ammonium station; deprotonation of this sta-
tion with a base triggers the motion of the ring to the bipyridi-
nium unit, a process which is fully reversed upon addition of
an acid that regenerates the ammonium site. The base- and
acid-induced shuttling processes could be conveniently stud-
ied by stopped-flow spectroscopic techniques, whereas depro-
tonation/reprotonation of the ammonium/amine unit are too
fast on the stopped-flow timescale. The results show that the
base-induced forward shuttling is slower (seconds) than the
acid-induced backward shuttling (tens of milliseconds). The
values of the activation parameters suggest that the forward
and backward shuttling motions occur by different, complex
mechanisms. We also found that the nature and concentration
of the counterions of the positively charged rotaxane affect
the shuttling rate constants and most likely play a role in the
shuttling processes. The two shuttling motions associated with
the bistability of the acid-base-switchable rotaxane are ob-

ChemPhysChem 2005, 6, 21452152

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLES

served to be qualitatively equivalent to the bistable character
already observed for redox-driven switches used in molecular
electronic devices and nanoelectromechanical systems.

Our experiments show that the dynamic processes taking
place in artificial mechanically interlocked compounds, de-
signed to work as molecular machines and motors, are crucial
for guiding the development of bistable molecules for applica-
tions as switches and actuators. The study of such processes is
useful not only for the future design of molecular devices, but
also to foster the comprehension—albeit on a much lower
level of complexity—of the operation mechanisms of function-
al biomolecules.
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