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SUMMARY

Mechanically interlocked molecules, such as rotaxanes and catenanes, are composed of two
or more covalent subcomponents threaded through one another such that they cannot be
separated without breaking a covalent bond. This arrangement can allow the covalent
subcomponents to undergo large amplitude relative motion, and this property of the
mechanical bond has been widely exploited in the design and synthesis of molecular machines.
Another less well-known property of the mechanical bond is that it can give rise to chirotopic
stereogenic units that do not rely on covalent stereogenic elements. Although the study of
such "mechanically chiral” molecules is expanding, their synthesis in enantiopure form
remains challenging. In this perspective we review the strategies available, highlighting key
examples along the way, and suggest future areas for development.
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INTRODUCTION

The synthesis of mechanically interlocked molecules (MIMs),* such as rotaxanes and catenanes,
has progressed a long way since the first reports by Wasserman and Harrison.? Key to this
success has been the development of template-directed methods,3 pioneered by Sauvage* and
Stoddart,5 in which the precursors to the interlocked structure are organised relative to one
another in space through non-covalent interactions such that, when a final covalent bond is
formed, the components are permanently entangled, resulting in a mechanical bond. This
passive template strategy has since been expanded to an "active" form in which the endotopic
functionality of a macrocycle is able to mediate the formation of a new covalent bond; since
bond formation takes place faster through the cavity of the ring than anywhere else in solution,
this "active template"® results in threaded products and so can be used for mechanical bond
formation under kinetic control.

These synthetic breakthroughs have paved the way for the application of MIMs in a range of
areas,” and primarily as components of molecular machines,® for which Stoddart and Sauvage
were awarded the Nobel Prize in 2016, alongside Feringa who developed covalent molecular
motors,® where the ability of mechanically bonded components to undergo large amplitude
relative motion is key to their function. However, applications of another unusual property of
the mechanical bond, the ability to give rise to chirotopic stereogenic units in the absence of
covalent stereochemistry,*® are much less well developed than might be expected, particularly
given the ubiquitous application of covalent stereochemistry in chemistry more generally. The
dearth of applications of such chiral MIMs is almost certainly because their synthesis in
enantiopure form remains challenging, despite these molecules being first discussed in the
1960s** and the first enantiopure examples being disclosed in the 1990s.

In this perspective we will discuss the synthesis of enantioenriched and enantiopure chiral
interlocked molecules organised according to the classes of synthetic strategy typically
discussed in covalent synthesis. Along the way we will discuss key examples of each strategy,
attempt to highlight future directions and comment on recent applications of mechanically
chiral molecules, with the aim of inspiring further research. To begin, we will briefly outline the
broad classes of stereogenic elements that can arise due to the mechanical bond.
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STEREOCHEMISTRY FROM THE MECHANICAL BOND

Chiral MIMs can be generated by incorporating covalent chirotopic stereogenic units into any of
the sub-components, and this approach has been applied to develop chiral catalysts,*2 hosts,*3
and systems for materials applications.* The strategies for the synthesis of such molecules are
identical to those used for the synthesis of chiral covalent molecules, with the added
requirement of mechanical bond formation, and we will not discuss these systems further.
Instead we will focus on systems in which the mechanical bond itself provides a chirotopic
stereogenic unit,*® which can arise in several ways, which we introduce briefly below based on
categories we have proposed previously.**® For a more detailed discussion, including how to
assign the absolute stereochemistry in such systems, we direct the interested reader to our
recent comprehensive review on the topic.*?

Unconditional Mechanical (Topological) Chirality (Fig 1A)

A [2]catenane composed of two fully symmetrical macrocycles is, on average (vide infra),
achiral. However, the topological isomer of a [2]catenane with two crossing points, the Solomon
link (Fig 1Ai), is chiral regardless of the covalent structure of the rings.*s Similarly, a cyclic
[3]catenane (Fig 1Aii) in which all the rings are mutually interlocked also displays unconditional
topological chirality.*¢ Such stereogenic units, which rely on the pattern of crossing points
between components, are topological in nature” because one enantiomer cannot be deformed
into the other as long as no bond is allowed to pass through another, even if the components
are allowed to deform in an arbitrary manner.*® In contrast, covalent stereogenic units are not
topological but Euclidean as relaxing the three dimensional properties of the system, for
instance permitting the bond angles of a tetrahedral stereocentre to deform, allows the two
enantiomeric configurations to be exchanged.

Conditional Mechanical Chirality (Fig 1B)

The chirotopic stereogenic unit of conditionally mechanically chiral rotaxanes and catenanes
arises as a result of the underlying symmetry of the achiral covalent sub-components and the
restrictions the mechanical bond places on their relative orientations. Archetypal examples of
conditionally mechanically chiral molecules are mechanically planar chiral [2]rotaxanes (Fig 1Bi)
and topologically chiral [2]catenanes (Fig 1Bii), which are composed of so-called "oriented"
macrocycles that are desymmetrised by an unsymmetrical axle or a second oriented ring
respectively, and axially chiral [2]catenanes (Fig 1Biii), the result of combining two macrocycles
with distinct faces. The stereochemistry of axially chiral catenanes is Euclidian whereas that of
mechanically planar chiral rotaxanes and topologically chiral [2]catenanes is not.

Co-Conformational Chirality (Fig 1 C,D)

Even when conditional or unconditional mechanical stereochemistry are absent, mechanical
motion can give rise to co-conformational chirality; the position of one component relative to
the other, their co-conformation, can lead to desymmetrization of the molecule. Co-
conformational chirality can arise in two distinct ways. Firstly, the position of a mechanically
bonded component can act to desymmetrize a prochiral covalent unit in the other (Fig 1C) for
which we have suggested the term "co-conformationally covalently chiral".2°22° Any covalent
stereogenic unit (e.g. stereogenic centre [Fig 1Ci], axis [Fig 1Cii] or plane [not shown]) can be
desymmetrised in this manner in either a rotaxane or catenane structure. Secondly, the position
of one sub-component can alter the symmetry of the system such that a mechanical stereogenic
unit arises, for which we have suggested the term "co-conformationally mechanically chiral" (Fig
1D).%°2 For example, an oriented ring on a symmetrical axle (Fig 1Di) can give rise to an achiral
co-conformer, in which the ring coincides with the axle mirror plane, and enantiomeric pairs of
co-conformations when the macrocycle is displaced either side of centre of the axle. In this
manner, co-conformational equivalents can be constructed of conditional mechanical
stereogenic units (e.g. FigaDii). In addition, a co-conformational mechanically helically chiral
stereogenic unit arises even in the most symmetrical [2]catenane when the rings are not
perfectly perpendicular to one other (Fig 1Diii).

Unlike unconditional and conditional mechanical stereogenic units, co-conformational
stereochemistry can be dynamic or static, depending on the barrier to mechanical motion.
Indeed, installing groups to restrict movement can "lock" the stereochemistry and enable
enantiomer separation. Similarly, the presence of additional interlocked components, for
example a second macrocycle in a [3]rotaxane (Fig 1Div), can prevent co-conformational
exchange and so lead to static co-conformational stereogenic units.
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Figure 1. Different forms of chirality in mechanically interlocked molecules
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(A) Unconditional topologically chiral molecules: i. a Solomon link and ii. a cyclic [3]catenane.

(B) Conditionally mechanically chiral molecules: i. a mechanically planar chiral [2]rotaxane, ii. a topologically chiral
[2]catenane and iii. an axially chiral [2]catenane.

(C) Co-conformationally covalently chiral molecules: i. enantiomeric co-conformations of a covalent centrally chiral
[2]rotaxane, ii. enantiomeric co-conformations of a covalently axially chiral [2]catenane.

(D) Co-conformationally mechanically chiral molecules: i. two enantiomers and the achiral form of a co-
conformationally mechanically planar chiral [2]rotaxane, ii. a co-conformationally topologically chiral catenane iii. the
mechanically helically chiral co-conformations of a [2]catenane, iv. a co-conformationally mechanically planar chiral
[3]rotaxane.

RESOLUTION OF ENANTIOMERS

One of the oldest methods in organic synthesis for producing enantiopure samples of chiral
molecules is to synthesise a racemic/scalemic mixture and separate the enantiomers. To date,
the only separation method applied to MIMs is chiral stationary phase HPLC (CSP-HPLC). This
approach is attractive as a simple racemic synthesis followed by CSP-HPLC can yield
enantiomerically pure samples and is applicable to any mechanical stereogenic element.
However, the cost of preparative scale CSP-HPLC columns can be prohibitive, and their limited
capacity limits the scale of such separation. Nevertheless, CSP-HPLC was integral to the birth
of the field, with the first examples of enantiopure topologically chiral catenanes and
mechanically planar chiral rotaxanes produced in this way; in 1988, Sauvage, Okamoto and co-
workers separated the enantiomeric Cu' complexes of catenane 1 (Fig 2Ai),?* and in 1997,
Vogtle, Okamoto and co-workers separated the enantiomers of rotaxane 2 (Fig 2Aii).2? In both
cases, crystal structures were not obtained and so the absolute stereochemistry could not be
assigned. The enantiomers were instead designated as (+)/(-) on the basis of their optical
rotation. Following on from these initial studies, several conditionally mechanically chiral
molecules have been successfully separated using CSP-HPLC, including examples with
prototypical applications. Takata and co-workers reported polyactylene 3 based on a
mechanically planar chiral [2]rotaxane monomer in which the helicity of the polymer was
controlled by the mechanical stereochemistry of the side chains (Fig 2Aiii).23 More recently,
Schalley and co-workers reported mechanically planar chiral [2]rotaxane 4 containing an
oriented tetrathiafulvalene functionalised macrocycle that acts as an electrochemical
chiroptical switch (Fig 2Aiv).2
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Figure 2. Mechanically Chiral Molecules Separated Using CSP-HPLC
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(A) Conditionally mechanically chiral molecules separated using CSP-HPLC: i. Savage's topologically chiral catenane 1,
ii. Vogtle's mechanically planar chiral rotaxane 2 (R = 1,1-cyclohexyl, R! = 4-CgH,-trityl). iii. Takata's mechanically planar
chiral polyacetylene 3 in which the mechanical stereochemistry dictates the polymer helicity. iv. Schalley's
mechanically planar chiral rotaxane 4 that displays redox-controlled chiroptical properties.

(B) Co-conformationally chiral molecules separated using CSP-HPLC: i. chiral and meso stereoisomers of co-
conformationally mechanically planar chiral rotaxane 5 (Ar = 4-CeHaCH,0-4-CsHy-trityl); (i) co-conformationally
mechanically planar chiral [2]rotaxane 6 and its time-dependent racemization (assessed by CSP-HPLC) through
macrocycle shuttling (R = 4-C¢H;-4-CgHy-cy, R = (CH,)6CR3).

Resolution is clearly applicable to molecules containing static mechanical stereogenic units if
conditions for the separation can be identified. However, the application of CSP-HPLC to co-
conformationally chiral molecules requires that the enantiomers do not interconvert on the
timescale of the separation. The first separation of a co-conformationally chiral molecule,
[3]rotaxane 5 (Fig 2Bi),?5in which two oriented macrocycles encircle a centrosymmetric axle,
was reported by Vogtle and co-workers. Rotaxane 5 can be formed as three stereoisomeric co-
conformations; a pair of enantiomeric structures (Rco-mp,Reo-mp)-5 and (Sco-mp;Sco-mp)-5 (Not
shown) and a meso form, (Rco-mp, Sco-mp)-5, Which are unable to interconvert due to the inability
of the macrocycles to pass each other on the axle.?® Thus, rotaxane 5 is stereochemically static

4
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despite the isomers technically being related by co-conformational motion. The first separation
of a stereodynamic co-conformationally chiral molecule was reported by Saito and co-
workers.? The rate of exchange between the enantiomeric co-conformations of mechanically
planar chiral [2]rotaxane 6 (Fig 2Bii) was controlled by the size of the substituent on the central
pyrrole moiety. Large substituents slowed the shuttling sufficiently for the isomers to be
separated and the authors studied the rate of racemisation of the separated enantiomers. More
recently, Takata and co-workers separated the co-conformational mechanical planar
enantiomers of a [2]rotaxane in which a bulky tertiary amine station provided the barrier to
racemisation.?® Whereas in the case of 6, the achiral co-conformation in which the macrocycle
occupies the centre of the axle is always unstable, in the example reported by Takata,
protonation of the bulky tertiary amine resulted in an achiral co-conformation in which the
macrocycle encircled the central ammonium station.

The above examples demonstrate the value of CSP-HPLC separations in preliminary studies of
mechanically chiral molecules. However, this approach is necessarily limiting due to the
prohibitive cost of obtaining and maintaining a preparative CSP-HPLC system and the scale on
which such separations can be carried out. For this reason, as mechanically chiral MIMs move
towards applications in a range of areas, synthetic methods that remove the need for CSP-HPLC
purification are required and these will be discussed in the following sections. Alternatively,
other resolution techniques, such as crystallisation of diastereomeric salts, that have been very
successful in covalent synthesis but yet to be applied in the synthesis of chiral MIMs, could prove
useful for resolution of racemic MIMs on larger scale.

ENANTIOPURE MIMS FROM ENANTIOPURE STARTING MATERIALS

In organic synthesis, making enantiopure molecules using enantiopure starting materials
includes a range of strategies, from so called "chiral pool" approaches, through chiral
derivatisation to allow separation of diastereomers, to stereoselective synthesis under
substrate control. In the following sections we will outline the history and applications of each
of these strategies in the synthesis of mechanically chiral molecules.

"Chiral pool" approaches to enantiopure interlocked molecules

The term "chiral pool" typically refers to strategies that start from readily available chiral
molecules (amino acids, sugars etc) whose stereogenic units remain embedded within the final
product. Here we use it more broadly to include any synthetic strategy that starts from an
enantiopure starting material whose covalent stereogenic unit is directly transferred to the
product, albeit subtly changed. Although the synthesis of enantiopure MIMs containing
covalent stereogenic units typically starts from covalent fragments in which these units are
already embedded, given that the co-conformational and mechanical stereogenic units arise
from the mechanical bond alone, it may not be immediately obvious how such a strategy can be
applied in these cases.

The most straightforward class of chiral MIMs to envisage synthesising using a chiral pool
approach are those containing co-conformational covalent stereogenic units; the
stereochemistry of these molecules relies on the mechanical desymmetrisation of a covalent
prochiral unit and thus the problem is simplified to how to introduce the mechanically bonded
component selectively around the correct enantiotopic substituent. This in turn suggests such
molecules can be made by starting from a chiral fragment whose covalent structure becomes
symmetrised once the synthesis is complete. Leigh and co-workers have developed this
approach for the synthesis of co-conformationally covalent point chiral rotaxanes,?? including
rotaxane 9, which was subsequently applied as an enantioselective catalyst.29¢ The synthesis of
9 (Figure 3A), in which the central benzylic substituent prevents the exchange of co-
conformational enantiomers, makes use of an asparagine-derived chiral building block in which
the terminal amines are differentiated that is subsequently elaborated to key intermediate (R)-
7. Mechanical bond formation gives rotaxane (R)-8 that contains a covalent stereocentre.
Subsequent symmetrisation of the axle component gives rise to rotaxane (Sc.-)-9. This chiral
pool approach is suitable for any co-conformational covalently chiral interlocked rotaxane or
catenane, although it has so far only been applied in the case of rotaxanes containing prochiral
stereocentres.

It is less obvious how such an approach can be applied to conditionally mechanically chiral
molecules in which the stereochemistry arises solely from the mechanical stereogenic unit.
However, Hirose and co-workers' approach, which makes use of atropisomeric phenolate esters,
broadly fits the definition of chiral pool, although the key starting materials are produced by
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CSP-HPLC.3° The first key step in Hirose's synthesis of rotaxane 14 (Fig 3B), an enantioselective
host for phenylglycinol, is the acylation of macrocycle 10 that contains an endotopic phenol unit
with half-axle component 11 to give a racemic mixture of atropisomeric products (R,)-12 and
(Sp)-12 in which the ester unit cannot rotate through the plane of the ring. CSP-HPLC separation
of 12 and reaction with amine half axle 13 gives rise to enantiopure mechanically planar chiral
rotaxanes 14. Thus, in the key mechanical bond forming step, the covalent planar chiral
stereogenic unit is converted to a mechanical planar stereogenic unit. Unfortunately, the
absolute stereochemistry of the products was not determined.

Given the challenge of identifying suitable chiral pool strategies, it is perhaps unsurprising that
only two stereogenic units arising from the mechanical bond have been produced using this
approach. Although the link between covalent and co-conformational covalent stereogenic
units is relatively intuitive, Hirose's methodology clearly demonstrates a link between covalent
and mechanical stereogenic units that is not widely appreciated, suggesting that other similar
strategies should be possible, particularly if the covalent chiral starting materials can be
accessed using catalytic enantioselective processes rather than CSP-HPLC.

Figure 3. Chiral pool approaches to Co-Conformationally and Mechanically Chiral Molecules
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(A) Leigh's symmetrisation approach to co-conformationally covalently chiral [2]rotaxane organocatalyst (Sco.c)-9 (R =
CH,CH(Ph),).

(B) Hirose's "chiral pool" approach to mechanically planar chiral [2]rotaxane (Rmp)-14 via pre-rotaxane (S;)-12 (Ar =
2,4-di-NO,-CgH3).

Chiral derivatisation for the synthesis of mixed covalently/mechanically chiral molecules
Including covalent stereogenic units in the structure of a mechanically or co-conformationally
chiral molecules can be exploited to drive a self-assembly processes towards the selective
formation of one of the possible diastereomers, bias a co-conformational stereogenic unit or
enable the separation of mechanical epimers without the use of CSP-HPLC. Although often not
explicitly discussed as such, this chiral derivatisation strategy is by far the most common
method for the synthesis of enantiopure mechanically and co-conformationally chiral
molecules.

All the benefits of chiral derivatisation strategies to access mechanically and co-
conformationally chiral molecules were demonstrated in the syntheses of cyclodextrin-based
MIMs in the 1990s. Cyclodextrin (CD) macrocycles, cyclic oligomers of D-glucose, are oriented
and thus MIMs based on CDs can express conditional mechanical chirality, although this is often
overlooked; articles tend to focus on the facial dissymmetry of the conically shaped
macrocycles. When the threaded complex between o-CD (22) and an ammonium guest was
stoppered, Kaifer and Isnin observed the formation of two diastereomers of rotaxane 13.3* The
authors later reported the diastereoselective (3 : 2) formation of (D,Rmp)-13 (Fig 4 Ai, D refers to
the covalent stereochemistry of the glucose units) and its separation from the minor product
(D,Rmp)-13 (not shown) by reversed phase preparative TLC.32 This report is, to our knowledge,
the first stereoselective synthesis and separation of mechanically planar chiral rotaxanes using
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a chiral derivatisation strategy. In 1995, Stoddart and co-workers demonstrated a similar
approach to the synthesis and separation of topologically chiral [2]catenanes 14 and highlighted
the nature of this stereogenic unit, although in this case no stereoselectivity was observed.33
Anderson and co-workers later reported the formation of a CD-based [2]rotaxane as a single
mechanical epimer.34

Moving beyond static stereogenic units, Anderson and co-workers reported the stereoselective
synthesis of co-conformationally chiral [3]rotaxane 15 and [2]rotaxane 16 (Fig sAiii). 35
Stoppering of the host-guest complexes formed between a bis-diazonium salt and a-CD
produced rotaxanes 15 and 16, both of which contain a centrosymmetric axle and so express co-
conformational mechanical planar chirality. *H NMR NOE analysis showed that 15 formed as a
single static co-conformational sterecisomer with the macrocycles in a head-to-head
orientation, corresponding to a (Rco-mp, Rco-mp, D) configuration. Similar analysis of [2]rotaxane 16
revealed that the ring preferentially resided with the narrow rim of the CD ring interacting with
the stopper unit, corresponding to the (Rco-mp,D) Stereoisomer and demonstrating that the
covalent stereochemistry of the macrocycle can bias the dynamic co-conformational
mechanical planar chiral stereogenic unit.

The stereoselectivity observed in the formation of mechanically and co-conformationally chiral
CD-based interlocked molecules is presumed to arise due to the relative stabilities of
stereoisomeric host-guest precursors and can thus be considered an example of
thermodynamic control, albeit the final covalent bond forming reaction that traps the mixture
takes place under kinetic control. When mechanical bond formation itself takes place under
thermodynamic control, extremely high levels of stereoselectivity can be observed. Sanders and
co-workers reported the stereoselective synthesis of topologically chiral catenane 17 as a single
stereoisomer from a dynamic library composed of chiral acetal/acylhydrazine monomers in the
presence of acetylcholine, although the major diastereomer was not identified (Fig 4Bi).3°
Sanders and co-workers also reported the diastereoselective formation of a Solomon link under
dynamic control, this time using disulphide bond formation, although again, the major
stereoisomer was not assigned.3” Later, Gagne and co-workers,3® and Trabolsi and co-workers3?
reported the stereoselective self-assembly of [2]catenanes from chiral building blocks, including
the absolute stereochemistry of a crystallized product by comparison with a covalent
stereogenic unit as an internal reference.

Perhaps the most impressive examples of chiral derivatisation in the stereoselective synthesis
of mechanically chiral catenanes under thermodynamic control have been reported by Fujita
and co-workers4° beginning in 2016 with the report of a metallo4 [4]catenane. Catenane
[Ag:,(18).,]***, formed by the self-assembly of twelve equivalents of short peptide 18 and twelve
Ag* cations, crystallised from the reaction mixture over nine weeks (Fig 4Bii).4°@ Single crystal x-
ray diffraction (SCXRD) revealed [Ag..(18),,]*** to be composed of four oriented macrocycles
linked together to generate a tetra-interlocked structure with twelve crossing points that
expresses unconditional topological chirality. In addition, the rings themselves are oriented,
resulting in conditional topological stereogenic units. Strikingly, the interplay between these
topological stereogenic units and the fixed covalent stereocentres of 18 resulted in the
formation of [Ag.,(18).,]*** as a single diastereomer. Fujita and co-workers have since extended
this approach to the formation of a number of different complex knotted and interlocked
structures, including [2]catenane [Ags(19)s]®* that contains four crossing points and thus
corresponds to an 821 link (Fig 4Biii).«°d Once again, this structure expresses both conditional
and unconditional topological chirality but crystallizes as a single stereoisomer due to the
covalent stereochemistry of building block 19.

Returning to the biasing of dynamic stereogenic units, the dynamic co-conformational
mechanical helical chiral stereogenic unit of catenanes is unusual in that i) it can be expressed in
all catenanes regardless of their covalent structure and ii) to our knowledge, there is no
equivalent static mechanical stereogenic unit. Stoddart and co-workers described the biasing of
this stereogenic unit in otherwise achiral catenane 204 using non-covalent interactions (Fig
4Ci);4% in the presence of chiral phosphate anion 21, two sets of signals corresponding to
catenane 20 were observed in a ~2 : 1 ratio, which were interpreted to arise as a result of a biased
equilibrium between diastereomeric ion pairs. To our knowledge this is the first example of the
biasing of a co-conformational stereogenic unit using non-covalent interactions alone, a
strategy that remains under-explored. It has since been demonstrated that co-conformational
mechanical helical stereogenic units can be biased by including covalent stereogenic units
within the structure of [2]catenanes.“3 Indeed, such biasing is almost certainly present in all
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[2]catenanes containing covalent stereogenic units, whether it is recognised or not. More
recently, Credi and co-workers demonstrated the biasing of the co-conformational mechanical
planar chiral stereogenic unit; cationic [2]rotaxane 22%* gave rise to an 85 : 15 mixture of
diastereomers in the presence of chiral anionic guest 23 (Fig 4Cii).44

Flgure 4. Chiral derivatization for the synthesis of mechanical diastereomers
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(A) Mechanical diastereomers based on a-CD (12) rings: i. Kaifer's CD-based mechanically planar chiral [2]rotaxane
13 (major stereoisomer). ii. One isomer of Stoddart's topologically chiral catenane 14. iii. Anderson's co-

conformational [3]rotaxane 15 and [2]rotaxane 16 (major diastereomers).

(B) Topologically chiral molecules assembled under thermodynamic control: i. Sanders topologically chiral
[2]catenane 17 (arbitrary stereochemistry shown). ii. Fujita's tetra-interlocked metallo [4]catenane [Ag,,(18),,]**
that expresses conditional and unconditional topological chirality. iii. Fujita's metallo [2]catenane [Agg(19)s]®* that
contains four crossing points (821 link) and expresses both conditional and unconditional topological chirality.



- Chem Cell

(C) Biasing of co-conformational stereogenic units using non-covalent interactions: i. A diastereomeric ion pair-
based on a helically chiral co-conformation of Stoddart's cationic catenane 204 and chiral phosphate anion 21 ii. A
diastereomeric ion pair based on Credi's co-conformationally mechanically planar chiral rotaxane 22 and camphor
sulfonate (23) (R = CH2-3-pyrenyl).

(D) Separation of mechanical stereoisomers: Marinetti's axially chiral catenanes 24 that could be separated by HPLC.

Finally, we return to the use of chiral derivatisation to allow the separation of mechanical
stereoisomers. On the one hand, the very need for separation is a limitation when compared to
stereoselective self-assembly under thermodynamic control. Conversely separability can
become essential if mechanical bond formation takes place under kinetic control and/or the
stereoselectivity of an assembly process is not perfect. However, unless the diasterecisomerism
is well-expressed in the physical properties of the products this is a challenge and examples,
outside of the context of CD-based interlocked molecules (vide supra), are relatively rare. For
example, although Vogtle and co-workers explored the use of enantiopure sugars+4s and
topologically chiral knots4® as stoppering units for rotaxanes, the diastereomeric mixtures
formed were not separated. However, using this approach Marinetti and co-workers
demonstrated the first, and to our knowledge only, synthesis of an enantiopure mechanically
axially chiral [2]catenane (Fig 4D).4” [2]catenane 24 was produced using an enantiopure
covalent building block as a 1: 1 mixture of mechanically axially chiral diastereomers. Separation
of the mechanical epimers was achieved using normal-phase HPLC to give enantiopure samples
of both stereoisomers.

Chiral derivatisation is clearly an extremely powerful and arguably under-appreciated method
to access enantiopure mechanically chiral molecules. The key practical disadvantage of this
approach is that the covalent stereogenic units that direct the synthesis remain in the product,
which is problematic when trying to assess the benefits of mechanical stereochemistry in an
application. However, once these benefits are established, it seems likely that most chiral MIMs
for applications in, for example, catalysis will be single diastereomers rather than enantiomers
as their synthesis, purification and analysis is inherently simpler. Similarly, the biasing of co-
conformational stereogenic units to stereoselectively produce diastereomeric host-guest
complexes, as in the case of catenane 20 and rotaxane 22 seems a promising route to new
enantioselective sensing applications for MIMs. Indeed, the presence of dynamic co-
conformational stereogenic units has often been overlooked in previously described systems
this remains an area ripe for exploitation.

Chiral auxiliary and substrate control for the synthesis of chiral MIMs where the mechanical
bond provides the sole stereogenic unit

As alluded to above, it is desirable to investigate the potential application of mechanical
stereogenic units using molecules in which the mechanical bond provides the only source of
stereochemical information; for example, were a catalyst containing mechanical and covalent
stereochemistry to prove effective, it would be hard to distinguish the role of the different
stereogenic units.4® In order to facilitate the push to identify applications of mechanically chiral
molecules, without the need for CSP-HPLC separation of their enantiomers, strategies that rely
on covalent stereochemistry in the building blocks that is not retained in the final products have
recently been developed and will be discussed below.

Chiral auxiliary strategies are one way to achieve this. A chiral auxiliary is broadly speaking, an
enantiopure fragment that is included in the molecule in the key bond forming step and is then
removed to yield the target compound. 4 Chiral auxiliary methodologies are common in
synthetic organic chemistry, where they are used to impart stereoselectivity on key bond
formations and allow the separation of the desired diastereomer from unwanted stereoisomers
using non-chiral techniques, but are less explored in the context of mechanically bonded
molecules. Here, for simplicity, we use a slightly expanded definition of chiral auxiliary approach
to include any synthesis in which mechanical epimers are separated and the covalent
stereochemistry removed to yield enantiopure mechanical enantiomers in which the
mechanical bond provides the sole stereogenic unit.

The first successfuls°® chiral auxiliary synthesis of a mechanically chiral MIM, albeit in 1: 1 dr, was
reported by Goldup and co-workers using enantiopure sugar-based alkyne 25 as a coupling
partner in an active template Cu-mediated alkyne-azide cycloaddition (AT-CuAAC)5* reaction
(Fig 5Ai). Diastereomeric products 28 could be separated, characterised by SCXRD, and the
sugar unit removed without cleaving the mechanical bond, giving access to the separated
enantiomers of rotaxane 29 with known configuration in excellent enantiopurity.5* Goldup and
co-workers have since demonstrated an improved auxiliary synthesis (Fig 5Aii) using chiral azide
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(5)-30, which achieves a dr of 98 : 2 in the mechanical bond forming step and thus allows access
to enantiopure mechanically planar chiral rotaxane (Smp)-31, if the diastereomers are separated
prior to symmetrisation of the auxiliary stereocentre, or enantioenriched products (96% ee) if
the separation step is omitted.5 Unfortunately the stereoselectivity of reactions using chiral
azide 30 showed a strong dependence on the alkyne coupling partner with less sterically
hindered alkynes resulting in lower stereoselectivity (dr = ~3 : 1), a result that was rationalised
through computational modelling. Despite this limitation, the same group have since used their
approach in the synthesis of a mechanically planar chiral rotaxane ligand for enantioselective
catalysis.5+ A similar auxiliary strategy has also been applied to the stereoselective synthesis (2
: 1 in the mechanical bond forming step) of topologically chiral catenane 34 by employing a
pendant chiral auxiliary on the oriented macrocycle precursor 32 (Fig 5Aiii).5 These results
suggest that auxiliary strategies can provide an efficient route to mechanically chiral molecules
that lack any covalent stereogenic units but there is clearly room for improvement in both the
generality and stereoselectivity of these reactions.

Figure 5. Chiral auxiliary and direct enantioselective approaches to mechanically chiral molecules
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stereoselective synthesis of rotaxane (Smp)-32 (96% ee) without separation of the intermediate
diastereomers using chiral azide (S)-30. iii. Goldup's chiral auxiliary synthesis of catenane 34 by
cyclisation of alkyne/azide (Smt)-33 and subsequent removal of the pendant chiral group (Ar = 4-
C¢H,OMe).

B) Leigh's direct enantioselective synthesis of rotaxane 39 through the stereoselective
displacement of the chiral leaving group of ester 36.

More recently, Leigh and co-workers reported an enantioselective synthesis of mechanically
planar chiral rotaxanes in up to 50% ee using a modification of their metal-free active template
approach.s® The reaction of activated ester half-axle 36, the leaving group of which was
functionalised with a bulky chiral cinchonidine substituent, with primary amine half-axle 35
mediated by oriented macrocycle 37, resulted in direct formation of enantioenriched samples
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(50% ee) of mechanically planar chiral rotaxane 39 (Fig 5B).5” The authors suggested, based on
molecular modelling, that the stereoselectivity is a consequence of selective formation of one
of the four possible stereoisomeric tetrahedral intermediates 38, which is organised by n-n
stacking between the naphthalene unit of the macrocycle and the electron deficient substituent
of the amine. Based on this modelling, although they were not able to get absolute
confirmation, the authors tentatively assign the major product as shown.

The development of advanced strategies to access mechanically and co-conformationally chiral
MIMs where the mechanical bond provides the sole stereogenic unit is still in its infancy. The use
of substrate control in the mechanical bond forming step clearly has potential and the two
general strategies, chiral auxiliary and direct stereoselective formation of the mechanical bond
each have advantages and disadvantages. Direct stereoselective mechanical bond formation
removes the need for separation of diastereomers and cleavage of an auxiliary, which
dramatically simplifies the synthesis and increases its efficiency. However, unless the product is
formed in very high ee (>95%), preparative CSP-HPLC will be required to allow application of
the products in catalysis, sensing and materials. Chiral auxiliary strategies allow the separation
of diastereomeric products and can lead to high diastereoselectivity, giving access to highly
enantioenriched products in reasonable yields, but require more synthetic steps and current
strategies suffer from limited substrate scope. Given how recent these developments are,
however, it seems likely that both strategies will improve significantly in the coming years and
will play key roles in developing the applications of chiral MIMs. Finally, although the majority
of reports focus on mechanically planar chiral rotaxanes, there is clearly a need to extend such
approaches to the synthesis of other mechanical and co-conformational stereogenic units.
CATALYTIC ENANTIOSELECTIVE APPROACHES

Despite the intense interest in enantioselective catalytic routes to chiral natural products,
pharmaceuticals, agrochemicals, and ligands, reports of catalytic enantioselective approaches
to the mechanical stereogenic units have been limited. Depending on the stereogenic unit
targeted, three distinct categories of potential catalytic enantioselective approaches can be
envisaged: direct catalytic enantioselective mechanical bond formation, post-synthetic
desymmetrization, and dynamic kinetic resolution (DKR).

In 2007, Takata and co-workers demonstrated the first and only example of the direct catalytic
enantioselective synthesis of a mechanically chiral molecule.5® The approach relies on the
stereoselective acylation of enantiomeric threaded host-guest complexes 40 whose
stereochemistry arises as a result of the orientation of a macrocycle threaded onto an
ammonium-containing half-axle and is thus directly analogous to the mechanically planar chiral
stereogenic unit. When the acylation of the host-guest complex by benzoate ester 41 is
mediated by chiral phosphine nucleophile (5,5)-42, one enantiomer of 4o reacts selectively,
giving rise to an enantioenriched product 43. Since this corresponds to a dynamic kinetic
resolution (DKR) process, the maximum yield and stereoselectivity of the reaction are both
100% but, unfortunately, rotaxane 43 was obtained in only 4% ee.

The only example of the catalytic enantioselective synthesis of a co-conformationally chiral
molecule was reported by Leigh and co-workers.292 Rotaxane 44 exists as a racemic mixture of
co-conformationally covalently chiral enantiomers due to the prochiral stereocentre of the axle.
Benzoylation of the alcohol moiety catalysed by N,N-dimethylamino pyridine (DMAP) results in
a racemic mixture of static co-conformational enantiomers as the benzoyl group blocks the
passage of the macrocycle. When chiral catalyst 45 is used in place of DMAP, an enantioenriched
(50% ee) mixture of rotaxanes (Sco-c)-46 is produced. In this case, the major enantiomer could be
identified using a "chiral pool" synthesis, as for rotaxane 9. The authors identified that this DKR
process corresponds to an information ratchet mechanism as the mechanical state of the
rotaxane is dictated by the kinetics of the gating process in the different co-conformations.s9

The relative lack of catalytic enantioselective approaches to mechanically chiral molecules is
almost certainly a consequence of the technical and theoretical challenge of implementing
strategies from covalent chemistry in the context of interlocked molecules. Perhaps the most
obvious and potentially fruitful way to address this challenge would be to focus on the catalytic
enantioselective desymmetrisation of mechanically prochiral molecules (Fig 6c). For example,
[2]rotaxanes based on either a C,, macrocycle and an axle in which the two ends are
differentiated (Fig 6Ci), or in which the macrocycle is oriented but the axle is centrosymmetric
(Fig Cii) could be converted to enantioenriched mechanically planar chiral [2]rotaxanes by
catalytic enantioselective desymmetrisation of the macrocycle or axle respectively. Similar
strategies could be envisaged for any static conditional mechanical stereogenic unit. In the case
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of co-conformational stereogenic units, a similar desymmetrisation process could be envisaged,
although if the stereogenic unit is dynamic, DKR processes in which the desymmetrisation event
traps the product in a specific enantiomeric co-conformation, as demonstrated for rotaxane 43,
are particularly attractive. As with direct enantioselective processes under substrate control
(vide supra), if the products are to be used in applications such as catalysis, it is essential that
they are produced in good to excellent (>90%) stereoselectivity, otherwise chiral separation will
still be required.

Figure 6. Catalytic enantioselective approaches to mechanically chiral molecules
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(A) Takata's catalytic enantioselective synthesis of rotaxane 43 (4% ee) using chiral phosphine acyl transfer catalyst
(5,5)-42 (Ar = 2,4-di-Bu-CgH,)

(B) Leigh's dynamic kinetic resolution of co-conformationally covalently chiral rotaxane 44 with chiral acyl transfer
catalyst 45 to give rotaxane 46 in 50% ee.

(C) Schematic of desymmetrisation approaches to mechanically planar chiral [2]rotaxanes: i. Desymmetrisation of a
centrosymmetric axle. ii. Desymmetrisation of a bilaterally symmetrical macrocycle.

CONCLUSIONS

As demonstrated above, despite the potential for mechanically interlocked molecules to display
stereochemistry as a result of the mechanical bond being identified over half a century ago, the
synthesis of such species in enantiopure form remains in its infancy. Of the various strategies
discussed, CSP-HPLC remains the dominant method by sheer number of examples, presumably
thanks to the simplicity of the synthetic requirements it imposes; if a racemic mixture of the
target can be produced, which is now relatively easy with modern synthetic methods, and if they
can be separated, again, thanks to huge progress in CSP-HPLC over the last decades, this is
likely to be possible. However, the technical requirements this approach imposes can be
challenging, particularly if the properties and applications of such MIMs are to be investigated;
the cost of preparative scale CSP-HPLC columns is prohibitive for many research groups, as is
the scale such separations can be achieved on. As alluded to above, other resolution strategies,
most obviously the formation of diastereomeric salts with chiral counterions, should be
investigated as these are typically highly scalable, albeit the correct combination of cation and
anion is hard to predict a priori.
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Chiral pool techniques are attractive but the range of stereogenic units these can be applied to
appears relatively small; they are particularly suited to co-conformational covalently chiral
molecules. However, based on Hirose's work, other unusual forms of covalent stereochemistry
might be applicable, but this remains underexplored. Conversely, the use of covalent
stereochemistry to bias the formation of mixed mechanical/covalent chiral diastereomers under
thermodynamic control appears promising and has been extremely successful in terms of the
stereoselectivities achieved. And of course, even when the stereoselectivity is less than perfect,
the diastereomeric nature of the products can allow their separation using standard technique,
although it is hard to predict if this will be possible beforehand. Indeed, in many cases, the
mechanical stereogenic unit of mixed covalent/mechanical sterecisomers has been overlooked
as the resulting diastereoisomerism was poorly expressed in the molecule's physical properties.

Of course, it is desirable to produce molecules in which the mechanical stereogenic unit is the
only source of stereochemistry, particularly if their benefits and applications are to be
investigated. Chiral auxiliary, substrate directed stereoselectivity and catalytic asymmetric
methods all hold up the promise of being able to efficiently produce these systems without the
need for CSP-HPLC separations. However, all current methods have limitations. Chiral auxiliary
methods developed to date have relatively narrow substrate scope and the need for multiple
steps (mechanical bond formation and diastereomer separation, followed by auxiliary cleavage
under relatively harsh conditions) limits the generality of these approaches. Conversely, the
enantioselective methods developed to date using substrate control or chiral catalysts do not
meet the requirement of high stereoselectivity to avoid the need for CSP-HPLC separation to
yield enantiopure products.

Inthe last decades, and particularly more recently, great strides have been taken towards being
able to make mechanically chiral molecules to order, the essential challenge that we must
overcome to be able to make them "useful" (or at least work out what they might be useful for).
One way in which work in this area could be accelerated further is through the use of
computational modelling to identify promising auxiliaries, substrates and catalysts to achieve
high stereoselectivity in the formation of the chiral MIM. Indeed, Goldup and Leigh both
employed modelling to rationalise post hoc the outcome of their auxiliary and substrate-
controlled reactions respectively, suggesting such systems, despite their complexity, are
amenable to computational analysis. Similarly, it would clearly be beneficial if researchers with
experience of working in more traditional enantioselective synthesis would bring their expertise
to bear on the problem. Indeed, this Perspective is specifically structured to make the field more
accessible and so encourage them to take up the challenge! Combining the skills of synthetic
supramolecular chemists and those versed in the enantioselective synthesis of complex
covalent structures would undoubtedly accelerate progress.

Finally, we began this article by highlighting the general lack of applications of chiral MIMs
where the stereochemistry arises due to the mechanical bond. Indeed, Leigh's co-
conformationally chiral organocatalyst,2c Hirose's mechanically planar chiral sensor for chiral
guests,3° and Goldup's mechanically planar chiral rotaxane ligand for enantioselective gold
catalysiss« remain the only direct prototypical applications to date. However, many properties
of chiral MIMs have been identified that may lead to applications, including the ability of co-
conformational stereogenic units to be biased by non-covalent interactions which could lead to
new types of sensor,4244 particularly when combined with the large CD response of some chiral
MIMs;2> the switchable chiroptical properties of interlocked molecules which could be used in
new materials;?3245%6%62 and coming full circle, enantioselective host-guest chemistry which
might lead to new supports for CSP-HPLC.3° Indeed, chiral MIMs have potential applications in
any area where chiral covalent structures are currently used if it can be proven that a mechanical
stereogenic unit can bring significant benefits. If these applications are to be developed, and
others identified, it is obvious that new synthetic methods to access structurally diverse chiral
MIMs are required and all the strategies described above will have their part to play in this
campaign. In the short term, methods that can produce molecules where the mechanical bond
provides the sole stereogenic unit are particularly desirable as only in these cases can the key
role of the mechanical stereochemistry be unambiguously demonstrated. Moving beyond
prototypes, in the longer term the synthesis of such chiral MIMs must be made easier so that
their synthetic costs do not outweigh the benefits that mechanical stereogenic units might
bring.52 This challenge may be easier than it appears because, once the utility of these unique
stereogenic units has been demonstrated, catalysts, sensors and materials containing a mixture
of mechanical and covalent stereogenic units, which are inherently easier to access, are almost
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certainly going to be the systems that find viable applications, significantly lowering the barrier
to genuine applications. Given the growing interest in mechanically chiral molecules and the
increasing sophistication of the chemistry used to access them, we see a bright future for the
wide range of stereogenic units that can be created in mechanically bonded systems.
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