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[2]Catenanes comprising two identical binding sites are an excellent platform to study the kinetics of non-
covalent interactions. In this work, we show that the “shuttling” of the [L0]CPP nanohoop between two
identical fullerene bis-adduct binding sites occurs with regioisomer-dependent rates of 1-5 s+ at room
temperature, placing these among the slowest w—m and dispersion-based shuttling processes reported
to date. The catenanes were accessed via Glaser—Eglinton macrocyclization from fullerene bis-adduct
precursors, which were purified by extensive recycling chromatography, and characterized by variable-
temperature 'H NMR spectroscopy. Molecular dynamic simulations employing well-tempered
metadynamics closely reproduce the experimental activation barrier (AG* ca. 70 kJ mol™), offering

insight into the nanohoop’s motion and metastable states along the shuttling pathway. The kinetic data
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Accepted 3rd October 2025 were further complemented by thermodynamic binding studies between [10]CPP and different fullerene

bis-adduct regioisomers. These findings expand our understanding of the kinetics and thermodynamics
of concave/convex m—m interactions and will inform the design of future mechanically interlocked
machines and 2D materials with slow response to external stimuli.
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near-perfect size and shape complementarity. Since the first
reports of this host-guest interaction by Yamago and Jasti,® the
thermodynamics of similar CPP/fullerene systems have been

Introduction

Mechanically interlocked molecules (MIMs) such as rotaxanes
and catenanes have provided fundamental insights into
molecular motion, particularly through the study of shuttling of
macrocycles between suitable recognition sites.” In degenerate
molecular shuttles, where the binding sites are identical,
shuttling rates have been shown to vary widely and are typically

a) Related work on degenerate shuttling

Leigh, 2008 l

correlated with the strength of the non-covalent interactions Lo;gézs(.)‘ﬁ
involved.” For this reason, “slow” exchange kinetics on the (solid state)
timescale of seconds are rare in degenerate mechanically 3 s (in DMF-d;)

interlocked architectures (MIAs, Fig. 1a). Slow threading b) Previous own work on CPP/Cgy MIAS

processes are critical for the design of certain molecular CPP[2]rotaxane MD simulations [2]catenane

machines.? Stoddart's “molecular pumps” for instance require
“valves” that operate on the timescale of minutes.* This is often
achieved by adding sterically demanding “speed bumps” in
order to slow down the ring movement.®

The radially conjugated macrocycle [10]cycloparaphenylene
([10]CPP) has emerged as a highly effective host for Cg, with
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Fig. 1 (a) Examples of relatively slow degenerate shuttling by Goldup
etal® and Zhu et al.*® along with respective shuttling rates. (b) Relevant
work by this group of authors on molecularly interlocked architectures
(MIAs) comprising [10]CPP and fullerenes.8<* (c) Illustration of
degenerate shuttling in MIM investigated in this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated in much detail.” [10]CPP/C¢, complexes have also
been employed as supramolecular templates for selective
fullerene bis-functionalisation and the construction of inter-
locked structures.®

Despite these advances, the kinetics of [10]CPP complexation
with fullerene bis-adducts, and how they relate to the binding
affinities of different regioisomers, have not yet been experi-
mentally explored. Earlier work only informed on the threading
kinetics in pseudo-rotaxane architectures,® was performed in
silico®'* or was unsuitable to give experimental insights into
binding kinetics due to the lack of a second unoccupied binding
site (Fig. 1b).5*

Herein we describe the synthesis and purification of
a degenerate molecular shuttle comprising two single-isomer
Ceo bis-adduct binding sites and one [10]CPP ring, made
possible by extensive use of recycling HPLC and GPC techniques
that were critical for the isolation of the fullerene bis-adduct
precursors. This unique molecular design allowed us to deter-
mine a degenerate shuttling rate of ca. 2 s~ by VI-NMR
spectroscopy.

a)
0 0
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Results and discussion
Synthesis of Cgo bis-adduct precursors and [2]catenanes

Our strategy to prepare the desired degenerate [2]catenane 1g
was based on two key steps: (i) a statistical Bingel cyclo-
propanation reaction, giving rise to a mixture of fullerene bis-
adducts (for a detailed discussion, see SI). This statistical
synthesis was chosen, because our “Russian Doll” template
approach, while perfectly trans-3-selective for symmetric malo-
nates,*” does not sufficiently differentiate the three trans-3
“in,out” diastereomers resulting from unsymmetric malona-
tes.?'* (ii) Glaser-Eglinton oxidation to close the large ring in
the presence of a suitable amount of [10]CPP to covalently
capture the nanohoop (Fig. 2d).

We synthesised bromomalonate precursor 2 from 4-ethy-
nylbenzyl alcohol and methyl hydrogen malonate. The malo-
nate was first converted to methyl 2-bromomalonic acid
bromide via Hell-Volhard-Zelinsky bromination, then esteri-
fied with the alcohol to afford methyl (4-ethynylbenzyl)
bromomalonate 2. We chose methyl (as opposed to ethyl) esters
on the malonate to simplify "H NMR spectroscopic analysis

b) sc-XRD of 3g
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(a) Synthesis of fullerene bis-adduct precursors. (b) Single-crystal X-ray diffraction (sc-XRD) structure of one enantiomer in a [L0]CPP co-

crystal of the in,in-trans-3 bis-adduct 3g (thermal ellipsoids shown at the 50% probability level). (c) Normalised HPLC chromatogram stack plot of
the twelve isolated bis-adducts 3a—m (Buckyprep-M, toluene, 0.5 mL min~?, 40 °C). (d) Synthesis of [2]catenane 1g from bis-adduct 3g. (e) MALDI
mass spectrum (matrix: DCTB) and (f) *H NMR spectrum (600 MHz, CDCls, 253 K) of [2]catenane 1g, showing experimental and calculated
isotopic patterns and diagnostic proton signals. *Toluene.
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(incl. the key VT NMR experiments) and to optimize chances for
chromatographic separation of fullerene regioisomers.
Compound 2 underwent Bingel cyclopropanation with Cg to
produce the desired bis-adducts 3 bearing terminal alkynes
(Fig. 2a).

The mixture of fullerene regioisomers* was separated using
recycling chromatography (HPLC and where necessary GPC, see
SI) to afford twelve predominantly pure isomers 3a-m (Fig. 2¢c
and Scheme S1). Minor cross-contamination by other regio-
isomers was detected in several cases (purity was assessed by
NMR spectroscopy and HPLC). However, these small impurities
are not expected to influence the outcome of the subsequent
coupling reactions and the key isomer in this work (3g) was
found to be 95% pure by HPLC. Regioisomer assignment was
based on characteristic features in the fingerprint region of the
UV-vis absorption spectra.’® Assignment of the in,out iso-
merism®** proved particularly challenging. The C; symmetric
in,out isomers were identified by their reduced symmetry, re-
flected in the number of signals in their 'H and “*C NMR
spectra. Among the C, symmetric isomers, only the in,in-trans-3
bis-adduct 3g could be unambiguously assigned through
single-crystal X-ray diffraction (sc-XRD) (Fig. 2b). With isomers
3g (in,in-trans-3) and 3e (in,out-trans-3) identified, the
out,out-trans-3 isomer 3f was assigned by exclusion.

Glaser-Eglinton™ coupling of the trans-3 isomer 3g at
0.35 mM concentration in the presence of 0.5 equivalents of
[10]CPP yielded the desired [2]catenane 1g in 3% isolated yield.
The low yield is a consequence of the occurrence of side reac-
tions such as homocoupling between two [10]CPP-complexed or
two uncomplexed bis-adducts, as well as oligomerization and
formation of bigger cycles. Moreover, since two inherently
chiral ¢rans-3 bis-adducts (from a racemic mixture) were
formed, [2]catenane 1g was obtained as a mixture of diaste-
reomers, as evident from (fine) splitting of the methyl ester
signals in the "H NMR spectrum (Fig. 2d, 3.84 and 3.82 ppm).
The most important signal splitting at low temperature (e.g.
253 K) is, however, the one into one set of signals for the
[10]CPP-complexed (4.10 ppm) and one set of signals for the
uncomplexed malonate (3.84 and 3.82 ppm).

Significant isomer-dependent reactivity was observed during
coupling reactions starting from different regioisomers (Table 1).
While the in,in-trans-3 isomer 3g cleanly formed the catenane, the
in,out-trans-3 isomer 3e only gave trace amounts of [2]catenane
(MALDI-MS). Instead, the main product was macrocycle 4e,
formed via intramolecular Glaser coupling, in 15% yield.

This observation prompted us to investigate catenane
formation across all isolated trams-1, trans-2, and trans-3
isomers. Overall, [2]catenane formation was observed only for
four isomers (3a, 3b, 3d, 3g), with isolated yields ranging from
0.2 to 5% (Table S1, determined by quantitative NMR). Intra-
molecular macrocyclisation rather than dimerisation occurred
in three isomers (3a, 3¢, 3e), with isomer 3a yielding both the [2]
catenane 1a (0.4%) and macrocycle 4a (2%). The out,out-trans-3
isomer 3f did not yield any isolable products in sufficient
quantity for NMR characterisation. Sc-XRD structures of
macrocycles 4a (Fig. S54) and 4c (Fig. S55) enabled the unam-
biguous assignment of the out,out-trans-1 (4a) and out,out-trans-2
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Table 1 Yields for the formation of [2]catenanes 1 and/or intra-
molecular macrocycles 4 derived from all isolated trans-1 to trans-3
bis-adducts 3 (see Scheme S1 for overview of isomers)

S & oo gD O

CuCl, CuCl,
yr|d|ne rt,6-17h

[10]CPP  bis-adducts [2]catenanes  macrocycles
___________ Sag . _..........031b1d1g  4adc,de
regioisomers: . . .
A in,out-isomers:
R-{-OMe R4OMe MeO-4-R
VR Wove (AR
trans-1  trans-2  trans-3 OMe OMe
(180°) (144°) (120°) in,in in,out out,out
Isolated species
Bis-adduct Isomer (NMR yields)
3a out,out-trans-1 (p 2%/ Q::b 0.4%
a
3b in,out-trans-2 q:b 0.2%
3c out,out-trans-2 (p 2%
3d in,in-trans-2 Q:b 5%
b
3e in,out-trans-3 (p 15%
3f out,out-trans-3 n.a
3g in,in-trans-3 {:b 3%

“ Only one of two isomers isolated. ? Isolated yield by weight.

(4c) structure to these compounds and their bis-adduct
precursors (3a and 3c). By exclusion, we were able to assign
compounds 3d and 1d as the in,in-trans-2 bis-adduct and the
respective (in,in-trans-2), [2]catenane. Notably, the sc-XRD
structures of 4a and 4c revealed short contacts between the
curved 1,4-diphenylbutadiene tether and Ce,, (Fig S54 and S55)
indicative of attractive concave—-convex - interactions. These
interactions may contribute to the stabilization of the macro-
cyclic side-products and could play a role in promoting their
formation from certain isomers. We conclude that only a few of
the isolated bis-adducts possess a geometry suitable for [2]cat-
enane formation. Our results furthermore suggest that the
in,out isomerism (e.g. in,out vs. in,in) affects catenane formation
more profoundly than regioisomerism (e.g. trans-2 vs. trans-3).

VT NMR spectroscopic study on degenerate shuttling

Having synthesized a variety of [2]catenanes, we turned our
attention to studying the shuttling behaviour of [10]CPP
between two fullerene-bis-adduct binding sites using variable-
temperature VI 'H NMR spectroscopy. Initial experiments
were conducted in CDCl;, however coalescence of the methyl
ester proton signals was not observed within the accessible
temperature window (up to 323 K). Due to their large difference
in chemical shift (4.1 vs. 3.8 ppm), these methyl protons are
ideally suited to study nanohoop shuttling. Turning to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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VT "H NMR spectroscopy in TCE-d,
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Fig.3 VT H NMR (600 MHz, C,Cl,D,) of the methyl ester region of [2]catenane 1g recorded from —10 to 120 °C, including a “zoom" into the
coalescence region. *Residual, unknown impurity after HPLC purification (note: in some VT-NMR spectra, the impurity appears artificially intense

due to broadening of the [2]catenane signals).

tetrachloroethane-d, (TCE-d,)** we were able to record "H NMR
spectra up to 393 K. Under these conditions, coalescence of the
methyl ester resonances corresponding to the [10]CPP-bound
and unbound fullerene bis-adducts was observed at 348 K
(75 °C, Fig. 3). From the frequency separation between the
exchanging peaks (154 Hz) we were able to determine a Gibbs
free energy of activation (AG¥) of 68.8 kJ mol ! (see SI for details
and experimental uncertainty), corresponding to a shuttling
rate k of 5.4 s~ * (Table 2) at room temperature.'®

Interestingly, a control experiment with the simple host-
guest complex of the in,in-trans-3 fullerene bis-adduct with
[10]CPP (2:1 ratio) had revealed a coalescence of the same
methyl ester protons at 313 K (Fig. S41), corresponding to
a shuttling rate at room temperature of 44 s~", indicating that
shuttling is significantly slower in the catenane as in this
reference system. Tethering the bis-adduct moieties appears to
increase the kinetic barrier for [10]CPP to slip off the fullerene
binding site.

We hypothesize that this behaviour arises from our design
that features a rigid linker between the two fullerene units. The
rigidity likely prevents the system from adopting a more
favourable conformation during the slip-off motion of [10]CPP,
effectively hindering the exchange process.

To assess the impact of the solvent on the shuttling kinetics,
we investigated the in,in-trans-2 bis-adduct 3d in both CDCl;
and TCE-d,, observing a rate of 26 s ' (AG* = 64.9 k] mol ') in
CDCl; and a slower rate of 8.3 s~' (AG* = 67.7 kJ mol ') in
TCE-d, (Table 1). The corresponding [2]catenane 1d, derived
from this bis-adduct mixture, showed coalescence at 358 K, with
a Gibbs free energy barrier of 72.3 k] mol~" and a shuttling rate
of 1.3 s~ . In this example, the change of solvent accounts for an
increase of 2.8 kJ mol ™', while transformation into the catenane
architecture adds a further 4.6 k] mol™* to the kinetic barrier.
The higher AG* observed for the trans-2 catenane 1d compared

© 2025 The Author(s). Published by the Royal Society of Chemistry

to the trans-3 catenane 1g correlates with the stronger binding
affinity of the ¢rans-2 isomers toward [10]CPP (see Fig. 5a and
Table S3 for K, values). Overall, our comparison of isomers
suggests that the shuttling barriers are influenced by the
regioisomerism as well as steric constraints associated with the
in,out-configuration, with the slowest shuttling rate measured
for the (in,in-trans-2), [2]catenane 1d.

Table 2 Shuttling rates determined by VT *H NMR spectroscopy for
fullerene bis-adduct (3) and [10]CPP mixtures (2 : 1) and [2]catenanes (1)

Isomer Type (catenane vs. complex) Solvent k[s™]
out,out-trans-1 q:b TCE-d, <5.9
in,out-trans-2 0 TCE-d, 2.4
in,in-trans-2 { + ¢ CDCl; 26
in,in-trans-2 { * ¢ TCE-d, 8.3
in,in-trans-2 {:b TCE-d, 1.3
in,in-trans-3 q + q: CDCl; 44
in,in-trans-3 {:b TCE-d, 5.4

@ 2:1 mixture of bis-adduct with [10]CPP. ? See SI for experimental
uncertainty (eqn (S3)-(S6), and Table S2). © Exact shuttling rate could
not be determined due to signal loss at elevated temperature from low
sample concentration. The value is given as <5.9 s~ ' based on the
highest temperature at which coalescence was not yet observed.

Chem. Sci., 2025, 16, 21908-21916 | 21911
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The observed shuttling rates of ca. 2 s~ ' place our [2]cate-
nanes 1b and 1d among the slowest degenerate molecular
shuttles reported to date for systems relying solely on disper-
sion and m-T interactions, complementing previous examples
by Ogoshi, Nierengarten and Stoddart."”

Computational insights

Molecular simulations have been performed to gain insights
into the dynamics of the [2]catenane 1g ((in,in-trans-3), isomer).
In particular, the translation of the [10]CPP around the chain to
go from one Cgq station to the other has been studied. The use
of classical molecular dynamics (MD) with combination of
infrequent well-tempered metadynamics (WT-MetaD) allows
the study of this dynamical behaviour. The model of [2]catenane
1g (Fig. 4a) was obtained and chloroform was used as solvent
(see SI for details).

First, classical MD simulations were carried out, with the
[10]CPP binding one Cg, position as starting point. In this case,
the unbinding and translation of [10]JCPP cannot be observed,
since this process requires crossing a large free-energy barrier.
For this reason, WT-MetaD were used to be able to study the
kinetics and thermodynamics of this process (SI for details).

Since the [2]catenane 1g is symmetric, the path through the
top chain is equal as going through the bottom one. It was
hypothesized that different metastable states were present in
the path going from one Cg( position to the other, since it was
observed that the nanohoop can be stabilized by simultaneously
binding the phenyl rings of two different linkers. The first

fo—0

e LX WX
20 X iu p %

-40 10 60 10 160 210 360

Position of [10]CPP

G

260 310

u". )f
& b
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Fig. 4 (a) Atomistic model of the (in,in-trans-3), [2]catenane 1g with
[10]CPP shown in red. (b) Free energy surface (FES) as a function of the
angular position of [L0]CPP along the Cgg based chain. Transition times
and AG differences (in kJ mol™) between metastable states can be
observed.
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process involved is the unbinding of the [10]CPP from the Cgo,
which presents a characteristic time of =0.6 s with a kinetic
barrier of =72.4 k] mol~". These results are in good agreement
with the value obtained in the VI 'H NMR experiments
(68.8 k] mol ) and also are quite similar to the previously re-
ported work on a Ceo/[10]CPP-catenane.* This large energetic
barrier is due to the interruption of concave-convex -7
interactions between the nanoring and the fullerene. The
second process involves the translation of [10]CPP from one
phenyl ring position to the other of the same chain. This is the
fastest process, with a transition time of =16 ns and a kinetic
barrier of =28.9 k] mol . The last process is the inverse of the
first one, the binding of [10]CPP to Cg,. In this case, the time
scale of the transition is smaller as expected, =1 ps with an
energetic barrier of =39.3 k] mol™ ", since the nanoring prefers
to bind the Cg. The [10]CPP translation is clearly dictated by the
binding/unbinding with the Ce, positions, and the interaction
with the phenyl rings on the chains is relatively weak (see the
free-energy landscape in Fig. 4b and the SI Video S1).

Association constants

With valuable kinetics data in hand for various Cg, bis-adduct
regioisomers, we decided to also investigate their thermody-
namics, for which only fragmented data exists®* and a complete
picture is still missing. This data will be valuable for potential
uses of these motifs as “speed bumps” as the slow kinetics re-
ported above are not due to steric bulk but due to decom-
plexation kinetics which is linked with the strong non-covalent
interaction between shape-complementary (convex-concave)
building blocks. To systematically investigate the influence of
regioisomerism and steric demand of the addends on the
association constants of bis-adducts with [10]CPP, we selected
dimethyl malonate Cgo bis-adducts 5 and diethyl malonate bis-
adducts 6 as model systems. Bis-adduct 5 serves as a simplified
analogue of our target [2]catenanes, which feature unsymmet-
rical malonate addends bearing methyl groups on one side,
whereas bis-adduct 6, featuring bulkier ethyl groups, represents
an increase in steric demand similar to that imposed by the 4-
ethynylbenzyl residue present on the opposite side of our mal-
onates in bis-adducts 3. Compounds 5 and 6 were synthesized
according to literature procedures,®'® and individual regio-
isomers  were isolated by  preparative  thin-layer
chromatography.

While the trans-1 isomers of 5 and 6, as well as trans-4 of 6,
could not be obtained in sufficient purity and quantity, all other
trans-2 to e isomers were successfully isolated and used in the
titration experiments. Fluorescence quenching was performed
in triplicate by titrating a 57.5 pM solution of each bis-adduct
into a 0.30 pM solution of [10]CPP in toluene, up to a total of
80 equivalents. Association constants (Fig. 5a, and Table S3)
were extracted by fitting the quenching data to a 1:1 binding
model using the Nelder-Mead optimization method, as imple-
mented via supramolecular.org.™

As expected, we observed higher association constants for
the trans-2 regioisomers compared to the trans-3 isomers, in
agreement with previously reported data.** For the trans-4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Plot of average association constants K, (Table S3) for [10]
CPP binding to fullerene bis-adducts 5 and 6 as determined by fluo-
rescence quenching titrations (1:1 model, Nelder—Mead fit, supra-
molecular.org).*® Error bars represent the standard deviation from
triplicate measurements. (b) Conceptual chart illustrating the relative
AG changes associated with complexation by [10]CPP, suggesting
a transition in binding mode around the trans-4 regioisomer from an
inclusion complex to an “exo” complex. The model relates the angle
between addends to the favorability of complexation: for inclusion
complexes, lower angles correspond to less favorable (higher) AG,
whereas for exo complexes, lower angles are expected to result in
more favorable (lower) AG.

regioisomer of 5, a tenfold decrease in the binding constant was
observed, which increased slightly for the equatorial isomers.
This particularly low K, for the trans-4 isomer can be attributed
to increased steric congestion between the two addends, which
likely leads to a change in the binding mode. While trans-2 and
trans-3 isomers lead to an inclusion complex (see Fig. 2b),%*¢
where the [10]CPP ring is threaded over the fullerene with the
addends on opposite sides of the nanohoop, the trans-4 isomer
may favor an exo binding mode, in which both addends are
located on one side of the CPP cavity. Such a shift in complex-
ation geometry could explain both the sharp decrease in asso-
ciation constant for the trans-4 isomer and the increase
observed for the equatorial isomer, where the 90° angle between
addends leads to less steric hindrance than the 109° separation
in the trans-4 isomer, making exo complexation more favorable.
Furthermore, we generally observed higher binding constants
for the dimethyl bis-adducts 5 compared to the diethyl
analogues 6, highlighting the impact of steric bulk. Notably, in
the case of mono-adducts, this steric effect is less pronounced,
with previous reports showing similar association constants for
the dimethyl and diethyl malonate mono-adducts.>® A compar-
ison of these association constants with the previously di-
scussed shuttling rates (Tables 2 and S2) suggests a clear
correlation, where stronger binding translates to slower
exchange. Interestingly, the shuttling data also reveals a trend
within individual regioisomers, with exchange rates increasing
from in,in-over in,out-to the out,out-configuration. This trend
may be rationalized by steric considerations: in the in-configu-
ration, the smaller methyl ester residues are positioned closer to
the equatorial region of the fullerene—the preferred binding
site of [10]CPP—where reduced steric congestion could favor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stronger interactions. Conversely, in the out-configuration,
bulkier substituents are expected to increase steric congestion
in this region, which may weaken association and facilitate
faster shuttling. Together with our kinetic studies, these ther-
modynamic insights reveal design principles for tuning both
association strength and exchange dynamics in nanohoop-
fullerene systems.

Conclusions

We report the design, synthesis, and dynamic characterization
of a family of [2]catenanes in which one [10]cycloparaphenylene
([10]CPP) ring is shuttling between two fullerene bis-adduct
binding sites. To the best of our knowledge, this is the first
example of a [10]CPP/Cg, MIM with a stoichiometry differing
from 1:1 (ring/binding site). Variable-temperature 'H NMR
spectroscopy revealed degenerate shuttling on the one-second
timescale at room temperature, with AG? values around
70 k] mol'—placing these systems among the slowest reported
for shuttles based solely on -7 and dispersion interactions.
Molecular dynamics simulations support the experimental
findings by reproducing the relevant energy barriers and time-
scales. Importantly, the origin of the slow shuttling lies in the
slow decomplexation kinetics of the [10]CPP/Cg, binding sites
rather than in steric “speed bumps,” highlighting a distinct
mechanism of motion control. Our findings establish the
[10]CPP/Csy motif as a viable platform for realizing slow
exchange in mechanically interlocked molecular machines and
2D materials®* with unique mechanical® and optoelectronic
properties.”
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