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Guest exchange by a partial energy ratchet in water.

Xue Yang,® Qian Cheng® Valerie Monnier, Laurence Charles,® Hakim Karoui, Olivier Ouari,®
Didier Gigmes,® Ruibing Wang, ™ Anthony Kermagoret,™, and David Bardelang'®

Abstract: Molecular machines are ubiquitous in nature and
function away from equilibrium by consuming fuels to produce
appropriate work. Chemists have recently excelled at
mimicking the fantastic job performed by natural molecular
machines with synthetic systems soluble in organic solvents.
In efforts toward analogous systems working in water, we show
that guest molecules can be exchanged in the synthetic
macrocycle cucurbit[7]uril by involving kinetic traps, and in
such a way as modulating energy wells and kinetic barriers
using pH, light and redox stimuli. Ditolyl-viologen can also be
exchanged using the best kinetic trap and interfaced with
alginate thus affording pH-responsive blue, fluorescent
hydrogels. With tunable rate and binding constants toward
relevant guests, cucurbiturils may become excellent ring
molecules for the construction of advanced molecular
machines working in water.

Biological molecular motors are fascinating architectures
performing highly specialized and crucial tasks for different
types of cells. Proteins (and most often protein assemblies)
involved in these machines function away from equilibrium
to generate directional motion closely linked to ratchet type
mechanisms.* 2 3 4 These features have allowed them to
produce the work necessary for cell machinery such as that
required for the directional transport of RNA in the
ribosome,®  for protein translocation across cell
membranes,® or for muscle contraction.”!” While the
working principles of natural molecular motors have started
to be understood, chemists have begun to design and study
increasingly complex artificial molecular machines.® 9.0 1%,
2 The quest toward synthetic molecular motors,*3: 14 191
has progressively resulted in a paradigm shift to out of
equilibrium systems.[6 17. 18 191 | andmark achievements
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were obtained with interlocked structures (rotaxanes and
catenanes) enabling to discover artificial unidirectional ring
transport,2% 21 221 molecular pumps,? 241 or catalysis,?%
relying on energy ratchet®® or information ratchetl?” 28
mechanisms, processing relevant fuel, and controlling the
depth of energy wells and the height of kinetic barriers.
However, we are not aware of artificial molecular machines
featuring macrocycles working out-of-equilibrium in
water. 9

In 2000, the chemistry of the synthetic macrocycle
cucurbit[6]uril dramatically expanded after the reports of
lower and higher size homologues.B° 31 Cucurbit[n]urils
(CB[n])i32 33.34.35.36] have since then been used in a plethora
of applications in water,7 38 39.40. 41, 421 including molecular
machinest? 44 45 or more recently systems working away
from equilibrium, 647481 |n about 20 years, key results were
obtained by the teams of Isaacs, Kim, Kaifer and others
illustrating the relevance of using CB[n] for self-sorting,**
50, 51,521 stimuli-responsive systems,#2 45 53. 54, 551 or for
kinetic versus thermodynamic control.l¢ 57 |n 2002,581: 59
the inclusion of methyl-viologen in CB[7] was reported
opening a new prolific interface. Later, pH was shown to
trigger shuttling of CB[7] on and off over a viologen axle
featuring carboxylate groups.’® CB[7] was also
demonstrated to be hardly expelled out of relevant threads
carrying carboxylic acids at basic pH," 2 when better
partners are present.[53 4 These systems highlight the
frontier between pseudo-rotaxanes and rotaxanes that can
sometimes be blurred.[5% 65 67 These studies also showed
that effective kinetic traps can be prepared in water,
systems that can in principle be used to build assemblies
working away from equilibrium.’®® Finally, Masson and co-
workers set the challenge to build energy ratchets based
on CBJ[n] in 2018.%81 Here we show that, by combining two
guest molecules with CB[7] (Figure 1), the 1% responding
to pH and the 2" to oxidoreduction, CB[7] can be
transiently transported out-of-equilibrium on a disfavored
station thereby affording a partial energy ratchet in water.
One of the key features of this system lies in a kinetic trap®®
70. 111 where CB[7] is blocked on a viologen and cannot
escape from it due to repulsive interactions between the
two carbonyl rims of the host and the negatively charged
carboxylate groups of the viologen thread.

The first guest 4,4’-bis(carboxyphenyl)-bipyridinium (Figure
1) possesses three potential stations for CB[7] binding:
phenylene-viologen-phenylene (PVP). This compound was
previously studied in the context of metal-organic rotaxane
frameworks involving CB[7].'2 'H NMR titrations at near
neutral pH showed that at 1 equiv. of CB[7], the host prefers
binding station V (viologen) while at 2 equiv. of CB[7], two
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Figure 1. Cycles of guest exchange (a) mediated by two stimuli (pH and redox) featuring two kinetic traps (step 6: CB[7] cannot
complex the viologen and step 4: CB[7] cannot escape viologen). Structure of (b) CB[7], DFT minimized structure (c) of the
CBJ7]-cystamine complex and X-ray structure (d) of the CB[7]*PVP complex.

host molecules are on stations P (Figures S1 and S2), in
line with previous reports.%2 Mass spectrometry confirmed
these results (Figures S3 and S4). Conversely, at basic pH,
only one CBJ[7] can be bound on station V, leading to PVP?
*CB[7] (Figure S2). In contrast to PVP+CBJ[7], the PVPZ
*CBJ[7] complex is stable when a better guest (i.e. (p-
phenylenedimethylene) bis [trimethylammonium] PMTA) is
added to the solution, as showed by *H NMR spectra
(Figure S5). Actually increasing the pH of a PVP+CB[7]
solution before addition of a competitor prevented CBI[7]
from escapement, suggesting that CB[7] could be
kinetically trapped in line with previous reports.[”®l However,
CBJ[7] could be immediately released from PVP to bind the
more thermodynamically favored guest after addition of
trifluoroacetic acid (TFA, Figure S5).

Having shown that the kinetic barriers, for escapement of
CBJ[7] in the PVP+CB[7] complex, could be tuned by pH, we
focused on a guest competitor enabling the binding to be
controlled by another stimulus. Disulfides were prime
candidates for this purpose because the disulfide bridges
can be reversibly cleaved using oxidoreduction and they
can be crucial structural features of proteins.[”4l After
several unsuccessful tests with cystine (D, L, DL),
methylated-4,4’-dithiodianiline, and methylated-cystamine
(Figures S6 to S8), cystamine hydrochloride (Figure 1)
turned to be ideal as its disulfide bridge could be reversibly
cleaved by a redox process leading to cysteamine (Figure
1 and Figures S9 to S11) and binding constants toward
CB[7] are compatible with the use of PVP (Figure 1).
However, limitations inherent to some reactions impacting
pH (so the PVP protonation state), or redox efficiencies

being pH dependent have impeded fast access to
guantitative transformations. Nevertheless, after several
tests involving different oxidants (30% H,0,, 30% H,0,/1
mol% Nal, 30% H>0./1 mol% I, O,, and KMnO4/CuSO,-
3H,0), FeCls, Nal appeared ideal.[’™ Likewise, we focused
on finding reductants enabling quantitative transformations
and tested DTT, H,, and NaHSO3; but TCEP afforded the
best results. Kaifer and coworkers previously showed that
reduction of cystamine could be dramatically decreased by
complexation in CB[6].71 We reasoned that cystamine
binding in CB[7] could be less efficient enabling
reduction/oxidation of included cystamine/cysteamine in a
reasonable timeframe (Figures S10 and S11). We
measured a binding constant for CB[7] toward cystamine of
Ka= 7.9 x 10" M! by NMR (competitive binding, Figure
S12). The binding of CB[7] toward PVP was previously
reported to be Ky= 3.8 x 10° M2 A single-crystal X-ray
structure of PVP+CB[7] (CCDC-2038656) and a DFT
minimized structure for the cystamine*CB[7] complex
confirmed the expected binding geometries (Figures 1c
and 1d). Besides supramolecular pK, shifts displacing
equilibria to protonated amines when complexed in
CB[7],'1 cystamine and cysteamine were considered
protonated (respective pKa values for first ionization of
~10.8"8 and ~8.3).["9

We then investigated 1/1/1 mixtures of PVP/cystamine(or
cysteamine)/CBJ[7] by *H NMR in DO (Figures S13 to S23
for each step) tuning conditions to target quantitative
conversions. The results, summarized in Figure 1,
highlighted two directional cycles of transformations
featuring two kinetic traps, and dependent on the sequence
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Figure 2. Aromatic region of *H NMR spectra (a) of mixtures containing PVP, cystamine, cysteamine and CB[7] corresponding to
Cycle 1 (sequence 1 — 2 — 3 — 4 — 1) of Figure 1 in D,0O, followed by (b) schematic representations of tube composition and

(c) corresponding energy profiles.

of stimuli applied (cycle 1: steps 1 — 2 — 3 — 4 — 1 using
the sequence: reduction, base, oxidation, acid; and cycle 2:
steps 1 - 5 > 6 — 2 — 1 using the sequence: base,
reduction, acid, oxidation).

As the 2" kinetic trap was not stable enough (vide infra),
we focused on kinetic trap 1 and performedthe 1 -2 — 3
— 4 — 1 sequence in one NMR tube. Cycle 1 started at
step 1 upon the random mixing of the three components in
D,0. Balancing each stimulus by its counterpart, this
sequence of steps did not result in net transport of CBJ[7]
molecules that came back to their initial positions. Since
addition of a base onto a PVP/cystamine*CBJ[7] solution
(step 1) did not result into cystamine/PVP?+CB[7] (step 4),
there should be only one way to reach this state (1 —» 2 —
3 — 4). This means that the sequence of steps 1 — 4 — 3
— 2 — 1is impossible to do.

'H NMR spectra for the 1 — 2 — 3 — 4 — 1 sequence are
presented on Figure 2. Reduction (balance breaking 1) of
cystamine (steps 1 — 2) to cysteamine led CB[7] to bind
PVP as revealed by the strong upfield shift for the signal of
a protons.[’? These results are in line with a change in the
energy profile (Figure 2c) leading to a guest exchange
toward a new energetically stable CB[7] complex thanks to
Brownian mation. Raising the pH (unlinking stimulus, steps
2 — 3) blocked CBJ[7] on the viologen, increasing kinetic
barriers and thus preventing subsequent release, while
only slightly affecting the signals of the guest. Then
oxidation of cysteamine (balance breaking 2) to regenerate
cystamine (steps 3 — 4) could have incited CB[7] to move
on the best binder (cystamine). However, this was not

possible because CB[7] was kinetically trapped on PVP?
(Figure 1), as observed by signals in the aromatic region
which are virtually unchanged. Step 4 thus corresponds to
an out-of-equilibrium system where CB[7] is trapped
energetically uphill. Kinetic experiments for the PVP?
*CB[7]/cystamine system (step 4) showed that the CB[7]
escapement is pH dependent (Figure S24). At pH 7.8, ring
escapement took place in a few days (Figure S24a) while
at pH 10.8, CBJ[7] was released on cystamine only after
heating at 75 °C for several hours (Figure S24b). The pH
dependence for the CB[7] escapement from PVP?+CBJ[7] is
presumably due to equilibria between the -COOH and -
COO~ forms of PVP? at lower pH (Figure S25). We believe
that (at least) one -COOH function transiently occurring in
the PVPZ+CB[7] complex largely drops the kinetic
(electrostatic) barrier at relevant pH, favoring CB[7]
escapement through the carboxylic acid functions of PVP
(Figure S25). The addition of an acid (linking stimulus)
completed cycle 1 by enabling CBJ[7] to be released and to
complex cystamine.

Additionally, we found that light could be used as another
stimulus®®! for the escapement step. Inspired by the
photochromic properties of crystals of CB[7]*PVP+Zn,"d we
prepared a solution corresponding to kinetic trap 1 (step 4)
and placed it under UV light. NMR spectroscopy revealed
about complete CB[7] escapement from PVP? and binding
of cystamine (Figure 3a) after irradiation at 254 nm for 15
minutes. We observed a color change from yellow to green
during irradiation that we assigned to the generation of a
colored radical cation of viologen. UV-vis spectroscopy

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

showed a shoulder in the 430-440 nm region caused by
CBJ7] (Figure S26). EPR spectroscopy showed under UV
irradiation a pattern with many couplings typical of a
viologen radical cation supporting that a viologen** radical
transiently formed (Figure 3c). Currently, the source of the
electron donor remains unclear,®" 8 put if at least one
electron was to jump from one carboxylate group of PVPZ,
a negative charge would be removed, thereby decreasing
the kinetic barrier for dethreading. While methylviologen
and its complex with CB[7] showed no EPR signal under
UV irradiation, EPR of PVP?Z solutions showed a weak
signal (Figure S27) suggesting that the benzoate group
could be the electron source whereas that of PVP?+CBJ[7]
showed a green colour and a symmetric EPR spectrum
(Figure S27).

a)
uv
254 nm

t=0min

il

t=15min !

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20

S/ ppm
b) Energy i c)
\ EPR
before S —
uv 106G
irradiation

Figure 3. Ring escapement triggered by UV light irradiation (a)
followed by NMR ([PVP] = 0.8 mM, 1 equiv. CB[7], 4 equiv.
NaOH, and 1 equiv. cystamine in this order; *: acetone, #:
HOD) with color changes suggesting (b) formation of a
transient PVP radical form as could be checked (c) by EPR
spectroscopy (inset: center of quartz flat cell, Ay = 365 nm).

during
uv
irradiation

ring position

In any case, CB[7] seems largely promoting formation or
stabilization of a viologen centred free radical of PVP. While
more work is necessary to ascertain the nature of the
electron donor, a new cycle passing through the two kinetic
traps could in principle be build relying on light and redox
stimuli (Figure S28).

As mentioned above, the addition of a base from step 1 did
not lead to step 4. However, this process generated a new
mixture enabling to enter Cycle 2 (step 5, Figure 1) where
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cystamine was still included in CB[7] in the presence of
PVP? (Figure S20). Reduction from Step 5 generated the
short lived kinetic trap 2 since the potentially released CB[7]
would in principle hardly go through free PVP? because of
unfavorable interactions of carboxylate groups with CB[7].
However, isolation of step 6 was difficult due to the
relatively fast threading of PVP?Z after few minutes (Figure
S22), rapidly leading to step 2.

One important feature of complexations by CB[n] in water
is the often-reported high value for binding constants. For
cycle 1, we could thus transform each step almost
guantitatively. Even if there was no net ring transport after
the cycle, the efficiency of ring transport and the faculty to
return to its initial position (“reset”)®3 suggests that such
systems could in principle be used to build efficient, rotatory
molecular motors in water.

Finally, we tried to realize a fullcycle:1 -5 —-6 -2 — 3
— 4 — 1 using two balance breaking stimuli (reduction and
oxidation), and four linking / unlinking stimuli (base and acid,
Figure 1). The complexation of the guests could be mainly
controlled and is in line with Figure 4.

== == 7’—|7

F D
acid base

(linking 2) brownlamn (unlinking 1)

b=l []

step 1

B

b=d

step 4 step 5 g
A 1
oxidation (balance breaking 2) reduction (balance breaking 1)
1 A\
== =4
step 3 step 6
base acid
(unlinking 2) (linking 1)
[ = Jedyis
step 2 brownian distribution

Figure 4. Full cycle featuring all steps of Figure 1.

However, transformations were not quantitative due to the
presence of bases early in this cycle and perturbing the
following steps (see comments in Figure S29). The CBJ[7]
distribution in this full cycle is schematically presented in
Figure 4 where the size of the boxes (the blue one for PVP
and the yellow one for cystamine/cysteamine) illustrates
the binding affinity for the guests. If we consider conditions
transforming step 5 in step 4 (hosts and guests are identical
but the CB[7] distributions are opposed), CB[7] could be
transported on a disfavored guest, reminding a two-state
Brownian flip-flop working by a partial energy ratchet
mechanism. [ &
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To determine if a related system trapped away from
equilibrium could be interfaced with a useful material, we
searched for competitive fluorescent compounds being
better binder than PVP and compatible with formation of
hydrogels. After several attempts, we found that di-tolyl-
viologen (DTV) was good for this purpose (Figure 5)
making fluorescent DTV+(CB[7]), 1:2 complexes.8

Figure 5. Hydrogels featuring the PVP?+CB[7] kinetic trap and
DTV showing weak emission (left) in basic conditions but
strong fluorescence (right) after contact with an acidic solution
as a result of CB[7] release and subsequent capture by DTV
(red borders inset: identical solutions before (left) and after
(right) acid addition without alginate and CacCly,).

Indeed, after checking that DTV was a better CB[7] binder
by NMR (Figure S30), we prepared solutions featuring the
PVP%+CB[7] trap in the presence of DTV. As expected only
a very weak fluorescence was observed as a result of CB[7]
staying trapped out-of-equilibrium. After HCI addition, the
solution became intense blue fluorescent as a result of
CBJ[7] release and trapping by DTV (Figure 5 inset).[84
Further work established the compatibility of this system
with alginate/Ca®* hydrogels (Figure 5) resulting in
materials possessing supramolecular systems trapped
away from equilibrium, but sensitive to pH changes as can
be seen by large fluorescence changes. The controlled
release of CB[7] in moderately acidic environments may
facilitate the specific sequestration of polyamine for
possible cancer treatments. 85!

In conclusion, we have shown that the complexation of
CBJ[7] toward two carefully designed guests could be well
controlled by tuning energy wells and kinetic barriers
thanks to appropriate stimuli. These experiments show that
cucurbiturils can be used to afford long-lived kinetic traps
in water where the ring compound can be set to bind less
favoured guests in the presence of better partners. An
interesting feature of this system is the relative complexity
that is generated from simple molecules, and the possibility
to interface it with fluorescent compounds and hydrogels.
With their excellent and tuneable rate and binding
constants, we anticipate that many more molecular
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machines using ratchet mechanisms® will be prepared in
water using cucurbiturils in the future, especially if they can
be organized, or interfaced with other systems to generate
useful work.®7
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