Autonomous Shuttling Driven by an
Oscillating Reaction: Proof of Principle in
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ABSTRACT

pH<5

pH>7

A bipyridinium dication-substituted Bodipy fluorophore, with a terminal carboxylic acid function, provides two alternative stations for
cucurbit[7]uril. Changing pH from basic to acidic results in shuttling of the cucurbit[7]uril from one station to another. In addition, this
shuttling is accompanied by a change in the emissive properties of the Bodipy dye, which is only observed in the presence of cucurbit[7]uril. More
striking, is a demonstration of autonomous shuttling of the pseudorotaxane system in an oscillating pH system.

Bistable interlocked molecules are of great interest due
to potential applications in molecular device manufactur-
ing." Switching between these states can be achieved via
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acid—base chemistry,” electrochemical,® and/or photo-
chemical* means. Such switchable systems are referred to
as molecular machines,” and recent years witnessed re-
markable progress and increasing elegance in their design.
There are also studies where some autonomous characters
are built-in to these systems.® The basic requirement for
molecular machines is simple, a relatively rigid “axle”
and a mobile “wheel” unit which can be switched to be
stationed at two or more different locations along the axle,
through noncovalent interactions.
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The very well-documented process of shuttling in these
systems almost always requires some sort of an external
stimulus. We were motivated to offer an alternative and
potentially autonomous mechanism by coupling the shut-
tling process to an oscillating chemical reaction. Oscillating
reactions’ represent an interesting class of dynamic self-
assembly. The archetypical Belousov—Zhabotinsky (BZ)
reaction® behaves very well in closed systems, with a large
number of identifiable concentration peaks and troughs
before the oscillations dampen. Unfortunately, we could
not make use of the Ce(III)—Ce(IV) couple. Metallo-
catenanes/rotaxanes looked promising, but there has to
be a match between the oscillation frequency and the
switching rate between the two states.” In most cases,
switching back to the original states is much slower than
what seemed appropriate. We then focused on aqueous
systems and thus pH oscillations.'® We envisioned a situa-
tion where pH of a solution would be altered in a cyclic
manner, switching the rotaxane between the two states.
Thus, as long as the oscillation is sustained, the molecular
machine would switch autonomously between these states.

There are only a few systems where pH oscillates in a
controlled manner. Thiosulfate—sulfite—iodate is one of
them, which displays high amplitude but irregular oscilla-
tions in batch systems.'' In a continuously stirred tank
reactor, oscillations are well-behaved and essentially per-
manent, provided there is a steady supply of reactants and
constant rate of removal for the products. Nevertheless,
the batch system offered solid potential for a proof of
principle study.

Station 2

X %

Cucurbit[7]uril
CB7

Figure 1. Structure of the fluorogenic “axle unit” with two
potential stations for CB7.

To demonstrate the proof of principle operation of such
an autonomous system, we set out to synthesize our target
molecule shown in Figure 1. The wheel component is
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cucurbit[7]uril (CB7). Cucurbiturils are an interesting class
of molecules with excellent host properties.'*> There are
exciting examples of molecular switches and machines
built using these host species.'> CB7 seems more relevant
with regard to molecular machine design since it can form
very stable complexes with a number of aromatic amines
and quaternized pyridinium and viologen species.'*

The axle component of the pseudorotaxane system is a
Bodipy derivative (Figure 1). Bodipy is a remarkable
fluorophore with an amazing degree of versatility.'> Our
previous work with the bipyridyl derivatives of Bodipy has
shown'® that, when complexed to Zn(II), bipyridyl LUMO
energy level changes, allowing an oxidative or reverse PET
(photoinduced electron transfer) from the excited Bodipy
unit, decreasing the intensity of emission. Later, a system-
atic study of the relative frontier orbital energy levels of
Bodipy and the meso substituents'’ proved our earlier
suggestion. Thus, we expect that any interaction reducing
the charge density on the pyridinium moiety would in-
crease the emission intensity as a result of decreased reverse
(oxidative) PET. The rest of our design was built on the
results obtained by Kaifer.'® Carboxylic acid functionality
linked to a bipyridinium dication moiety with pentamethy-
lene spacers were shown to offer two binding sites for CB7.
It was shown by NMR studies that, at neutral pH, CB7
prefers the bipyridinium dication station, whereas under
acidic conditions (when the carboxylate group is pro-
tonated), the carboxylic terminus becomes the preferred
station. With these considerations in our design, we in-
corporated a carboxypentyl group as the second station.
The Bodipy unit is the fluorescent reporter of the position
of the wheel on the molecular axle, it is also a stopper, so at
least from one end, CB7-3*" complex is stoppered.
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Synthesis was accomplished starting from the 8-chloro-
methyl-Bodipy derivative, and the preparation details of
all new compounds are described in the Supporting In-
formation (SI). The target Bodipy derivative has a reduced
quantum yield as expected; reverse PET process competes
effectively with the radiative de-excitation. The emission
spectra of 3*" in the presence of increasing concentrations
of CB7 are highly instructive (Figure 2).
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Figure 2. Emission spectra of compound 3" (0.01 mM, in 0.1 M
NaCl, 2% MeCN in D,O, pH ~9) in the presence of increasing
concentrations of CB7 (0, 0.1, 0.2, 0.3, 0.4, 0.5 0.6, 0.7, 0.8, 0.9,
1.0, 1.1 x 107> M). Inset shows the appereance of solutions
under ambient light (left) and under a hand-held 360 nm UV
lamp (right).

In the presence of CB7 at 10 uM (1.0 equiv), there is
more than a 4-fold increase in the emission intensity. The
formation of an inclusion complex between the viologen
dication and CB7 is also monitored by using mass spectrom-
etry, which clearly shows the complexation (see SI).
The complexation affinity was analyzed by the Benesi—
Hildebrand treatment of the titration curve of 3>* by CB7
(SI), the host—guest binding constant was obtained (K =
1.34 x 10°M ™).

Figure 3 shows the pH-directed reversible oscillations in
emission spectra with the inclusion complex of 3** and
CB7 as monitored by switching pH between pH ~2 and
~9. As expected, the emission intensity is higher at neutral/
alkaline pH because, when the CB7 moiety encapsulates
bipyridinium dication (station 1), ion—dipole interactions
partially neutralize the positive charge on the bipyridi-
nium, slowing the reverse PET and allowing the radiative
transition to be the dominant mode of relaxation of the
excited state. Thus, the spectra clearly show the switching
of CB7 from one station to the other when pH is changed
from 9.0 to 2. Note that, in the absence of CB7, the
emission spectrum of 3*" in aqueous medium shows (SI)
essentially no dependence on pH in the range of interest
(pH 2 t0 9).

To investigate the emission intensity variation as a func-
tion of pH (Figure 4), a 1:1 complex (the pseudorotaxane)
was titrated in the pH range of 9 to 1.6. When the pK, of the
carboxylic acid function is considered, the inflection point
of the titration curve at pH 5 is in agreement with the
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Figure 3. Emission spectra of solution compound 3** (0.01 mM,
in 0.1 M NaCl, 2% MeCN in D,0) in the presence of 1.0 equiv of
CB7 cycled between pH ~2 and ~9. Inset shows emission vs pH
~2 to ~9 cycles recorded at 531 nm.

literature data.'” Interestingly, the emission intensity of the
complex is still higher than 3**.

The interaction between 3*" and CB7 was also studied
by 'H NMR spectroscopy. Figure 5 shows the titra-
tion experiment of 3** (3 mM) with CB7 in 0.1 M NaCl/
D,0/CD;0D (80:20) solution (pD ~8). As previously
reported,'®!” the addition of 1.0 equiv of CB7 resulted in
an upfield shift of 8 and ' protons of the viologen unit by
0.80 and 1.18 ppm, respectively. Although the o proton,
as expected, shows minor shift in the peak position
(<0.1 ppm), the observed upfield shift for o is 0.7 ppm.
This reveals that, in basic media, the Bodipy side of the
viologen guest is pushed more into the cavity of CB7,
which explains the unexpected large upfield displace-
ment of the o protons and also the different upfield
shifts of 8 and ' protons. Because of this asymmetric
arrangement within the pseudorotaxane, Me; and g
protons interact with the carbonyl oxygens of CB7
portals and undergo a downfield shift.

pH=19.0 il
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Figure 4. Emission spectra of compound 3** (0.01 mM, in 0.1 M
NacCl, 2% MeCN in D,0) with 1.0 equiv of CB7 with decreasing
pH (9.0, 8.0, 7.5, 7.0, 6.5, 6.0, 5.5, 4.5, 4.0, 3.6, 3.3, 3.1,2.9, 2.7,
2.5,2.3,2.0, 1.8, 1.6). Inset shows emission of 32 complex as a
function of pH recorded at 531 nm.
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Figure 5. "H NMR spectra (400 MHz, 0.1 M NaCl in 70:30 D,O/
CD;O0D at 25 °C) of 3>" (3.0 mM) in slightly basic media pH ~8
with increasing concentrations of CB7 (0—1.2 equiv).

This interaction is also predominant in the aliphatic
region, especially e and d protons undergo a downfield shift.
However, the more remote protons of the axle (a and b)
are only slightly affected by the deshielding zone of the
host and show a minor shift in peak positions. Further-
more, this asymmetrical intrusion of the viologen unit of
the axle gives rise to splitting of CB7 protons. Formation of
the inclusion complex between the guest (3*") and host
(CB7) molecules was also confirmed by 2D NOESY NMR
spectroscopy (SI).

In acidic media, concomitant to the reduction in emis-
sion intensity (suggesting a preferential move away from
the pyridinium cation immediately adjacent to the Bodipy
unit), 2D NMR data show revealing changes (SI). Methy-
lene hydrogens show off-diagonal (cross-peaks) with CB7
protons, a feature that does not show up in neutral/basic
medium. Thus, it is apparent that CB7 remains mostly
bound to the Bodipy axle, and yet it moves in the predicted
direction.

Once we established pH-mediated shuttling in aqueous
solutions, we designed an experiment to realize similar
shuttling in solution, but this time autonomously. In batch
systems, pH oscillations for solutions containing thiosul-
fate, sulphite, and iodate ions are well-documented. We
observed a small decrease in pH by 0.1 units, then a sharp
drop of 3 pH units to nearly pH 2.4, and then oscillations
die out, with pH reaching a constant value. The changes
are highly reproducible. The switching was followed si-
multaneously by fluorescence spectroscopy and a pH
meter: the first 8% increase in the emission intensity was
observed, and at 360 s into the progression of the reaction,
within a few seconds, a relatively fast drop (—84%) in the
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emission intensity was observed. The emission changes
were reproducible and juxtaposed very well with the
changes in pH (Figure 6). In separate control experiments
without CB7, no change in the emission was observed,
eliminating any possibility of chemical processes altering
the Bodipy emission. The batch pH oscillations were
highly irregular and only sustained for just one or, at most,
two cycles; nevertheless, our results clearly serve as a proof
of principle for autonomous switching in a pseudorotax-
ane by coupling to an oscillating reaction.
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Figure 6. Plot of emission intensity and pH vs time obtained
during the pH oscillation reaction coupled to the shuttling
process. Thiosulfate (17.5 mM), sulphite (24.4 mM), and iodate
ions (10 mM). Oscillations were started by the addition of
22 mM H,SOy, to yield a final concentration of 5.5 mM at the
beginning of reaction. Concentration of CB7 (wheel) was
0.012 mM, and the Bodipy derivative (axle) was 0.01 mM 3**.

This is one of the rare demonstrations of a molecular
shuttle system in which the “mobile” component is moving
from one station to the other in a truly autonomous
fashion. The coupling of pH oscillation to the shuttling
process is clear, during which free energy of the oscillatory
reactions is exploited. This kind of chemical coupling of an
energetically favorable reaction (or set of reactions with
complex kinetics) to molecular motion is reminiscent of
many biological analogues and therefore highly exciting.
The proof of principle study described here presents the
first compelling evidence that oscillating reactions may
provide such autonomy to molecular machines.
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