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Over the last few decades, research on mechanically interlocked molecules has significantly evolved owing to
their unique structural features and interesting properties. A substantial percentage of the reported works have
focused on the synthetic strategies, leading to the preparation of functional MIMs for their applications in the
chemical, materials, and biomedical sciences. Importantly, various macrocyclic wheels with specific
heteroditopicity (including phenanthroline, amide, amine, oxy-ether, isophthalamide, calixarene and triazole) and
threading axles (bipyridine, phenanthroline, pyridinium, triazolium, etc.) have been designed to synthesize targeted
multifunctional mononuclear/multinuclear pseudorotaxanes, rotaxanes and catenanes. The structural uniqueness
of these interlocked systems is advantageous owing to the presence of mechanical bonds with specific three-
dimensional cavities. Furthermore, their multi-functionalities and preorganised structural entities exhibit a high
potential for versatile applications, like switching, shuttling, dynamic properties, recognition and sensing. In this
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Accepted 15th November 2023 new generation of interlocked molecules, primarily focusing on heteroditopic wheels and their applications in
DOI: 10.1039/d3cc03778a different directions of the modern research area. Furthermore, we outline the future prospects and significant

perspectives of the new generation heteroditopic wheel based interlocked molecules in different emerging areas
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Scheme 1 An illustration of heteroditopic wheel based pseudorotaxane,
rotaxane and catenane.

Capping
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widespread because of their implementations in chemical,
biological and materials sciences.' It is important to mention
that a considerable amount of outstanding, significant works
on MIMs and their numerous applications™? earned the Nobel
Prize in Chemistry in 2016. MIMs with essential mobile com-
ponents, which are held together by non-covalent interactions,
are classified into two main interlocked architectures: rotax-
anes and catenanes. In both cases, pseudorotaxanes act as
primary building blocks (Scheme 1). The synthesis and applica-
tions of such threaded/interlocked molecules mainly depend
on the logical designing of their main constituent components,
i.e., wheel (host) and axle (guest). The strategic incorporation of
various functional groups in the wheel and axle components
enhances the host-guest interactions through metal coordina-
tion, hydrogen/halogen bonding, n—r stacking, and other inter-
actions for the development of various newer multifunctional
MIMs.? In recent years, by incorporating cation/anion templat-
ing, photo/redox-active, and m-n stacked moieties, a series
of different macrocyclic/bicyclic wheels and numerous
corresponding axles have been introduced.’ Moreover, varieties
of supramolecular systems have been popularized for the
construction of novel threaded molecules for broader applic-
ability in sensing, switching/shuttling, drug delivery agents,
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bio-imaging, catalysis and other areas. A literature survey shows
that few reviews have emphasized the wheels specifically made
of pillar-arene,* cyclodextrin,” calixarene,® crown ether,”
cucurbituril® and other molecules for the synthesis of MIMs.°
A recent article by Evan’s group reviewed heteroditopic rotax-
anes and catenanes for ion-pair recognition.'® However, a
detailed discussion on new generation heteroditopic macro-
cycle/bicycle directed MIMs along with their significance in
different directions has not yet been presented. In this
feature article, we present up-to-date (2023) design aspects
for the application of new-generation interlocked molecules,
mainly focusing on heteroditopic wheels. Our objective
is to provide a comprehensive overview that describes the
latest developments, synthetic methods and significant
applications of pseudorotaxanes, rotaxanes and catenanes
composed of heteroditopic wheels with suitable threading
components.

2. Macrocyclic wheels with
heteroditopicity

Macrocyclic wheels composed of different functionalities offer
higher binding affinities with the guest axle via various non-
covalent interactions. In this regard, as compared to monotopic
wheels, the designing of heteroditopic macrocycles/bicycles
might be of greater interest, as it essentially consists of differ-
ent functionalities or groups to generate heteroditopicity in the
wheel. Depending on the different embedded functionalities,
heteroditopic wheels can provide donor-acceptor interactions,
metal-ligand coordination, n-n stacking, hydrogen bonding,
hydrophobic interactions, etc., towards the construction of new

Prof. Pradyut Ghosh is a senior
professor in the School of
Chemical Sciences at the Indian
Association for the Cultivation of
Science (IACS), India. He received
his PhD in Chemistry from the
Indian Institute of Technology,
Kanpur under the direction of
Parimal K. Bharadwaj in 1998.
He spent two years as a post-
doctoral fellow at Texas A&M
University, with Richard M.
Crooks and he was an Alexander
von Humboldt Fellow at the
University of Bonn, Germany in Fritz Vogtle’s and Christoph A.
Schalley group. Upon his return to India, he joined Central Salt &
Marine Chemicals Research Institute, India and in 2007 he moved
to IACS. His present research interests are covering the designing of
Interlocked Molecular Systems, Recognition, Sensing and
Extraction of ion and Ion-pair, Supramolecular and Photo
Catalysis.

h £
i i

g o ¢ B

ik 8 ot

Pradyut Ghosh

Chem. Commun., 2023, 59,14776-14790 | 14777


https://doi.org/10.1039/d3cc03778a

Published on 20 November 2023. Downloaded by Fail Open on 7/23/2025 10:32:12 AM.

ChemComm

generation novel MIMs"' to serve in switching, shuttling, sen-
sing, ion pair recognition, etc.

Herein, we present some of the most representative hetero-
ditopic wheels containing different suitable functionalities,
including phenanthroline (phen), oxy-ether, amide, amine,
triazole, etc. (Fig. 1). In this direction, Sauvage and co-workers
reported a phen/terpyridine-oxy-ether containing heteroditopic
macrocycle (W1) and several MIMs via the metal templation
technique (Fig. 1)."* To explore metal templation based multi-
functional MIMs further, Ghosh and co-workers recently devel-
oped several new combinations of heteroditopic macrocycles,
i.e. amido-triamine (W2),"* oxy-ether-triamine (W3, W4)"* and
oxy ether-Phen-ester (W5)'® wheels. Using anion templation,
Beer and co-workers developed different heteroditopic macro-
cycles depending on isophthalamide/calix[4]diquinone/tria-
zole/oxy-ether (W6-W7, W9) motifs.'”” Within such wheels, the
threading of the pyridinium axle component leads to anion
templation. Afterwards, the modification of the pyridinium axle
with pyridine-N-oxide and 4-iodopyridyl-2,6-dicarbonyl moi-
eties is directed towards the metal temptation approaches.
Another type of imine oxy-ether heteroditopic wheel (W8)
was recently reported by the Chiu group and utilised in alkali
metal templated MIMs.'® In 2000, the first synthesis of an
isophthalamide-crown ether-based heteroditopic macrobicycle
was reported by Smith’s group (W10)."° Later, an amido-amine
functionalized heteroditopic macrobicyclic host (W11)*° with
two distinct cavities to be utilized in the recognition of different
guests through hydrogen bonding interaction was reported by
our group. Other significant functionalities like naphthyl,
phenyl, naphthalene tetracarboxylic di-imide (NDI), paraquat,
etc., have also been incorporated within the wheel and/or in the
axles to introduce multifunctional properties within the MIMs.
Moreover, besides these wheels (Fig. 1), other relevant hetero-
ditopic macrocycles/bicycles associated with important MIMs
are also discussed in later sections.
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3. Mechanically interlocked
architectures with heteroditopic
wheels

The design and synthesis of threaded/interlocked molecules
composed of multiple functionalities and suitable groups are
one of the current research topics on interlocked systems.
Historically, the first catenane and rotaxane were invented by
Frisch-Wasserman®! and Harrison and coworkers,*® respec-
tively. Further, Sauvage et al. introduced the phen-ether (W1)
heteroditopic wheel for the synthesis of Cu' templated [2]cate-
nanes with high yield.”® Leigh and co-workers introduced a
conceptually novel active metal templation approach in which
the reactive unit is mainly the macrocycle-metal ion complex
that helps to organise the wheel-axle components and facil-
itates the formation of MIMs.>” Beyond these active and passive
metal templation approaches, several noncovalent interactions,
including hydrogen/halogen bonding (HB/XB), n-n stacking
interaction, anion templation, etc., have also been introduced
between the wheel and axle for the synthesis of high yielding
MIMs.>* In the designing of such MIMs (pseudorotaxanes,
rotaxanes or catenanes) by different templation approaches,
heteroditopic macrocyclic/bicyclic wheels play an important
role, as heteroditopicity brings versatility within the MIM
systems. Therefore, in this section, we will explain in detail
the latest works related to the construction of the above
discussed heteroditopic wheel-based multifunctional pseudor-
otaxanes, rotaxanes and catenanes.

3.1. [n]Pseudorotaxanes (n = 2, 3, 4)

Pseudorotaxanes are the fundamental unit for the synthesis of
rotaxanes and catenanes through the capping and clipping
approaches (Scheme 1). In the literature to date, several
[n]pseudorotaxanes have been reported with some conventional

GO
3

W10 Wi1

Fig. 1 Representative heteroditopic wheels with different functionalities (atoms are represented by blue for N, red for O and violet for I).
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Fig. 2 The representative crystal structures of [2]pseudorotaxanes. (Data
from the Cambridge Crystallographic Data Centre, (CCDC); P1: 839502,
P2: 1534187, P3: 1589356, P4: 1063853, and P5: 976751. Atoms are
represented by blue for N, red for O, yellow for Ni and pink for Cu).

P1

supramolecular wheels like crown ether, pillar arenes, cucurbi-
turils, etc., towards the formation of MIMs. However, in this
subsection, we will describe the [n]pseudorotaxanes utilizing
different heteroditopic wheels that have been synthesized and
studied systematically (Fig. 2). In this context, our group has
recently reported several new generation [2]pseudorotaxanes
composed of the above discussed heteroditopic wheels
(W2-W5) and 4,4'/5,5'-bipyridine, phen/paraquat derivatized
axles via Cu"/Ni" templation, hydrogen bonding and n-=
stacking interactions wherever applicable. In addition, self-
sorting studies have been performed from a mixture of differ-
ent bidentate chelating ligands (derivatives of phen and bipyr-
idine) and metal ions (Co", Cu", Ni", Zn") to bind with the
corresponding macrocycle W2 and W3, respectively. This study
assists in finding the most favourable combination of macro-
cycle, selective metal and chelating ligand to form stable
[2]pseudorotaxane.'*'® Furthermore, the crystal structure ana-
lysis confirmed that during ternary pseudorotaxane formation,

" and Cu" prefer the corresponding hexa (P1) and penta (P2,
P3) orthogonal coordinations, respectively. Such coordination
around the metal is satisfied by the tris amine moiety of the
wheel, bidentate axle and solvent molecule wherever applicable

View Article Online
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(Fig. 2)."*”° Moreover, our group has also demonstrated
macrobicyclic, W11 and pyridine N-oxide axle-based HB tem-
plated [2]pseudorotaxane (P4) formation where the changes of
the pyridine N-oxide axle direction within the wheel were
studied.”® Recently Yuan and co-workers constructed a differ-
ent type of [2]pseudorotaxane (P5) by incorporating a hetero-
ditopic cyclo[6]aramide wheel that shows binding of dibutyl
ammonium chloride via HB interactions.>®

The development of higher-ordered heteroditopic threaded
molecules such as [3]/[4]/[5] pseudorotaxanes (Fig. 3) with
unique structural architectures is also challenging from the
synthetic point of view. In 1999, Sauvage and co-workers
described Cu' complexed heteroditopic [3] (P6) and [5] pseu-
dorotaxanes, which served for [3] and [5]rotaxane formation via
threading of the bis-chelating ligand within a W1 wheel.>**
They have also studied octahedral metal coordinated [3]pseu-
dorotaxane (P7) and rotaxane formation via insertion of two
bipyridine strings into the 8,8’-diphenyl-3,3’-bi-isoquinoline
heteroditopic wheel.”” In addition, our group has reported
the Cu" templated two station derivatized axle ([2,2'-bis(2-
pyridyl)bi-benzimidazole]) threaded heteroditopic W2 based
[3]pseudorotaxane (P8) formation in which fluorescence switch-
ing is triggered via the axle substitution mechanism.*® Further-
more, our group has systematically designed heteroditopic W4
directed multinuclear fluorophoric [3]pseudorotaxane (P9) and
[4]pseudorotaxane (P10), utilizing bipodal and tripodal func-
tional phen axle motifs through Cu"/Ni" templation and n-n
staking interactions.?’

3.2. Rotaxanes

Over the past few years, several types of MIMs have been
extensively explored by various researchers, including
Sauvage,*® Stoddart,"*? Gibson,** Leigh,** Tian,*® Beer,**

P10

Fig. 3 Representative crystal and chemical structures of (a) [3]pseudorotaxanes (P7 and P8, data from the Cambridge Crystallographic Data Centre
(CCDQ): P7: 736954, P8: 827910; atoms represented by blue for N, red for O, orange for Fe and pink for Cu) and (b) [4]pseudorotaxane. (Counter anions

are omitted for clarity.)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The representative crystal and chemical structures of [2]rotaxanes (R1, R2 and R8; data from the Cambridge Crystallographic Data Centre
(CCDC): R1: 1277085, R2: 171663 and R8: 1942423. Atoms are represented by blue for N, red for O, yellow for S and sky blue for Zn.)

Smith,*® Schalley,*® Goldup,*” Loeb,*® Huang?® and others.*® In
this subunit, several heteroditopic rotaxanes are described
chronologically and the representative chemical structures of
the rotaxanes are presented in Fig. 4. In 1996, conducting
polymetallorotaxanes composed of the heteroditopic W1 wheel
and a thiophene connected bipyridine axle were reported by
Swager and co-workers using Cu'/zn" templation.*" Likewise,
based on the heteroditopic W1 wheel and bi/tri dentate chelat-
ing axles (phen/terpyridine), Sauvage and co-workers reported
several examples of Cu' metallated heteroditopic [2]rotaxanes
that were further utilised for switching, shuttling, etc.** In 2000,
Smith and group reported a K" bound heteroditopic [2]rotaxane
(R2) composed of the W10 macrobicycle and an acetal-
containing axle moiety where the structural geometry of R2
was confirmed by X-ray crystallography.’®** Subsequently, by
following passive and active metal templation approaches, our
group also demonstrated heteroditopic W2-W5 wheel based
multifunctional [2]rotaxanes (R3-R4, Fig. 4) by following
CuAAC click chemistry for the sensing and recognition of
ions.***** Similarly, a W5 wheel based heteroditopic [2]rotax-
ane (R5) involving n-r stacking interaction was also reported by
our group.?” During such MIMs formation via passive/active
metal (Ni'/Cu""/Ca") templation and n-7 stacking interaction,
several types of functionalized bipyridine, NDI and paraquat
moiety containing axles have been thoughtfully utilised.
Furthermore, some of the heteroditopic rotaxanes (R12,
Fig. 9b and R24, Fig. 16a) were post functionalized by acyl/
fluorophoric groups to fine tune the recognition and sensing
properties.

Beyond the metal templation technique, Beer’s group has
recently reported various HB/XB heteroditopic [2]rotaxanes (R6,
R14, Fig. 10 and R26, Fig. 17) directed by the W6 and W7
heteroditopic wheels for anion sensing and ion pair recogni-
tion. Additionally, they described the dynamicity of heterodi-
topic W6 dependent higher ordered fluorophoric [3]rotaxanes
(R13 and R14, Fig. 10).*® Likewise, with the heteroditopic W6

14780 | Chem. Commun., 2023, 59, 14776-14790

wheel, both Leigh and Li’s groups demonstrated HB templated
heteroditopic [2]rotaxanes (R10, Fig. 7 and R15, Fig. 11b). In
both cases, controlling the translation of the macrocycle
from one station to another assists in molecular switching and
shuttling."’**” Leigh’s group also synthesized the bifunctional
pyridine-associated W6 wheel, in which HB donor and acceptor
moieties are present at different ends of the wheel. This
eventually assists in stabilizing the axle-forming transition state
that is developed during the formation of [2]rotaxane.*®

In addition to these above mentioned rotaxanes, another
type of heteroditopic [2]rotaxane (R7, Fig. 4 and R17, Fig. 12b)
was described by Chiu’s group utilising imino macrocycle (W8)
in the threading of an oligo(ethylene glycol) motif axle by Na'
templation.”®*® Leung’s group reported a heteroditopic W8
wheel based [2]rotaxane (R8) synthesized by the in-situ reaction
of equimolar tetra-ethylene glycol bis(2-aminophenyl)ether, 2,6-
pyridine dicarboxaldehyde and an anthracene/BODIPY-based
axle via a clipping strategy.>°

3.3. Catenanes

Since the revolutionary synthetic approach to designing a
catenane by Sauvage and co-workers,>**" several methodolo-
gies have been developed to date. Here, heteroditopic wheel-
based catenanes are discussed. The corresponding crystal
structures and chemical diagrams are presented in Fig. 5.
Significantly, Sauvage’s group described Cu' templated W1
heteroditopic wheel and bidentate phenanthroline axle direc-
ted [2]catenanes (C1) and other higher ordered catenated
systems.>"*®> During that same period, Stoddart and co-
workers studied Cu' complexed naphthyl and phen moiety
embedded [2]catenane (C2) by incorporating a bis-paraquat
motif in place of the oxy-ether of the W1 wheel. The resulting
[2]catenane undergoes circumrotation, where phen motifs from
both the axle and wheel interact with the hydrogen ion upon
addition of CF;COOH.>® In 2008, by utilising a W1 type wheel,

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The representative crystal and chemical structures of [2]catenanes (C1, C3—-C6, C8 and C9, data from the Cambridge Crystallographic Data
Centre (CCDC): C1: 1254088, C3: 817352, C4: 809245, C5: 1889522, C6: 1871207, C8: 952636 and C9: 2211718. Atoms are represented by blue for N,

red for O, yellow for Na and violet for I.)

Schuster and group demonstrated different mono/multinuclear
heteroditopic catenanes.’®

Correspondingly, our group demonstrated phen ester-oxy
ether W5 containing new multifunctional [2]catenanes (C3
and C4) and the investigation of their use in cation and anion
recognition/sensing.'®** In the case of Cu' templated hetero-
ditopic C3, the phen-ester moieties of both the axle and wheel
counterparts are enabled to bind Na' exclusively, that is,
supported by the phen N and ester O atoms of wheel. After-
wards, the phen-ester moiety of W5 and derivatized carbonyl
moiety of the NDI axle assist in forming heteroditopic C4 via
Ca" templation, by following a CuAAC reaction.>®

Beer and co-workers described an anion templated
heteroditopic W6 wheel-dependent [2]catenane (C5) via the
threading of the N-benzyl pyridinium amide cleft precursor
into the wheel.>® A similar approach is followed in the for-
mation of the calix[4]diquinone-oxy ether (W7) based hetero-
ditopic catenane C6, in which reversible rotary motion has been
shown.>” In addition, several HB and XB bonded heteroditopic
catenanes based on W6 and W7 wheels have been reported by
Beer’s group.

Furthermore, Lewis and co-workers described the formation
of a different type of heteroditopic homo [2]catenane (C7) via
self-templation strategy by involving a pyridine unit containing
two W6 wheels, in which the pyridine metal nodes upon
complexation with Ag’ yielded a coordination polymer.*®

Recently, Na' templated homo [2]catenanes (C8 and C9)
have been reported, with the heteroditopic W8*°**° and
W9'7° macrocycles, respectively, where the alkali metal prefers
to bind in an orthogonal manner. By following a different
approach, an amidinium carboxylate salt bridge-oxy ether
directed heteroditopic optically active [2]catenane was also
studied by Yashima and co-workers. In this case, an acid/base

This journal is © The Royal Society of Chemistry 2023

or Zn" ion regulated the relative motion of the macrocyclic
components.®® Further, Gunnlaugsson and co-workers reported
the self-assembly of bifunctional motifs, namely pyridine
isophthalamide-oxy ether, to generate an Eu' templated
[3]catenane via RCM reaction.®’ These important embedded func-
tionalities of heteroditopic MIMs have made them good candidates
for utilization in various applications, such as recognition, sensing,
switching, shuttling, catalysis, biological activities, etc.

4. Applications of heteroditopic
interlocked molecules

In this section, we elaborate the applications of these new
generation heteroditopic wheel-based multifunctional threaded/
interlocked molecules. This part is divided into three sections
according to the applications of the MIMs: (a) switching, (b)
dynamic properties and (c) recognition-sensing.

4.1. Molecular switching of the threading systems

Threaded architectures, containing different types of function-
alities, are potential systems for molecular switching which can
be attained by various external stimuli, such as anions/cations,
acid/base, heat, photoluminescence, solvent polarity, chemical
reagents, etc. To date, numerous significant works have
explored molecular switching, directed by differently functio-
nalized MIMs. Herein, particularly, molecular switching will be
discussed focusing on heteroditopic MIMs.

Pseudorotaxanes can easily show reversible threading/
dethreading/rethreading processes upon tuning the binding
capability of the axle functionality within the wheel component
that leads to molecular switching and shuttling.”® In this
direction, an electrochemically driven double switching process

Chem. Commun., 2023, 59, 14776-14790 | 14781
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Fig. 6 (a) The electrochemical switching of P11 and P12; (b) fluorescence switching of P13 and (c) acid—base controlled switching of P14.

was described by Flood’s group when utilizing a heteroditopic
W1 type wheel and bipyridine and tetrazine containing axles to
design [2] and [3]pseudorotaxanes (P11 and P12, Fig. 6a),
respectively, via Cu' templation. The kinetics of switching
between these two corresponding axles within the macrocycle
was examined by electrochemical analysis. They have also
shown the reversible double switching of two wheels from
two bipyridines to a reduced double-site tetrazine to produce
a [3]pseudorotaxane (Fig. 6a).>®

Our group reported fluorescence switching in the W2 wheel-
based heteroditopic non-fluorophoric pseudorotaxane P8
(Fig. 3), where substitution of the bidentate fluorophoric axle
(2,2-bis(2-pyridyl)dibenzimidazole) with the stronger chelating
phen motif causes a fluorescence ‘ON’ state.”® A similar case of
the fluorescence ON/OFF switching phenomenon was also
studied in heteroditopic [2]pseudorotaxane P13 (Fig. 6b), based
on a W4 wheel and fluorophoric bipyridine ligand derivative.

In this system, the fluorescence turned ‘ON’ upon the
dethreading of the fluorescent bipyridine ligand via axle sub-
stitution with a stronger chelating phen ligand. Further, upon
the rethreading of the bipyridine ligand, fluorescence is turned
‘OFF’ (Fig. 6b)."*” In both cases, the axle substitution method
and comparative binding studies were carried out by UV-Vis
and fluorescence titration experiments. Furthermore, acid-
base stimuli controlled dethreading/rethreading processes
were demonstrated by Jiang and co-workers with [2]pseudor-
otaxane P14 (Fig. 6¢c) by incorporating a pyridine N-oxide
derivatized axle into a W6 type heteroditopic amide-ether
macrocycle (Fig. 6¢).°* In addition, heteroditopic pyridinyl W8
wheel-dependent multilevel fluorescence switching in two sta-
tions (amide and amine) containing fluorophoric anthracene
stoppered [2]rotaxane was reported by Li and co-workers (R9,
Fig. 7a). Here, three successive independent movement pro-
cesses of the wheel were shown. During the addition of acid,
the wheel’s ether part interacts with the axle amine station and
trigger quenching of the anthracene fluorescence occurs due to
the stronger photoinduced electron transfer (PET) process.

14782 | Chem. Commun., 2023, 59, 14776-14790

However, after the addition of base or Li', the fluorescence
intensity is increased a bit, as the wheel shifts to the axle-amide
station and PET is quenched due to the increment of spatial
distance. After Zn" addition, the wheel is shifted again on the
axle-amine station to interact the wheel-amine counterpart with
Zn"; thus, the PET process is entirely OFF and the fluorescence
intensity is recovered completely (Fig. 7a). All these processes
were verified by NMR, UV-Vis and PL titration experiments.®®

The Leigh group also developed multilevel molecular switch-
ing in heteroditopic [2]rotaxane (R10, Fig. 7b), featuring two
stations (pyridinium and triazole) comprising the axle and a
heteroditopic Pd templated pyridine adjoined W8 wheel. The
wheel, upon triggering with TBACI, switches to the axle-
pyridinium station and thus the wheel-ether part is hydrogen
bonded to the axle-pyridinium ion. Subsequently, upon anion
extraction with the addition of AgPFs, the Pd bound pyridine
wheel reverts back to the axle-triazolium station to coordinate
with the axle-triazolium moiety, which was established by
comparative NMR experiments (Fig. 7b).%°

Furthermore, Beer and group reported a neutral XB [2]rotax-
ane (R11, Fig. 8), composed of a heteroditopic amino triazole-
oxy ether (W9) wheel and a halogen bonded amino-triazole
based axle, which is able to show ortho steric-regulated switch-
ing controlled by the cation/anion guest moiety. Here, the Zn"
addition interacts with the amino-triazole core of both the
wheel and axle components. However, in acidified R11, the
axle-amine is protonated and H-bonded with the wheel-ether
part and the counter anion (Cl™) is halogen bonded to the
iodine-triazolium core unit (Fig. 8).®” Such heteroditopic
mechanically interlocked molecular switches may further serve
in molecular logic gates, responsive drug delivery, biological
assays and nanotechnology.

4.2. Effect of mechanical bond in the dynamic properties

The incorporation of significant multi-functionalities into the
rotaxanes and catenanes directs the innovative ideas of gen-
erating new dynamic properties with translational and

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) The acid/base/metal-controlled fluorescence switching of R9. (b) The anion-controlled switching of R10.
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Fig. 8 The cation/anion regulated switching of R11.

rotational motions. Relative movement of non-covalently
attached components produces reversible alternation or multi-
ple controlling of the co-conformation of MIMs, ie. can be
triggered by external stimuli (cation/anion, acid/base) to fabri-
cate smart molecular machineries, as reported by several
groups.®® In this subsection, we briefly summarize the effects
of mechanical bonds on the dynamic properties of heterodito-
pic wheel-based MIMs.

In this context, Sauvage and co-workers reported W1 depen-
dent heteroditopic [2]catenane C10, in which mechanically
bonded another wheel counterpart is phen-terpyridine, where
rotation of one ring concerning the other is shown upon Cu'/
Cu" coordination preferences (Fig. 9a).>*>*® Based on similar
Cu'/Cu" binding modes, shuttling has also been studied in
another heteroditopic [2]rotaxane by Sauvage and group.*?”
Significantly, in the case of this [2]rotaxane with respect to
Cu"/Zn" metal binding, the chelating counterparts (phen and
terpyridine) generate a “molecular muscle” which is length-
ened or contracted on the basis of the interaction of wheel with
the axle in response to external chemical stimuli.*?”7° By
following a different mechanism, our group also described
dynamic properties within a tri-acetylated W3 wheel based
[2]rotaxane (R12a, Fig. 9b) system. It was shown that, upon
subsequent addition and removal of alkali metal ions (Na'
and Li") in R12a, it exhibits reversible locking and unlocking
of the dynamic behaviour, respectively, which was further
verified with 'H NMR experiments.**” Our group has also
studied the structure-property relationship of another

This journal is © The Royal Society of Chemistry 2023
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naphthalene substituted W3 wheel based [2]rotaxane based
on steric interaction via subsequent functionalization of the
tri-amine moiety of the wheel with acetyl, aryl and ter¢-butyl
groups. Variable temperature NMR analysis revealed that the
tri-acylated and tri-aryl substituted rotaxanes showed diverse
rotamer-induced conformations/co-conformations. However,
tert-butyl substitution predominantly showed a single confor-
mer due to the presence of the bulky tert-butyl group, which
hindered tertiary amide bond rotations and displayed con-
trolled dynamic behaviour.”"

Beer’s group designed two different heteroditopic W6 wheel-
based ClI™ templated [3]rotaxane hosts with two ferrocene and
naphthalene adjoined motifs, of which only the naphthalene
one is displayed (R13, Fig. 10a). Both the rotaxanes undergo
a conformational change upon selective recognition of SO4>~
to form a 1:1 “sandwich” complex, where SO~ is linked
between the bis-isophthalamide macrocyclic components in a
closer proximity. Upon binding of SO,>~, abrupt fluorescence
quenching of the naphthalene (R13) takes place and concurrent
cathodic shifting is caused due to the ferrocene/ferrocenium
redox couple.*®*>”* Anion-induced molecular shuttling was also
described in another heteroditopic [3]rotaxane (R14, Fig. 10b)
consisting of a central Cg, fullerene and four stations (bis-
triazolium and bis-NDI), including the axle and two ferrocenyl-
functionalized W6 wheels. "H NMR spectroscopy displayed
that, upon addition of ClI~ or PFs~ salt, the wheel moves to
the axle-triazolium or NDI station. The positional change of the
wheel to the axle stations was also examined by steady-state and
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Fig. 10 The anion-induced dynamic properties in (a) R13 and (b) R14.

time-resolved absorption, emission and electrochemical stu-
dies. The inset picture in Fig. 10b shows fluorescence ON/OFF
switching, depending on the anion-induced wheel-axle inter-
action. A similar shuttling approach was also reported with
other W6 based rotaxanes.”® Likewise, a heteroditopic [3]cate-
nane (C11, Fig. 11a) was investigated that consists of a four-
station centred macrocycle with two triazolium motifs and
perylene diimide (PDI) units, mechanically bonded with two
NO, group appended W6 macrocycles. Circumrotatory motion
of the NO,-attached wheels around the larger wheel is triggered
by ClI"/PFs~ and was further studied via NMR, UV-Vis and
emission studies (Fig. 11a).”

Yuliang Li et al. with a similar heteroditopic W6 wheel
demonstrated a switchable [2]rotaxane (R15, Fig. 11b) contain-
ing triazole and ammonium stations.””®®** 'H NMR studies
showed that, upon protonation, the wheel switches to the
ammonium station due to the HB interaction of the ammo-
nium ion with the wheel-oxy ether cleft. The addition of base

14784 | Chem. Commun., 2023, 59, 14776-14790

moves the wheel counterpart to the axle-triazolium station by
destroying the HB. However, after the addition of Cl-,
the conformation of the wheel in R15 is changed due to the
co-operative interaction between the amide group of the iso-
pthalamide wheel and the triazole CH proton of the axle
(Fig. 11b).

In addition to the W6 wheel, cation (Na' and Ba") induced
pirouetting motion in a heteroditopic W7 macrocycle and
pyridine N-oxide axle threaded rotaxane (R16, Fig. 12a) system
was also demonstrated by Beer and co-workers. It was shown
that the added cation interacts with the wheel-calix-ether and
axle-N-oxide moieties. Removal of the cation moves the axle in
the N-oxide direction to the isophthalamide cleft of the macro-
cycle due to HB interaction, which was analysed by NMR
spectroscopy (Fig. 12a).'”? Afterwards, Chiu and co-workers
described Na“induced dynamicity in axle-amide threaded
[2]rotaxane (R17, Fig. 12b), where Na' ion shows the interaction
between the wheel-ether and amide carbonyl cleft. Detachment

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Anion-induced fluorophoric shuttling in (a) C11 and (b) R15. Inset pictures show the fluorescence colour changing upon positional change of
wheel in C11 and R15. (Adapted with copyright owner permission from ref. 73 and 74, Copyright 2018 and 2017, respectively, American Chemical

Society.)

Fig. 12 Anion-induced shuttling in (a) R16 and (b) R17 (data from the Cambridge Crystallographic Data Centre (CCDC): R17: 1511677; Na bound R17:
1539017; and atoms are represented by blue for N, red for O and yellow for Na). (c) K' based co-conformational locking of R18.

of Na' induces motion within the wheel to get the oxy ether to
bind with the axle-amide moiety (Fig. 12b).'®”"

In a different approach, the Smith group demonstrated
dynamic properties in a macrobicyclic W10 wheel-based het-
eroditopic rotaxane host (R18, Fig. 12c). Here, K' addition
assists in co-conformational locking of R18, which was estab-
lished by NMR spectroscopy (Fig. 12¢).**® Later, our group also
investigated the dynamicity within a heteroditopic macrobicyc-
lic W11 wheel and pyridine-N-oxide axle threaded [2]pseudor-
otaxane (P4, Fig. 2). Xray crystal analysis and 'H NMR
confirmed that the axle-pyridine-N-oxide dipole in P4 is able
to attain two different orientations in the corresponding neu-
tral and tri-protonated states of the wheel.

In the tri-protonated state, the N-oxide dipole moves its
position from the amide cleft and interacts with the protonated
amine via HB interaction.*

This journal is © The Royal Society of Chemistry 2023

Chen et al reported a novel triply interlocked hetero-
ditopic [2](3)catenane composed of a pyrazine-extended
triptycene-derived tris(oxy-ether) wheel threaded by three N-
methyltriazolium and dibenzyl ammonium cyclic ligands via
HB templation.”® Acid-base triggering causes stepwise molecu-
lar motion in the catenane, which generates four relatively
stable co-conformations that were directly identified by NMR
titration experiments.

Thus, exploration of such versatile dynamic behaviour
within heteroditopic MIMs may be directed towards the con-
struction of molecular machineries, molecular rachets, mole-
cular ladders, etc.

4.3. Recognition and sensing

Over the last few years, huge interest has grown towards the
utilization of rotaxanes and catenanes for the recognition and
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sensing of a guest molecule in the cavity of host interlocked
molecules. In general, a complementary size and preorganiza-
tion of the three-dimensional cavity of the host molecules are
the criteria for designing ideal sensor candidates. Prior to the
sensing, the receptor MIMs are methodically equipped with
fluorophoric and redox-active signalling groups for distinguish-
ing among the incoming potential guests. Additionally, suc-
cessful recognition offers a way to regulate the co-conformation
of interlocked components’ relative positions during molecular
shuttling and switching. Accordingly, several approaches have
been studied with the MIMs by different groups towards sen-
sing and recognition of anions,”” cations’® or ion pairs."*’® In
this section, specifically, heteroditopic MIMs-based recognition
and sensing applications are described and divided into three
major categories: (i) anion, (ii) cation and (iii) ion pair recogni-
tion/sensing.

4.3.1. Anion recognition and sensing. Anion recognition by
the molecular receptor is becoming one of the key challenges in
the supramolecular field. This is due to their weaker coordina-
tion arrangement, low charge densities, higher hydration ener-
gies and dependency on pH. The following examples of anion-
bound heteroditopic MIMs are mainly directed by non-covalent
interactions like HB, XB and mixed HB-XB interactions.

In 1998, the first interlocked catenated receptor for an anion
was strategically designed by Sessler and Vogtle, with a bipyr-
role amide group containing a monotopic macrocycle.*® Later,
Beer and co-workers widely explored this anion recognition
area by specifically utilizing heteroditopic W6 and imidazo-
lium/pyridinium-amide containing axles that permit the for-
mation of anion-driven threaded assemblies via HB interaction
(R19, Fig. 13a). In this rotaxane (R19), upon Cl~ binding with
the amide cleft of the wheel, a cathodic shifting occurred due to
its readily accessible ferrocene/ferrocenium (Fc/Fc*) redox cou-
ple (Fig. 13a).®" In addition, a lanthanide (Ln™") functionalized
W6 based type of Beer’s rotaxane (R20, Fig. 13b), derived by
utilizing unusual NO;~ templation, leads to the sensing of F~.
By displacing a water molecule, F~ is directly coordinated with
the Ln' centre of the MIM and, thus, a sharp emission
quenching is shown by the Ln™ centre (Fig. 13b).%*

In 2014, XB based anion recognition was first demonstrated
by Beer and group, and the XB donor MIMs resulted in better

R19
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anion recognition compared to HB donors. It was shown that
the pyridine associated W6 wheel and bis-triazole pyridinium
axle containing [2]rotaxane R21 (Fig. 14a) host can selectively
bind halide ion. Importantly, R21 can recognise I in water
through XB interaction, where the solubility in water is gov-
erned by permethylated B-cyclodextrin connected stoppers
(Fig. 14a).®* Further, this aqueous mediated anion sensing
was advanced to photoactive anion sensing via altering the
macrocyclic pyridinium component with a luminescent bipyr-
idyl-[Ru(bipy),]** motif that, upon sensing I, causes a metal to
ligand charge transfer emission increment.®* Another hetero-
ditopic W6 wheel-based Cl~ templated XB donor chiral [3]rotax-
ane (R22, Fig. 14b) was also described by Beer’s group. Here,
the chiral (S)-BINOL group in the axle moiety facilitates the
optical sensing of dicarboxylate anion with emission quench-
ing properties via combined HB-XB interactions and leads to
the formation of 1:1 stoichiometric sandwich complexes
(Fig. 14b).®

Additionally, indolocarbazole-oxy ether-based hetero-
ditopic homo|[2]catenane (C12, Fig. 15a) was reported by
Jeong and group, directed towards Cl~ sensing over other
competitive oxo-anions through the interaction between the
bis-indolocarbazole motifs of the wheel and axle. Thus, CI™
sensing causes the enhancement of the fluorescence intensity
of the embedded indolocarbazole motif within the catenane
(Fig. 15a).%° Gunnlaugsson and co-workers followed another
approach to synthesize a heteroditopic homo [2]catenane (C13,
Fig. 15b) host which was studied towards PO,>~ sensing over
other anions through bis-triazolyl HB interactions (Fig. 15b).*”

Thereafter, our group also described heteroditopic W5
macrocycle directed anion binding studies of different MIM
hosts, based on electrochemical, colorimetry and fluorescent
responses. In this regard, active metal templated heteroditopic
rotaxane was explored for the recognition of tetra butyl ammo-
nium (TBA) anions by the axle-amide station via electro-
chemical and NMR titration studies.*> During electrochemical
titration, measurable anodic shifting of irreversible reduction
waves of the phen motif and, during NMR titration, proton
resonance shifting of the axle-amide indicate the recognition of
H,PO,  over other anions. Colorimetric and fluorescent
responding anion sensing was demonstrated by W5 wheel

\,() 0

k,od
[Ln3* = Lu**/ Eu?* ] O

Fig. 13 (a) The electrochemical anion sensing of R19 (data from the Cambridge Crystallographic Data Centre (CCDC): R19: 829486; atoms represented
by blue for N, red for O and green for Cl), (b) lanthanide derived anion sensing of R20.
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Fig. 14 (a) The cyclodextrin derived I~ sensing of R21 in water. (b) The chiral S-binol derived dicarboxylate sensing of R22.
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Fig. 15 (a) The indolocarbazole derived Cl™ sensing of C12. (b) The phosphate sensing of C13 (data from the Cambridge Crystallographic Data Centre
(CCDCQC): phosphate bound C13: 1469501; atoms are represented by blue for N and red for O). (c) The colorimetric anion sensing of R23. Inset pictures
show the colorimetric sensing of F~ and CN™ by R23. (Adapted with copyright owner permission from ref. 55. Copyright 2022, Royal Society of

Chemistry.)

and fluorophoric NDI axle containing [2]catenane (C4, Fig. 5)
and [2]rotaxane (R23, Fig. 15¢) hosts.>® Here, both the MIMs
served as the F~ and CN™ sensors (Fig. 15¢) over other TBA
anions via instantaneous changing of visual colours, which was
further verified by UV-Vis-NIR, fluorescence titration, EPR and
CV studies.

Here overall anion sensing studies of heteroditopic MIMs
were elaborated and now significant cation sensing studies will
be discussed in next subsection.

4.3.2. Cation sensing and recognition. Heteroditopic
wheel-based cation sensing is scarce in literature as compared
to that of anions. In this regard, recently our group investigated
competitive cation sensing studies of the heteroditopic W4
wheel and naphthyl group containing fluorophoric rotaxane
R24 and pyrene functionalized R24a (Fig. 16a) hosts. Upon
addition of various alkali and transition metal ions, R24 shows
a slight perturbation in emission intensity for Zn" and cd".
However, after post-functionalization of the tri-amine in R24
with pyrene moieties, R24a shows higher emission intensity

This journal is © The Royal Society of Chemistry 2023

from the pyrene centre selectively for Zn", even in the presence
of other competitive cations by a PET process that was verified
by emission and UV-Vis titration studies (Fig. 16a).%® In addi-
tion, another fluorophoric rotaxane (R4, Fig. 4) was studied
with the same wheel and aryl vinyl motif containing axle
towards cation sensing. In this rotaxane, the extended conjuga-
tion of the aryl vinyl moiety served as the signalling unit to
sense Zn"" over another competitive alkali, alkaline and transi-
tion metal ions.**

Afterwards, Leung and co-workers reported an amino axle
threaded heteroditopic pyridinium-imine-oxy-ether wheel
based fluorophoric [2]rotaxane (R25, Fig. 16b). R25 shows direct
sensing of Au™ over different alkali and transition metal ions
by causing protonation of the axle-amine and termination of
the PET process by turning on the fluorescence (Fig. 16b).”**°

4.3.3. Ton pair recognition. Co-operative ion pair binding
by heteroditopic interlocked molecules is a rapidly developing
field of interest. In this regard, Beer’s group first reported a W7
wheel-based alkali metal halide ion-pair recognition system

Chem. Commun., 2023, 59, 14776-14790 | 14787


https://doi.org/10.1039/d3cc03778a

Published on 20 November 2023. Downloaded by Fail Open on 7/23/2025 10:32:12 AM.

ChemComm

9@ b O @
o % /\.{4 Y l’uncuonahzatlon ¢
j ooV );@Hx AU S

. v S o

 PYROTX+ 10 equiv. of various metals {1equiv. In case of Zn{1I)}

W PYROTX+ 10 equiv. of various metals+ 1 equiv. Zn(ll)

&

g

9

8

Intensity(a.u)

5

°

hMcoM‘“uc‘cuv g

K Fe Mnng ¢ H.‘

o
Metal testeq

Fig. 16 (a) Fluorophoric Zn**
88. Copyright 2021 Royal Society of Chemistry.) (b) Fluorophoric Au**

@v\»(“f” ,,_‘ 7 ux

oo

View Article Online

Feature Article

(b) 1
ks
v NH HN
«. MeO. -
n\’(\f" 1 ;{(j
OoM¢e Ok’

+ \l"‘

c’fQﬂ @

Egb” b

sensing of R24. Inset pictures show selective sensing of Zn'" by R24a. (Adapted with copyright owner permission from ref.
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Fig. 17 The ion pair recognition of (a) R26, (b) R27 and (c) C14 (data from the Cambridge Crystallographic Data Centre (CCDC)): I~ bound C14: 2211718;
atoms are represented by blue for N, red for O, yellow for Na and violet for [l].

R26 (Fig. 17a). Within the R26 cavity, the cation is bound
between the wheel-calixarene and axle-pyridine N-oxide moi-
eties, whereas the anion interacts with the bis-amide cleft of the
wheel and axle. Here, as found from the NMR titration experi-
ments, co-bound Cl™ and Br~ of corresponding counter cations
(Na' and K") display greater binding affinity compared to I” due
to significant preorganisation of the R26 host and a high
cooperativity factor (Fig. 17a).°” Likewise, a transition metal-
halide ion-pair rotaxane system was also designed with W2
type wheel-based rotaxane, which, in the presence of Zn"
co-bound cation, shows the capability to bind Br and I
anions cooperatively in a more competitive aqueous organic
co-solvent mixture.”

Furthermore, lithium-halide ion pair recognition was
recently established by an aza-crown containing W9 wheel
and XB axle-triazole threaded heteroditopic rotaxane (R27,
Fig. 17b) by Beer and group. The co-bound Li' ion assists
in co-operative binding of Br~ over I in the XB macro-
cyclic triazole pocket (Fig. 17b).>* Thereafter, a Na' templated

14788 | Chem. Commun., 2023, 59, 14776-14790

W09-based heteroditopic homo[2]catenane (C14, Fig. 17c) for
ion-pair recognition was published in which a co-bound alkali
metal atom (Na' or K') in the oxy ether cage assists in the
enhanced binding of Br~ and I" within the triazolium halogen
binding pocket (Fig. 17¢)."”“*"? Significantly, these recognition/
sensing properties of MIMs may be extensively applied in
extracting toxic ions in wastewater treatment, industrial pur-
poses and other real life applications.

5. Summary and outlook

In this feature article, we addressed in detail different hetero-
ditopic wheels composed of several multi-functional groups.
We also thoroughly described the construction of a number of
[n]pseudorotaxanes, rotaxanes and catenanes that are synthe-
sized using such wheels. The heteroditopicity of these systems
provides versatile aspects that can be applied in various direc-
tions of the molecular sciences. Thus, we have systematically

This journal is © The Royal Society of Chemistry 2023
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highlighted the significant functionalities of such MIMs in
switching, shuttling, recognition and sensing, resulting from
their mechanically bonded structures. The heteroditopicity of
the systems is highlighted more precisely.

We envisage that our broad and detailed discussion on the
new generation of heteroditopic wheel-based MIMs will add a
new facet to the research of MIMs to clearly bring out signifi-
cant properties. Although heteroditopic wheel based MIMs
have been well described in this review article, there are still
ample opportunities to be explored by integrating heterodito-
picity in the construction of pseudorotaxanes, rotaxanes and
catenanes. Such opportunities include (i) the incorporation of
asymmetric functionalities within the supramolecular systems
to assist in developing chiral interlocked molecules, chiral
catalysis, etc.; (ii) the addition of an amide cleft, long alkyl
chains and proper hydrophobic and hydrophilic moieties to
trigger self-assembling properties to produce supramolecular
gels, amphiphilic molecules and drug delivery characteristics;
(iif) the use of lanthanide bound MIMs to help construct
fluorescent materials, lanthanide catalysts, MRI contrasting
agents, and bioimaging assays; (iv) the utilization of hetero-
ditopic MIMs in solid material surfaces such as metallopoly-
mers, metal-organic frameworks, advanced nano materials,
etc.; and (v) the further incorporation of suitable functionalities
within MIMs to construct molecular machines and other smart
materials which are the most emerging topic in chemistry. In
conclusion, heteroditopicity in the formation of a new genera-
tion of interlocked molecules heralds a new dawn in supramo-
lecular chemistry, whose rapid progress in the near future will
create potential significant impacts on various scientific fields.
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