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Pretzelanes, [1]rotaxanes and molecular figures-
of-eight — crossing the bridge from fundamentals
to functional applications
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There are myriad [2]catenanes and [2]rotaxanes that consist of two interlocked molecular components. On
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occasion, supramolecular chemists prepare interlocked molecules where there are covalent linkages
between the interlocked molecular components. In this review, progress on pretzelanes ([1]catenanes),
[1lrotaxanes and molecular figures-of-eight is surveyed. Particular attention is paid to the application of such

rsc.li/obc molecules, especially where the interlocked structure and/or the covalent linkage(s) play a key functional role.
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Introduction

The archetypal examples of mechanically interlocked mole-
cules (MIMs), [2]catenanes' (Fig. 1a) and [2]rotaxanes’
(Fig. 1b) are most celebrated for the possibility of controlled
molecular motion of their interlocked components and that
property being deployed in “molecular machines”.? Static and
dynamic [2]catenanes and [2]rotaxanes (and on occasion
higher order MIMs containing more than two interlocked com-
ponents) have been deployed in a range of useful host-guest
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applications, e.g. as hosts for ionic guests® and as catalysts for
reactions.” Within this research activity, an area of particular
current interest is the study of chiral MIMs.®

In a [2]catenane or [2]rotaxane there is no covalent bond
between the interlocked components. Formation of these
MIMs is typically achieved by use of non-covalent template syn-
thesis where precursor components are self-assembled by
metal cation,” n-n stacking (or aromatic donor-acceptor inter-
actions),® hydrogen bonding® and/or other non-covalent inter-
action(s) before covalent bond formation traps the interlocked
structure. However, if a covalent link is installed between the
two rings of a [2]catenane this will lead to a [1]catenane, typi-
cally referred to as a pretzelane (Fig. 1c). The analogous process
as applied once to the ring and axle of a [2]rotaxane leads to a
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a) [2]Catenane c) [1]Catenane
(Pretzelane)
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d) [1]Rotaxane

b) [2]Rotaxane
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Fig. 1 Schematic representation of (a) [2]catenane; (b) [2]rotaxane; (c)
pretzelane (or [1l]lcatenane); (d) [1llrotaxane; (e) molecular figure-of-
eight.

[1]rotaxane (Fig. 1d); if applied appropriately twice it may lead
to a molecular figure-of-eight (Fig. 1e).'°

Pretzelanes, [1]rotaxanes and molecular figures-of-eight are
not simply synthetic chemistry curiosities. It is well-established
that the family of bacterially produced lasso peptides - many of
which have useful therapeutically relevant properties — include
structural types based upon [1]rotaxane (Class II) and figure-of-
eight (Class Ill) architectures.'* Meanwhile, systematic screening
of the Protein Data Bank (PDB) has identified several single
chain proteins possessing pretzelane structures."

Here we set out progress in the synthesis of pretzelanes,
[1]rotaxanes and molecular figures-of-eight. Attention is paid
to where inclusion of covalent link(s) allows for control of the con-
formational behaviour of the interlocked components of the MIM
and/or otherwise affects the properties thereof. We discuss the
performance of bridged MIMs that have been used in functional
applications, specifically concluding with examples inspired by
lasso peptides. We do not aim to be exhaustive, instead we illus-
trate and exemplify using a selection of significant contributions
in the field. We also avoid discussion of related “higher order”
systems, such as molecular daisy chains.*™”

Pretzelanes

Pretzelanes may be prepared by covalently linking or “brid-
ging” the two interlocked rings of a [2]catenane (Fig. 2a).
However, there is an alternative templated self-assembly strat-
egy, where the interlocked macrocyclic rings are “clipped” shut
using tethered macrocycle precursor(s) (Fig. 2b). Pretzelanes
(including the first known examples) are also to be found as
intermediates in the preparation of [2]catenanes by directed
covalent synthesis.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of synthetic routes to pretzelanes: (a)

“bridging” the rings of a [2]catenane; (b) “clipping” shut self-assembled
tethered macrocycle precursor(s).

Pretzelanes arising from bridging the rings of [2]catenanes

Vogtle and co-workers prepared several pretzelanes from
[2]catenanes synthesized via hydrogen bond templation.'®>!
Their first example, 1, was synthesized by reacting the parent
[2]catenane with the appropriate di-iodo compound in the
presence of base (K,COj;) to deprotonate the acidic sulfona-
mides, under diluted reaction conditions (Fig. 3)."® This pre-
tzelane is chiral, through the rotational asymmetry of the inter-
locked rings. In collaboration with Okamoto, a sample of the
pretzelane was resolved by chiral HPLC, with pronounced
Cotton effects being observed in the aromatic chromophore
region of the CD spectrum.*®

In follow-up work, Vogtle and co-workers studied the length
of an alkyl bridge when preparing pretzelanes 2 from a related
[2]catenane (Fig. 3).>° Decreasing the length of the bridge from
10 to 6 methylene units, resulted in a decrease of yield from
47% to 5% for the bridging reaction. Separating the enantio-
mers of these pretzelanes by chiral HPLC proved challenging;

OQ

ZT

1R=1Bu, X= C2H4002H4002H4
2 R = OCHgs, X = (CHyp),

Fig. 3 Vogtle's pretzelanes prepared from bridging rings of hydrogen
bond templated [2]catenanes.
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for the two examples where this was achieved (10 and 8 methyl-
ene units), the Cotton effect observed in the CD spectrum was
lower for the pretzelane with the shorter bridge.

A pretzelane arises from an interesting study by Shimada,
Ishikawa and Tamaoki (Fig. 4).>*> The researchers synthesized
a classical Sauvage-style [2]catenane using phenanthroline
ligands and a Cu(1) template. Both rings of [2]catenane 3
possess benzyloxycarbonyl (Cbz) protected secondary amines.
The [2]catenane was isolated free of the Cu cation template
and the Cbz protecting groups removed. Reaction of the free
amines with adipoyl chloride furnished pretzelane 4 in an
impressive 78% yield for the bridging reaction. In contrast, if
the [2]catenane was re-metallated with Cu(1), the reaction with
adipoyl chloride led to formation of a polymer chain.

Pretzelanes arising from clipping shut self-assembled tethered
macrocycle precursors

By use of n-r stacking (alternatively termed aromatic acceptor-
donor interactions), Stoddart and co-workers prepared pretze-
lanes by clipping shut a covalently linked macrocycle and
macrocycle precursor.”® Specifically, the self-assembly of elec-
tron-poor bis-pyridinium 6 around the electron-rich naphtha-
lene of crown ether macrocycle 5, allowed for generation of

1) KCN, CH3CN/H,0, 86%
2) HBr/AcOH, 82%
3) adipoyl chloride, NEt3, CH,Cl,, 78%
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pretzelane 7 (in 49% yield) by reaction of the terminal pyridine
functionality of 6 with the di-benzyl phthalimide of 5 (Fig. 5).
With a shorter linker between crown ether and phthalimide, a
pretzelane was obtained in 14% yield, with a “higher order”
cyclic bis[2]catenane isolated in 20% yield.

These pretzelanes exhibit helical chirality, arising from
location of the crown ether on either one of the two bipyridi-
niums. In subsequent work, the inclusion of a classical stereo-
genic centre in the linker led to a marked preference for one
conformational diastereoisomer of pretzelane 8, computation-
ally modelled to be the M, rather than P, isomer (Fig. 6a).>*
Notably, a significant CD response arises in the charge transfer
region and the bipyridinium absorption. Thus, a stereogenic
centre in the linker provides a detectable chiral influence else-
where in the pretzelane.

Alternatively, incorporation of tetrathiafulvalene (TTF)
enabled formation of a bistable pretzelane 9 (Fig. 6b).>*> Upon
single electron oxidation of the TTF to the TTF radical cation,
the positively charged tetrapyridinium ring translates to the
1,5-dioxynaphthalene motif. Upon reduction of the TTF

AN o o
/)’j\ \\/
N /N
Br . / Br
//j\\ /j\\
N M N
\ / % 4
49% 2PFg I ‘ 6
= % |
/ \

Fig. 4 Shimada and Tamaoki's synthesis of a pretzelane prepared from
a demetallated Sauvage-style [2]catenane.
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Fig. 5 Stoddart’s first synthesis of a pretzelane prepared by n—n stack-
ing templation (NB: P isomer of pretzelane 7 depicted).

This journal is © The Royal Society of Chemistry 2025
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4PFy

Reduction

Fig. 6 Structures of (a) Stoddart’s substituted pretzelane demonstrating
a conformational preference for M helical chirality; (b) Stoddart's
bistable pretzelane switchable by oxidation and reduction of the tetra-
thiafulvalene (TTF) motif.

radical cation/dication, there exists a metastable conformation
(detectable by CV) before return of the tetrapyridinium ring to
its initial position over the TTF moiety. The authors highlight
that due to the linker this motion is unidirectional (in contrast
to the equivalent [2]catenane).”®

An intriguing example of ring clipping was reported by Liu
and co-workers giving a structurally unusual pretzelane
(Fig. 7).*” The threading of a macrocycle precursor through the
dibenzo-24-crown ether was promoted through the hydrogen
bonding interactions between the ammonium cation (11) and
ether oxygens (10). The hydroxy groups at the termini of the
threading component 11 were then able to undergo axial lig-
ation of the Sn-porphyrin dihydroxide of 10 to give the inter-
locked architecture 12 in 25% yield.

Pretzelanes arising as intermediates in the covalent directed
synthesis of [2]catenanes

Pre-dating the work above, pretzelanes were encountered in
Schill’s ground-breaking work on the directed covalent syn-
thesis of [2]catenanes (Fig. 8).>® Double intramolecular alkyl-
ation of 13 generates double bridged species 14. Cleavage of

This journal is © The Royal Society of Chemistry 2025
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R} CHCl3 / CHsCN
[ ‘ 25%

d 12

Fig. 7 Liu's synthesis of a pretzelane using electrostatically augmented
hydrogen bond templation.

the cyclic ketal creates pretzelane 15 containing a single bond
link between the two rings. Subsequent oxidation and hydro-
lysis of this bond formed the interlocked but not covalently
linked rings of [2]catenane 16.

Subsequently, Godt prepared a [2]catenane by use of a
diphenylcarbonate covalent template.>® The intermediate pre-
tzelane 17 (Fig. 9) was prepared by clipping shut a macrocyclic
ring by alkyne-alkyne coupling. Cleavage of the diphenylcarbo-
nate bridge (by use of TBAF) yielded the desired [2]catenane in
63% yield.

We also choose to highlight an example from the
recent work of van Maarseveen, who has revived the field of
synthesis of

covalent directed interlocked molecules.®°

Org. Biomol. Chem., 2025, 23, 2756-2774 | 2759
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1) KoCO4
CHZOH / THF
Nal, K2003
H-N > 44%
2 amyl alcohol (over 2 steps)
(CH2)25 13 (CH2)25
HBr in AcOH J SN
O
N
H T
/7
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Fig. 8 Schematic representation of Schill's [2]catenane synthesis that \=<
proceeds through an intermediate pretzelane. COMe

Fig. 10 van Maarseveen’'s synthesis of a [2]catenane that proceeds
through an intermediate “quasi[llcatenane”.

19 is not strictly a pretzelane for the two rings are not bridged
but are connected at a single atom.

[1]Rotaxanes

While the [1]rotaxane in Fig. 1d possesses two bulky stopper
groups on its axle component (being derived from a [2]rotaxane),
it might be thought that a [1]rotaxane may only require a single
stopper group at the terminus of the threaded axle. However, it
is important to appreciate the potential for a single-stoppered
pseudo[1]rotaxane structure to disentangle by “tumbling” as
illustrated in Fig. 11.*> To prevent this process, either a bulky
internal functional group, a sufficiently inflexible pivot or some
other means is required to create a permanently stable structure.
For simplicity, we will focus the scope of this review on [1]rotax-
anes that are truly mechanically interlocked.

O— (CH2)33

17

Fig. 9 The intermediate pretzelane in Godt's synthesis of a [2]catenane.
/ D

Cleavage of covalent straps in the multiply bridged 18 yielded

“quasi[1]catenane” 19, which may be converted to [2]catenane Fig. 11 Schematic representation of a pseudolLlrotaxane structure dis-
20 by ketal hydrolysis (Fig. 10).>" It should be emphasized that entangling by “tumbling”.

2760 | Org. Biomol. Chem., 2025, 23, 2756-2774 This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Schematic representation of synthetic routes to permanently
entangled [1]rotaxanes: (a) covalently linking ring and axle; (b) threading
and stoppering; (c) clipping shut; (d) entanglement and stoppering; (e)
directed covalent approach. NB: in lieu of a second stopper, a [1]rotax-
ane may be permanently entangled by inclusion of a sufficiently inflex-
ible pivot.

The principal synthetic strategies to prepare [1]rotaxanes
are listed below and illustrated in Fig. 12.*®

(a) Covalently linking the ring and axle of a [2]rotaxane;

(b) Threading and stoppering;

(c) Clipping shut;

(d) Entanglement and stoppering;

(e) Directed covalent approach.

[1]Rotaxanes prepared by covalently linking the ring and axle
of [2]rotaxanes

Analogous to the preparation of pretzelanes, Vogtle demon-
strated that incorporation of acidic sulfonamide groups into
the ring and axle components of a hydrogen bond templated
[2]rotaxane allows for bridging by alkylation to generate
[1]rotaxanes 21 (Fig. 13). The first example, X =
C,H,0C,H,0C,H,, was produced in a very respectable 71%
yield.** As for the pretzelane, the [1]rotaxane is chiral, and it
was possible to resolve using chiral HPLC, to allow for the
recording of CD spectra of the two enantiomers."®

Further study focused on varying the length of the bridge (X
= (CH,),).>° No general trend was observed between yield of
bridging reaction and length of the bridge (between 1 and
10 methylene units). Of the eight isolated examples - seven
were resolvable by chiral HPLC. In CD spectroscopy studies,
Cotton effects decreased as the length of the bridge decreased.

Benzylic bridges were also investigated.®” [1]Rotaxanes were
isolated in good yields, with crystal structures being obtained.
Resolution of four out of six examples by chiral HPLC was
possible. An increase in molar CD by a factor of two (in com-
parison to aliphatic bridged [1]rotaxanes) was attributed to the

This journal is © The Royal Society of Chemistry 2025
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tBu

Fig. 13 Generic structure of Vogtle's [1]rotaxane prepared from brid-
ging between ring and axle of a hydrogen bond templated [2]rotaxane.

chromophoric character of the bridges and the reduced flexi-
bility of these [1]rotaxanes.

Zhou and Yan reported upon the covalent bridging of
[2]rotaxane 22 which had been synthesized by electrostatically
augmented hydrogen bond templation (Fig. 14).® The benzo-
21-crown-7 macrocyclic ring is advantageous compared to the
more commonly encountered dibenzo-24-crown-8, because the
21-crown-7 is sufficiently small to allow the benzene rings in
the axle component to be bulky enough to act as stoppers. Axle
and macrocycle were covalently linked together using Eglinton
coupling to form [1]rotaxane 23, with related 24 prepared by
hydrogenation. Unsurprisingly, [1]rotaxane 24 with a more flex-
ible all sp® linker has more rotational motions (as detected by
variable temperature NMR experiments) than [1]rotaxane 23
with its linker containing sp hybridized atoms.

Easton and co-workers synthesized a-cyclodextrin [2]rotax-
anes 25 and [1]rotaxanes 26 by exploitation of the hydrophobic
effect (Fig. 15).°” In the [2]rotaxanes, the cyclodextrin macro-
cycle is free to pirouette around the axle, on the NMR time-
scale. However, in the [1]rotaxanes the succinamide link
reduces rotation - most notably in the case where R = OCHj,
with the authors describing a so-called “ratchet tooth and
pawl” mechanism arising from clash of the methoxy substitu-
ent and the succinamide linker.

[1]Rotaxanes prepared by threading and stoppering

It has been demonstrated that the two cyclopentadienyl rings
of ferrocene can act as sites of linkage between the macrocyclic
ring and axle components of [1]rotaxanes.*®*° For example,
Qu’s [1]rotaxane 27 prepared by electrostatically augmented
hydrogen bond templated threading followed by stoppering
using the CuAAC “click” reaction and subsequent methylation
of the resulting triazole (Fig. 16).>® Deprotonation of the
ammonium leads to translation of the ring to the positively
charged triazolium, as first demonstrated in [2]rotaxanes by
Coutrot.*® This event is accompanied by an alteration in the
electrochemical properties of the [1]rotaxane - the free amine
leads to loss in reversibility of the Fc/Fc' redox couple.

Org. Biomol. Chem., 2025, 23, 2756-2774 | 2761
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Fig. 14 Zhou and Yan's synthesis of crown ether/secondary ammonium
[1]rotaxanes.

Subsequently, related [1]rotaxane 28 was prepared incorpor-
ating a naphthalimide (NDI) (Fig. 17).*° Addition of DBU
results in motion of the ring from the ammonium/amine
station to the triazolium, and quenching of NDI fluorescence
due to photoinduced electron transfer (PET) between the elec-
tron rich ferrocene and the electron deficient NDI fluorophore.
The translation is reversible with addition of TFA,
accompanied by restoration of fluorescence. However, in the
presence of Fe(ClO,);, no quenching of fluorescence is
observed upon addition of DBU, consistent with oxidation of
the ferrocene to ferrocenium.

A particularly notable example from Qu’s laboratory deploys
a crowded olefin motor to pump ring-sliding using light
(Fig. 18).”" [1]Rotaxane 29, prepared by an analogous synthetic
strategy to the previous ferrocene containing examples, incor-
porates a second generation Feringa-style light-driven mole-
cular motor. Following deprotonation of the templating sec-

2762 | Org. Biomol. Chem., 2025, 23, 2756-2774

View Article Online

Organic & Biomolecular Chemistry

R=H, 14%
BOP, NEts lR=OCH3,16%
0
0N
t\\
o
\ //
/7 \ N NO,
O,N  HN —
7N\
\7/
\
NO,

Fig. 15 Easton’'s synthesis of [1]rotaxanes that exhibit restricted pirouet-
ting of the cyclodextrin ring.
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Fig. 16 Qu's first ferrocene containing switchable [1]rotaxane (NB:
counter-anions not included to avoid ambiguity).

ondary ammonium, controlled translational motion of the
crown ether macrocycle along the axle of the [1]rotaxane is
possible by photoinduced cis-to-trans isomerization and
thermal helix inversion of the crowded olefin motor.

Exciting proof-of-principle photophysical applications of
[1]rotaxanes have recently been demonstrated by Lin and co-
workers.*>*® For example, they prepared a Coutrot-style
bistable [1]rotaxane 30 containing a tetraphenylene (TPE)
donor and photochromic diarylethene (DAE) acceptor
(Fig. 19).*> As expected, pH-controlled shuttling between con-

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 Qu's ferrocene containing switchable [llrotaxane with a con-
trollable fluorescence signal (NB: counter-anions not included to avoid
ambiguity).
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Fig. 18 Operation of Qu's light-driven [1]rotaxane pump.

This journal is © The Royal Society of Chemistry 2025
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Fig. 19 Operation of Lin's switchable TPE/DAE [1]rotaxane for con-
trolled singlet oxygen generation (NB: counter-anions not included to
avoid ambiguity).

tracted/extended conformers occurs. When 30 is in the con-
tracted conformer, Forster Resonance Energy Transfer (FRET)
is not possible, and the DAE acceptor is unable to photoisome-
rize between open and closed forms. In contrast, the extended
conformer of 30 (as well as the non-interlocked isomer) has
switchable FRET, activated by dual and sequential pH- and
photo-switching. Impressively, surface modified nanoparticles
incorporating the [1]rotaxane have been prepared that demon-
strate controllable generation of singlet oxygen in cells (poss-
ible when the DAE acceptor is in its open form), hinting at
potential real-world application of this system.

In another report, Lin describes the incorporation of N,N'-
diphenyl-dihydrodibenzo[a,c]phenazine (DPAC), a vibration
induced emission (VIE) fluorophore, into a Coutrot-style acid/
base switchable [1]rotaxane 31 (Fig. 20).*> While a non-inter-
locked analogue generates orange emission, for the tightened

Org. Biomol. Chem., 2025, 23, 2756-2774 | 2763
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Fig. 20 Lin's switchable DPAC containing [l]rotaxane. (NB: counter-
anions not included to avoid ambiguity).

conformation of [1]rotaxane 31 with the crown ether at the tria-
zolium station, there is blue emission due to the large confor-
mational restraint upon the DPAC moiety. If the crown ether is
at the templating ammonium station, a mix of blue and
orange emission is possible, tunable by adjusting the viscosity
and polarity of the solvent, as well as temperature, allowing
access to white light emission. Alternatively, the variable emis-
sion properties of the loosened conformation of 31 can be
used as a sensor of solvent viscosity and/or temperature.

Tian and researchers prepared [1]rotaxane 33 through self-
inclusion of azobenzene-modified p-cyclodextrin 32 followed
by capping by Suzuki coupling in aqueous solution (Fig. 21).**
By application of different wavelengths of light, switching of
the azo bond between E and Z isomers enforces relative
motion of the axle and macrocyclic components.*®

Recently, the laboratories of Zhu, Tian and Liu have shown
[1]rotaxane cyclodextrin 35 may provide solvent and tempera-
ture dependent circularly polarized luminescence (CPL)
responses (Fig. 22).*° Consisting of a dansyl emitter and an
inherently chiral p-CD macrocycle, [1]rotaxane 35 exhibits
solvent dependent CPL behaviour as a free molecule in solu-
tion. This was rationalized by 'H NMR spectra revealing con-
formers with different degrees of dansyl inclusion within the
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Fig. 21 Tian's synthesis of a cyclodextrin containing switchable
[1lrotaxane.

35

Fig. 22 Structure of dansyl functionalized p-cyclodextrin [1]rotaxane.

CD cavity. When allowed to self-assemble into an extended
“channel” architecture, a thermo-amplified CPL response is
detectable, with both high quantum yield and luminescence
dissymmetry factor observed.

Han and Chen reported a helic[6]arene-based chiral
[1]rotaxane 38 prepared by alkylation of a tethered tertiary

This journal is © The Royal Society of Chemistry 2025
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amine thread (36) with benzyl-bromide tetraphenylethene
derivative 37, a reaction which in chloroform proceeded in an
excellent yield of 98% (Fig. 23)."” In the CD spectrum, signals
appear at 310-340 nm, attributed to chirality transfer from the
enantiopure helic[6]arene to the TPE moiety, which was not
observed for the unthreaded isomer.

A pillar[5]arene-based [1]rotaxane 41 was prepared by
Wang, Chen, Han, Yao and co-workers by stoppering a self-
threaded precursor 39 (Fig. 24).*® When Zn(n) is added to a
chloroform/methanol solution of 41, there is a dramatic fluo-
rescence enhancement, with it being proposed that a 2:1
rotaxane/cation binding event is occurring at the salicyldia-
mine stopper group (inset of Fig. 25). Demonstration of a
detection limit of 1077 M for aqueous Zn cations has also been
achieved for a solid-phase sensor prepared by drop-casting a
solution of 41 onto a glass slide.*’

A covalent stereogenic centre attached to a rotationally
unsymmetrical macrocycle can direct the diastereoselective
synthesis of mechanically chiral [1]rotaxanes prepared using
CUAAC active metal templation (Fig. 25).°° In a thorough study
to maximize formation of the interlocked [1]rotaxane 45, Papot
and co-workers identified the addition of macrocycle 44 as
being beneficial in ensuring formation of interlocked 45
(rather than non-interlocked isomer). The same study also dis-
closed the use of a labile stopper that could be substituted

Fig. 23 Han and Chen's synthesis of a helic[6]arene-based [1]rotaxane.
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Fig. 24 Synthesis of salicylaldimine stoppered pillar[5]arene [1]rotax-
ane. Inset: proposed binding mode of Zn(i) cation.

without disruption of the mechanical bond. In the original
report the full stereochemical assignment of [1]rotaxane 45
was not confirmed. In a follow-up paper, comparison of the
experimentally recorded CD spectrum with computational cal-
culations indicated that the (S, Rn,) diastereomer had been
formed.”"

[1]Rotaxanes prepared by clipping shut a macrocycle

Berna and co-workers used Leigh’s hydrogen bond templated
synthesis of rotaxanes to prepare benzylic amide [1]rotaxanes
(such as 48) via a self-templating clipping approach (Fig. 26).>>
Confirmation that no higher order (i.e. daisy chain) species
were synthesized, was achieved by use of pulsed gradient spin
echo NMR experiments to determine diffusion coefficients, as
well as by checking the isotopic distribution in the mass spec-
trum. Disentangling was not observed in the "H NMR spec-
trum upon heating samples. Switching between extended and
contracted lasso-like isomers was achieved by light-driven iso-
merization of the C=C double bond. In a follow-up paper, a
tert-butyl group was added to the macrocycle, and in this case
varying concentration of the reaction allowed for isolation of
small amounts of daisy chain.>?

[1]Rotaxane prepared by entanglement and stoppering an axle

Coutrot and co-workers reported the synthesis of a [1]rotaxane
by entanglement followed by internal stoppering, deploying
the electrostatically augmented hydrogen bond templation
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Fig. 25 Papot’s active metal template synthesis of chiral [1]rotaxane.

strategy of a protonated secondary ammonium axle component
threaded through a crown ether (Fig. 27).>* Removal of a Boc
protecting group to generate 49 allows for self-entanglement to
occur. Benzylation of the triazole secures the permanent
[1]rotaxane structure of 51, and provides the secondary station
to allow for the pH-responsive shuttling of the molecular lasso.

[1]Rotaxane prepared by directed covalent approach

In contrast to non-covalent self-assembly used in the examples
discussed so far, Hiratani’s [1]rotaxane 52 was prepared by
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Fig. 26 Berna’s synthesis of a hydrogen bond templated [1]rotaxane
and light driven switching between extended and contracted
conformations.

directed covalent synthesis, specifically aminolysis of bicyclic
compound 50 (Fig. 28).>> The permanent entanglement of the
[1]rotaxane was verified by heating a sample of 52 in dimethyl
sulfoxide. In 52, fluorescence arises due to energy transfer
from the naphthalenes of the macrocycle to the anthracene of
the axle. In CH,Cl,/CH3CN (9:1) solution, it was found that
upon the addition of Li* (but neither Na* nor K') there was a

This journal is © The Royal Society of Chemistry 2025
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[1]rotaxane (NB: counter-anions not included to avoid ambiguity).

51 -H*

drastic enhancement of the fluorescence intensity - i.e. the
[1]rotaxane acted as a selective sensor for lithium cations.

Molecular figures-of-eight

Molecular figures-of-eight have been significantly less
common than either pretzelanes or [1]rotaxanes. However,
they are of direct relevance for lasso peptides - Class III lasso
peptides are molecular figures-of-eight. These species may be
synthesized via a [2]rotaxane intermediate, followed by co-
valently linking the thread and macrocycle (Fig. 29a). An
alternative route is through threading and linking (Fig. 29b). It
is noted that at least two of the molecular figures-of-eight
reported to date are devoid of “stoppers”. The stability of the
figure-of-eight conformation is attributed in these cases to
restricted rotation at the point the linker is attached to macro-
cycle preventing disentanglement. Molecular figures-of-eight
are also to be found as intermediates in the preparation of
[2]rotaxanes by directed covalent synthesis.

Molecular figures-of-eight prepared via a [2]rotaxane scaffold

Once again, Vogtle and co-workers were pioneers in this field
(Fig. 30).°® Chemoselective alkylation of a [2]rotaxane by
careful temperature control allowed for alkylation first at the
more acidic sulfonamides and then at amides. The isolated
product material consisted of multiple isomers, separable by

This journal is © The Royal Society of Chemistry 2025
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Fig. 28 Hiratani's [llrotaxane: synthesis by directed covalent synthesis
and proposed mode of lithium cation binding that leads to enhanced
fluorescence.

HPLC in a ratio of 79:13:8. In contrast to [1]rotaxane 21,
figure-of-eight 55 possesses helical chirality. Enantiomers of
the major isomer were resolved using chiral HPLC, allowing
for the recording of CD spectra.

Molecular figure-of-eight prepared via threading and linking

Donor-acceptor molecular figure-of-eight 56 was prepared by
CUuAAC click chemistry (Fig. 31).>” A mixture of two regio-
isomers was isolated in 12% yield, separable through iterative
HPLC. In the original communication evidence is reported
(hints of resonances in the '"H NMR spectrum baseline) of
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figures-of-eight reported to date: (a) by double covalent linkage of a
[2]rotaxane intermediate and (b) by threading and linking. NB: in lieu of

stoppers, a molecular figure-of-eight may be permanently entangled by
inclusion of sufficiently inflexible pivots.

tBu

Fig. 30 Structure of Végtle's molecular figure-of-eight.

minor conformations for both the cis and trans isomers. This
was studied in further depth in a follow-up paper.>®

Coutrot and co-workers have recently reported molecular
figure-of-eight 57 (Fig. 32),>° which is synthesized through
threading and linking (once again utilizing the electrostatically
augmented hydrogen bond templation of a protonated
ammonium thread within the cavity of a dibenzo-24-crown-8)
followed by ring closure (using a CuAAC reaction) and then
methylation of the resulting triazole. Deprotonating (and Boc
protecting) the ammonium centre, promotes shuttling so that
the triazolium sits within the macrocycle cavity. Reprotonation
(and removal of the Boc group) triggers a return to the initial
state. As identified by the researchers this represents the first
example of a synthetic molecular figure-of-eight designed to
undergo stimuli-controlled molecular motion.

Molecular figures-of-eight arising as intermediates in the
covalent directed synthesis of [2]rotaxanes

Molecular figure-of-eight 60 was a key intermediate in the syn-
thesis of a [2]rotaxane as reported by Kawai and co-workers
(Fig. 33).°° The figure-of-eight was prepared in an excellent
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56

Fig. 31 Structure of Sauvage and Stoddart’s molecular figure-of-eight
(trans isomer depicted).
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Fig. 32 Coutrot’'s molecular figure-of-eight which can shuttle between
ammonium and triazolium stations (NB: counter-anions not included to
avoid ambiguity).

95% yield from the corresponding bis-amine macrocycle and
bis-aldehyde axle component. After removal of the silyl protect-
ing groups and addition of bulky stopper groups, the imine
bonds were hydrolyzed to furnish the desired [2]rotaxane.
Separately, van Maarseveen and co-workers prepared a
molecular figure-of-eight (or, as alternatively termed by the
authors, a “pre-rotaxane”) 62 (Fig. 34). In this case, the
researchers undertook macrocyclization (by Grubbs ring

This journal is © The Royal Society of Chemistry 2025
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Fig. 33 Kawai's synthesis of a molecular figure-of-eight en route to a
[2]rotaxane.

closing metathesis) around a bridging stoppered axle to gene-
rate the molecular figure-of-eight.®’ Saponification of the ester
linkages followed by methyl ester formation on the liberated
carboxylic acids led to an isolable [2]rotaxane.®>

Synthetic analogues of lasso peptides

Lasso peptides are a structurally unusual class of peptides,
that consist of a chain of amino acids with a “tail” threaded
through a macrolactam “ring”.®® The permanently entangled
[1]rotaxane structures of lasso peptides are ensured by the
incorporation of amino acids with bulky side chains each side
of the macrocyclic ring. They are well-known to evade degra-
dation by many protease enzymes due to their entangled struc-
tures, and examples have been shown to possess bioactivity
including antimicrobial activity,** receptor antagonism® and
enzyme inhibition.®® Studies have identified interesting
thermal stability properties®” and an example of a lasso
peptide that acts as a thermal switch.®®

The total synthesis of lasso peptides is non-trivial. Chen
and co-workers reported the total synthesis of lasso peptide
BI-32169 by use of a cryptand-imidazolium complex as a
support (63, Fig. 35).°° By attaching the C-terminus of a pro-
tected cysteine-alanine dipeptide to an imidazolium moiety,
the peptide chain was able to form a host-guest complex with
a bis-functionalized cryptand, with the N-terminus pointing
out of the cryptand cavity. The amino acid chain was then
built up stepwise; after ten further residues, the terminal

This journal is © The Royal Society of Chemistry 2025
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Fig. 34 van Maarseveen's synthesis of a molecular figure-of-eight en
route to a [2]rotaxane.

serine was deprotected and linked to one side of the cryptand.
Four more amino acid residues were added to the chain, fin-
ishing with a protected tryptophan, which was subsequently
linked to the remaining free site on the cryptand. The final
amino acid residues were added, which due to the three tether-
ing sites on the chain, were preorganized allowing for for-
mation of a macrocycle around the “thread” - generating a
peptide bond between a terminal glycine and intermediate
aspartic acid. Cleavage of the tethering groups liberated the
targeted lasso peptide. Switching chirality of the complex and
using p-amino acids, facilitated synthesis of the enantiomer of
the naturally occurring lasso peptide. It was established that
the synthetic, unnatural enantiomer had a significantly higher
enzymatic stability compared to the natural lasso peptide.
Considering the challenges associated with the total syn-
thesis of lasso peptides, and the discovery that the amino
acids located in the “loop region” are important in determin-
ing the biological activity of a lasso peptide,’® an alternative
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Fig. 35 Structure of Chen'’s cryptand-imidazolium complex with pro-
tected lasso peptide BI-32169 attached.
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Fig. 36 Coutrot’'s synthesis of a switchable [1]rotaxane lasso peptide
analogue.
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supramolecular chemistry approach to accessing (analogues
of) lasso peptides is to incorporate a relevant peptide sequence
within the structure of a [1]rotaxane.

The first example of pursuing this approach was by Coutrot
(Fig. 36).”" [1]Rotaxane 65 - with a simple GlyGlyGly chain in
the loop region - was prepared by application of the entangle-
ment methodology described above for [1]rotaxane 51.
Unfortunately, in this case the isolated yield was very low (4%),
due to particularly challenging chromatographic purification.
Deprotonation of the anilinium triggers shuttling towards the
triazolium station, resulting in a tightening of the [1]rotaxane
conformation.

Subsequently, Bode also using the well-established crown
ether/protonated secondary ammonium templation, syn-
thesized a “parent” [2]rotaxane 66, appended peptide sequence
and then cyclized to form a set of [1]rotaxanes (e.g. 67,
Fig. 37).”> When tested, the proteolytic stability of the synthetic
lasso peptides were significantly more stable than their linear
peptide analogues - indicating the [1]rotaxanes could prove to
be effective scaffolds for functionally active peptides in vivo.

Evans and co-workers have since reported upon the proof-
of-principle synthesis of a peptide-displaying [1]rotaxane 74
derived from a “parent” [2]rotaxane 71, where the templated
formation of the interlocked structure arises from hydrogen
bonding by an isophthalamide macrocycle to an amide in the
axle component (Fig. 38).”°

Smith has reported upon molecular figures-of-eight display-
ing peptide sequences (Fig. 39).”* A “parent” squaraine
[2]rotaxane 75 was synthesized with alkyne and primary amine

é—\ >\—NEt2

/ ﬂo( \/j\n 2

Lo/
Fmoc deprotection

1)

2) a-Ketoacid-hydroxylamine ligation
3) Native chemical ligation (cyclization)
4)

Cys alkylation
NH
NH
HN{ ::> o HN NH

e

S/\H/OEt
o

E HN NH,

N NH
O- J\ H S ’

HE (-o O» /;\\\,
IR \
G

N s o O NH Ny
(o ] H I
AN N N

serail 2oy N

o) oo & K

I 67

Fig. 37 Example of Bode's synthesis of a [l]rotaxane lasso peptide
analogue.
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functional handles. Appendage of amino acid sequences by
amide formation followed by CuAAC “click” reactions (and
cleavage of protecting groups) generates the target molecular
figures-of-eight 77. The encapsulated squaraine motif is fluo-
rescent and so resulting molecules may be used in conjunction
with fluorescence microscopy and biological imaging.
Incorporation of a cell-penetrating peptide within the “loop”
regions targets the surface of cell plasma membranes.
Alternatively, a bone-targeting peptide in the “loop” regions
has been shown to selectively stain the skeleton of a mouse.

In follow-up, further squaraine-containing molecular
figures-of-eight 77 were reported by Smith and co-workers.”®
By incorporating 1-Phe into loops of one molecule and p-Phe
into the loops of the other, chiral stereoisomers were isolated.
Opposite Cotton effects were recorded in CD spectroscopy, that
were not present in linear counterparts, indicating an enforced
conformation for the molecular figures-of-eight. The fluo-
rescence of the squaraine dye is unaffected by the change in
handedness of incorporated amino acid, but excitingly the
different stereoisomers localise in different cell areas.

Conclusions

Reflecting upon the covalently bridged MIMs discussed in this
review, it is apparent that [1]rotaxanes are more frequently pre-
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pared than pretzelanes or molecular figures-of-eight. While the
scarcity of pretzelanes might be casually correlated to the greater
number of [2]rotaxanes prepared to date compared to [2]cate-
nanes, we highlight, however, that many [1]rotaxanes are pre-
pared by threading and stoppering, rather than covalently linking
the ring and axle of [2]rotaxanes. We also note the significant
number of bridged MIMs prepared by directed covalent synth-
eses. Considering how bridging links naturally arise through
such syntheses, we believe that directed covalent synthesis will
continue to be an important strategy for preparing such species.

Perhaps unsurprisingly, there are plenty of examples of co-
valently bridged MIMs that exhibit stimuli controlled motion
between different interlocked conformations. In contrast,
while stereochemistry was a key aspect of Vogtle’s pioneering
investigations, the use of the chirality of such species has yet
to blossom. We anticipate Papot’s recent work on diastereo-
selective synthesis®® may initiate the exploitation of chiral
[1]rotaxanes in asymmetric synthetic applications.

Focusing on applications that have been demonstrated to
date, there is undoubtedly a growing body of work on lasso
peptide analogues - driven by the advantages arising from the
entangled structure, that provides preorganization and meta-
bolic protection of the peptide compared to open chain
analogues.®®’>”*7> However, there are also non-peptidic bridged
MIMs being put to (at least) proof-of-principle functional appli-
cations. Hiratani’s seminal lithium sensing [1]rotaxane® has
now being joined - amongst others — by Lin’s luminescent
[1]rotaxanes.*>*? Lin’s systems exemplify how functional appli-
cation may be derived from a bridged [1]rotaxane architecture,
with variation in optical properties dependent on the different
conformations arising from stimuli controlled switching.

Considering all the above, we are therefore confident of
further exciting developments in the synthesis and application
of covalently bridged MIMs in the years ahead.
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