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Coordinated motions are essential in the operation of molecular
machines. This feature can be achieved by landscaping the energy
surface along the movement coordinates. Herein, we present an
approach of using a single stimulus to modify the free energy
curve describing the threading and shuttling of a ring along a
linear molecule. This approach has been realized by locating two
identical ring-binding sites near the axle termini.

Molecular entangled chemical species, such as catenanes and
rotaxanes, are attractive entities for the development of artifi-
cial molecular machines and motors." Their appeal relies on
the ability to use an external stimulus to control the relative
motions of their molecular components.> A common precursor
for rotaxanes and catenanes are pseudo-rotaxane complexes;
the latter species are composed of a linear molecular axle
threaded into a macrocyclic ring.? As opposed to rotaxanes, in
a pseudo-rotaxane, the ring can freely slip on and off, yielding
a chemical equilibrium in solution between complex and free
species. Additionally, when the axle features more than one
recognition motif, the ring can undergo a translational motion
between sites, generating a dynamic complex known as a mole-
cular shuttle.*

It was demonstrated that axle end group bulkiness dictates
ring threading rate;’ this relationship was rationalized by the
tight fit between terminal groups on the guest and ring cavity
size, in addition to conformational changes required during
the slipping process.® Conversely, it was proven that electro-
static interactions during the sliding process play a determi-
nant role on the threading rate. Overall, these coulombic
effects were applied to speed up,” slow down,® or even fully
stop ring sliding motions.’
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Similarly, for bistable molecular shuttles, the influence of
the environment,'® macrocycle size,"* end groups,'> and
length between stations'? on the ring translational motion was
elucidated.

Typically, the ring-binding motif of the axle is located near
the center of the axle, and electronically disconnected from
the terminal groups. We hypothesized that by locating chemi-
cally sensitive binding sites at both axle termini, we could sim-
ultaneously affect ring sliding and shuttling motions with a
single stimulus (Fig. 1).

We previously investigated a similar design using bulky
phosphonic groups symmetrically attached to a viologen unit
in the axle and an anionic crown ether ring. The negatively
charged phosphonate groups, i.e., in their basic form, become
electrostatic stoppers, impeding the threading/dethreading
motion and yielding the conversion of pseudo-rotaxane species
into a rotaxane complex.'*

Now, we proposed replacing the bulky phosphonic acid
groups with smaller carboxylic acid units to allow unrestricted

ring position

Fig. 1 Energy curve (gray) representing translation of a ring along a
linear molecule. The expected variation in the energy profile, induced by
a stimulus affecting terminal groups and recognition sites, is shown in
red.
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chemical exchange between bound and unbound species. This
modification was designed to yield a correlated ring shuttling
motion in the complex species. Moreover, upon the addition
of a base, formation of negatively charged carboxylate groups
was expected to yield changes in complex stability, sliding,
and shuttling rates.

Herein, we report a viologen-based axle, featuring chemi-
cally sensitive propionic acid groups at both ends. These
groups play a dual role: degenerating binding sites for a single
crown ether ring and acting as handles to simultaneously
control the sliding and shuttling ring motions.

We started by setting out to prove that a propionic acid
group attached to a viologen core performs as a recognition
motif for a crown ether. Consequently, we designed and pre-
pared a nonsymmetric viologen guest, namely [1]**, with a
single binding site, and investigated its interaction with
macrocyclic host [DSDB24C8]*~ (Scheme 1).

Guest [1]** was synthesized in two steps, specifically
through successive quaternization of 4,4"-bipyridine with
benzyl bromide and 3-bromopropionic acid. This compound
was fully characterized using proton and carbon-13 nuclear
magnetic resonance ("H and '*C NMR) spectroscopies as well
as mass spectrometry (see ESI, pages S2-S7t). The macrocycle
[DSDB24C8]*~ host was prepared as a tetramethylammonium
salt and isolated as its anti-isomer according to our published
method."

Addition of [NMe,],[DSDB24C8] to a colorless methanol
solution of viologen [1][Br], produced a bright yellow color,
suggesting the formation of a charge-transfer complex between
the electron-rich crown ether and electron-poor viologen. This
effect was accompanied by the appearance of a new set of reso-
nances in the "H NMR spectrum, recorded in CD;0D (Fig. 2a).
In the presence of 0.5 mole equivalent of [DSDB24C8]*~, two
sets of signals were observed, corresponding to bound and
unbound species. However, in an equimolar solution, only
resonances for the bound species were detected, supporting
the formation of a host-guest complex with an association
constant above 10* M, under the experimental conditions.

To obtain a more accurate value of the association constant,
we performed a titration of guest [1]** in methanol through
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Scheme 1 Chemical structures of host and guest compounds.
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successive additions of a methanol solution containing crown
ether [DSDB24C8]*~ and followed the response in the
electronic spectrum at a wavelength of 380 nm (see ESI,
page S267). Data fitting using a 1:1 stoichiometry model pro-
vided a K, value of 8.9(0.9) x 10° M™%; (AG® = —33.4(0.3) kJ
mol™), a value two orders of magnitude higher than that we
found for paraquat®/[DSDB24C8]*~ system using a related
method."®

The chemical shift resonances for the bound species were
consistent with the formation of an interpenetrated complex.
Upon binding, macrocycle aromatic (Hy, Hy, and H,) as well as
viologen (Hq, He, and Hg) signals shifted to a lower frequency
(Hy: A6 = —0.40; Hy: A6 = —0.47; H,: AS = —0.38; Heg: AS =
—0.96; and Hg AS = —0.40 ppm), indicating aromatic stacking
between pyridinium and catechol rings. In contrast, propionic
methylene resonances (H, and Hy,) shifted to a higher fre-
quency (Hy: AS = +0.40; Hy,: AS = +0.27 ppm), possibly due to
hydrogen bonding with crown ether oxygen atoms in the
cavity. Moreover, guest phenyl and benzyl resonances were
practically unperturbed, indicating that the crown ether ring
only resided on the propionic site. Furthermore, a 'H NMR
rotating-frame Overhauser effect (ROESY) experiment demon-
strated a through-space correlation between ethylene glycol
macrocycle protons and ortho-N' viologen protons at the pro-
pionic site (Fig. 2b), implying their locations near each other.
'H NMR experiments at temperatures between 313 and 183 K
did not provide evidence of ring shuttling, assuring that the
macrocycle stayed exclusively over the propionic station.

Integral values derived from the 'H NMR spectrum indi-
cated the presence of a complex with one macrocycle per violo-
gen, and no evidence of higher stoichiometries were obtained.
An additional confirmation was provided using mass spec-
trometry. In the mass spectrum, a single peak was observed,
corresponding to the ion pair complex [1 + DSDB24C8 + HJ"
(exp: m/z 927.26758; calc.: m/z 927.26745; error: 0.1 ppm, ESI
page S237).

All these results agreed with the formation of a stable [2]
pseudo-rotaxane complex [1CDSDB24C8] in solution, with the
macrocycle residing on the propionic binding station.

The entangled structure of complex [1CDSDB24C8] was
confirmed from an X-ray analysis (Fig. 2¢)."” In the solid state,
the host-guest complex was observed to adopt a threaded geo-
metry with propionic methylene units standing at the center of
the host cavity, forming weak hydrogen-bond interactions with
the crown ether oxygen atoms (average C---O distances 3.43 A,
average C-H---O angles 146.29°). The macrocycle was observed
to adopt a C-type conformation, favoring an aromatic
n-stacking interaction between the two electron-rich sulfonated
catechol rings and the electron-deficient pyridinium rings
(with an average distance of 3.63 A between host and guest aro-
matic rings and an average dihedral angle of 10.6°). Ion-dipole
interactions were also indicated to play a major role in main-
taining the interlaced structure, with the shortest N*---O dis-
tance being 3.09 A, established between the nitrogen at the
pyridinium and one of the oxygen atoms in the crown ether
cavity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) IH NMR spectra (500 MHz, CDsOD, 293 K, 5.0 x 10~3 M) of guest [1][Brl, (blue trace); [1][Br], and [NMe4],[DSDB24C8], 1.0 : 0.5 mole equi-
valent (black trace), [1][Br], and [NMe4],[DSDB24C8], 1.0:1.0 mole equivalent (gray trace); and host [NMe,],[DSDB24CS8] (red trace); (b) partial 2D
ROESY NMR spectrum of a solution formed from [1][Brl, (5 x 10~ M) and [NMe,],[DSDB24C8] (2.5 x 10~% M) with t,, = 1.5 s (500 MHz, CDsOD,
293 K). EXSY-related peaks are shown in red; NOESY-related peaks, in blue. Proton assignments: blue, unbound [1][Br],; black, complexed guest

[11%*; (c) ball-and-stick (C black, N blue, O red, H white, and S yellow)
[1cDSDB24C8] determined using single-crystal X-ray diffraction.

Having established a positive role of the N'-propionic group
as a binding motif for the anionic dibenzo 24-crown-8 ether
macrocycle, we studied symmetrical guest [2]**, a structure fea-
turing two identical propionic binding sites and capable of
forming a bistable [2]pseudo-rotaxane complex.

Guest [2]** was synthesized as a bromide salt by performing
an alkylation of 4,4-bipyridine with 3-bromopropionic acid"®
and was characterized using NMR spectroscopy and mass
spectrometry (see ESI, pages S8-5S12 and S177).

This journal is © The Royal Society of Chemistry 2024

and space-filling (guest blue; host orange) representations of complex

Compound [2][Br], formed a colorless solution in metha-
nol; addition of one equivalent of [NMe,],[DSDB24C8] pro-
duced a bright yellow solution suggesting the formation of a
charge-transfer complex. As previously observed for complex
[1CDSDB24C8], emergence of a new set of resonances in the
"H NMR spectrum recorded in CD;0D was observed, confirm-
ing the formation of a new host-guest complex, namely
[2cDSDB24C8]. Mass spectrometry of this material demon-
strated a peak related to the ion [2 + DSDB24C8 + H], proving
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a 1:1 stoichiometry (exp: m/z 909.24109; calc.: m/z 909.24163;
error: 0.6 ppm, ESI page S24}). Due to the resonances for the
complex being more intense than the sets observed for
unbound host and guest, we were able to obtain a K, value by
conducting an electronic spectroscopy titration (see ESI, page
$267). Data fitting afforded a K, of 7.2(0.7) x 10° M™% (AG® =
-32.9(0.3) k] mol™"); similar to that found for complex
[1cDSDB24CS8].

Upon the binding to form complex [2CDSDB24C8], macro-
cycle aromatic protons (Hy, Hy, and H,) and viologen ortho-N"
and meta-N" protons (H. and Hy) shifted to a lower frequency
(He AS = —0.38; Hy: A§ = —0.47; Hy,: A§ = —0.35; Hq: A6 =
—0.95; and Hg: AS§ = —0.18 ppm), indicating aromatic
n-stacking interactions between the electron-rich catechol and
electron-poor viologen. Conversely, propionic methylene
protons (H, and Hy,) shifted to a higher frequency (H,: AS =
+0.18 and Hy: AS = +0.08), implying hydrogen-bond inter-
actions with the macrocycle cavity oxygen atoms. Interestingly,
the observed shifts for protons H,, Hy, and H, were approxi-
mately half of those observed for analogous protons on the
single-station complex [1CDSDB24C8], suggesting the for-
mation of a mobile complex, with the ring dividing its resi-
dence time between two identical stations, at a rate faster than
the NMR timescale. This feature was also implied by the broad
resonances recorded in the "H NMR spectrum (see ESI, page
S1971).

To further understand the dynamic behavior of the
[2CcDSDB24C8] complex, we acquired its '"H NMR spectra at
various temperatures, specifically from 183 to 313 K (Fig. 3).
Broad single resonances corresponding to viologen aromatic
protons (H. and Hy) were observed above 293 K, but each peak
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Fig. 3 (Lower panel) Partial VT 'H NMR spectra (500 MHz, 5 x 1073 M,
CD3sOD) for a 1:1 mixture of [NMe,4],[DSDB24C8] and [2][Br], (o = occu-
pied site; u = unoccupied site). (Upper panel) Depiction of the shuttling
motion of the macrocycle in the bistable complex.
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transformed into two similar signals at low temperature (with
coalescence temperatures of 263 K and 243 K, respectively).
This result confirmed that the macrocycle underwent a shut-
tling motion between two degenerate binding stations on the
axle. According to our interpretation of the results, above room
temperature, the macrocycle translocated rapidly on the NMR
time scale, averaging the resonances of both recognition sites,
whereas, as the temperature decreased, the shuttling became
slower, and the occupied and unoccupied stations were differ-
entiated. The energy barrier for shuttling (AGshutthng) was cal-
culated by applying the Eyring equation to the case of two
equally populated sites'® and was found to be 51(1) kJ mol™;
from this quantity, a shuttling rate of 4.6 x 10°> s™*
mated at 293 K (Table 1).

To fully characterize the ring translational motion, the
energy barrier for the slipping-on process (AG:,) was calcu-
lated. Rate constants at each temperature were obtained by
changing mixing times in the NMR ROESY spectra and
measuring integral values of the cross peaks, specifically those
originated from bound and unbound guest meta-N* protons
(see ESI, page S28-S317).”° Furthermore, applying the Eyring
equation provided a AGE, of 36.4(0.5) k] mol™". From this
value and association constant data, the first-order rate con-
stant for the slipping-off route (k.¢) was estimated to be 3.5
s™', corresponding to a half-life (¢,/,) of approximately 0.2 s for
the complex (Table 1).

We proposed that ring sliding and shuttling are correlated
motions, due to both motions being connected to the free
energy curve along the ring position coordinate. The ring
would move from the solution into the axle in the first case
and back-and-forth between stations along the axle in the
second case. To characterize these motions, we introduced two
new parameters:>' the shuttling frequency (SF), representing
the average number of the ring traveling cycles between
stations per second and numerically equal to the shuttling
rate, and the dimensionless shuttling number (SN), indicating
the number of ring traveling cycles between stations before
complex dissociation and derived from the product of SF and
complex t, (Table 1).

Finally, we set out to achieve chemical control over the
threading and shuttling motions. In situ addition of four
equivalents of base [NEt(i-Pr),] to a solution containing a
1:1 mixture of [2]*" and [DSDB24C8]*~ immediately changed

was esti-

Table 1 Stability and translational motion parameters at 293 K?

[2cDSDB24CS8] [3cDSDB24C8]*~
AG° (k] mol™) —32.9(0.3) -10.7(0.1)
K,(M! 7.2(0.7) x 10° 8.1(0.8) x 10"
AG:, (K mol™) 36.4(0.5) 62.2(0.1)
tyy2 (8) 0.2 1.1
AGshqu (kJ mol™) 51(1) 46(1)
SF (s ) 4.6 x10° 3.9 x10"
SN 9.8 x 10° 4.3 x10*

“Estimated errors are shown in parentheses.

This journal is © The Royal Society of Chemistry 2024
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the solution color, from bright yellow to pale yellow. In the "H
NMR spectrum, two sets of resonances were clearly observed:
one set corresponding to unbound crown ether and zwitter-
ionic [3], and the other to a new species in a minor proportion
(see ESI, page S197). As mentioned above, the integrals of the
peaks indicated a 1:1 macrocycle-to-viologen stoichiometry.
All resonances were sharp at 293 K, suggesting a slow exchange
between the complex and free species. Although the chemical
shifts differed from those of the protonated complex, their
trends were similar. Upon the binding to form the unproto-
nated complex, aromatic macrocycle and meta-N" protons
shifted to a lower frequency (Hy: AS = —0.37; Hy: AS = —0.42;
H,: A5 = —0.26; and Hgq: A§ = —0.97 ppm), indicating that aro-
matic stacking persisted in this complex, whereas methylene
protons attached to the viologen shifted to a higher frequency
(Ha: AS = +0.50 and Hy,: AS = +0.12), suggesting the occurrence
of hydrogen bonding. These observations were consistent
with the formation of complex [3CDSDB24C8]*".

The change in color and increase of the proportion of
unbound species according to the "H NMR spectrum were
indicative of a less stable complex. From the '"H NMR data, the
association constant for complex [3CDSDB24C8]*~ was deter-
mined to be 8.1(0.8) x 10 M™" at 293 K, a value at least four
orders of magnitude lower than that of [2CDSDB24CS8].
Removing the propionic acid proton yielded a drastic destabili-
zation of the complex, probably due to the weakening of the
hydrogen bonding, but also due to electrostatic repulsion
between negatively charged sulfonate moieties on the ring and
propionate groups on the axle.

Despite the remarkable reduction in stability, an interwoven
complex was still formed, and its dynamic behavior was
studied as mentioned above (see ESI, page S227). Signal split-
ting at low temperature for ortho-N', meta-N' and methylene
protons attached to the viologen proved the existence of shut-
tling. The free energy for shuttling (AGihutt“ng) was estimated
to be 46(1) k] mol™". A comparison of the [2CDSDB24C8] and
[3cDSDB24C8]>~ complexes indicated that shuttling would
occur one order of magnitude faster when the propionic end
groups at the viologen are negatively charged.

Moreover, the energy barrier for slipping on (AG},) was also
determined, using the same method as described above, yield-
ing a value of 62.2(0.1) k] mol~" for complex [3CDSDB24C8]*,
with this value almost 26 k] mol™' higher than that of the
neutral complex [2cDSDB24C8]. The observed difference can
be explained by electrostatic repulsion between the electron-
rich macrocycle cavity and the axle propionate groups during
ring entry. Despite significant destabilization of the complex,
the energy barrier for dethreading was elevated, yielding a
longer half-life for complex [3CDSDB24C8]°". Therefore,
deprotonation of the carboxylic groups on the axle would accel-
erate ring SF and hinder complex dissociation, yielding a sig-
nificantly higher SN in the anionic complex.

In summary, we presented a chemically sensitive viologen
guest that pierces the cavity of a negatively charged crown
ether to generate a pseudo-rotaxane complex. The presence of
two identical recognition motifs on the viologen induces a

This journal is © The Royal Society of Chemistry 2024
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ring shuttling motion. We demonstrated that by locating
binding stations near axle termini, slipping and shuttling
motions are simultaneously affected by a single chemical
stimulus and are therefore correlated. We also introduced the
use of SF and SN parameters to characterize these molecular
motions. Removing protons at the propionic groups yield a
less stable complex, with a longer half-life and higher SF.
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