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Precision Synthesis of Linear Oligorotaxanes and Polyrotaxanes
Achieving Well-Defined Positions and Numbers of Cyclic
Components on the Axle

Hiroshi Masai,* Yuki Oka, and Jun Terao*

Interest in macromolecules has increased because of their functional properties, which can be tuned using precise organic
synthetic methods. For example, desired functions have been imparted by controlling the nanoscale structures of such
macromolecules. In particular, compounds with interlocked structures, including rotaxanes, have attracted attention
because of their unique supramolecular structures. In such supramolecular structures, the mobility and freedom of the
macrocycles are restricted by an axle and dependent on those of other macrocycles, which imparts unique functions to
these threaded structures. Recently, methods for the ultrafine engineering and synthesis, as well as functions, of “defined”
rotaxane structures that are not statistically dispersed on the axle (i.e., control over the number and position of cyclic
molecules) have been reported. Various synthetic strategies allow access to such well-defined linear oligo- and
polyrotaxanes, including [1]rotaxanes and [n]rotaxanes (mostly n > 3). These state-of-the-art synthetic methods have
resulted in unique functions of these oligo-and polyrotaxane materials. Herein, we review the effective synthetic protocols
and functions of precisely constructed one-dimensional oligomers and polymers bearing defined threaded structures, and

discuss the latest reports and trends.

1. Introduction

Techniques for the precise control of the chemical structures of
characteristic and precisely
engineered properties have been intensively developed in
years. In particular, interlocked supramolecular
structures, including rotaxanes and catenanes, have unique

macromolecules to achieve

recent

features and functions resulting from their nanostructures,
specifically their mechanically connected cyclic and axle
components.’® For example, in rotaxanes, an axle molecule is
threaded through cyclic molecules, and these have been
applied as stimuli-responsive units because the cyclic molecules
can move along the axle (shuttling) on the application of weak
chemical or physical stimuli.”® This intriguing behavior has
resulted in extensive investigations into polymeric rotaxane
structures.’®'! |n particular, since Harada et al. reported
effective synthetic procedures for polyrotaxanes consisting of
poly(ethylene glycol) and cyclodextrins,’>*> numerous
polyrotaxanes have been developed containing various types of
cyclic and axle molecules.*®=2? These polyrotaxanes have unique
functions based on the shuttling of macrocycles induced by
thermal and chemical stimuli.2> For instance, Ito et al.
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demonstrated that polyrotaxane-based soft materials have high
toughness and elasticity, suggesting their suitability for
industrial applications.?*2®  Moreover, in polyrotaxanes
composed of m-conjugated polymer backbones, the cyclic
molecules inhibit T—m interactions between conjugated chains,
thus improving the physical properties related to the =-
system.?’72° These examples demonstrate the interesting
features of polyrotaxanes with respect to both fundamental
science and industrial applications. 3031

It has been a few decades since the first efficient synthesis
of polyrotaxanes was reported,’> and recent research has
shifted its focus to innovative synthetic procedures towards
such materials and their applications.3 In particular, the
ultrafine engineering and functions of rotaxane structures have
been reported along with the development of synthetic
methodologies for the preparation of “defined threaded
structures,” in which the number and position of the cyclic
molecules on the axle can be precisely defined. In this Feature
Article, we review effective synthetic methodologies for
forming defined rotaxane structures from one-dimensional
oligomers and polymers. We also discuss the functions of
defined rotaxanes provided by their precise engineering, as well
as recent reports and trends.
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Fig. 1 Structural parameters affecting the material properties of rotaxanes based on oligorotaxanes and polyrotaxanes.

Classification of conventional and recent target parameters.

2. Structural parameters of rotaxanes

characteristics  of including

are derived from their

The unique
oligorotaxanes and polyrotaxanes,
threaded supramolecular structures involving axle and cyclic
molecules. Hence, their physical properties and functions can
be attributed to their supramolecular structural parameters,
including the number densities and positions of the cyclic
molecules on the axle units, as well as the chemical structures
of the axle and cyclic components, and the molecular weight of
the axle; these are more conventional structural parameters
(Fig. 1). For example, when polyrotaxanes possess a small
number of macrocycles (i.e., have low coverage, where
coverage = the ratio of cyclic molecules on the axle), their cyclic
components will exhibit high mobilities, which can enhance
their functional properties based on shuttling.3%33 In contrast,
the shuttling effects of polyrotaxanes with large numbers of
macrocycles (i.e., high number densities) are minimized owing
to the limited molecular interactions between their axles and
the steric hindrance between adjacent cyclic molecules on their
axles. Hence, the amount of macrocycles on the axles of these
unique supramolecular structures is a fundamental factor
governing their functionalization. In general, polymers and
oligomers having defined molecular weights, monomer
sequences, and stereoregularities of their backbones have
excellent material properties owing to their fine-tuned

which are controlled using iterative reactions,
and heterogeneous catalysis, and living
polymerization.3*73¢ Thus, the concepts related to the precision
engineering of macromolecules used to achieve promising
material functions could be applied to rotaxane-type
macromolecules. Alongside molecular weight, polydispersity
index (PDI), and polymer sequences, the control over the
numbers and positions of cyclic molecules in rotaxane-based
oligomers and polymers is also important for the precision
synthesis of polymers; it would enable the fine tuning of the
functions derived from the associated shuttling and insulation

rotaxanes,

structures,
homo-

2| J. Name., 2012, 00, 1-3

effects of rotaxane structures. However, such supramolecular
structural parameters are thermodynamically determined by
the supramolecular interactions between the macrocycles and
in general, the structural parameters of
polyrotaxanes, including the numbers and positions of the cyclic

the axles.3” Hence,

molecules on their axles and their axle polymer lengths, are
statistically dispersed. As a result, the precise control of these
parameters remains challenging.

The synthetic strategies for preparing supramolecular
threaded structures (e.g., rotaxanes) have been developed for
over 50 years. The initial synthetic methods towards rotaxanes
only achieved extremely low yields (< 1%) because the thread
formations in the solutions of rotaxane precursors were
problematic.3® In the 1980s, template methodologies were
developed to synthesize rotaxane structures more effectively,
resulting in yields of a few dozen percent to quantitative yields.
These methods focused on utilizing metal coordination,
hydrogen bonding, and electrostatic interactions.3**! These
highly effective template-based synthetic strategies laid the
groundwork for the development of rotaxane-based materials
containing a wider range of molecules, such as oligomers and
polymers.*? These advancements have led to investigations into
the precision syntheses of [2] and [3]rotaxanes.** However,
examples of the precision synthesis of [n]Jrotaxanes drastically
decrease as the number of components (i.e., n) increases.**
Similarly, rotaxanes with a large number of cyclic components
typically contain polydisperse numbers of cyclic molecules and
In particular, the number
density of cyclic components on the axle is widely dispersed in

various axle molecular weights.

conventional polyrotaxanes because the self-assemblies of the
polymer and monomer are governed by thermodynamic
equilibrium. Furthermore, during polyrotaxane syntheses, the
self-assembled complexes of cyclic molecules on the axles can
dissociate, thus yielding a statistical dispersion in the number
density of cyclic molecules on the axle; this acts as a structural
defect in the resultant polyrotaxanes.?° Consequently, the next
challenge facing the production of functional rotaxane-based
materials is the precision synthesis of oligorotaxanes and

polyrotaxanes with defined structural parameters but no

This journal is © The Royal Society of Chemistry 20xx
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statistical dispersion. Herein, we categorize the synthetic
strategies and functionalities of well-defined linear oligo- and
polyrotaxanes, focusing on three key structural parameters: the
number density, sequence, and positions of the cyclic
components.

3. Fine control of the number density and
sequence of cyclic molecules

One methodology to define the number of cyclic molecules
possessed by rotaxanes was achieved using axle molecules with
defined numbers of stations. A station is a point on the axle
where favorable supramolecular interactions with the cyclic
components can occur. Because each station interacts with one
cyclic molecule, the resultant rotaxanes contain a defined
number of macrocycles on their axles.*~*8 For example, in 2007,
Wu and Stoddart et al. reported the effective synthesis of
oligorotaxanes composed of oligoether-type macrocycles and
axles bearing dialkylammonium cations.*® They first synthesized
axle 1 (Fig. 2a) as a rotaxane precursor with a defined number
of ammonium cations as interaction points for macrocycles.
Then, after the self-assembly of the macrocycle around each
ammonium cation on the axle, they utilized a reversible imine
formation to close the cycle and achieve a structurally well-
defined rotaxane. Further, the dynamic covalent imine bonds
improved the synthetic efficiency despite the large number of
macrocycles. Typically, the synthesis of [n]rotaxanes bearing
large numbers of macrocycles can be used to address the
defects of the cyclic components themselves. In addition, the
reversibility of the assembly process based on dynamic covalent
imine bonds affords a thermodynamically stable species, where
the ammonium cations interact with oligoether-type
macrocycles without any macrocyclic defects. Hence, the
synthetic strategy provided various oligorotaxanes (2),
including [3], [4], [5], [7], and [11]rotaxanes, with well-defined
numbers of macrocycles. In 2012, Stoddart et al. further
improved the methodology for oligorotaxane synthesis.>® In
addition to dynamic covalent bonds, they implemented n—
1 interactions between adjacent macrocycles during the self-
assembling process, which increased the stabilities of the self-
assembled structures and provided highly effective
oligorotaxane syntheses (up to [20]rotaxanes in over 90% yield).
Stoddart et al. also reported the synthesis of oligorotaxane
3 using multiple donors based on 1,5-dioxynaphthalene (DNP)
as the axle stations for cyclobis(paraquat-p-phenylene)
acceptor rings (Fig. 2b).°'™* The electron-poor viologen
moieties in the rings were assembled on the electron-rich
stations of the axle by donor—acceptor interactions. During this
assembly, numbers of cyclic molecules different from the
number of station units were introduced on the axle because
the donor—acceptor complex between one DNP station and one
macrocycle was supported by two additional stations on the
chain. As a result, continuous donor—acceptor stacks were
constructed between seven axle stations and four cyclic
components to form foldamer structures, in which specific

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Schematic representation and synthesis of

oligorotaxanes 2 utilizing multiple stations for macrocycles on
the axle.?® (b) Folded structure of oligorotaxane 3 based on
donor—acceptor complexes.>?

numbers of cyclic molecules preferentially assembled on the
oligomer axle.

Furthermore, sequential control using multiple types of
stations on the axle molecule allows the formation of sequence-
defined oligorotaxanes with multiple macrocyclic components.
5558 For example, Qu et al. combined axles 4 and 5 to synthesize
a hetero[6]rotaxane containing three types of macrocycles (6—
8) in a defined sequence on the combined axle molecule (Fig.
3).%° Macrocycle 6 was found to encapsulate the viologen unit
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Fig. 3 Synthetic concept and route towards hetero[6]rotaxane 9
bearing three types of macrocycles, which proceeded via the
self-assembly of multiple components.>®
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of axle molecule 5 more strongly than its dibenzylammonium

unit owing to charge transfer and n—n interactions.®® In addition,

the binding target of macrocycle 8 was the sterically defined
benzylalkylammonium cation of 4, while macrocycle 7
selectively recognized the dibenzylammonium unit of 5 because
the corresponding assembly would provide the largest binding
constant among the three cation moieties.>®> This
complementary association between the axle cation units and
macrocycles 6—8 selectively afforded hetero[6]rotaxane 9.

Another strategy for achieving a defined number and
sequence of oligostructures is the iterative reaction
methodology, which has been widely developed and utilized in
synthetic and materials chemistry (Fig. 4a).1™% These iterative
strategies have also been applied to give rotaxane structures
with multiple cyclic components. Vogtle et al. reported an early
example of the iterative method to synthesize oligorotaxanes in
1999.5667 They applied stepwise reactions to prepare an axle
molecule bearing a bulky capping moiety. The oligorotaxanes
were then synthesized by exploiting the hydrogen bonding
between the macrocycles and amide moieties of the axle
components.

In addition, Leigh et al. achieved the sequential synthesis of
oligorotaxanes via metal-template methods using coordination
sites on the axle molecule.®® Specifically, they prepared an axle
molecule  (10) bearing a single pyridyl moiety as the
coordination site for the template. Then, a Pd-bearing
macrocycle was introduced onto the axle via coordination
between the Pd(ll) metal, the pyridyl moiety of 10, and the
macrocycle (Fig. 4b). Subsequent catalytic ring-closing
metathesis afforded a metalated [2]rotaxane structure, whose
internal alkene then underwent reduction by a diimide
generated from 2-nitrobenzenesulfonylhydrazide (NBSH).
Subsequent demetallation afforded metal-free [2]rotaxane 11
in 62% total yield. Subsequently, iterative reactions were
conducted to form [3]rotaxane and [4]rotaxane 12 in 79% and

: O O
Bond formation Bond formation
(b)

68% vyield, respectively. Through another iterative synthetic
strategy, in 2010, Leigh et al. also succeeded in the sequential,
controlled synthesis of [3]rotaxanes with multiple types of cyclic
molecules (Fig. 5).%° Two different macrocycles were introduced
stepwise onto nonsymmetrical axle molecule 10, providing
[3]rotaxanes 13 and 13’ bearing different sequences of the
same macrocycles, as determined by their order of addition.
Further, this new strategy could be used to prepare pairs of
stereoisomers of [3]rotaxanes by controlling the iterative
reaction sequence.

Goldup et al. reported another iterative synthetic technique
for constructing oligorotaxanes (Fig. 6a).”° Using a terminal
alkyne, copper-catalyzed active-template synthesis with
macrocycles and an azido-functionalized capping moiety
afforded an extended rotaxane with an additional
macrocycle.3®7! The deprotection of the resultant rotaxane
yielded a terminal alkyne, which could be utilized as the
reaction site for subsequent extension of the rotaxane. The
iterative process allowed [n]rotaxanes to be converted to [n +
1]rotaxanes, up to [6]rotaxane 14, in excellent yields (>90% for
each process). Moreover, changing the macrocycle introduced
in each step afforded hetero[4]rotaxanes (15) containing
different cyclic molecules in a well-defined sequence on the axle
(Fig. 6b). This synthetic strategy provided various
oligorotaxanes with defined axle lengths and numbers of
macrocycles.

Recently, oligorotaxanes bearing a defined number of
macrocycles have been synthesized by precisely controlling the
energy barriers for the threading of macrocycles on the axle.
Using sequential reactions, the kinetic barriers for shuttling
were raised and lowered and the thermodynamic stability of
the interactions between cyclic molecules and multiple stations
was modified. In 2017, Leigh et al. reported the synthesis of
a[5]rotaxane via sequential pH control (Fig. 7).”? Two types of
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Fig. 4 (a) Schematic representation of the iterative protocol towards sequence-controlled oligomers. (b) Schematic representation
and synthesis of oligorotaxanes 12 via the iterative introduction of cyclic molecules using a metal-template methodology.%® NBSH:
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stations, dibenzylammonium and triazolium cation moieties,
were incorporated on axle molecule 16 for interactions with
from threading onto the axle. Here, disulfide groups acted as a
oligoether-type macrocycles. In addition, they combined two
types of locking moieties on the axle to prevent macrocycles
stable barrier under acidic conditions but a labile barrier under
basic conditions. In contrast, the employed hydrazone groups
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51 margins

are stable under basic conditions but labile under acidic
conditions. That is, sequential shifts between acidic and basic
conditions in the presence of additional thiol, disulfide, and
hydrazide reagents allowed dynamic covalent bonds to be
exchanged and the macrocycles to move from the outside of the
axle to the inside. This stepwise threading mechanism was used
with trichloroacetic acid, which underwent amine-catalyzed
decarboxylation to produce CHCl3 and CO,. In this reaction
system, in the presence of the amine, the acidic conditions
induced by trichloroacetic acid gradually changed to basic
conditions via the decomposition of the acid by the catalytic
amine reagent. Thus, the sequential addition of the reagents,
including trichloroacetic acid, induced the formation of
oligorotaxane 17 after four cycles, which contained an average
of 3.7 macrocycles. The strategy involves the use of molecular
pumps, which enables thermodynamically unfavored products
to be provided as out-of-equilibrium species through the
utilization of chemical energy as fuels.”?

Leigh et al. further developed molecular pumps toward the
autonomous generation of [n]rotaxanes in 2021 (Fig. 8).7*
axle 18 with a 9-
fluorenylmethyloxycarbonyl (Fmoc) derivative and crown ether

Amine-terminated reacted
to form [2]rotaxane 19 via a metal-free active-template
method.” The cyclic molecule was initially located on the
sterically group, which
thermodynamically passed over the trifluoromethyl group to
form 19’. Subsequently, the Fmoc group of [2]rotaxane 19’ was
gradually deprotonated by an amine until decomposing into
CO; and dibenzofulvene. Meanwhile, the Fmoc moiety of 19

crowded Fmoc-carbamate

was sterically protected by an adjacent macrocycle, resulting in
the formation of amine-terminated [2]rotaxane 20, wherein the
cyclic molecule was kinetically trapped by the trifluoromethyl
group on the axle. The process could be repeated by the
continuous addition of the Fmoc derivative as chemical fuel,
providing up to [4]rotaxane 21. After the reaction, the Fmoc
group present on the [4]rotaxane slowly decomposed under
basic conditions, generating both the original axle (18) and
various cyclic components as the lowest energy state. This

PB'-‘\NN ‘Bu\/ \/ ’Bu AN

Fig. 6 Iterative syntheses of (a) [6]rotaxane 14 and (b) hetero-[4]rotaxane 15 having different macrocycles.”®

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Synthesis of oligorotaxane 17 bearing two types of locking
moieties on its axle via acid/base cycles induced by the amine-
catalyzed decarboxylation of trichloroacetic acid.”?

confirms that [4]rotaxane 21 was obtained as a dissipative out-
of-equilibrium species’® via molecular pumps employing a
chemical fuel.

These precision synthetic methodologies for rotaxane
preparation have also been applied to macromolecular axles,
and a defined number of macrocycles can be introduced to
polymer chains composed of large numbers of repeating units.
Stoddart et al. developed a iterative synthetic procedure for
polyrotaxanes bearing defined numbers of macrocycles on
polymeric axles via chemical or electrochemical redox cycles of
cationic macrocycles and axles (Fig. 9).”” Both ends of the
ethylene glycol chain were capped with redox-inactive bulky
units, redox-active cationic units, and then redox-inactive
cationic units; this order was relative to the axle interior (22).
They demonstrated stepwise redox processes providing
poly[n]rotaxanes with a defined number of cyclic molecules on
the axle. In their initial state (i.e., not threaded), the cationic
macrocycles experienced electrostatic repulsion with the axle
molecules bearing cationic terminal ends. However, reducing
the viologens on the axle and on the cyclic molecules allowed
the latter to overcome the cationic terminals because the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Autonomous synthesis of [4]rotaxane 21 via molecular
pumping by continuous addition of chemical fuel.”*

electrostatic repulsion between the cyclic molecules and
terminal cations was reduced. Therefore, assembly on the
reduced viologen station of the axle yielded threaded structure
23. Further, subsequent oxidation decreased the affinity
between the cyclic molecules and axle stations. Finally, because
the resultant cationic macrocycles experienced electrostatic
repulsion with the cationic terminals on the axle, the cyclic
molecules moved to the central polymer chains (24) upon
overcoming the steric bulk of the axle via heating. Hence, after
one redox cycle, two cationic macrocycles were introduced
onto the polymeric axle, providing poly[2m + 1]rotaxanes (25)
through m redox cycles. The thus-formed polyrotaxane
possessed multiple cationic macrocycles introduced using a
molecular pumping technique. The systematic investigation of
the effects of the cationic macrocycles revealed that increasing
the number of cationic cycles increased the rigidity of the
randomly coiled polymer chains as a result of the electrostatic
repulsions between adjacent macrocycles. The precise
molecular design and sequential redox reactions enabled the

J. Name., 2013, 00, 1-3 | 6
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number of cationic macrocycles in the polyrotaxane system to
be defined. The critical strategy in this process is the selective
tuning of the electrostatic interactions between macrocycles
and axles through redox cycles, as well as the steric repulsion.
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Fig. 9 Schematic and

representation
poly[n]rotaxanes 25 via iterative redox cycles for cationic
macrocycles and axles.””

synthesis  of
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4. Control of the positions of cyclic molecules

Recently, correlations between the functions of rotaxanes and
the positions of the macrocycles on their axles have gained
attention. In particular, the systematic investigation of these
correlations would enable the design and development of
functional rotaxane materials. One reasonable strategy to
control the positions of macrocycles on an axle is to use block
polymers as the rotaxane axles; this is because some
macrocycles prefer a specific block polymer component,
resulting in their localization. In 2019, Ito et al. reported the
effects of the macrocyclic positions on the mechanical
properties of polyrotaxanes.”® They utilized a poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-
PPO-PEO) triblock copolymer (26) as the axle backbone in the
polyrotaxane system (Fig. 10a). Polyrotaxane 27 was
synthesized via self-assembly between [-cyclodextrins (3-CDs)
and the block-polymer, in which the B-CDs were localized on the
PPO segments, followed by a capping reaction with bulky
stopper units at both ends of the assembled axle.”®8° The B-CDs
on the polyrotaxane were chemically modified with a
hydrophilic hydroxypropyl moiety to form 28, followed by
modification with a hydrophobic trimethyl silyl group to afford
29. In the bulk material, 28 formed a melted state at high
temperatures (Fig. 10b), and the hydrophilic 3-CD derivatives
became localized on the central PPO segments in the
polyrotaxanes, thus forming self-assembled domains. In
contrast, 29 formed an elastic state in the bulk material, even at
high temperatures (Fig. 10c). Unlike 28, the hydrophobic 3-CD
derivatives in 29 were localized on the PEO segments, and the
self-assembled domains bridged each other to provide elasticity.
This is rather like the supramolecular exchange of the block
copolymer sequence, and resulted in bulk materials having
mechanical properties governed by the positions of the
macrocycles.

Flood et al. developed a supramolecular polymeric system
based on electron-poor macrocycles (30) and diphosphate axles
(31) (Fig. 11).8%82 |n this system, the phosphate-phosphate
dimers were stabilized by two macrocycles via the formation of
rotaxane structures as 2:2 complexes owing to the electrostatic
interactions taking place.®? The enhanced anion—anion bonding
of the phosphate-phosphate dimers allowed supramolecular
polymerization between the macrocycles and the diphosphate
monomers. Moreover, the stoichiometric control between the
macrocycles and the monomers (i.e., 1:1 ratio) provided an
alternating copolymer (32) of threaded and non-threaded
structures incorporating the acid dimers and two macrocycles.
In contrast, a 2:1 stoichiometric ratio afforded a homopolymer
(33) bearing only the rotaxane structures. Interestingly,
homopolymer 33 possessed a stronger adhesion strength than
copolymer 32; this is because the electrostatic interactions
between the two macrocycles located on the phosphate-
phosphate dimers increased its degree of polymerization and
adhesion strength, making them tunable by the stoichiometry.

J. Name., 2013, 00, 1-3 | 7
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To define the positions of cyclic molecules on rotaxane axles,
several strategies have been used. One strategy in early reports
connected macrocycles to oligomer and polymer axle molecules
via coordination bonds with copper(l) complexes, thus yielding
oligo- and polyrotaxanes.*>™#78485 The coordination bonds
prevented the dissociation of the macrocycles during
oligomerization and polymerization and provided defined
positions of the macrocycles on the axle. On the other hand,
during the preparation of oligo- and polyrotaxanes, weak
supramolecular interactions between the axle and the
macrocycles can afford defects in the assembly, where some of

This journal is © The Royal Society of Chemistry 20xx

copolymer
32

homopolymer
33

Fig. 11 Synthesis of supramolecular copolymer 32 and homopolymer 33, tuned by the stoichiometry of the components.??

the multiple macrocycles are not correctly incorporated onto
the axle. One approach to prevent such defects includes
increasing the binding constant between the axle and
macrocycles. In general, the presence of multiple cavities in a
host molecule results in a strong binding constant to the
guest.®® For example, Chen et al. developed a polyrotaxane
synthesis based on a new type of host molecule, where two
crown ether hosts were connected with a triptycene
derivative.®” The resulting pseudorotaxane (34) was stabilized
by two binding moieties, wherein the axle molecule was
associated with the host through two ammonium cations (Fig.
12a). The obtained pseudorotaxane was then polymerized via a
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Fig. 12 (a) Synthesis of polyrotaxane 35 bearing multicavity macrocyclic host molecules.®” (b) Synthesis of rotaxane-based

polythiophene 37 via the polymerization of [2]rotaxane 36. &°

click reaction to provide polyrotaxane 35. Another strategy
defined the macrocycle positions in rotaxanes via
oligomerization and polymerization of [2]rotaxanes bearing
bulky stoppers at both ends.®® Furthermore, Higuchi et al.
developed a synthetic route employing the electrochemical
reaction of [2]rotaxane-based oligothiophene 36 to give
rotaxane-based polythiophene 37 (Fig. 12b).8%°° Because of the
stoppers, the dissociation of the macrocycles during
polymerization was prevented, yielding a polyrotaxane system
with no unthreaded repeating units, which are typically present
as structural defects. The resultant polyrotaxanes possessed
higher coverages than conventional polyrotaxanes, whose
cyclic molecules typically dissociate during polymerization to
produce defects on the polyrotaxane structure.1228

This fixing strategy has been recently applied to using
covalent linkages between rotaxane axle and cyclic molecules.
So-called linked rotaxane structures ([1]rotaxanes)®’™3 have
been prepared via polymerization with self-threading
monomers, in which the axle units thread into the macrocyclic
side chains.®® The threading structures of [l]rotaxanes are
maintained by covalent linkages instead of the bulky stoppers
used with [2]rotaxanes (Fig. 13a). In addition, the cyclic
components of [1]rotaxanes have fixed positions owing to these
covalent linkages, whereas the macrocycles of conventional
rotaxanes exhibit thermal shuttling. In particular, the
[1]rotaxane strategy has enabled the formation of insulated
conjugated polymers, which require a high macrocycle ratio on
their m-conjugated polymer backbone. Specifically, because the
macrocycles are covalently fixed on the axle monomers before
polymerization, each repeating unit of the polymeric product is
covered with defect-free insulating macrocycles; furthermore,
the positions and number densities of the macrocycles on the
axle are strictly defined by the covalent bonds. In 2006, Osuka
et al. developed porphyrin polymers covered by cyclic alkyl
chains bearing linked rotaxane structures (Fig. 13b).°> Porphyrin
polymers have attracted attention because of their electrical
and optical properties.®® The oxidative polymerization of
porphyrin monomer 38 bearing self-threaded cyclic side chains
provided linked-rotaxane-based porphyrin polymers 39 and 40.
These polymers were highly soluble because of their -
interactions were inhibited by the aliphatic macrocycles;
meanwhile, conventional porphyrin polymers have strong n—
T interactions, resulting in poor solubility.

In 2009, we reported a linked-rotaxane-based conjugated
polymer bearing permethylated cyclodextrins (PM a-CDs). In
this system, phenylene ethynylene monomers (41) having two
PM a-CDs were covalently linked to a m-conjugated axle and
then thermodynamically converted into self-inclusion complex

This journal is © The Royal Society of Chemistry 20xx

[2]rotaxanes [1]rotaxanes
Bulky stopper Covalent linkage
o— B
.
Shuttling Fixed
(b)

Polymerization
39and 40

AgPFg

40

Fig. 13 (a) Schematic representations of [2]rotaxanes and
[1]rotaxanes. (b) Schematic representation and synthesis of
porphyrin polymers 39 and 40 bearing linked rotaxane
structures.®®

42 in high polarity solvents (MeOH/H,0). At equilibrium, the Pd-
catalyzed polymerization of 42 was conducted, which yielded
insulated conjugated polymer 43 (Fig. 14a).°”°® The resultant
polymeric materials exhibited high intramolecular charge
mobilities, even in the solid state, as determined by time-
resolved microwave conductivity and transient absorption
spectroscopy (TRMC-TAS) measurements;®® this was because of
the inhibited m—m interactions. Moreover, because of the high
rigidity of the polymer backbone derived from the insulated
structure, the insulated conjugated polymers exhibited high
luminescence and liquid crystal behavior.1%%191 Moreover, we
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also developed synthetic methods to simultaneously define the
axle length and number of cyclic molecules to achieve an
insulating layer on the linked rotaxane structures. The synthetic
strategies employed iterative reactions based on Sonogashira
coupling and terminal-alkyne deprotection reactions, and were
conducted to elongate the [1l]rotaxane backbone with the
addition of two linked macrocycles in each step (Fig. 14b).10?
Moreover, by changing the solvent polarity, the supramolecular
structure could be varied between insulated and uninsulated
because of differences in thermodynamic stability. Specifically,
carrying out the iterative reaction with a high polarity solvent
(e.g., MeOH/H,0) provided an elongated and insulated axle;
whereas, when using a low polarity solvent (e.g., piperidine), an
uninsulated axle was produced. The switching of solvent
polarity in each iterative reaction enabled the synthesis of
stereoisomers of [1]rotaxanes (44 and 44’) having defined axle
lengths and positions of insulation on their axles; this was
achievable because the cyclic molecules were covalently
connected to the axle molecules, thus preventing shuttling. This
strategy was also used to prepare linked [1]rotaxane 45 bearing

High-polarity solvent
(MeOH/H,0)

Low-polarity solvent
(piperidine)

(b) Insulated Insulated
-
& 6 g Elongation 6
-~ 41

Uninsulated

Pd/Cu cat., Amine
MeOH/H,0, r.t.

O
Pd/Cu cat., Amine
MeOH/H,0, r.t.

High-polarity solvent

Low-polarity solvent
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10 macrocycles on its axle, as well as a [1]rotaxane bearing non-
centrosymmetric conjugated axle components.1%3

Macrocycles linked to the axle can also be utilized as light-
harvesting moieties to improve the luminescence properties of
these materials. Hoger and Lupton et al. reported
poly(phenylene ethynylene)-bearing conjugated macrocycles
with covalent linkages to the axle polymer (Fig. 15).1%% A
phenylene ethynylene monomer (46) connected to a 7-
conjugated ring with two ether bonds was polymerized via the
oxidative coupling of the terminal alkynes. The resultant «-
conjugated polymer (47) was encapsulated by m-conjugated
rings, and the threaded structure of the conjugated polymer
increased the rigidity of the m-conjugated backbone. In addition,
the threaded polymer possessed a larger effective chain
persistence length than the unthreaded polymer.1% Moreover,
light-harvesting was possible, and energy transfer from the
conjugated rings to the conjugated polymers occurred upon
excitation. Thus, these threaded structures composed of -

Insulated

r 1
o s B O
Elongation
42

Pd/Cu cat.
Amine
piperidine, 'r.L MeOH/H0, rt.
(Low-polarity solvent) (High-polarity solvent)

Fig. 14 (a) Syntheses of insulated conjugated polymers having phenylene ethynylene backbones bearing permethylated
cyclodextrins (PM a-CDs) via the Pd-catalyzed polymerization of polymer 43.% (b) Schematic representation and synthesis of the
iterative reactions yielding stereoisomers 44 and 44’ having defined positions of their insulated regions, as well as [1]rotaxane 45
bearing 10 macrocycles on its axle.10?

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Pleasend(® 1=1011Se) 1 NMarsing

ChemComm Feature Article

conjugated axles and macrocycles could serve as energy-
collecting systems.

Recently, linked rotaxanes have been used as precursors to
prepare unlinked rotaxanes by cleavage of the covalent bonds
between the axle and macrocycles (Fig. 16a).1% These unlinked
rotaxanes possess defined structures; specifically, defined
number densities and sequences of macrocycles on their axles.
For example, Grimme and Hoger et al. preliminary synthesized
a [1]rotaxane (48) composed of multiple linkages on each
macrocycle: two rings at each end linked by stable ether bonds
and a central ring linked by relatively weak ester bonds (Fig.
16b).1%7 The sequence of the three macrocycles on the axle was
determined using stepwise reactions, and the cleavage of the
ester bonds was used to release the covalent bond connecting
Fig. 15 Synthetic scheme of linked rotaxane polymer 47 with  the central macrocycle to the axle, thus yielding a [2]rotaxane
light-harvesting properties.1%% structure (49) bearing two linked rotaxane structures as bulky
stoppers at both ends. Similarly, Maarseveen et al. carried out

Cu cat. |= ;(

o-dichlorobenzene  CeHisO
35°C

(a)
% Cleaving linkage M
48 (50) 49 (51)
[1]rotaxanes [n]rotaxanes

Cu cat.
CH,Cly, r.t.

1,4-dioxane/MeOH

NaOH aq.
50 °C

Fig. 16 (a) Schematic representation of [n]rotaxane syntheses proceeding via the cleavage of the covalent linkages in [1]rotaxanes.
(b) Synthesis of [2]rotaxane 49 by cleaving the central linkage of [1]rotaxane 48.1%7 (c) Synthesis of structurally defined [3]rotaxane
51 via the hydrolysis of [1]rotaxane 50. (d) Structure of [4]rotaxane 52.108
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the precision synthesis of a series of homo- and
hetero[n]rotaxanes utilizing temporary covalent linkages (Figs.
16¢ and 16d).1°% They prepared [1]rotaxanes 50, where two
macrocycles and an axle were connected through ester bonds.
This was achieved using Huisgen cycloadditions between the
azido-terminated and ethynyl-terminated linked rotaxanes. The
stepwise reactions afforded various types of [l]rotaxanes
bearing diverse ring structures. Subsequently, the ester bonds
were hydrolyzed to cleave the covalent linkages between the
cyclic and axle components, providing [3]rotaxane 51 and
[4]rotaxane 52 with defined ring numbers and components,
even in the case of heterorotaxanes.

In 2010, Sugiyasu and Takeuchi et al. reported
polythiophenes bearing self-threaded structure 55 via the
polymerization of a precisely synthesized bithiophene moiety
(54) bearing an alkyl cyclic unit as a side chain (Fig. 17a).1%° The
aliphatic cyclic side chains inhibited the polythiophene n—rn
interactions, and the insulated conjugated polymer (55) showed
high intramolecular charge mobility, even in the solid state, as
shown by TRMC-TAS measurements. In addition, co-
polymerization between the self-threaded monomer and
another monomer with various electron energy states provided
solid-state fluorescent materials (P1-P4) exhibiting a wide
range of luminescence colors, from purple to red (Figs. 17b and
17c¢).110111 The threaded structures enabled two polymers with
different luminescence colors to be blended without
microphase separation, where the blended polymer films
displayed the sum of the luminescence colors of the
components. Typically, blended mn-conjugated polymers
undergo microphase separation and energy transfer in the solid
state as a result of strong m-interactions. The self-threading
structures inhibited the m-interactions between chains because
the polymer interactions were affected by the aliphatic
macrocycles rather than the m-conjugation. The self-threading
strategy was also applied to diketopyrrolopyrrole moieties (56)
by Bronstein et al. (Fig. 17d).11? A self-threaded monomer was
copolymerized with a thiophene moiety to afford red
luminescent materials in high quantum yields, even in the solid
state. These results indicate that the self-threading strategy
with defined structures
applications.

The precise engineering of the insulation position and
coverage ratio of the axle of a threaded structure enables the
effects of the structure on its insulating properties to be
investigated. We have also evaluated the effects of the position
of the insulated region to investigate ways to systematically
enhance phosphorescence. To achieve this, we utilized linked
rotaxanes with unmovable cyclic components to protect
specific positions on the axle component, allowing us to identify
the relationship between the insulation positions and
phosphorescence enhancement (Fig. 18a).113''4 Further, we
synthesized various types of insulated conjugated polymers
bearing Pt—acetylide complexes having different insulation
positions and insulation densities (57—60). The observation of
the phosphorescence revealed that the targeted insulation
enhanced phosphorescence in both the solution and solid
states by inhibiting the thermal fluctuations of the conjugated

is promising for various optical

12 | J. Name., 2012, 00, 1-3

backbones; this was because the cyclic components improved
the chain rigidity. Moreover, the perfect insulation of the
conjugated backbone allowed phosphorescence in the solid
state without quenching by intermolecular interactions. In
addition, this insulation strategy was applied to produce color-
tunable phosphorescent materials in the solid state using
heteroaromatic Pt—acetylide complexes protected by PM a-
CDs.11>

o

1) Grubbs cat.

J\so (PN _CHClrt. | /| —
\/\o ¢ Ot PdC /
CH20I2/MeOH
R
53 R=CizHzs
(b)

o

Co-polymerization

Pd cat.

toluene/DMF
130 °C

56 R

Fig. 17 (a) Synthetic scheme of insulated conjugated polymer 55
having a self-threaded structure.!® (b) Schematic
representation and structures of insulated co-polymers P1-P4.
(c) Photographs of polymer films P1-P4 and their blended films
(B1-B4) under UV (365 nm) irradiation. Blending ratios: B1
(P1/P2 = 100/10), B2 (P3/P4 =100/5), B3 (P1/P4 = 100/5), and
B4 (P1/P3/P4 = 200/3/1).*'! Adapted with permission from Ref.
111. Copyright 2013 Wiley-VCH Verlag GmbH & KaA, Weinheim.
(d) Synthetic route to diketopyrrolopyrrole-based insulated
conjugated polymer 56.112
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The systematic investigation of insulated polymers having
linked rotaxane structures has enabled the enhancement in
their electrical and optical properties. In one study, para-
phenylene ethynylene units were used in the insulated
backbone of such polymers, and the high rigidity of the
conjugated backbones arising from the insulation resulted in
improved conduction through the m-conjugated system.
Moreover, the intramolecular charge mobility of the insulated
para-phenylene ethynylene backbone (< 1 cm? V1 s!) was
further improved by the periodic introduction of meta-
phenylene ethynylene moieties (Fig. 18b).*%® In more typical
conjugated polymers, the conductive molecular orbitals are
randomly twisted by thermal distortions and fluctuations, thus
disconnects the delocalization and conductive properties. This
thermally induced random loss of delocalization at ambient
temperature remains a significant problem in the field of

Feature Article

molecular devices. However, in conjugated systems bearing
partial meta-connections, the molecular orbitals derived from
the para-phenylene ethynylene moieties are periodically
disconnected by the meta-phenylene ethynylene moieties (61—
63). The localized conjugated system reduces these random
disconnections, which increases intramolecular charge mobility
through the conjugated backbones (up to x = 8.5 cm? V1 s1).
However, the periodic meta-system showed lower conductivity
than the ideal para-phenylene ethynylene conjugated structure,
which does not suffer from thermal disconnection.
Nevertheless, the periodic delocalization within the meta-
system resulted in higher charge mobility at ambient
temperature than that within the purely para-system. Thus,
these results reveal a new design principle for the preparation
of highly conductive organic materials for use under ambient
conditions. These examples demonstrate that precisely

#=21cm2V-tst

#=3.0cm2V-s-

u=28.5cm2V-1st

Fig. 18 (a) Chemical structures of Pt—acetylide-type insulated conjugated polymers 57—60 having different positions of insulation
and different lengths of n-conjugated regions between their Pt-complexes. Photographs of these materials under UV (365 nm)
light under deoxygenated conditions are also shown. In the chemical structures, the blue areas indicate the covalently fixed
insulation areas and the red line denotes the conjugated backbones between Pt complexes.''* Adapted with permission from Ref.
114. Copyright 2014 American Chemical Society. (b) Structures of insulated conjugated polymers 61-63 having periodic meta-
junctions and their intramolecular charge mobilities.!'® The red lines indicate conjugation between periodic meta-junctions.
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synthesized rotaxane structures having a defined number and
position of macrocycles for insulation could be utilized as
polymer components for advanced electronics and materials
possessing excellent physical properties and functionalities.

In 2020, we reported an insulated conjugated
metallopolymer showing unique responsiveness to CO gas
concentration.’” Two types of metal complexes containing
Ru(ll) and Pt(ll) were connected by insulated m-conjugated
backbones (Fig. 19a). The non-radiative insulated conjugated
bimetallopolymer was depolymerized via ligand exchange
reactions with CO gas at the Ru complex, affording a
phosphorescent monomer containing a Pt complex. Overall, the
profile of the emission intensity versus CO gas concentration
after a certain reaction time was sigmoidal, having two
threshold concentrations. At a low CO gas concentration (stage
1), a few monomers were generated via the random
depolymerization of polymers to oligomers, subsequently
affording monomers over a certain concentration threshold.
Accordingly, a combination of polymer-to-monomer conversion
and monomer-induced output provided a threshold for
activation in the chemical sensing reaction (stage Il). In contrast,
at higher concentrations of CO gas (stage Ill), the
depolymerization reaction is constant because of the change in
the rate-determining step in the ligand-exchange reaction of
the Ru complex (dissociation or coordination).'811° The use of
these two strategies within a single chemical compound
afforded unprecedented artificial chemical sensors with
biomimetic dual self-controlling responses.

Utilizing effective electronic communication through an
insulated m-conjugated region, we have reported a luminescent
metal-ion sensor based on a linked rotaxane structure (Fig.
19b).12° Here, an ion-responsive moiety (2,2’-bipyridine) was
introduced into the insulated conjugated polymer, which shows
solid-state luminescence. As a result, the linked polyrotaxane
(64) allows the sensing of typical metal ions via changes in its
luminescence, even in the solid state. Crucially, the linked
rotaxane structure prohibits the thermal sliding of the cyclic
molecules on the axle. That is, the insulated, covalently linked
structure selectively exposes the bipyridine unit to the outer
environment, whereas the phenylene ethynylene moiety is
protected. The well-defined insulated region on the axle enable
both solid-state emission and the sensing of external stimuli.
For example, changes in the luminescence color of a glass-plate
coated with a film of the insulated polymer were observed after
it was dipped into a Sn** solution and then an In3* solution. The
area showing a color change corresponded to the submerged
area of the polymer film (Fig. 19c). Alongside sensing the
presence of metal ions, the insulated polymer film selectively
responds to the type of metal ion. Moreover, the initial color of
the polymer films could be recovered after dipping into
agueous ammonia to release the metal ions from the bipyridine
units. The coordination of the metal ions onto the bipyridine
moieties affected the adjacent bipyridine units because of their

This journal is © The Royal Society of Chemistry 20xx

Stage Il
g e o
“E. B8 $ o0
DZor’ 2258 - T ¥e
¢ o BllsBl
Generation of
non-radiative oligomers

Constant amount of
luminescent Pt-monomers

> |
Stage |l

|
L

g e <o
Activate s = ’ fi o8 w‘ Regulate
e - BBk

=
o
o

Amount of Pt-monomer
(Luminescent intensity)

CO gas concentration

Metal-coordination site

Fig. 19 (a) Conceptual representation of the sigmoidal response
with two thresholds for changing the optical intensity with
increasing CO gas concentration.''” Adapted with permission
from Ref. 117. Copyright 2020 Nature Publishing Group. (b)
Structure of insulated polymer 64 having selectively insulated
phenylene ethynylenes units and exposed bipyridine units as
metal-coordination sites.'?° (c) Photograph (under 365 nm UV
irradiation) of the reversible metal sensibility of a film of 64 on
a SiO; substrate, achieved via sequential dipping into ion
solutions (SnCls and InClz in Et,0) and aqueous ammonia.
Adapted with permission from Ref. 120. Copyright 2016 Wiley-
VCH Verlag GmbH & KaA, Weinheim.
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m-conjugation. As a result, the luminescence was quenched
once approximately half of the bipyridine units had been
coordinated by ions. Specifically, the ion-sensitivity of the
material could be enhanced by utilizing effective energy
transfer on the insulated m-conjugated polymer even in the
solid state.

Conclusion and outlook

In summary, various reports have described the diverse
synthetic methodologies and functions of oligorotaxanes and
polyrotaxanes with precisely defined structures. In this context,
the “defined” structural parameters include the numbers and
positions of the macrocycles on the axles, which can be
controlled using a range of synthetic protocols. The molecular
weights and chemical structures of the axle and the cyclic
components have been considered variable parameters. In
addition, precise control of the structural parameters of the axle
and the macrocycles is key to fine-tuning the functions of
rotaxane-based materials. In the formative years of
oligorotaxane synthesis, the addition of defined numbers of
macrocycles onto an axle was achieved via sequential reactions
during the preparation of the axle molecules, or through the
self-assembly of the macrocycles. Recently, diverse strategies
have been developed to define the numbers and positions of
cyclic molecules on oligorotaxane and polyrotaxane axles. The
developed strategies have provided unconventional rotaxanes,
including supramolecular stereoisomers, via selective synthetic
methods or out-of-equilibrium species based on molecular
pumps. In addition, the precise and systematic synthesis of
oligo- and polyrotaxanes has revealed that the position, number,
and type of cyclic components in the rotaxanes are critical
factors for governing the physical properties, similar to the
conventional parameters including polydispersity indices,
monomer sequences, and tacticities of polymeric materials.

In such carefully designed rotaxane systems, the number
density of the cyclic components influences the shuttling effects
on the axle. More specifically, rotaxanes with small numbers of
macrocycles provide highly effective shuttling, which ultimately
improves the toughness of the polyrotaxane network materials.
In contrast, rotaxanes with large numbers of macrocycles can
exhibit a reduced shuttling effect owing to steric repulsion,
although the protecting effects of the axle could be enhanced,
especially in the case of insulated conjugated polymers.
However, the incorporation of such large numbers of cyclic
components is difficult via typical rotaxane synthetic strategies,
and tends to result in defects related to the macrocycles present
on the axle. Covalently linked rotaxanes ([1]rotaxanes) have
therefore been developed for the synthesis of highly insulated
rotaxane structures, and such systems are known to exhibit
unique optical and electrical functionalities. Moreover, recent
studies have constructed out-of-equilibrium polyrotaxanes via
a molecular pump strategy, where the highly densified
macrocycles rigidify the polymer axle owing to their
electrostatic repulsive forces.

In terms of the positions of the cyclic components on the
axle, an increasing number of studies have revealed the

This journal is © The Royal Society of Chemistry 20xx
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importance of this factor in determining the properties of
oligorotaxane and polyrotaxane materials. For example, recent
research clarified that the positions of the cyclic molecules of
these materials affects their elasticities. Conventionally, for a
small number of cyclic components (e.g., [2]rotaxane), the
positions of the macrocycles have been controlled via stimuli-
responsive shuttling to provide molecular switches and
machines. However, it remains a challenge to accurately define
each macrocyclic position in rotaxanes containing large
numbers of cyclic components. Linked rotaxanes ([1]rotaxanes)
are considered a promising approach to address this issue, as
the numbers and positions of their cyclic components can be
tuned. In this context, it should be noted that systematic
comparisons of various [1l]rotaxanes bearing their cyclic
components at different positions have clarified the effects of
these structural parameters on the rotaxane properties,
including variations in their optical and electrical properties
derived from their insulation.

Recent studies have also shown that the sequence of the
cyclic components on the rotaxane axle could be controlled via
strategies such as self-sorting, iterative reactions, or the
conversion of [1]rotaxanes to [n]rotaxanes. However, to date,
the examples of sequence-controlled oligorotaxanes and
polyrotaxanes in materials synthesis are limited. Moreover, it is
expected that supramolecular stereoisomers could help to
reveal the effects of multiple cyclic components on the material
properties of rotaxane-based systems.

Accordingly, the precise syntheses of oligorotaxanes and
polyrotaxanes have enabled the systematic investigation and
clarification of the relationships between the threading
parameters and properties of these unique materials, which will
ultimately enable higher-order control over the physical
properties and functions of such macromolecular materials. As
mentioned in this Feature Article, oligo- and polyrotaxanes with
well-defined structural parameters hold enormous potential for
discovering unprecedented properties of rotaxane materials
and for revealing their optimal molecular designs. However,
progress in this area currently relies on two aspects, namely the
development of the synthetic strategies toward such fine
structures, and the appropriate and systematic evaluation of
their material properties. Indeed, recent studies have gradually
uncovered the relationships between the structural parameters
and material properties of rotaxanes, but only a limited number
of systems have been examined. Future research efforts into
the precise synthesis of the rotaxane system should ideally
focus on diversifying the fundamental strategies for
constructing these systems, and their applications in the various
fields of materials science.
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