Chapter 1 An Introduction to the Mechanical Bond

Conspectus

Mechanical bonds are omnipresent and all pervasive. They occupy every nook and
cranny of human experience in both static and dynamic settings that range from being
close to infinitesimally small to those which can be described as large by comparison.
In the domain of the molecular world, the mechanical bond emerges as an additional
expression of the nature of the chemical bond in all its manifestations. This emergent
phenomenon takes place in the lower reaches of the nanometer length scale as a
special architectural feature. It emerges just as soon as it becomes spatially possible to
entangle the component parts of molecules, the sizes of which are governed in part by
the subnanometer distances between their constituent atoms.

The production of chemical compounds composed of mechanically interlocked mole-
cules (MIMs) by acts of templation, be they passive or active in their origins, are hand-me-
downs from the science of (supramolecular) chemistry beyond the molecule, which affords
molecular recognition free rein to exercise its special powers of organization in marshaling
the component parts of the MIMs prior to their being transported back into the molecular
world by the formation of chemical bonds. This relatively recent extension of bonding in
molecules opens the door on a yet little explored field of chemistry—namely that of chemical
topology, which leads to the concept of topological isomerism, where two or more molec-
ular ensembles may contain the same atoms and chemical bonds, yet cannot be intercon-
verted by any deformations that do not involve the breaking and making of chemical bonds.

Intersecting the fields of supramolecular chemistry and chemical topology is the
discipline of mechanostereochemistry. Just as stereochemistry is the study of the relative
spatial arrangements of atoms in molecules, mechanostereochemistry is the stereochemistry of molecules with mechanical
bonds. Catenanes and rotaxanes are a subset of MIMs that possess mechanical bonds. A catenane is a molecule with two or
more interlocking ring-shaped component parts. The simplest of catenanes with two interlocked rings is a topological isomer
of the two rings separated from each other. A rotaxane comprises () ring(s) threaded by (a) dumbbell(s) possessing stoppers
that are too bulky for the ring(s) to transgress. The simplest of the rotaxanes with one ring and one dumbbell is not a topological
isomer of the ring and dumbbell separated from one another since expansion of the ring or compression of the stoppers
(without the breaking of chemical bonds) can lead to the separation of the component parts by a process known as slippage.

A mechanical bond is an entanglement in space between two or more component parts, such that they cannot be separated
without breaking or distorting chemical bonds between atoms. It follows that a mechanical bond is as strong as the weakest
participating chemical bond. Hence, catenanes and rotaxanes are most appropriately described as molecules, or more pre-
cisely, as mechanomolecules. Since entanglements are possible in molecules—for example, knots—that lack component
parts, not all MIMs possess mechanical bonds. While catenanes and knots fall under the aegis of chemical topology, rotaxanes
are considered to be topologically trivial because their component parts may be separated by the continuous deformation of
chemical bonds. It is this dichotomy that exists between catenanes and knots on the one hand and rotaxanes on the other that
has led to the adoption of the term mechanical bond when describing catenanes and rotaxanes in preference to topological
bonds, which are present in catenanes and knots, but not in rotaxanes. One of the endearing charms of chemistry is that it
defies repeatedly attempts at clear-cut descriptions of phenomena under its guard. In this particular instance, the much higher
promise of wider applicability on the part of rotaxanes makes the case for promoting the chemistry of the mechanical bond.

Although the mechanical bond has been exploited and revered in society, art and Nature from time immemorial, it has
proved to be immensely challenging to introduce synthetically into molecules and hence chemistry. Nothing of much signif-
icance had been recorded in the scientific literature up until the 1960s. This decade and the succeeding one witnessed
simultaneously the advent of a painstaking classical approach, under the guidance of covalent-directed synthesis alongside
statistical forays based on little more than the chance events of the threading of large-sized rings by suitably long molecular
chains. With the emergence of host-guest and supramolecular chemistry in the 1970s, however, the stage was set for
molecular recognition to lead to the directed synthesis of mechanomolecules through the acts of templation with coordina-
tive, followed by noncovalent, bonds of many different persuasions. The result has been an exponential growth these past
35 years in molecular nanotechnology, coupled to a paradigm shift in molecular structure and function. While mechanomol-
ecules have found their way, both singly and collectively, into switches and motors, the molecules themselves have led to a
renaissance in molecular aesthetics. Introducing mechanical bonds into molecules can only assist in garnering support for
the growing initiative to widen aesthetic considerations in chemistry.
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Introduction

A scientist wakes up in the morning, rubs her eyes, draws
back the curtains and pulls up the window blinds. She goes
through her morning ablutions and gets dressed; she but-
tons up her blouse, puts on her earrings, and ties her shoes.
She plaits her hair into a braid before opening her door and
hopping on a bicycle for her morning commute. As she
rides in to work, she barely notices the other bicycles, cars,
buses, and trains that carry the other morning commuters
on their ways, or the swinging French doors, chain-link
fences, and flagpole pulleys that decorate various home
fronts on her route. On reaching work, she locks up her
bicycle on a rack and takes an elevator up a few floors to
her laboratory, where she opens up her computer and
begins to think about something that has already pervaded
her morning without even entering her consciousness. The
window blinds, the blouse and buttons, the braids and ear-
rings, the bicycles and automobiles, the fences and flag-
poles, the bike lock and the elevator, not to mention the
computer sitting in front of her, all share at least one thing in
common—namely, the mechanical bond.

Although chemistry! has often been hailed?*® as “the
central science”, we must remember that chemists do not
have a monopoly on the definition of a bond. In finance, a
bond is an instrument of indebtedness. Biologists speak of
pair bonding as a strong affinity between two individuals—
often a breeding male and female—of a species. Social
scientists speak of maternal bonds, paternal bonds, affec-
tional bonds, male bonding, female bonding, and so on.
Anthropologists classify acephalous societies, which lack
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political leaders and hierarchies, as land-bonded, village-
bonded, or lineage-bonded societies. Indeed, bonds
describe relationships, associations, and connectivity. A
mechanical bond can therefore be understood as the con-
nection between two objects that are held together by
mechanical forces, meaning physical forces or contact
forces, as a result of their entanglement in space. The
mechanical bond is not at all exclusive to chemistry. In fact,
the mechanical bond appears to be far more prevalent in
our everyday lives—in art, technology, and nature, for
example—than it is in synthetic molecules. Nevertheless,
the study of the molecular mechanical bond has transi-
tioned in little more than 50 years from being (i) a mere
curiosity in the minds of a few forward-thinking intellectuals
in the first half of the 20th century, to becoming (ii) a rather
esoteric subfield of synthetic organic chemistry, practiced
only by a handful of academic and industrial researchers in
the 1950s, 60s, and 70s, to (iii) entering a phase of rapid
and steady growth near the end of the 1980s on the back of
new synthetic protocols which made the synthesis of mole-
cules with mechanical bonds much more facile, to (iv) flour-
ishing into the increasingly diverse and interdisciplinary
field of chemistry that it is today.

Defining the Mechanical Bond

Arguably the most influential chemistry book ever to have
been written—one which shaped profoundly our modern
understanding of bonding in molecules—is Linus Pauling’s
1939 monograph! on The Nature of the Chemical Bond.
This classic treatise summarizes the pioneering work



carried out by himself and others during the 1920s and
1930s. Pauling classifies chemical bonding into three
categories—electrostatic, covalent, and metallic bonds—
representing extremes between which many intermediate
types of bonds (e.g., hydrogen and halogen bonding) may
exist. According to Pauling —

..there is a chemical bond between two atoms or
groups of atoms in case that the forces acting between
them are such as to lead to the formation of an
aggregate with sufficient stability to make it convenient
for the chemist to consider it as an independent molec-
ular species.?

It was not until more than two decades later that the new-
est bond in chemistry—namely, the mechanical bond—
emerged on the scene. In Pauling-inspired prose, we might
say that there is a mechanical bond between two objects
in case that their ability to be separated is obstructed by
an entanglement in three-dimensional space. This defini-
tion encompasses mechanical bonds at all scales, not only
the molecular one. In chemistry, the mechanical bond is
an emergent” type of bond that arises only when groups
of atoms become large enough to permit the formation of
entanglements in space. Whereas chemical bonds are typ-
ically shared between atoms, mechanical bonds are shared
between groups of atoms, or molecular entities, which we
will call component parts. In this volume we will refer to
molecules with mechanical bonds as mechanomolecules.

Mechanical bond — An entanglement in space between
two or more molecular entities (component parts) such that
they cannot be separated without breaking or distorting
chemical bonds between atoms.

Component part — A group of atoms, or ‘molecular entity’,
comprised of chemical bonds, which is mutually engaged in
mechanical bonding with another molecular entity.

Mechanomolecule — A molecule possessing one or more
mechanical bonds.

The two quintessential types of mechanomolecules
(Figure 1.1) are catenanes and rotaxanes. A catenane—its
name derived from the Latin word catena, meaning ‘chain'—
is a molecule with two or more interlocking ring-shaped
component parts. A rotaxane—derived from the Latin words
rota (wheel) and axis (axle)—comprises a ring threaded by
an axle-like molecular entity, or ‘dumbbell’, with endgroups
(stoppers) that are too bulky for the ring to transgress.
Some mechanomolecules, such as rotacatenanes,’ sulit-
anes,® double-lassos,® helix-rod assemblies,® mechanically

A The term ‘emergent’ is muddled with ambiguity in the literature.
In our view, new properties that arise as a result of an increase in
the complexity of a system may be considered emergent. See
Section 1.3.5.
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Figure 1.1 Graphical representations of a catenane (left) and
a rotaxane (right), which comprise the two main classes of
mechanomolecules.

self-locked ring-in-ring assemblies,®* and Gemini cat-
enanes* do not fit cleanly into either category—see
Section 4.3.

Mechanomolecules belong to several intersecting fields
(Figure 1.2) of chemical research. Catenanes and rotax-
anes are a subset of a family of molecules known**7 as
Mechanically Interlocked Molecules, or MIMs, for short.
Not all MIMs necessarily possess mechanical bonds
because entanglements are possible in molecules that
lack distinguishable component parts, such as molecular
knots. Another intersecting field of research is chemical
topology,*®-2° which deals with the aspects of structure that
are preserved throughout any process of continuous defor-
mation—i.e., stretching, compressing, or bending of bonds
without allowing them to cross or break. Discussions of
chemical topology are featured in Sections 1.2.1 and 1.3.2,
as well as the Chapter 2 Introduction, Section 4.1, and
Section 5.2.4. Some MIMs, such as knots and catenanes,
fall under the umbrella of chemical topology, while other
MIMs, such as rotaxanes and suitanes, are considered
topologically trivial because their component parts may be
separated by continuous deformation. The identification of
rotaxanes as molecules with topological bonds is a common
misnomer in the literature. Another common misnomer
identifies catenanes and rotaxanes as supramolecular
entities, or supermolecules. We do not consider most
mechanomolecules to be supermolecules, at least when
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Figure 1.2 A Venn diagram illustrating how different types of

molecular species fit into the intersecting fields of supramolecular
chemistry, mechanostereochemistry, and chemical topology.
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the mechanical bond is sealed by strong covalent bonds,
because the component parts cannot dissociate and
exchange as supramolecular complexes do. In the case of
complexes known?® as pseudorotaxanes, which lack stop-
pers that are sufficiently bulky to prevent the dissociation of
component parts, the boundary between mechanomole-
cules and supermolecules is blurred. This grey area in
between the supramolecular and the ‘mechanomolecular’
is discussed in Section 3.1.1.

It is clear to us that the boundaries and relationships
between mechanical and chemical bonds are not always
straightforward. Is the mechanical bond a chemical bond?

Yes and no.

Yes, because...

...mechanically interlocked
molecular entities are
engaged in a situation that
fully satisfies Pauling’s
definition (also the IUPAC
Gold Book definition?’) of a
chemical bond.

...the mechanical bond can
be identified in molecules.

...like chemical bonds,
mechanical bonds carry an
entropic penalty®.

No, because...

...the mechanical bond
can exist between many
types of objects other than
discrete molecular entities
— it is much more than a
chemical bond!

...a mechanical bond
cannot exist between
atoms.

...unlike chemical bonds,
there is no enthalpy of a
mechanical bond®.

Mechanical bonds seem to be in a grey area when it
comes to chemical bonding, arising from the fact that they
are indeed stable bonds in molecules, yet maintained only
by the physical forces that prevent bonds from passing
through one another. Amechanical bond is therefore approx-
imately as strong as the weakest participating chemical
bond (Table 1.1) in the constitution of its component parts.
A ‘participating’ chemical bond is one that is critical to main-
taining a mechanical bond—i.e., cleavage of a participating
chemical bond would cause the mechanical bond to break.
The vast majority of synthetic mechanical bonds in the
molecular world are sealed by covalent or coordinate
(dative) bonds, owing to their high thermodynamic and
kinetic stabilities. We reiterate that most rotaxanes and

B Any enthalpic gains or losses associated with breaking
or making mechanical bonds are attributable to covalent,
dative, and/or noncovalent (electrostatic) interactions bet-
ween atoms that are gained or lost as a consequence of
mechanical bonding, rather than to the mechanical bond
itself. Since the mechanical bond limits the translational
and conformational freedom of its component parts, how-
ever, the corresponding entropic penalty can be attributed
directly to the mechanical bond.
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Table 1.1 Different types of bonds and typical ranges for their
associated energies.

Bond Type Energy Range? | kcal-mol—

‘Weak’ Chemical Bonds — Intermolecular & van der Waals
Dispersion Forces <1

Dipole—Dipole Interactions 0.5-2
Hydrogen Bonds 1-10
Halogen Bonds 1-40
lon-Pairing® 2-50
Strong Chemical Bonds — Covalent and lonic

Coordinate/Dative Bonds (M—X) 10-100
Organic Covalent Bonds (C—X) 60-100
lonic Lattice® 250-4000

Mechanical Bond = weakest participating

chemical bond®

®Energy ranges are estimated on an atom-to-atom basis. Many van der
Waals interactions, especially dispersion forces, are typically multiva-
lent, increasing in strength with increasing molecular size.

®lonic lattice energies reflect crystallization from the gas phase, while
ion-pairing reflects the formation of contact, solvent-shared, or
solvent-separated ion pairs in solution. The much weaker ion-pair
interaction depends heavily on the dielectric constant, according to
Debye-Hiickel theory.

‘The strength of a mechanical bond is approximately equal to, or
greater than, the weakest chemical bond that ‘participates’ such that
its cleavage would allow component parts to dissociate.

catenanes are better described as molecules, rather than
supermolecules, when their molecular pieces cannot be
separated without breaking strong chemical bonds. There
are examples of mechanical bonds, however, that rely on
weaker interactions, such as hydrogen bonding in biomolec-
ular (Section 2.3.12) assemblies.

One can understand a lot about the chemistry of
mechanical bonds by means of analogy with the chemistry
of covalent bonds. In order to facilitate our discussion of
molecules with mechanical bonds, it will be convenient to
introduce terminology as a matter of comparison with coun-
terpart terms involving chemical bonds—these definitions
come either from our Glossary or the [IUPAC Gold Book.?”
For example, since stereochemistry encompasses chemical
bonding at all levels of structure in both dynamic and static
contexts, we advocate the term ‘mechanostereochemistry’
for describing all aspects of mechanical bonding in
molecules.'®

Stereochemistry?” — the study of the relative spatial
arrangements of atoms that form the structure of molecules
and their manipulation.

Mechanostereochemistry!® — the stereochemistry of mole-
cules with mechanical bonds.

Generalizing beyond chemistry the concept of the
mechanical bond as a situation in which the physical separa-
tion of two objects is obstructed by an entanglement in space,
it becomes apparent that life as we know it is deeply



entrenched in mechanical bonds. The prototypical mechanical
bond is that of a chain link: two rings interlocked such that
they cannot be separated, each of them able to move inde-
pendently within the constraints of the other. This (con-
strained) freedom of motion is one of the enduring attributes
of the mechanical bond. The ability of mechanically linked
objects to move relative to one another serves as the basis
for most machinery—take the spinning wheels of a bicycle as
an archetypal example. Note, however, that objects can
share a mechanical bond without freedom of motion as well.
For example, the mechanically bonded bolt that constrains a
street sign to a post is intended to prevent motion. The
advantage of a mechanical bond in this context is modularity,
since it is easier to change a sign that is screwed into a post
than one that is welded onto it. Thus, the mechanical bond is
conceptually different from a seal involving welding or glue,
for example, or from containment,?-3! where one object is
encased completely within another.©

It is clear to us that the mechanical bond is everywhere
and its role in our everyday lives is indispensable. Therefore,
this book begins with an examination (Section 1.1) of the
mechanical bond in contexts other than chemistry. Later,
we survey how molecules with mechanical bonds, which
cannot be seen by the naked eye, are represented
(Section 1.2) in the scientific literature in the form of
images. We give pride of place in this Chapter to a topic
that is rarely covered in formal chemical literature—namely,
beauty. There is a deep connection between chemistry and
art, rendering both disciplines fair game for a branch of phi-
losophy known as aesthetics—a field that deals with art,
beauty, and taste. We are committed to the notion that the
mechanical bond is a thing of immense beauty in addition
to its all-pervasive functional diversity. Following an intro-
duction to the mechanical bond across a variety of different
settings, communities, and length scales, we will preview
the range of this book’s contents in the context of molecular
aesthetics (Section 1.3), before finally offering a perspec-
tive (Section 1.4) on the evolution of mechanostereochem-
istry. The discussion in Sections 1.1-1.3, which is driven
by the concept of beauty in chemistry,*? is expanded upon
and borrowed from, in part, our review* of mechanical
bonds in the context of beauty, with permission from the
publisher (copyright 2012 Springer-Verlag).

1.1 The Ubiquity of the Mechanical Bond

The unique connection between chemistry and art has
been recognized since at least 1860, when French chemist
Marcellin Berthelot wrote, “La Chimie crée son objet. Cette
faculté créatrice semblable a celle de l'art lui-méme, la

¢ Examples of containment in the molecular world include carce-
plexes,?® endohedral fullerenes? and molecular peapods,* and
many kinds of self-assembled ‘molecular flasks’ and cages.®* Our
perspective is that these types of molecules and assemblies are
fundamentally different than MIMs because they involve complete
enclosure rather than entanglement.
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distingue essentiellement des sciences naturelles et histo-
riques,” which translates in English to:

“Chemistry creates its own object. This creative quality,
resembling that of art itself, distinguishes it essentially
from natural and historical sciences.”

Berthelot recognized that the creative component of
chemistry is not only unlike other sciences, but also similar
to that of art. But what is art? To attempt to define it is to
enter a realm that chemists, naive as we are in these mat-
ters, had best avoid. We note, nevertheless, that the former
Wikipedia®* definition, “the process or product of deliber-
ately arranging elements in a way to affect the senses or
emotions,” can be truncated into a reasonably suitable def-
inition for (synthetic) chemistry—the process or product of
deliberately arranging elements. The essence of creativity
is indeed inherent to both disciplines.

The similarities and differences between art and science
have been long deliberated.*®* Foremost among these delib-
erations is the issue of beauty. Rather than attempting to
summarize or evaluate the numerous angles on the rela-
tionship between science and art, let us simply draw
attention to the philosophy that has profoundly shaped
modern perceptions on the subject of beauty in science,
which stems from the notion that science and art are differ-
ent forms of symbolic activities. Werner Heisenberg, a
Nobel Prize winner in Physics and proponent of this per-
spective, defined® beauty as “the proper conformity of the
parts to one another and to the whole.” He crowned
mathematical beauty—unification through abstraction—as
the prevailing flavor of beauty in science. This ideal is noble
but it is unfortunate that it has reigned so exclusively; others
have noted® the irony that chemistry, for all its sensory
content—its colors, odors, textures—is much less associ-
ated with beauty than mathematical physics. Whence the
beauty of empirical science? As Roald Hoffman and Pierre
Laszlo® have commented, “our discipline is a curious mix
of empirical observation and abstract reasoning. This is not
unlike music—but it parts chemistry from the pure rigor of
mathematics.” We hope this Chapter will garner support for
the growing initiative®*-* to widen aesthetic considerations
in chemistry, even as a basis for research.*

A discussion of beauty in chemistry might consider the
beauty of materials**—the color and texture of a pigment,
or the shape and clarity of a crystal, for example—or refer
to the molecules themselves. Both have an obvious con-
nection with the visual arts; chemistry is largely responsible
for the ever-growing diversity of materials artists manipu-
late, but there is beauty in the structures of molecules as
well. In this Chapter, we will leave materials aside and focus
on the beauty of molecular structures, or more accurately
their representations in which chemists engage with pride
and prejudice. The topic of molecular beauty is largely
eschewed from the literature, residing instead primarily
in the informal discussions, meetings, and conferences
between colleagues. Nobel laureate Roald Hoffman,*” who
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recognized that chemistry’s rich and visual symbolic lan-
guage is an important contributor to beauty in science,
spearheaded*®-°! a more formal discussion in 1988.

The roots of molecular beauty can be traced back to the
Platonic tradition. To Plato, “the most beautiful bodies in the
whole realm of bodies” were the tiny polyhedra, now
deemed the Platonic solids, which he proposed comprise
the universe: the four elements—earth (cube), fire (tetrahe-
dron), air (octahedron), water (icosahedron)—and the ether
(dodecahedron) (Figure 1.3). Joachim Schummer, who
has written*! extensively on chemical aesthetics, reflects:

“Modern chemistry is exactly the art that provides
creative access to what Plato considered the realm of
the most beautiful bodies. Therefore, it is no surprise
that chemists put their creative activity also in the ser-
vice of beauty.”

Of course, the ‘realm of the most beautiful bodies’ is too
small to see, but there is something charming about the
way a molecule is physically crafted, like sculpture, through
diligent labor, yet is only perceived mentally, like poetical
imagery, with the aid of symbols. Here, we engage these
symbols—our imperfect and incomplete representations of
molecules—as artwork. We will not hazard straying into the
complex territory of contention on this issue, which has
been discussed* superbly elsewhere, for we understand
beauty as that which provides one with a sense of personal
pleasure more than in the context of rigorous aesthetic for-
malisms. We take for granted that beauty has a place in
chemistry because we know, as such, that chemists are
passionate in their vocation and take great pleasure in their
work. The same may be said of people in countless other
occupations, from farmers to cyber hackers, who also
undoubtedly find beauty in their work. Moreover, despite a
lack of formal aesthetic training among most chemists—
and the longstanding stigma associated with discussing
beauty in the scientific literature—at least 2% of chemistry
papers mention® aesthetic values as a justification for
studying a molecule. Classic examples include a variety of
synthetic Platonic and Archimedean objects®® such as
cubane,® dodecahedrane,>*% buckminsterfullerene,*” and
many metal-ligand coordination complexes and cages®®°
that have been lauded* for their symmetry, simplicity,
uniformity, and harmony—"simply beautiful and beautifully
simple.” On the other hand, natural products and their
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Figure 1.3 The Platonic solids were the most beautiful bodies
according to Plato. Like molecules, these imperceptibly small
objects were thought to compose the physical world.
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corresponding organic transformations have been
admired®-52 for the beauty in their elegance, complexity,
and sophistication. Woodward, arguably the most preemi-
nent organic chemist of the 20th century, recognized the art
of organic synthesis—an art acknowledged even by the
Nobel Prize committee—as an act of beauty.®®

Molecular nanotechnology has uncovered yet another
way to address beauty in chemistry: miniaturization.
Chemists now frequently “miniaturize” everyday objects by
constructing them, to varying and sometimes quite liberal
degrees of approximation, using molecules as their building
blocks. Our affinity for miniaturization is a consequence of
(i) the development of supramolecular chemistry,5 which
has made this kind of miniaturization possible, and (ii) the
emergence of a paradigm shift in molecular representa-
tions, in which molecules are portrayed more ambiguously
so as to resemble their macroscopic analogues. In other
words, the vision of a miniaturized world has been cata-
lyzed in part by the beautiful new ways of representing
molecules, which deliberately blur the lines between the
molecular world and the macroscopic one. We have
referred to these graphical representations as cartoons, as
well as illustrations, and—in this Chapter—art. In this
regard, mechanically interlocked molecules are of particular
interest because they have played a central role in molec-
ular nanotechnology and the aforementioned paradigm
shift to more artistically disposed figures and schemes in
the literature. Moreover, the mechanical bond is ubiquitous
in the macroscopic world, but has been, until relatively
recently, challenging to introduce into molecules.

There is no question that beauty is subjective—even if
chemistry is not about beauty, few who practice it would
argue that it is devoid of beauty. In this Section, we will use
images to highlight, support, and substantiate claims on the
beauty of mechanostereochemistry. Insofar as beauty is
derived from our surroundings, the mechanical bond cannot
be ignored. It is applied and admired in society, art, and
Nature alike, and its beauty is held as both an ancient and
modern sentiment. The ubiquity of the mechanical bond is
apparent in everyday life (Section 1.1.3) because of modern
tools and machinery, many of which we consider beautiful—
think of a sporty car or a delicate Rube Goldberg (Heath
Robinson) machine. Likewise, interlocked rings can be found
in thousands of works of art (Section 1.1.2) dating through
antiquity. Perhaps most surprising to the casual reader will
be the predominance of mechanical bonds in Nature
(Section 1.1.1), even within the cells of our own bodies.

1.1.1 Mechanical Bonds in Nature

Perhaps the most incontrovertible source from which
we derive beauty is Nature. In terms of molecular beauty,
Nature has perfected its brand of chemistry over billions of
years and is an endless source of inspiration for chemists.
For all our efforts, the number of chemicals and reactions
we have discovered and created seem diminished by the
bewildering complexity and sheer abundance of those
presentin Nature. In particular, the diversity and intricacy of



Figure 1.4 Examples of mechanical bonds in Nature. (a) X-Ray
image of human vertebrae, which protect the spinal cord with
rotaxane-like mechanical bonds. (b) A turtle forms a type of
mechanical bond with its protective shell that is known in the
molecular world as a suitane. (c) The mechanically criss-crossed
network of a spider’s web is what traps the spider’s prey. (d) The
structural integrity of a beaver dam is attributable, in large part, to
a mechanically interlocked network of branches and logs. Photo:
Lars Lindahl. (e) The mechanically bonded twigs which support the
structure of a bird’s nest provide a safe space for eggs and hatch-
lings. (f) If one of the entangled trunks of California Red-wood
National Park’s corkscrew trees were to be uprooted, the
mechanical bond would prevent it from falling. Photo: Paul Herrig

systems and cycles in the chemistry of life processes are
still far beyond our total comprehension. Even so, in a world
where structure and function are so intrinsically linked, it
should come as no surprise that Nature started dabbling
with mechanical bonds long before humans came onto the
scene. Our very bones form mechanical bonds with other
tissues and organs, such as the rotaxane-like mammalian
spine (Figure 1.4a). Just as the vertebrae offer protection
for the fragile spinal cord, the suitane-like® mechanical bond
of a turtle’s shell (Figure 1.4b) helps protect the turtle’s
body. A number of animals rely on mechanical bonds for
survival—spiders (Figure 1.4c) employ mechanical bonds
to capture prey, while beavers (Figure 1.4d) and birds
(Figure 1.4e) use them to build homes. Even trees (Figure
1.4f) occasionally tangle themselves into mechanically
interlocked situations.

Although mechanical bonds can be identified in Nature
across the macroscale, mechanical bonds are being made
and broken incessantly within the microscopic world of
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cells. Contrary to modern industry, where technology uti-
lizes the mechanical bond far more ubiquitously on the
macroscale than on the nanoscale, Nature depends more
vitally on mechanical interlocking at the molecular level.
DNA is foremost among the players in biological MIMs.
DNA catenanes® and knots®® are intermediate structures
in basic biological processes such as DNA recombination
and replication, as mediated by various enzymes.%” Many
natural topological DNA structures have now been imaged®®
quite beautifully by electron microscopy (Figure 1.5a).

Not only does DNA form itself into catenated and knotted
structures, it also rotaxanates itself with pseudo-macrocyclic
enzymes.® " A-Exonuclease is an enzyme that participates
(Figure 1.5b) in DNA replication and repair by encircling
DNA fully as it sequentially hydrolyzes nucleotides—a bio-
molecular rotaxane! T4 DNA Polymerase holoenzyme™ is
an analogous example; its protein subunits clamp around
a DNA strand to form a toroid in what chemists of the
mechanical bond would call a ‘clipping’ process. It should be
noted that chemists have been able to mimic this concept of
a mechanically linked catalyst on a polymer™-"# using tradi-
tional organic catalytic reactions. See Section 6.15.3.1.

DNA is not the only entity that can serve as component
of biological MIMs—a continually growing number of
mechanically interlocked protein structures have also been
discovered —

¢ The extraordinary interlocked structure™ of the bacterio-
phage HK97 capsid involves an icosahedral shell of
topologically linked protein macrocycles (Figure 1.5c)
which resemble the netting of chainmail. The 420 isopep-
tide crosslinks of this topological net strengthen’ the
mechanical properties of the capsid and may prevent it
from bursting prematurely under the very high internal
pressure (up to 40 atm) of its densely packed DNA cargo.

e E. coli Class la ribonuclease reductase’ is another
enzyme which forms a ring assembly that was found to
be concatenated in the crystal.

* An enzyme known as CS, hydrolase, which converts
carbon disulfide rapidly into carbon dioxide and hydrogen
sulfide, has evolved in extremophilic life-forms—namely,
acid-loving (acidophilic) and heat-loving (thermophilic)
archaea living in harsh volcanic areas. The protein
monomers of CS, hydrolase assemble into two different
forms—one of them (Figure 1.5d) is a hexadecamer in
which two octameric protein macrorings are catenated,
while the other form is a non-catenated square-shaped
octameric ring.”®7® Measurements of the enzyme kinetics
suggest that the hexadecameric catenane is more active
than the octameric ring, most likely because it can
accommodate a higher density of active sites per
assembly.®

e The crystal structure (Figure 1.5e) of a C168S mutant of
a typical Cys-2 peroxiredoxin lll enzyme from bovine
mitochondria was discovered® to be a [2]catenane com-
prising two interlocked dodecameric protein toroids. The
protein-protein contacts within each ring are driven by

9
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hydrophobic forces, while the ring-ring protein contacts

arise from dipolar interactions.
¢ RecR, a protein involved in DNA repair in prokaryotes,
assembles into a tetrameric protein complex with a central
hole of over 3 nm in diameter. Two of these tetramers are
concatenated in the crystal,®? which implies that the
tetramer can be easily opened and closed in the cell,
since DNA occupies this cavity during repair.2®
Extremophiles that are adapted to survive in harsh condi-
tions such as highly acidic environments and temperatures
exceeding 100 °C must have evolved special strategies to
prevent their cellular proteins from denaturation. Another
thermophilic archaeon known as Pyrobaculum aerophi-
lum relies on topologically linked proteins (Figure 1.5f) to
stabilize its citrate synthase enzyme. The enzyme exists
as a homodimer in which intramolecular disulfide bonds

Figure 1.5 Examples of mechanical bonds in molecular biology.
(a) Electron micrograph of a DNA catenane.® Scale bar: 1 pm. (b) The
crystal structure of A-exonuclease, paired with a model depicting
how it encircles DNA while catalyzing its hydrolysis.®® (c) ‘Protein
chainmail: The crystal structure of the bacteriophage HK97 capsid,
highlighting catenated protein macrocycles.”® (d) The crystal struc-
ture of the catenated enzyme CS, hydrolase.®’ (e) The crystal struc-
ture of the catenated peroxiredoxin lll enzyme C168S mutant.?®'
(f) Disulfide crosslinks (green circles) stabilize the citrate synthase
enzyme of Pyrobaculum aerophilum.® (a)-(e) reproduced with per-
mission from refs. 68 (copyright 1980 Elsevier), 69 (copyright 2003
Oxford Univesity Press), 75 (copyright 2000 AAAS), 80 (copyright
2014 Royal Society of Chemistry), 81 (Copyright 2005 Elsevier)
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create a topological link—i.e., a catenane—which renders
the monomers inseparable, imparting the protein with
extra thermal stability.®*

» During gene replication, the separation of sister chroma-
tids (two identical copies of a chromosome) is regulated
by the protein cohesin, which has been found® to entrap
circular DNA loops in topologically catenated structures
using chemical crosslinks, which influence the kinetics of
cell division processes.

 Various proteins are recruited to the surface of mitochon-
dria to form a nanotube around the entire organelle. The
mechanical bond between this nanotube and the mito-
chondria is responsible for mitochondrial replication
because it provides the contractile force for membrane
scission.té8” The phenomenon of a ring contracting as it
encircles a rod in order to sever it is not unlike certain
digestive processes or a common method of bovine cas-
tration! It is intriguing that this mechanical pinching process
happens at the scale of intracellular processes as well.

Although we feel that the beauty of this biomolecular
machinery speaks for itself, Nature does not create art
deliberately—the mechanical bond plays a vital functional
role in these systems, which ranges from added stability to
precise spatial organization of proteins and nucleic acids.
It is apparent that our achievements as chemists in har-
nessing the chemistry of mechanical bonds have been
surpassed as usual by Nature, who executes her particular
brand of chemistry with a level of elegance, complexity, and
beauty that we can only hold in awe, yet will surely use as
a source of inspiration for many years to come.

1.1.2 Mechanical Bonds in Art

If anything can speak to the aesthetics of the mechanical
bond, it is the art that portrays it. Nowhere is the beauty of
the mechanical bond more validated than in the world of
art—indeed, artists have been drawing, painting, carving,
and sculpting mechanical bonds for thousands of years!

The mechanical bond may be celebrated (Figure 1.6-1.7)
with many art forms, including (but not limited to) prints and
carvings (Figure 1.6c-d, 1.7a), sculpture (Figure 1.7b-c),
textiles (Figure 1.7d-e), stained glass (Figure 1.7f), ori-
gami (Figure 1.7g), body art (Figure 1.7h), mosaics (Figure
1.7i), architecture (Figure 1.7j), and even performance art
(Figure 1.7Kk).

Borromean rings, such as those portrayed in Figure 1.6
and Figure 1.7e-f, are a class of mechanically interlocked
objects that deserve special attention in this Section on
account of their prevalence in art, spanning across many
cultures and thousands of years.®® Their name originates
from the aristocratic Borromeo family of what is now
northern Italy, on whose crest (Figure 1.6b) and estate edi-
fices the rings appear frequently. They have been associ-
ated with the Borromeo family from at least the 15th century,
though recorded use of the symbols date back to at least
the 13th century in Christian iconography (Figure 1.6c), the
12th century in Japanese emblems, and the 9th century in



Figure 1.6 The Borromean Rings (BRs). (a) An orthogonal perspec-
tive of BRs visualizes the three inseparable rings, where breaking
any one ring unlinks the other rings. (b) BRs as they appear on the
Borromeo family crest. (c) The use of BRs to symbolize the Holy
Trinity date back to the 13th century. (d) The Valknot is a Borromean
Viking symbol found on ancient stone carvings from as early as the
9th century.

Viking symbols (Figure 1.6d), making them a remarkably
universal icon.P Topologically speaking, the three rings are
interlocked in such a way that breaking any one ring results
in the dissociation of the other two intact rings (Figure
1.6a). This mutual dependence is what has made the rings
such a powerful symbol for threefold unification, having
been adopted to symbolize triads including Christianity’s
Holy Trinity (father, son, and holy spirit), Shintoism’s three
realms (heaven, earth, underworld), and even an adver-
tising campaign (purity, body, flavor) for Ballantine Brewery’s
beer. The richness of symbolism, as well as the accompa-
nying centuries of artwork associated with Borromean
Rings, leaves little question as to their beauty. Molecular
Borromean rings® are discussed in Section 4.1.1.3.
Solomon Knots have a similar history of predominance in
art and history. The Solomon Knot is more accurately
described as a link, since it consists of two rings that are
doubly interlocked. The structure of the link, which has no
obvious beginning or end, has made it a remarkably adapt-
able icon. It has been an important symbol in many cultures
throughout history, including parts of Judaism, Christianity,
and Islam, as well as with the Yoruba, Akan, and Kuba
people of Africa.®® The mosaic (Figure 1.7i) from the
Byzantine Basilica beneath the Church of the Nativity in

P For many more images of Borromean artwork, see ref. 88.
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Bethlehem, Israel contains several examples of ancient
artwork portraying the Solomon Knot. As the seal of the
Biblical King Solomon, this symbol has represented wisdom
and knowledge. In other contexts, it has signified eternity,
beauty, and royalty. From ancient Roman mosaics to Celtic
carvings to African headdresses to Middle Eastern relics
and stained glass church windows, the Solomon Knot is
a powerful symbol of beauty in art, religion, and culture.
Seeing Solomon’s Knot by Lois Rose Rose® is a recent
and well-crafted exploration of the artwork of Solomon’s
Knot across time and cultures. Molecular Solomon Knots
are discussed in Section 4.1.1.1.

Many artists employ links as symbols of unification, since
their mechanical bonds bring together two or more other-
wise unconnected objects. Particularly classic examples
are the Bonds of Friendship statues (Figure 1.7c) by John
Robinson in the sister cities of Sydney, Australia and
Portsmouth, England depicting two linked rings,®? as well as
Ryoji Goto’s 1978 Intersecting Space Construction (Figure
1.7b) symbolizing the beauty of human connections. One of
the most famous artists to glorify the mechanical bond was
M.C. Escher, whose math and science-based art has long
encouraged discourse on the topic of beauty in science. His
final print, Snakes (Figure 1.7a), portrays an array of inter-
locking rings that extends infinitely inwards, inhabited by a
few mechanically interlocked serpents. We find this piece
beautiful, not only for its rotational symmetry and mechanical
bonds, but also because it points to the concept of
infinitesimal smallness—foreshadowing the days when net-
works of interlocked rings almost too small to imagine are a
reality—see Section 4.1.3.5. Minsuk Cho’'s Ring Dome
Pavilion (Figure 1.7j) marks what must be one of the larg-
est (and perhaps only) architectural structures comprising
exclusively mechanically interlocked rings, while the attrac-
tive structure of Daniel Kwan'’s Ten Interlocking Triangular
Prisms (Figure 1.79g) highlights the challenging complexity
that can be attained among objects with mechanical bonds.

The mechanical bond is a focal point for human expres-
sion. With all sorts of different art forms celebrating the
mechanical bond and the corresponding meaningful con-
cepts and feelings which it symbolizes, it is not difficult to
engender an eagerness to celebrate the beauty of the
mechanical bond at the molecular level too.

1.1.3 Mechanical Bonds in Everyday Life

One cannot navigate the modern world without regu-
larly encountering the mechanical bond. We typically take
it for granted. So pervasive are interlocked structures
in all things man-made, if we acknowledged consciously
every mechanical bond we encountered, we might
scarcely be able to accommodate any other mental
processes! Here, we simply point (Figure 1.8) to fashion
and technology as illustrative reminders of its omnipres-
ence in society.

We all wear the mechanical bond day in and day out;
those with body piercings even use it as a permanent

11



The Nature of the Mechanical Bond
a)

Figure 1.7 Examples of mechanical bonds in art. (a) In M.C. Escher’s woodblock print, Snakes, a net of multiply interlocked rings extends
infinitely inwards. © 2015 The M.C. Escher Company, The Netherlands. All rights reserved. www.mcescher.com (b) The Intersecting Space
Construction statue at Hakone Open-Air Museum, Japan by Ryoji Goto presents an interlocked network of connected bodies. (c) Two copies
of the Bonds of Friendship sculpture by John Robinson are located in Portsmouth, England and Sydney, Australia, commemorating a centu-
ries-old relationship between these two sister cities. (d) Weaving is an art form that depends on mechanical bonds between enmeshed
threads or reeds. (e) Borromean rings are portrayed in the textile artwork of Kirsten Griffiths. (f) Three interlocking rings are portrayed in the
stained glass artwork within the Catedral de Sao Pedro de Alcantra in Petrépolis, Rio de Janeiro, Brazil. (g) Ten Interlocking Prisms origami
design by Daniel Kwan (photo: Jakub Solovsk). (h) Permanent and semi-permanent mechanical bonds with the flesh represent a form of
body art known as piercing. The earring ornament in this photo also contains hundreds of mechanical bonds comprising interlocked
chains and beads. (i) Ancient mosaic of catenated objects and Solomon Knots in the Byzantine Basilica, Israel. (j) The Ring Dome Pavilion by
architect Minsuk Cho is composed entirely of mechanically interlocked plastic rings—1500 hula hoops and 12000 zip-ties. Photo: Rory
Hyde. (k) Performance arts such as trapeze also rely on mechanical bonds, such as transient ones between bodies in motion, as well as
those which comprise the swing and its supporting structure.

decoration. This practice is not exclusive to Western the mechanical bond to a tremendous extent in the
society; note the mechanically bound objects around the decoration of our bodies and clothing, from both a practical
headdress, ears, mouth, and neck of the Mursi woman of standpoint and an aesthetic one. Rings, necklaces, brace-
southern Ethiopia in Figure 1.8a, and the neck-extending lets, belts, and even our shirts and trousers all form
rings of Northern Thailand’'s Kayan Lahwi woman (Figure mechanical bonds with our bodies and with themselves.
1.8b). These are perhaps extreme examples, but we all use For example, compare a necklace with a rotaxane; the
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necklace is the ring, while the head, neck, and shoulders
comprise the dumbbell. Meanwhile, the necklace itself is
composed of mechanical bonds if it is beaded or has a
clasp. Consider getting dressed in the morning—if you tie
your shoes, strap a belt around your waist, button up your
shirt, and clasp on a watch or some jewelry, you have
already formed dozens of mechanical bonds around your
body before breakfast!

The mechanical bond and technology have gone hand-
in-hand since the advent of machinery. Indeed, many of the
world’s simplest and oldest machines, a wheel-and-axle or
a pulley (Figure 1.8j), for example, are based on the
mechanical bond. Interlocking parts have been especially
important in transportation—imagine trying to sail without

Figure 1.8 Examples of mechanical bonds in everyday life.
(a) Decorative mechanical bonds of a Mursi woman. (b) A Khayan
Lahwi woman with mechanically interlocked neck extenders.
(c) A shower curtain. (d) A doorknob has the essence of the 'dumb-
bell’ portion of a rotaxane, where the door is the ring! (e) A chain
link. (f) Mechanically interlocked beads underpin the function of
an abacus, as well as (g) a children’s bead maze. (h) Keys catenated
with a keychain ring. (i) A lock. (j) A pulley on a sailship. (k)
Chainmail. (I) A seatbelt buckle. (m) A wristwatch makes a rotax-
ane with the hand and body as stoppers, while its clasp also relies
on a mechanical bond to keep it fastened. (n) The mechanical
bond of a carabiner helps climbers cling to rock faces. (0) Hundreds
of mechanical bonds exist in the chain, crank, and wheels of a
bicycle.
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knots and pulleys or drive without wheels! The mechanical
bond also appeared as early as 2700 BCE in the world’s
first calculator—the abacus (Figure 1.8f). Just as we find it
near the beginning of human history, most of us meet the
mechanical bond near the beginning of our lives, since it is
essential to many toys such as rattles or the bead maze in
Figure 1.8g.

It is obvious by now that few modern machines would be
capable of existing without some kind of mechanical bond,
whether it is the washer around a screw or the disc in a
hard drive. Even more examples are given in Figure 1.8.
Indeed, with every draw of a curtain (Figure 1.8c), turn of a
doorknob (Figure 1.8d), or flip of a switch, the mechanical
bond is at our service. Between fashion and technology,
societies are irrevocably dependent on the mechanical
bond. With mechanical bonds being such a necessary
component in machinery, it is only fitting that they also rep-
resent a cornerstone of molecular machines—see Sections
1.3.6 and 6.15.

1.2 Representing Molecular Mechanical Bonds

Having established a background of beauty for the
mechanical bond in art, nature, and society, we now con-
sider beauty as the mechanical bond is miniaturized
beyond our ability to perceive it directly. Since mechano-
molecules are not available to our senses, their beauty
is more associated with the wide variety of modes we use
to represent them—e.g., symbols, drawings, models,
and cartoons. Just as chemical signs and symbols have
evolved over the centuries from primitive beginnings in
alchemy,®*-% the portrayal of MIMs have also evolved, even
playing a vital role in modern notions of molecular repre-
sentation in chemistry as a whole. In particular, as molec-
ular structures have grown larger and more complex, it has
become useful to represent them in ways that eliminate
finer details, such as the bond order, atomic composition,
and so on, especially when trying to convey a message
that has more to do with self-assembly, intra- and inter-
molecular interactions, or secondary structure. Because it
represents chemistry “beyond the molecule,” supramolec-
ular chemistry®* has played a major role in this transition,
but so has the chemistry of the mechanical bond, or as we
call it, mechanostereochemistry.¢

All sorts of everyday objects have been reconstructed as
molecules by virtue of template-directed synthesis, from
switches and buttons to rotors and elevators. The likeness
of MIMs to macroscopic objects and machines has done
much to advance molecular nanotechnology and is, as we
shall see, another important aspect of their beauty.

1.2.1 AHistorical Perspective

It is believed® that mechanical bonds were discussed
hypothetically prior to 1912 by Wilstatter at a seminar in
Zurich, but the idea did not appear in the chemical literature®
until 1953. Asignificant publication by Frisch and Wasserman?®
in 1961 was the first to articulate the connection between
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stereochemistry and topology. In chemistry, topology is
concerned with the properties of a molecule that are
independent of any spatial rearrangements and bond dis-
tortions that can be performed without allowing covalent
bonds to break or pass through one another. Topologically
speaking, catenanes and rotaxanes are very different. The
linked rings of a [2]catenane (the bracketed term repre-
sents the number of component parts in a MIM) are
topologically distinct from two rings that are not interlocked,
e., they are topological isomers. On the other hand, a
[2]rotaxane is topologically identical to its component parts
because the ring can be separated from the dumbbell by
stretching or compressing the appropriate bonds. The con-
cept of chemical topology,>® which has been expounded
masterfully by David Walba?® and Christopher Hunter,®”
among others, is also highly relevant to the study of molec-
ular knots.?®*® See Section 1.3.2 for a discussion of
topological beauty.
Following a noteworthy attempt'® in 1958, the first claim
to a successful MIM synthesis (Figure 1.9a) came in 1960,
when Wasserman'® reported that cyclization of a long
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Figure 1.9 Historically significant synthetic schemes exemplifying
the two applied approaches to catenane synthesis prior to 1983.
(a) Wasserman'’s first statistical synthesis'' relied on the macrocy-
clization of a linear compound (I) in the presence of a deuterated
cycloalkane (lll) to produce small amounts of the catenane V.
(b) Schill’s first example'® of directed synthesis by covalent tem-
plation was a catenane that formed after cleaving the covalent
bonds around the aromatic core in compound 16. Reproduced
with permission from refs 101 (copyright 1960 American Chemical
Society) and 106 (copyright 1964 Wiley-VCH)
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polymethylene C_,-chain esterified at both ends in the
presence of a large C,,-cycloalkane gave very low yields of
a catenane, which was isolated by chromatography two
years later.’®2 Small improvements in the use of this
statistical method were made—most notably, Harrison and
Harrison’s 6% yield of a rotaxane by repeating a statistical
threading reaction on a resin-bound macrocycle 70 times, %
and Zilkha's%41% two-step catenane synthesis that con-
verted a statistical [2]rotaxane directly into a [2]catenane in
3% overall yield. Meanwhile, however, Schill was devel-
oping an important approach he called directed syn-
thesis,® in which macrocycles are built up around an
aromatic core such that severing a few bonds at the core in
the final steps affords a catenane (Figure 1.9b). This
approach was also applied to the directed synthesis of
[3]catenanes,®™11° and [2]rotaxanes. 14 Schill's 1971
monograph,*® Catenanes, Rotaxanes, and Knots, is an
indispensable reference on the early work in the chemistry
of mechanical bonds.

Although the statistical and directed approaches were
the only known routes to catenanes for decades, a Mobius
strip approach (Figure 1.10) was proposed in the late
1950s independently by Frisch / Wasserman®® and van
Gulick.1'® These founders of molecular topology realized
that molecules resembling Mobius strips could be cut
(Figure 1.10a) into catenated and knotted structures,
depending on the location of the cut and the number of
half-twists in the strip. Walba’-''® made this approach look
more realistic in the early 1980s when he began synthesizing
wreath-like macrocycles from tetrahydroxy-methylethylene
(THYME) polyethers resembling a three-rung ladder. If
the wreath with two half-twists could be isolated and its
ladder rung crosslinks severed in half (Figure 1.10b), a
[2]catenane would be the result. Walba synthesized’ the
zero-twist cylinder and subsequently also isolated®
the molecular Moébius strip with one half-twist. He verified
experimentally that two macrocycles are obtained by cutting
the cylinder in half by ozonolysis of the THYME double
bonds, while the same action on the Mobius strip leaves it
in one piece as a larger macrocycle.*® No double half-twist
Mobius strip that would lead to the [2]catenane has been
reported, however. See Sections 2.1-2.2 for a more
detailed discussion of these historical landmarks in
mechanostereochemistry.

Sauvage’s seminal publication'?® in 1983, which used a
copper(l) ion to template the formation of mechanically
interlocked ligands (catenates / catenands), breathed new
life into the field of MIMs in relation to their accessibility,
applicability, and even their structural portrayals. The early
catenanes were portrayed (Figure 1.9) in condensed
line formulas and represented for conceptual purposes by
basic line drawings like those in Figure 1.10. The result
was a picture that sufficiently communicated atomic and
topological content, but bore little resemblance to what the
actual structure might look like if we could set eyes on it.
When Sauvage illustrated a structural diagram of his first
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Figure 1.10 Historical strategies for synthesizing catenanes from Mobius strips. (a) Frisch and Wasserman'@illustrated the results of cutting
Mobius strips comprising grid-like bands. (b) Walba® outlined a strategy to produce three-rung molecules with different numbers of half-
twists, where bisecting the one with two half-twists would afford a [2]catenane. Reproduced with permission from ref. 18 (copyright 1961

American Chemical Society) and ref. 20 (copyright 1985 Elsevier)

[2]catenate (Figure 1.11), the result was an image that was
rich in beauty as well as topological and molecular
information. This diagram—hand-drawn in India ink—
expressed most elegantly the right information, while still
hinting at the three-dimensional nature of the molecule. It
has appeared!?* many times over the years in the literature
from Sauvage’s group and is a milestone in chemical repre-
sentation. It is the gold standard of a MIM drawing, satu-
rated with information and easy to interpret.

Sauvage’s metal coordination template marked the
beginning of the modern era for making mechanical
bonds—namely, template-directed synthesis. Advances
in this modern era have been associated with discov-
ering new supramolecular template motifs (Section
1.3.1, Section 2.3) building new interlocked topologies
and architectures (Sections 1.3.2-1.3.3, Chapter 4),
discovering elegant protocols (Section 1.3.4, Chapter 3)
and emergent properties (Section 1.3.5), crafting
artificial molecular switches, machines, and motors
(Section 1.3.6, Chapter 6), as well as featuring applica-
tions relying specifically on the mechanical bond. In
Sections 1.2.2-1.2.6, we now examine how depictions
of MIMs have changed alongside these many new devel-
opments of an evolutionary nature. With simple two- and
three-component MIMs, it was possible to achieve

Sauvage’s gold standard of drawings, but as complexity
and diversity grew in the field, it quickly became useful to
turn to new tools that aided and abetted the depiction of
MIMs in an eye-catching, easily discernable way—namely,

Figure 1.11 Sauvage’s structural diagram of a catenand, a major
breakthrough in 1983.'° Reprinted with permission from ref. 121
(copyright 1986 American Chemical Society)
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with the use of perspective stereoformulas (Section 1.2.2),
depictions in color (Section 1.2.3), solid-state portrayals
(Section 1.2.4), graphical representations (Section 1.2.5),
and technomorphs (Section 1.2.6).

1.2.2 Perspective Stereoformulas

A stereoformula, also known as a projection formula,
is defined in the IUPAC gold book?” as a three-dimensional
view of a molecule, either as such or in a projection.
Examples of these projections include (i) Fischer, (ii)
Newman, (iii) sawhorse, (iv) wedge, and (v) zig-zag
projections. Sauvage's beautiful diagram (Figure 1.11) of
his seminal [2]catenate is probably best classified as a type
of projection known?” as a perspective formula, which por-
trays the geometrical features of a molecule as a view from
an appropriate direction. The perspective stereoformula will
be our projection of choice for the majority of structural
representation in this book.

In our perspective stereoformulas, we employ (Figure
1.12) ‘full moons’ to denote aromaticity in x-conjugated ring
systems. This style of representation should not be mistaken
for open circles, which are traditionally used to denote ring
systems with precisely six n-electrons according to Clar’s
n-sextet rule.*?? Considering the example of anthracene,
only one of Clar’s n-sextets exists in any of its three major
Kekulé resonance structures, meaning that the Clar struc-
ture of anthracene should be illustrated with only one open
circle. By contrast, our full moons are placed in all three
rings of anthracene to denote a fully unsaturated ring
system without specifying a specific resonance structure.
We feel that this slightly less detailed style of representation
is not inappropriate in most cases involving mechanical
bonds because the interactions of interest are between
component parts rather than between atoms.

Kekule Clar Full Moons

I I

Figure 1.12 Three different representation styles for the structural
formulas of aromatic molecules, exemplified by anthracene. When
illustrated according to the conventions of Kekulé and Clar, the
various resonance structures can be denoted unambiguously. The
‘full moons’ we employ in our structural formulas denote unsatu-
rated ring systems more generally and do not offer an option for
specifying resonance structures.
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1.2.3 Depictions in Color

Color and MIMs go together like bread and butter. When
journals began printing color in the mid-1980s, the
mechanical bond made the perfect poster child because
color dramatically clarified the portrayal of mechanically
interlocked structures, which cannot be drawn without
bonds crossing over and under one another. The first
example in a primary publication??®* came in the form of the
crystal structure (Figure 1.13) of a [3]catenate synthesized
in the Sauvage laboratory. The carbon atoms in each mac-
rocycle were uniquely colored, making each of the three
component parts immediately and effortlessly discernable.
This creative act represented a veritable leap forward in
MIM portrayal and heralded the changes in structural depic-
tion that would continue to evolve.

Figure 1.13 The solid-state structure of Sauvage’s [3]catenate.
The colors give unprecedented clarity (and beauty) to the
image. Reprinted with permission from ref. 123 (copyright 1987
Wiley-VCH)

Gradually, color made its way past crystal structures and
into different kinds of structural representation. Following
the two initial communications'#1% in 1988 describing in
colorful detail the structure and host-guest properties of
the tetracationic receptor, cyclobis(paraquat-p-phenylene)
(CBPQT*), the donor-acceptor mechanomolecules based
on CBPQT* were among the earliest compounds to be
depicted??® in the form of colored stereoformulas (e.g.,
Figure 1.14a) and graphical representations. The n-donors
were shaded in pillar-box red and the w-acceptors were
shaded in royal blue, which is part of the reasont that
CBPQT# is known (Section 2.3.3.8) as the “little blue
box".12" This color palette has remained in use for more

E Another reason for the ‘little blue box’ nickname is that the
compound is obtained on occasion as a blue-tinted solid. The blue
color arises when a population of the viologen subunits becomes
reduced to a radical cation.
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Figure 1.14 Examples of the use of color in depictions of various MIMs. Note how the colors and positions of component parts in the
space-filling structures reflect those in the stereoformulas to unify different representations of (a) a donor-acceptor [2]catenane,'® (b) a
strong hydrogen-bonded [2]rotaxane,'® (c) a transition metal-templated Solomon Knot,*® and (d) a benzylic amide [2]catenane.™'
Reproduced with permission from refs 128 (copyright 1991 Royal Society of Chemistry), 129 (copyright 2000 Wiley-VCH), 130 (copyright

1999 Royal Society of Chemistry), and 131 (copyright 1995 Wiley-VCH)

than 25 years to the present day. Nowadays, the use of
color has been embraced by many research groups and
spread well beyond mechanostereochemistry—indeed, sci-
entists in most fields of chemistry use color very effectively
for the sake of bringing clarity to their representations.

Several examples of colored MIMs are shown in Figure
1.14. In particular these examples?®-13 jllustrate how
color-coding the constituents of a MIM can form a cohe-
sive link between its various representations—two-
dimensional, three-dimensional, graphical, or otherwise.
The coherence and readability of these figures is what
makes them beautiful, in addition to our natural proclivity
for color. We will discuss shortly the use of graphical rep-
resentations (cartoons) to represent MIMs, a context in
which color can be employed to considerable advantage.
To the scientifically minded person, the beauty that color
gives to an image might have less to do with its aesthetic
appeal than with the augmented intelligibility it imparts. We
conclude that colors communicate molecular information
more clearly, precisely, consistently, and in our minds,
more beautifully as well.

1.2.4 Solid-State Portrayals

In the immortal words of John Keats, “beauty is truth, and
truth beauty.” We understand truth as that which is in accor-
dance with fact or reality. Crystal structures are arguably
among the most beautiful ways to represent molecules
because of their high content of truth. X-ray crystallography
provides some measure of truth about structure because
it provides information about the real positions of atoms in
the crystal, albeit in a form that is averaged over time and
space. Thus, nothing can be more accurate about the way

a molecule “looks”™—in the solid state at least—than an
X-ray crystal structure, save perhaps for some very recent
advances in single molecule imaging provided by atomic-
resolution microscopy.® When it comes to visualizing
mechanical bonds, a solid-state structure gives unique
insight into how the component parts in a mechanomole-
cule are oriented relative to each other, whilst also revealing
the presence of any noncovalent bonding interactions
between them. The ability to rotate and examine the struc-
ture of a MIM from any angle in three dimensions supplies
an immensely satisfying sense of connection with the
molecular world.

Likewise, three-dimensional renderings of MIMs remind
us instantly of some of the ordinary objects we encounter in
our everyday lives (see Section 1.1). Take Olympiadane,*3®
for example (Figure 1.15), with its five interlocked rings
unmistakably sharing the same topology as that of the
Olympic logo. Most catenanes bear resemblance at least to
the links of a chain, as their name implies. Regardless of
their resemblance to familiar objects, hundreds of crystal
structures of MIMs have been produced since their debut in
1985, when Sauvage*** published the first solid-state struc-
ture (Figure 1.16a) of a [2]catenane. It is impossible to do

Figure 1.15 The solid-state structure of Olympiadane,’* which
shares its topology with the logo of the Olympic games.
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Figure 1.16 Examples of beautiful X-ray crystal structures of
MIMs. (a) The first crystal structure of a MIM - Sauvage’s [2]cat-
enane.” (b) A branched heptacatenane'®® has a large number of
interlocked rings for a discrete molecule. (c) Two identical cat-
enanes embraced in a self-complexing dimeric assembly.’®®
(d) Beer’s first anion-binding rotaxane with its chloride tem-
plate.”” (e) A dynamically-assembled [4]rotaxane adopts a rigid
rod shape by n-n stacking interactions.’® (f) A simple and ele-
gant inorganic-organic hybrid [2]rotaxane.'™ Reproduced with
permission from refs. 134 (copyright 1985 Royal Society of
Chemistry), 135 (copyright 1997 Wiley-VCH), 136 (copyright 2000
Wiley-VCH), 137 (copyright 2002 American Chemical Society),
138 (copyright 2010 Wiley-VCH), 139 (copyright 2009 Nature
Publishing Group)

justice to all of the beauty contained in the databank of
solid-state mechanically interlocked structures. In Figure
1.16, we simply present a few examples that we find note-
worthy.3-1%° |n Section 1.3, see Figures 1.25, 1.27, and
1.29, as well as Scheme 1.3 to find more beautiful
mechanically interlocked crystal structures.

It is convenient here to discuss a different kind of
mechanically interlocked solid-state architecture made
possible through the development of metal-organic frame-
works!4-143 (MOFs) and coordination polymers. MOFs are
infinite, robust, crystalline networks composed of organic
struts coordinated to metals or metal clusters as secondary
building units (SBUs) and have very high porosities on
account of their rigid reticular architectures. The massive
amount of void space in some kinds of MOFs oftentimes
coaxes them into forming two or more interpenetrated
networks in the same crystal, i.e., polyrotaxane!** and cat-
enated frameworks.*>4” While researchers interested in
high surface areas and porosities want to avoid catenated
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MOFs as much as possible, they are marvelous structures
from the perspective of topology: these infinite catenated
networks are the molecular cousins of the sculpture in
Figure 1.6b. MIMs have also been introduced“® into
coordination polymers and MOFs as linkers by Kim,4¢1%0
Loeb,’-1%° our group in collaboration with Yaghi 0161
Sauvage,'® and Hupp,%2* as well as Sessler,65-167
Winpenny,'®® and Wang and Su.®® The example illustrated
in Figure 1.17, resulting from a collaboration with Yaghi,®°
incorporates a molecular catenane into a catenated MOF.
The beauty of this framework lies in its unprecedented com-
plexity, linker size, and topology—it is difficult to imagine
a crystal any more jam-packed with mechanical bonds.
The cartoon of the MOF in Figure 1.17d, which offers a
more palatable depiction of its topology, testifies to the
importance of the transition to graphical representations.
Coordination networks with mechanical bonds are dis-
cussed in Sections 4.1.3.5 and 4.2.3.8.

Figure 1.17 A catenated MOF with catenated linkers.’® (a) A ball-
and-stick representation of the X-ray crystal structure of the MOF
with the pendent catenanes omitted in order to aid in the visuali-
zation of the interpenetrated networks, colored in green and grey.
(b) The same MOF with pendant crown-10 macrocycles included in
red — only the CBPQT*" rings are omitted. (c) A complete view of
the MOF structure, in which the CBPQT** cyclophanes are assigned
space-filling representations in blue. (d) A graphical illustration
of the catenated MOF topology. Adapted with permission from
ref. 160 (copyright 2010 Wiley)

1.2.5 Graphical Representations

It will be recalled from Section 1.2.1 that first-generation
MIMs were represented primarily by primitive line drawings
and line formulas. Although Sauvage took a refreshing
step forward into stereoformulas and structural diagrams,
there was still a need to find a compromise between the
simple line drawings that convey only topology and the
detailed structural formulas that detail every atom and
bond. Again Sauvage was among the first to pioneer the
next evolutionary step: graphical representations/cartoons.
His 1985 report of a [3]catenate!™ included a graphically
simplified reaction scheme with shading (Figure 1.18a)
intended apparently for aesthetic purposes. Few, if any,
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Figure 1.18 Early examples of MIM cartoons. (a) Sauvage’s car-
toon of a [3]catenate.’”® (b) A synthetic scheme depicting the syn-
thesis of a donor-acceptor [2]catenane relies on abstraction, color,
and hash marks in order to emphasize topology, noncovalent
bonding interactions, and electronic properties.””' Reproduced
with permission from refs. 170 (copyright 1985 American Chemical
Society) and 171 (copyright 1991 Wiley-VCH)

other cartoons existed in the literature until the first donor-
acceptor [2]catenane was introduced!?® in 1989. The
importance of this contribution is in the way the information
about noncovalent bonding interactions is communicated
through the use of simplified graphics.”* Coloring in the
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Figure 1.19 A timeline of selected MIM cartoons from our laboratory.
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rectangles, etc. with felt-tipped pens helped to clarify
aspects of the molecular structure (Figure 1.18b) such as
its topology, the electron density of its component parts
(r-donor or w-acceptor), and the noncovalent bonds (thick
hashed lines) involved in its formation.

Although graphical representations are an effective
means of communication, they were met initially with a fair
share of criticism. As the years passed by, we and others
began taking the time to make them more aesthetically
appealing, paying attention to details like size, shape, shad-
ing, and readability. The result is that our cartoons—and
graphical representations more generally—have gone
through an evolutionary process of their own, represented
chronologically in Figure 1.19, which was more or less at
the point it is today by the year 2000. Two-dimensional car-
toons were displaced progressively by three-dimensional
ones, which inherently aid in the visualization of mecha-
nostereochemistry by their portrayal of perspective. Our
first 3D cartoon was a branched heptacatenane (Figure
1.19), which was illustrated directly below the space-filling
representation of the solid-state structure (Figure 1.16b) in
the original paper®®in 1997. A comparison between the two
modes of depiction makes it obvious why there is utility in
such cartoons; they do justice to the topology as well as the
Euclidean shape of the molecule.

Figure 1.20 presents a number of the different ways
that have been employed to represent the same catenane.
It is apparent that venturing into cartoons has opened
space for much more freedom and creativity in the repre-
sentation of molecules. Note that every type of cartoon in

O

I
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Figure 1.20 Different representations of the same donor-
acceptor [2]catenane: (a) line drawings and (b) line formulas were
the order of the day until the modern era of MIMs gave way to (c)
perspective stereoformulas and (d) crystal structures, as well as
(e) graphical representations. These cartoons (e) can be a helpful
compromise between these representations when attempting to
emphasize the topology, noncovalent bonding interactions,
shape, beauty, or function of a MIM. Adapted with permission from
ref 33 (copyright 2012 Springer)

Figure 1.20e has been published in the chemical litera-
ture. We conclude that the transition to cartoons has been
a boon in the field simply because they (i) highlight
topology by de-emphasizing atom and bond details, (ii)
allow for the denotation of features that structural formulas
lack—e.g., noncovalent bonding interactions, (iii) provide
a more focused picture of a molecule’s Euclidean shape,
(iv) declutter and beautify figures and schemes, and (v)
elicit creativity and inspire ideas for future research. The
fifth and last point is related to the subject of Section 1.2.6
on how MIMs have influenced the growth of molecular
nanotechnology.

1.2.6 Technomorphs

In some cartoons, a MIM can look less like a molecule
and more like a classical object, like a toy or LEGO set.
Take the MIMs in Figure 1.21 for example; these represen-
tations were drawn intentionally to look as though they were
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built from pipes, nuts, and bolts. Though they bear the
same topology as the molecules they represent, they look
more like the handiwork of a plumber than that of a synthetic
chemist—chemically meaningless unless placed in the
proper context. The objects in the figure hang in tension
between the molecular world and the ordinary world,
belonging ambiguously to both. The way in which these
images refer at once to molecular and classical objects has
been described by Joachim Schummer!? as a “Gestalt
Switch in Molecular Image Perception.” Schummer’s impor-
tant thesis about “an aesthetic phenomenon that symboli-
cally linked the world of molecules and the world of ordinary
objects, and...prompted the creation of a new sign lan-
guage” is embodied by images like those in Figure 1.21, for
which he coined the term ‘technomorphs.’ Note that some
cartoons in Figure 1.20 are also technomorphs.

The technomorphic representations of supermolecules
and mechanomolecules are truly valuable from both a
practical and an aesthetic standpoint. Practically speaking,
they played a role in inspiring chemists to think about mol-
ecules as classical objects and push back the frontiers of
molecular nanotechnology. Because of technomorphism,
suddenly a molecule that looks like a car should be driven
as though it were a car,'” those that look like cages should
trap things inside,® and so on. This mode of thinking
applies immensely to MIMs, where a frenzy of creative
research accompanies imaginative project titles. Over the
years, our own group has fabricated molecular shuttles,'™
switches,'”® push-buttons,!”® trains,’”” elevators,'”® pis-
tons,*”® muscles,*® abacuses,*®! motors,*®? and valves.'
Other groups have reported MIMs as molecular neck-
laces,'®418 |ocks,®” rotors,'® chameleons,'®® and charm
bracelets!®*—the list goes on and on. These types of
molecular nanostructures, whose names and representa-
tions are deliberately evocative, are known®*1%2 glso as
technomimetic molecules. It is apparent that the visionary
dream of nanotechnology is aided and abetted by the new
symbols borne out of supramolecular chemistry®*** and
mechanostereochemistry.®

Though we allow ourselves to talk freely about the beauty
of molecular structures, technomorphic representations are
among the few products of chemistry that can currently
withstand a formal aesthetic philosophy. Schummer, a phi-
losopher of science, has undertaken a systematic investi-
gation** of chemical representations in the context of

a)

Figure 1.21 Technomorphic representations of (a) a [2]catenane,
(b) Borromean rings, (c) a [2]rotaxane, and (d) a suit[2]ane. Adapted
with permission from ref. 33 (copyright 2012 Springer)



idealistic aesthetics (Plato, Kant),%* aesthetics of symbols
(Goodman),'*s and Eco’s semiotic theory,'*® concluding in
the negative on all but Eco’s theory. In brief, Umberto Eco’s
modern semiotic theory would recognize that technomorph
symbols are rich in aesthetic content because they (i) can
be interpreted ambiguously, (ii) challenge the interpreter
to develop new interpretations, and (iii) redirect the inter-
preter’'s attention to the symbol itself. In other words, an
individual's reflection on and interpretation of a techno-
morph is a bona fide aesthetic experience as well as a new,
powerful driving force for ongoing research.

It is good news that cartoons, particularly the subset
referred to as technomorphs, have been accepted by the
chemical community as a new symbolic language. The
result has been the formation of a symbolic link between
molecular and classical objects, images that appeal to a
broader audience—no background in chemistry is necessary!

1.3 Aesthetics of Mechanical Bonds

The various ways to represent MIMs on paper comprise,
more often than not, a portrayal of beauty in their own right.
In the previous Section, we have tried to engage you, the
reader, in the beauty of printed molecular representa-
tions. There remain many other ways to perceive the
beauty of molecular objects, some of them particularly
unique to MIMs, but the situation becomes less well-de-
fined when we depart from concrete illustrations and
images and venture into even more subjective territory.
Roald Hoffman,'®” a pioneer of molecular aesthetics, has
approached beauty in chemistry from the perspective that
“beauty is built out of individual pleasure around an object
or idea.” The aesthetic experience of molecular structures
is therefore inexorably tied up with our subjective biases.
Synthetically derived molecules are retroactively beautified
out of a psychological need to associate pleasure with hard
work. We find reasons to label a molecule beautiful and
experiments elegant, because we experienced much work,
time, and failure in order to achieve them. Nevertheless,
these notions of beauty are common to the experiences of
most, if not all, chemists, and are therefore very relevant to
a more complete understanding of the discipline of chem-
istry. The words of Nobel Laureate Charles Pedersen,'%
whose serendipitous discovery of crown ethers eventually
spawned the fields of host-guest chemistry,'*® supramolec-
ular chemistry,’*®* and mechanostereochemistry'®—are a
case in point:

“One of my first actions was motivated by esthetics
more than science. | derived great esthetic pleasure
from the three-dimensional structure of [the first crown
ether].” 18

Pedersen’s account demonstrates that molecular beauty
is not just an interesting topic for discussion; it can also
have a profound impact on scientific research. Here, we
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discuss aspects of beauty in MIMs that can be independent
of their printed representations. In other words, this Section
is about where chemists of the mechanical bond find plea-
sure in their research.

1.3.1 Beauty in Diversity

Molecular recognition motifs (Section 2.3) that are
reported in the literature as templates for MIMs are con-
tinually growing more and more diverse. They include
(Figure 1.22) molecules associating by dint of hydrophobic
forces (Section 2.3.1), molecules assembling around
cationic templates, such as transition metal (Section 2.3.2)
and alkali, alkaline earth, and lanthanide metal ions
(Section 2.3.8), m-associated donor-acceptor templates
(Section 2.3.3), hydrogen (Section 2.3.4) and halogen
(Section 2.3.5) bonding, anion binding (Section 2.3.6) and
ion-pairing (Section 2.3.7) templates. Cyclophanes
(Section 2.3.9), which often rely on a combination of these
different types of noncovalent bonding interactions to encap-
sulate guests, radical pairs (Section 2.3.10), homophilic
interactions (Section 2.3.11), and biomolecular self-as-
sembly (Section 2.3.12) provide yet more territory for pro-
ducing templation. The MIMs illustrated in Figure 1.22
represent some of the seminal examples!20:126.137.139.200-230 of
these motifs. The remarkable diversity of these interlocked
structures is a source of beauty. To quote Donald Hicks,?
“there is no time of year when the trees are more beautiful
than when they are different colors. Diversity adds beauty to
our world.” Although we can classify all of the supramolec-
ular recognition motifs involved in mechanostereochemistry
into only a handful of categories, there is ample diversity to
create a potentially endless variety of beautiful molecules
with mechanical bonds—an attitude captured by the ancient
writings of Sun Tzu in The Art of War —

“There are not more than five musical notes, yet the
combinations of these five give rise to more melodies
than can ever be heard.

There are not more than five primary colors, yet in
combination they produce more hues than can ever be
seen.”

1.3.2 Topological Beauty

Let us take a moment to clarify the difference between
topography and topology. The aspects of a molecule
relating to its geometry (tetrahedral, square planar, etc.),
symmetry, size, and shape, are characterized by its topog-
raphy. By contrast, the topology of a molecule relates to
geometric properties and spatial relationships that remain
invariant throughout continuous deformation, i.e., stretch-
ing, bending, and compressing bonds without breaking
them). It is well accepted that the beauty of a molecular
structure is often associated with its shape in Euclidean
geometry (topography), but here we recognize that beauty
can be associated with topology as well.
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Figure 1.22 Beauty in diversity. Seminal examples of MIMs employing various types of supramolecular templates. Hydrophobic tem-
plates: cyclodextrins,?® cucurbiturils,?®' metallacycles,®* and other charged cyclophanes.?® Cationic templates: transition metals,'* alkali
metals,?®* alkaline earth metals,?® lanthanides.?®® n-Donor/rn-Acceptor templates: bipyridinium derivatives (e.g., ‘blue box’) and crown
ethers,'?® bis(pyridinium)ethane,?” porphyrinic hosts,*® neutral m-acceptors,?® cyclidene chelates.?”® Hydrogen bonding: tetralactam
rings,?"" benzylic amide rings,*? tetraureidocalix[4]arene capsules,?® barbiturates,?™ dialkylammoniumccrown,”™ cyclic peptides.?'®
Halogen Bonding: charge-assisted.?'” Anionic templates: nucleophilic capture,?'® [N-H--Anion] hydrogen bonding,'*” [C-H--Anion] interac-
tions,?" [C-X--Anion] halogen bonding.?®® lon-pairing templates: integrated ion pairs,??' inorganic-organic hybrids,'*® salt bridges,?*?
traceless ion pairs.??* Other cyclophanes: calix[6]arenes,?*?*> pillararenes.** Radical-pair templates.?”22® Homophilic templates: self-
aggregation,?” crystallization-induced assembly.?° See Section 2.3.

David Walba? in 1985 was among the first to discuss
topological beauty in the primary literature, noting that
“topological stereochemistry is a unique field, esthetically
and intellectually pleasing in the extreme.” Two years later,
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Jean-Pierre Sauvage’s first major review?*2 of MIMs paid
tribute to the aesthetic value of catenanes and catenands.
He proposed that “the beauty of some molecules might be
independent of shape and rest only in [their] topological
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Figure 1.23 Projections of the 18 prime links with <8 crossings.
Reprinted with permission from ref. 33 (copyright 2012 Springer)

properties.” A review by Amabilino and Pérez-Garcia?*
constitutes a delightful look at topological molecules in the
context of how chemists represent them. Sauvage and
Amabilino?*® have also engaged the beauty of molecular
knots in a chapter in a monograph®? on Beauty in Chemistry.
We refer the reader to these articles for further discussion
on topological beauty.

In the field of mathematical topology, all closed loops are
called knots. Three-dimensional knots are often character-
ized by the minimal number of crossing points in their
two-dimensional projections. In Alexander-Briggs?* notation,
prime knots are catalogued by their crossing number, with
subscripts denoting an arbitrary order amongst other knots
with equal crossing numbers. A circle with no entanglement
is known as the unknot (crossing number 0), while the sim-
plest non-trivial knot is the trefoil knot (crossing number 3).
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Two or more knots interlocked in space are known in math-
ematics as links. Links can be described?** by an extension
of the Alexander-Briggs notation, where each link is charac-
terized by its crossing number, with a superscript denoting
the number of component knots and a subscript denoting an
(arbitrary) rank order. Figure 1.23 shows the 18 prime links
with less than eight crossings. Only 2% (a [2]catenane or
‘Hopf link’),** 42 (a doubly interlocked [2]catenane
or ‘Solomon Link’),%* 62, (a triply interlocked [2]catenane or
‘Star of David' catenane),”*® 6°, (Borromean Rings),*” and
6°, (cyclic [3]catenane)®® have been reproduced (Figure
1.24) in the form of synthetic molecules—see Section 4.1.1.

Although unlinked knots lack any formal mechanical
bonds because they lack component parts, they are never-
theless topologically non-trivial mechanically interlocked
objects. The challenge of synthesizing knots in molecular
form has been met (Figure 1.25) with considerable suc-
cess. Importantly, molecular knots have also paved a
pathway for chemists to follow, inspiring molecular designs
that incorporate other types of mechanical bonds. For
example, Sauvage’s seminal synthesis of a trefoil knot?3°:240
from a dinuclear metallohelicate was the conceptual pro-
genitor of his Solomon Link synthesis?*® from a trinuclear
metallohelicate. Likewise, Leigh’'s seminal pentafoil knot
synthesis?*+242 from a cyclopentameric double helicate set
the stage for the construction?® of his Star of David cat-
enane from a cyclohexameric double helicate. Other
topologically non-trivial structures lacking mechanical
bonds, such as composite knots?*® and ravels,?**245 provide
further inspiration for the rational design of mechanically
interlocked molecular topologies.

Other types of catenane topologies include composite
(Section 4.1.2), multi-annulated (Section 4.1.3), and
covalently bridged (Section 4.1.4) links. Selected seminal
examples (Figure 1.26) of several of these topologies
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Figure 1.24 Seminal examples of synthetic prime links: 2%, [2]catenane / Hopf link,"" 42, doubly interlocked [2]catenane®* / Solomon
Link,*> 6, triply interlocked [2]catenane / Star of David,** 62, Brunnian link / Borromean Rings,*’ 6%, cyclic [3]catenane.”®
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Pentafoil Knot

Trefoil Knot

Figure 1.25 Knots, such as the seminal trefoil knot reported by
Sauvage* and the pentafoil knot reported by Leigh' are
topologically non-trivial molecules which lack mechanical bonds,
yet have laid the foundation for the synthesis of MIMs with exotic
topologies and architectures.

include (i) Sauvage’s radial [n]catenanes,?*¢ topologies
also championed by Kimoon Kim?84186.247 ynder the banner
of ‘molecular necklaces’, (ii) Fujita’s macrobicyclic homo[2]-
catenane of triply interlocked cages,?® (iii) Kuroda's
macrotricyclic homo[2]catenane of quadruply interlocked
cages,?* (iv) a macrobicyclic [3]catenane, also known as a
bis[2]catenane,?® (v) a branched [6]catenane,'®* (vi) a
side-chain poly[2]catenane,??* (vii) a main-chain poly[2]cat-
enane, which was originally introduced by Geerts,??2 (viii) a
macrotricyclic hetero[2]catenane, introduced by Becher?®
(ix) a macrobicyclic hetero[4]catenane resulting from a
collaboration between Vogtle and Sauvage,?®* (x) cova-
lently bridged [2]catenanes, which originated!®® as
precatenanes in Schill's directed syntheses, but later
became known?*-25" as pretzelanes or [2]pseudocat-
enanes (xi) a doubly threaded macrobicyclic [2]catenane
introduced by Becher?® under the title of a [3]pseudocat-
enane, a topology also known?%2! as a ‘handcuff
catenane, (xii) a [4]pseudocatenane introduced by Chen,?5?
(xiii) a macrotricyclic hetero[7]catenane arising from a
Nitschke-Sanders collaboration,?%® (xiv) Vogtle’s cyclic bis[2]-
catenane,?* and (xv) Chiu’s cyclic tetrakis[2]catenane.?6®
The structures of many beautiful MIMs have also been
elucidated in the solid state by X-ray crystallography. Space-
filling representations of several of these novel topologies
are presented in Figure 1.27. The collection includes
examples of all of the synthetic prime links,34236-238.266
composite links such as a [3]catenane,'® [5]catenanes—
namely, Olympiadane®®** and Kimoon Kim’s® appropriately
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titted ‘molecular necklace’*® radial [5]catenane—as well as
a branched [7]catenane,’®® a pretzelane,®” [3]- and [4]
pseudocatenanes,®%%2 gcyclic?® and cyclic®® bis[2]cat-
enanes, and other topologies based on multi-annulated
component parts®® or molecular cages.?*249270 A more
complete discussion of molecular topology is available
Section 5.2.4, while the diversity of topologically linked
molecules are summarized more comprehensively in
Section 4.1. Topologically trivial architectures with
mechanical bonds have also been prepared, and will be
described in Section 1.3.3 and Sections 4.2-4.3.

1.3.3 Architectural Beauty

A synthetic chemist has the opportunity to experience the
same thrill that architects and artisans encounter when
designing and building something new. We use the term
‘architecture’ to describe MIMs as we widen our scope from
mathematical topology to include topologically trivial
species such as rotaxanes. Mechanostereochemistry is full
of opportunities to create new and exotic architectures.
In Figures 1.28-1.29 we feature the stereoformulas and
solid-state structures, respectively, of a handful of MIMs
with beautiful architectures.

A number of rotaxane-based architectures involve the
installation of covalent bridges between mechanically
bonded component parts. Recalling that covalently bridging
the topological linkage of a [2]catenane results in a pretzel-
ane (Section 4.1.4.1) and bridging two rings of a [3]cat-
enane results in a handcuff catenane / pseudocatenane
(Section 4.2.3.4), opportunities abound for linking various
rotaxane component parts with covalent bonds, giving rise to
a more diverse set of architectures—[1]rotaxanes, figures-
of-eight, daisy chains, Bonnanes, bundles, elevators, suit-
anes, and others—depending on the nature of the covalent
bridge(s). A [1]rotaxane?*?"2 (Figures 1.28b, 1.29e, Section
4.2.3.1) is the result of covalently linking the ring of a
[2]rotaxane to its dumbbell. This architecture is also known
as a molecular ouroboros,?*?™ a molecular lasso,>”**"" or a
[cl]daisy chain.?® A ‘molecular 82" or figure-of-eight?0281
(Figure 1.29j, Section 4.3.4) arises from connecting the ring
to the axle on both sides. Daisy chains®? (Section 4.2.3.2)
also comprise conjoined ring-rod component parts, yet they
are cross threaded into acyclic or cyclic oligomers and poly-
mers known?®® as [an]daisy chains or [cn]daisy chains,
respectively, where n is the number of ring-rod monomers in
the assembly. Examples of [c2]daisy chains?®*%% (Figures
1.28d, 1.29f) and [c3]daisy chains?® (Figure 1.28h) are pre-
sented. Coutrot®?®” has described macrocyclized [c2]daisy
chains and nicknamed them ‘rotamacrocycle’ architectures
(Section 4.3.2). Bistable daisy chains can express.2e8-201
muscle-like actuation properties—see Section 6.13.1.1.

Other covalently bridged rotaxane-like architectures
involve bis-, tris-, or tetra-macrocyclic species. Linear rotax-
anes with covalently bridged rings (Section 4.2.3) have
been dubbed ‘bonnanes’ by Vogtle,?*? after the city of Bonn,
Germany'’s former ‘bridge capital’. Rotaxanes possessing a
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[2]Catenane
‘Hopf Link’

Doubly Interlocked [2[Catenane
‘Solomon Link’

Radial [5]Catenane
‘Molecular Necklace’

Triply Interlocked [2]Catenane
‘Star of David’

Catenated
Macropentacyclics
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Catenated

Macrobicyclics Borromean_Rings

[2]Pseudocatenane
‘Pretzelane’

[3]Pseudocatenane
‘Handcuff’ [2]Catenane

[4]Pseudocatenane

Catenated Macrotricyclics ‘Ship’s Wheel

Figure 1.27 Space-filling representations of the solid-state structures of some beautiful MIM topologies: [2]catenane, [3]catenane,'
[5]catenane (Olympiadane),’ [5]catenane ‘molecular necklace;® branched [7]catenane, eightfold interlocked multicatenane,?® triply
interlocked coordination cages,?*® quadruply interlocked coordination cages,***° Solomon link,?*® Borromean Rings,?’ triply interlocked
‘Star of David’ [2]catenane,?¢ cyclic [3]catenane,?® pretzelane,®” doubly threaded ‘handcuff’ [2]catenane or [3]pseudocatenane,®® ‘ship’s
wheel’ [4]pseudocatenane,®? bis[2]catenane,?® cyclic bis[2]catenane.?®> Solvent molecules, counterions, and protons are omitted for the

sake of clarity.

single bridge between two rings have also been called®®
handcuff rotaxanes, by analogy with handcuff catenanes.
Cyclic [4]rotaxanes (Figure 1.28c) have been introduced?*
in which two bis-macrocycles are threaded by two dumbbells
to give a ladder-like geometry. Sauvage®® has obtained a
crystal structure (Figure 1.29i) of a cyclic [4]rotaxane based
on transition metal templates. Tris- and tetra-macrocyclic
‘platforms’, which are triply or quadruply interlocked with tri-
podal or tetrapodal ‘rigs’, respectively, have been described
as mechanically interlocked ‘bundles’,?*® and ‘molecular ele-
vators’,'® the latter case pertaining to situations where a
platform can be translocated under the influence of external
stimuli—see Section 6.13.1.3. A triply interlocked bundle?®
is illustrated in Figure 1.28g, while the solid-state structure
of a fourfold interlocked molecular elevator®72% is repre-
sented in Figure 1.29d. A suitane (Section 4.3.5) is a mole-
cule that has been named®?® to reflect a molecular ‘suit’
which mechanically envelops a multi-limbed molecular ‘body’
(a suit[n]ane has n ‘limbs’). A suit[2]ane (Figure 1.299) thus
involves a bulky molecular core bearing two appendages, all
of which are encircled by a unibody macrotricyclic ‘suit’.
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There remain many architectures with mechanical bonds
beyond simple two- or three-component rotaxanes that do
not involve covalently bridged component parts.
Polyrotaxanes, for example, are relatively commonplace in
the literature—see Section 4.2.1.1. Recently, it has proven
to be possible to control the secondary structure of oligoro-
taxanes, creating large, well-defined rigid-rods*¢3® (Figure
1.28i) and foldamers®*-%%* (Figure 1.28j) based on the
mechanical bond. Another type of multicomponent
architecture is that of the rotacatenane (Figure 1.28a,
Section 4.3.1), first introduced” in 1999, which comprises a
[2]catenane threaded by a molecular dumbbell. More
recently, the term rotacatenane has been expanded to
describe®* larger architectures possessing both rotaxane
and catenane moieties. A similar concept involves two
dumbbells encircled by a single ring—an architecture
(Figure 1.28e, Section 4.2.1.2) first created by Anderson.3%
Sauvage®® and Leigh®” have also created examples of
these doubly threaded architectures, the latter case, which
was nicknamed a ‘molecular sheaf’, includes a crystal
structure (Figure 1.29c) of the architecture. A larger
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Figure 1.28 Seminal examples of MIM architectures. (a)
Rotacatenane.’” (b) [1]Rotaxane,”" (c) Cyclic [4]rotaxane.”* (d) [c2]-
Daisy chain,?®* (e) Doubly threaded [3]rotaxane,** (f) Macrocyclic
[c2]daisy chain double-lasso.?!” (g) Triply interlocked [2]rotaxane.?®
(h) [c3]Daisy chain.® (i) Rigid-rod oligorotaxanes.’*3% (j)
Oligorotaxane foldamers.3°1302

molecular sheaf (Figure 1.29h) comprising two dumbbells,
each encircled by two inorganic rings, has also been
described by Leigh and Winpenny.13®

The solid-state structures of two particularly unusual archi-
tectures are depicted in Figure 1.29a-b. Jiang and Huc'®
have produced a number of ‘helix-rod’ host-guest complexes,
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which resemble [2]rotaxanes wrapped (Figure 1.29a) in
molecular helices instead of rings. The mechanical bond in
this case lies in a grey area (see Section 3.1.1) since the rod
and helix can dissociate, although the timescale of exchange
is relatively slow, on the order of days, when the stoppers
are sufficiently bulky. Stang and Chi! have reported the
self-assembly of a rotaxane-like ring-in-ring architecture
(Figure 1.29b) in which two bulky metallacycles are
mechanically interlocked, yet not catenated.

Helix-Rod ||

Ring-in-Ring @ i

[2]Rotaxane [2]Rotaxane

Doubly Threaded [3]Rotaxane
Molecular Sheaf

Fourfold Interlocked [2]Rotaxane
Molecular Bundle

[1]Rotaxane / [c1]Daisy Chain
Molecular Ouroboros / Molecular Lasso

51 Inorganic-Organic Hybrid
[4]Rotaxane Molecular Sheaf

Molecular %
Figure-of-Eight

Figure 1.29 Solid-state structures of some beautiful MIM architec-
tures. (a) Helix-rod rotaxane.”” (b) Ring-in-ring rotaxane. (c)
Doubly-threaded [3]rotaxane.?” (d) Fourfold interlocked [2]rotax-
ane.”® (e) [1]JRotaxane.?’? (f) [c2]Daisy chain.®> (g) Suit[2]ane.
(h) Organic-inorganic hybrid doubly threaded doubly encircled
[4]rotaxane.”™ (i) Cyclic [4]rotaxane.®*> (j) Figure-of-eight.?®'
Solvent/matrix molecules, counterions, and C-H protons are omit-
ted for the sake of clarity.
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Given all of the pleasure and beauty derived from cre-
ating new interlocked architectures, we have only scratched
at the surface of what is possible. Many of the molecules
shown in this Section were already framed in the context of
beauty in the primary literature, and we expect that aesthetic
considerations will continue to motivate new architectural
developments.

1.3.4 Simplicity and Elegance

Simplicity is probably the least controversial trait that a
molecule needs to be beautified in the minds of chemists,
who have always been drawn to Platonic notions of beauty.
Who could blame chemists for this kind of thinking?
Simplicity is tied to the pleasing virtues of balance, sym-
metry, wholeness, and harmony. It is also tied to clarity and
comprehension, which is tied to truth (Section 1.2.4), which
is tied to beauty. When a chemist examines a simple mole-
cule, a network of these related concepts inevitably leaves
him or her with a sense of pleasure and satisfaction.

There is no lack of beautifully simple MIMs. The quintes-
sential example is the all-hydrocarbon [2]catenane (Figure
1.30) prepared by Schill,*% in which the simplest non-trivial
topology is constituted only by methylene units. Other beau-
tifully simple MIMs comprise highly symmetrical structures
that make them “easy on the brain”, such as many of the
compounds in Sections 1.3.2 and 1.3.3. Although these mol-
ecules look relatively simple, it is clear that an IUPAC name
would be far from simple, a testament to the growing impor-
tance of images and graphical representation in chemistry.

(28]
[46]

Figure 1.30 Stereoformula of an all-hydrocarbon [2]catenane
introduced by Schill.3” Bracketed numbers denote the number of
carbon atoms constituting each ring.

Although we are, no doubt, aesthetically drawn to simple
molecules—recall the Platonic solids from the introduction—
experiments are where the beauty of simplicity truly shines.
While we have chosen the word ‘beauty’ to describe the
aesthetic value of structural representations, ‘elegance’ is a
term that has been employed®® to describe the aesthetic
value of experiments. Here, we present some selected
examples of experimental milestones that embody elegance
in mechanostereochemistry. This case is our only foray into
experimental beauty and the list is by no means exhaustive.

1. Templated Synthesis: Sauvage!? revived an all but
forsaken discipline by introducing (Figure 1.31) transition
metal templates for synthesizing MIMs. His raison d'étre for
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Figure 1.31 Sauvage’s scheme depicting his seminal template-
directed strategies for synthesizing MIMs. A tetrahedral center ori-
ents U-shaped species appropriately for subsequent ring-closure,

resulting in a catenate. Reprinted with permission from ref. 120
(copyright 1983 Elsevier).

using coordination chemistry to position organic precursors
appropriately to interlock them in subsequent reactions,
which dramatically reduces the number of steps and
increases the yield by orders of magnitude over those
obtained for previous MIMs, was supremely elegant. Figure
1.31 portrays his shorthand drawing of the original template
strategies'® for catenane synthesis. Sauvage’s templated
synthesis set the stage for the plethora of novel molecular
recognition motifs (see Figure 1.22 and Section 2.3)
employed today in the making of mechanical bonds.

2. Thermodynamic Control: MIMs can now be synthe-
sized routinely in near-quantitative yields—a convenience
that can be attributed in large part to the advent of thermo-
dynamically controlled protocols, although a number kineti-
cally controlled reactions are also high vyielding. See
Chapter 3 for a review of MIM synthesis under thermody-
namic control. Seminal examples!?°202309-314 of glegant ther-
modynamically controlled protocols for making mechanical
bonds are illustrated in Figure 1.32. They include (in order
of appearance) (i) slippage®® (Section 3.1), which involves
the passage of a ring over a size-complementary stopper
that is sufficiently bulky to prevent deslipping, (ii) olefin
metathesis®® (Section 3.4), which involves a catalyst—
typically Grubbs’ Ru alkylidene catalysts—scrambling the
constituents of double bonds, (iii) disulfide exchange
(Section 3.5.1), which involves the oxidative coupling of
thiols and reductive cleavage of disulfides, (iv) kinetically
labile metal-ligand bonds (Section 3.2)—a revolution led
by Makoto Fuijita,?°? (v) reversible nucleophilic substitutions
(Section 3.5.2), such competing S, 2 processes®? in
dynamic equilibrium, (vi) imine bonds!?*%5 (Section 3.3.1)
whose reversible nature facilitates the self-assembly of
MIMs, (vii) boronic esters®?® (Section 3.3.3) formed revers-
ibly from boronic acids and diols, and (viii) self-assembled
monolayers®* (SAMs) (Section 3.6).

We emphasize here that thermodynamically controlled
reactions—especially olefin metathesis, metal coordination,
and imine bonding—have been indispensible in orches-
trating the self-assembly of many of the most exotic,
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Figure 1.32 Examples of elegant thermodynamically-controlled reactions employed in the near-quantitative synthesis of MIMs. Slippage3®®
involves the passage of a ring over a size-complimentary stopper that is sufficiently bulky to prevent deslipping. Grubbs' catalysts impart
olefin-containing MIMs with dynamic properties by scrambling the constituents of double bonds via olefin metathesis.3'° Reversible disul-
fide bonds establish thermodynamic control by disulfide exchange.3'" Labile coordinative bonds are employed in the self-assembly of

MIMs.22 A weakly nucleophilic leaving group (I") competes with a n
tion.3'2 Reversible imine bonds facilitate the selection of MIMs from

ucleophilic macrocylization/catenation event in a reversible S 2 reac-
dynamic combinatorial libraries.”® MIMs can be self-assembled from

boronic acids and diols via the reversible formation of boronic esters.>” Self-assembled monolayers (SAMs) provide a means to mount
rotaxanes on surfaces under thermodynamic control.>'* See Chapter 3.

beautiful, and challenging topologies and architectures
including molecular necklaces,84186:190247.316317 handcuff cat-
enanes,?°2¢0:318 mechanically interlocked cages,?30:248:249.270.319
molecular trefoil knots,*2°3% pentafoil knots,?*242 Solomon
knots,324326 Borromean rings,®%7327328 the Star of David
catenane,®® the cyclic [3]catenane,® daisy chains,32°:33%0
molecular bundles,®! and very large discrete rigid-rod
oligorotaxanes.38:300

3. Active Template Synthesis: A step beyond the template
is the *active template,’ introduced in 2006 independently by
the groups of Saito®? and Leigh.®*® An active template is a
moiety acting simultaneously as a template and a catalyst.
It relies on the use of a macrocycle that is capable of

immobilizing a template/catalyst within its cavity, such that it
promotes an endotopic ring-closing reaction (for catenanes)
or coupling (for rotaxanes), resulting in a mechanical bond. A
cartoon depicting the concept of an active metal template is
shown in Scheme 1.1. The elegant dual role of the template
means that the metal ion can be used in sub-stoichiometric
amounts without compromising vyield, and permanent
coordination sites need not be built into every component
part of the corresponding MIM. Although they are relatively
new to the scene, active templates have already been
employed®* in the synthesis of rotaxanes, catenanes, trefoil
knots, shuttles, and switches, making use of copper-
catalyzedHuisgenterminalazide-alkyne 1,3-cycloadditions, 33
Glaser terminal alkyne homo-couplings,®? Ullmann-type
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Scheme 1.1 Generalized mechanism of active template syn-
thesis,*** exemplified by the case of a [2]catenane. (i) A metal cata-
lyst (gold) is bound within the cavity of a macrocycle (blue). (i) A
reagent (red) coordinates the metal within the macrocycle. (iii)
A covalent bond is formed catalytically, resulting also in the
topological and mechanical bond of a catenane. (iv) The catalyst is
regenerated and the catenane is expelled. See Section 2.4.

C-S couplings,®*? Cadiot-Chodkiewicz alkyne heterocou-
plings,®** as well as Pd- and Ni-mediated homocouplings,36:3%
Ni-catalyzed sp-sp® homocoupling of unactivated alkyl
bromides,07%%# oxidative Heck cross-couplings,®* Michael
additions,**° Diels-Alder reactions,**! and Goldberg amida-
tions.3*? See Section 2.4 for a review of active template strat-
egies. This new method of making mechanical bonds is
undeniably versatile and elegant.

1.3.5 Complexity and Emergence

Opposite the pleasure of comprehension, harmony, and
tidiness that goes with the topics of simplicity and elegance
is the pleasure of surprise and learning that accompanies
therelated concepts of complexity3*®34and emergence.34-34
Since complex systems are inherently difficult to under-
stand, beauty must be sought in tension and challenge
rather than simplicity and harmony. Emergence, however,
is immediately pleasing when we encounter it: the
‘Eureka’ moment, the recognition that the whole is greater
than the sum of its parts, that the output could not be
predicted by inspection of the input. Emergence arises
out of complexity—it is the diamond at the bottom of a
dark mine.

We are in danger of conflating ‘complex’ with ‘compli-
cated’. While there is undoubtedly beauty to be found in
both, in science they have different meanings. Complexity
is related to chaos—dynamic, non-equilibrium, and practi-
cally unpredictable phenomena. Chaos theory was borne
out of meteorology and mathematics and is conceptually

30

(and hypothetically) demonstrated by the famous “butterfly
effect,” a metaphor coined by Lorenz3*° which questioned if
the flap of a butterfly’s wings could trigger catastrophic
weather weeks later and many miles away. Complexity and
chaos is a growing and highly multidisciplinary field of
research, characterized by systems that are highly sensitive
to variations in initial conditions. By contrast, ‘complicated’
only refers to things that are, well...complicated—something
with many parts or intricacies, perhaps. Again we find our-
selves in muddy waters, where we must admit that there is
a prominent subjective air to this business of complexity
and emergence. What is complex to one person might
seem only complicated to another, wiser person. What is
emergent now will not be emergent in 100 years when it
is more deeply understood. For example, the literature is
sprinkled with tales of serendipity—unexpected discoveries
of mechanical bonds in reactions that were intended for
other purposes. Among the most famous of these allegories
are the fortuitous discoveries of hydrogen-bonded cat-
enanes of the neutral variety—see Figure 1.22 and
Section 2.3.4.1. Hunter’s seminal synthesis?* of a tetralac-
tam [2]catenane was an unexpected result of an attempt to
make a simple macrocycle. Likewise, Leigh's first benzylic
amide catenane was isolated'® serendipitously as the
unexpected product of a reaction intended to prepare a
macrocyclic host for CO,. These stories reflect the subjective
and temporal dependence of discovery and knowledge—
although they were unexpected at the time of their dis-
covery, these hydrogen-bonded molecular recognition
systems are now well understood and employed with high
frequency and success in mechanostereochemistry. Today,
few would argue that they are extraordinary in terms of
emergence and complexity. On the other hand, Whitesides®**
has noted that even the simplest organic reactions are com-
plex when considered rigorously—substrates can adopt an
unlimited number of conformations and reactants have an
enormous variety of interactions with solvent molecules,
ions, other reactants, and so on. Hence, chemistry is an
empirical science. We understand these truly complex
reactions by correlating structure and reactivity in the light
of lots of data. In this sense, emergence might be an area of
chemistry where our data is too incomplete to give us a reli-
able understanding of structure-response relationships.
With this disclaimer, we share a few examples that we find
of emergence in mechanostereochemistry.

A promising arena for observing emergent phenomena
is dynamic combinatorial chemistry®° (DCC), which
involves a pool of molecules interacting through revers-
ible covalent bonds. Often, preferred species in the
dynamic combinatorial library (DCL) of these reactants
can be selected and/or amplified under certain experi-
mental conditions, such as the addition of a template or a
change in solvent polarity or temperature. It can take
days or weeks for a DCL to reach equilibrium and pass
through an array of complex and emergent structures.
Even at equilibrium, DCLs can easily be complicated,
even complex or chaotic when they are highly sensitive to



initial conditions. Sanders®*! demonstrated (Scheme 1.2)
this idea beautifully in 2005, when he reported a DCL
composed of a peptide (pPFm) that equilibrates over three
days into a variety of macrocyclic oligomers ranging in
size from a dimer (M2) up to a hexamer (M6), yet a more
elaborate [2]catenane comprising two 42-membered
M3 rings is formed as the dominant species in the
presence an acetylcholine additive, if given enough time
to equilibrate—see Section 3.3.2.

Another possible case?®?® of emergence (Scheme 1.3) is
the fortuitous isolation of a Solomon Knot from the same
pool of precursors employed in the self-assembly of the
molecular Borromean Rings. Whereas a dynamic combi-
natorial library (DCL) of 2,6-diformylpyridine (DFP) and
2,2 -bipyridine derived diamine (DAB) ligands leads to the
self-assembly?"22 of molecular Borromean Rings in the
presence of several metal templates, including Zn" or Cu",
the unexpected emergence®*® of a doubly-interlocked
[2]catenane (Solomon Knot) is observed®?® upon crystalli-
zation of a DCL containing an equimolar mixture of zZn"
and Cu" templates. The outcome’s high sensitivity to
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Scheme 1.2 Sanders’dynamic combinatorial library based on the
reversible imine bonds of the dipeptide building block pPFm,
which yields mainly oligomeric macrocycles (M2-M6) until an
acetylcholine template is added, which selects and amplifies an
exquisite hexameric [2]catenane.!
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Scheme 1.3 The self-assembly of molecular Borromean Rings732
from a dynamic combinatorial library (DCL) containing DFP and
DAB ligands with divalent metal combinatorial library (DCL) of
2,6-diformylpyridine (DFP) and 2,2"-bipyridine derived diamine
(DAB) ligands leads to the self-assembly*’328 of templates, as well
as the unexpected emergence of a Solomon Knot*** upon
crystallization of a DCL containing a 1:1 mixture of Zn" and Cu"
templates. Tubular representations of solid-state structures are
illustrated with protons, counterions, and solvent molecules omit-
ted for the sake of clarity.

subtle changes in initial conditions, with solvent, counter-
ions, and templates all playing an important role in the
(not yet well understood) crystallization process indicates
a complex interplay of interactions. The crystallization of
the Solomon Knot is most likely a kinetically controlled
process, since the Borromean rings are the dominant
species in solution, and indeed crystals of a Solomon knot
possessing only Zn" templates can be hand-separated
from the crystals of Borromean rings under different
crystallization conditions.®?® More recently, a subtle struc-
tural modification to the DAB ligand involving the addition
of methylene spacers in between the amino and bipyri-
dine moieties was found to lead to the simultaneous
self-assembly®? of a [2]catenane, trefoil knot, and
Solomon knot in one pot, providing further evidence for
the complexity of the equilibrium governing the formation
of these molecular topologies.

It has been discovered®® that a polymer can demonstrate
emergent phenomena when catenated under thermody-
namic control. The previously-developed3!? iodide-catalyzed
self-assembly of donor-acceptor [2]catenanes has been
applied to a polymerizable monomer containing a derivative
of cyclobis(paraquat-p-phenylene) (CBPQT*") in 84% vyield.
When dimerized, the catenation proceeds in an unsurprising
49% vyield. However, when the catenation is performed on
the poly-CBPQT# compound, the reaction unexpectedly
proceeds (Scheme 1.4) to >99% completion. This result®3
has been rationalized by postulating a cooperative,
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Scheme 1.4 A polymerized derivative of the tetracationic cyclo-
phane CBPQT* displays the emergent property of quantitative
thermodynamic catenation by iodide-catalyzed self-assembly
with the DN38C10 crown ether macrocycle. The analogous mono-
meric and dimeric species do not react quantitatively.*

synergistic templating effect by nearby tetracationic cyclo-
phanes on the backbone of the polymer that are not present
in the monomeric and dimeric compounds.

Owing to the ambiguous meanings of complexity and
emergence, spectacular examples of emergent phe-
nomena in mechanostereochemisty may abound, or they
may be exceedingly rare, depending heavily on one’s
opinion. Nevertheless, the chemistry of complexity is sure
to become a busier and ever more pleasing avenue that
chemists will continue to traverse.

1.3.6 Beautiful Machines with Mechanical Bonds
Humanity has beautified machines since at least the time
of the European Renaissance—as exemplified by the
fusion of art and natural philosophy (the forerunner to
modern science) in the manuscripts of the one and only
Leonardo da Vinci—and probably for almost as long as
machines have existed. Countless modern marketing cam-
paigns are aimed at portraying the beauty of machines—
automobiles, timepieces, electronic devices, and so on—in
order to gain business. Molecular machines, such as the
protein-based enzymes and assemblies that carry out life-
sustaining nanoscopic work inside of cells, are perhaps the
most beautiful machines of all because they were crafted
by Nature over billions of years of evolution to express
astonishing feats of mechanical work and motion against
the enormous chaotic thermal fluctuations that dominate
objects on the nanoscale, embodied by the “wiggles and
jiggles” known as Brownian motion.***3%° One of the most
compelling aspects of MIMs is that their architectures are
well suited for designing artificial molecular switches and
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machines. See Chapter 6. The motion of one component
part relative to another can often be controlled by an external
stimulus in bistable and multistable MIMs. The fact that
MIMs can express these mechanical motions in response
to an influx of energy is the reason why they are often
referred to as “molecular machines” or “motor molecules”,
though it would be more accurate to call most of them
switches unless the motions are harnessed to do work.

The ring of a catenane or rotaxane can be shuttled
(Figure 1.33) from one site to another under the influence
of a wide variety of stimuli, including redox, light, pH,
cations, anions, solvents, covalent reactions, temperature,
molecular recognition, pressure, and mechanical force.
Seminal examples!™2%6-3¢5 of molecular switches employ-
ing these stimuli are illustrated in Figure 1.33, representing
another case of beauty in diversity. In more recent years, a
number of important examples!®365-26° of mechanically
interlocked systems expressing biased, mechanostereose-
lective, or “unidirectional” motion have been described, as
well as a number of molecular ratchets that exhibit3%-376
energetically demanding and entropically unfavorable
transport—see Section 6.15.2. These molecules are
setting the foundation for artificial molecular machines that
can perform complex tasks more akin to biological molec-
ular machines. Reviews and monographs on the subject of
mechanically interlocked molecular machines, such as
switches and motors, are abundant in the literature.377-3%

A car that doesn't start or a computer that doesn’t boot up
are machines that many people would more likely describe
as ‘useless’ rather than ‘beautiful’. Likewise, molecular
switches that simply bump around and tumble randomly in
solution aren’t very useful—they must carry out a functional
task to be considered machines in the true sense of the
word. Thus, the most beautiful molecular machines are
those that we put to work for us. One of most promising
strategies for garnering function from artificial molecular
machines is to organize them at interfaces or in bulk.397-4%©
See Sections 6.14 and Section 6.15.1. Here we highlight
several noteworthy examples of molecular machines that
go beyond being simple switches.

Wouldn't it be amazing if the tiny nanomotions of artificial
molecular machines could be cooperatively scaled up to do
work on macroscopic objects? Nature has implemented
this strategy in muscle tissue, where the chemically driven
mechanical motions of molecular machines known as
myosin are scaled over many orders of magnitude, courtesy
of their integration within a hierarchically organized material
comprising bundles of aligned filaments. Rotaxanes have
been recognized?®®288-2%1 for their ability to express muscle-
like extensile and contractile motions. Furthermore, some
single-molecule investigations?*°14%2 of switchable rotaxanes
by force spectroscopy have shown unequivocally that they
are capable of generating force, even against an external
load, an observation which bodes well for the future of
artificial molecular machines.

An enticing demonstration?#®®-4% of the possibility of doing
macroscopic work with mechanically interlocked artificial
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Figure 1.33 Beauty in diversity. Different types of stimuli that drive mechanically interlocked molecular switches include redox,'” light,**
pH,**” cations,**® anions,**? solvent,*®® covalent bonding,**! molecular recognition,**? temperature,*®* pressure,*** and mechanical force.>%

33



The Nature of the Mechanical Bond

molecular machines been devised by immobilizing zillions
of redox-switchable, palindromic bistable [3]rotaxane
‘molecular muscles’ on the surface of a thin gold-coated
microcantilever. Remarkably, the chemical or electrochem-
ical redox actuation (Figure 1.34) of these anchored mole-
cules bends the cantilever up and down, a movement that
can be detected with a laser beam focused on its surface.
Although it remains below the macroscopic scale, this
experiment demonstrates that energy can be transduced
and work can be done by molecular switches organized at
an interface. More recently, Giuseppone?*®4%” has demon-
strated that the concerted acid/base actuation of bistable
[c2]daisy chain monomers embedded in a long metallosu-
pramolecular polymer can change its countour length by
several microns—orders of magnitude greater in scale than
the individual switches embedded in the backbone, and
that aggregates of hydrogen-bonded [c2]daisy chain supra-
molecular polymers exhibit very different morphologies
when the monomers are in the contracted and extended
states. These experiments provide a strong proof-of-
concept that rotaxanes are capable of serving as artificial
muscles—see Section 6.15.1.2.

Leigh*%® described an experiment in 2005 that also uti-
lizes molecular switches to transport (Figure 1.35) a macro-
scopic droplet across a surface. Bistable rotaxanes were
physisorbed onto a surface and irradiated with UV light,
which led to the photoisomerization of an olefin in a
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Figure 1.34 Electrochemically driven mechanical actuation of a
gold-coated microcantilever by bistable [3]rotaxane ‘molecular
muscles*® (a) Structural formula of a palindromic bistable
[3]rotaxane with gold-binding dithiolanes attached to the rings.
(b) Graphical representation of the reversible bending of a canti-
lever by actuation of a self-assembled monolayer (~8 billion mole-
cules) of the rotaxanes on its surface. The rotaxanes ‘contract’when
stereoelectronic changes induced by redox stimuli cause them to
glide in opposite directions. (c) Diagram of the electrochemical cell
(Ag/AgCl, Pt, and the cantilever are the reference, counter, and
working electrodes, respectively) and combined AFM device used
to measure the bending by detecting a laser beam reflected off of
the cantilever’s surface. Adapted with permission from ref. 33
(copyright 2012 Springer)
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Figure 1.35 Light-driven transport of a diiodomethane droplet
up a 12°incline on a Au(111) surface coated with a SAM of 11-mer-
captoundecanoic acid and physisorbed, photoswitchable bistable
[2]rotaxanes.® In the ground state (top), the ring preferentially
encircles an unfluorinated fumaramide recognition site and the
exposed tetrafluorosuccinamide recognition site contributes to
the polarophobicity of the surface. When a light beam focused on
one side of the droplet causes some of the fumaramide (trans-ole-
fin) units to isomerize to maleamide (cis-olefin), the ring within this
population of the photostationary state shuttles to encircle the
fluorinated recognition unit (bottom), which decreases the surface
polarophobicity and causes the droplet to move several millime-
ters uphill. Photographs reprinted with permission from ref. 408
(copyright 2005 Nature Publishing Group)



population of the rotaxanes and caused the ring to shuttle
over to a fluorinated recognition site, which in turn changed
the polarophobicity of the surface. Photoswitching the sur-
face in this manner underneath one side of a diiodomethane
droplet causes it to move several millimeters up a 12° incline.

Now for a bit of science fiction: what if single molecules
could be utilized to perform logic operations or store
information, like transistors? A joint effort toward this end
between ourselves and Heath,***-4¢ which addressed the
organization and electrochemical actuation of bistable
donor-acceptor MIMs as molecular monolayers within
crossbar interfaces known as molecular switch tunnel
junctions (MSTJs), culminated*® after a decade in a high
density memory device (Figure 1.36) in 2007. The mono-
layer of bistable rotaxanes was incorporated into a cross-
bar logic architecture (Figure 1.36c) in a size regime
corresponding to little more than 100 molecules per
junction. Actuation of the bistable switches in these MSTJs
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Figure 1.36 A 160-kbit molecular electronic memory device.*'¢
(a) Structural formula of the molecular switches used in the device.
(b) Technomorph representations depicting how the molecular
switches can be electrochemically toggled “on” and “off” in the
device into co-conformational states with different conductivities.
(c) SEM image of the intersection between top (red) and bottom
(yellow) electrodes for the MSTJs. (d) Microscopic image of the
memory device (blue area) and its electrical contacts (red)
with white blood cells (green) as a reference of scale. Reprinted
with permission from ref. 33 (copyright 2012 Springer)
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Figure 1.37 Examples of mechanized mesoporous silica nanopar-
ticles (MSNPs).418-420 (a) Illustrations of the functions of rotaxane
nanovalve and snap-top mechanisms for controlled release of
cargo.>** (b) SEM image of MSNPs. (c) TEM image of MSNPs.4'®
(d) Structural formula of an a-cyclodextrin (aCD)-based snap-top
rotaxane blocking the pores of a MSNP. The stopper is connected
to the axle by an amide bond or an enzyme-cleavable ester bond.
(e) Release profile of rhodamine B from the snap-top MSNPs.*°The
addition of pig liver esterase decomposes the mechanical bond by
cleavage of the ester-linked stopper, which releases aCD and
hence the cargo from the nanoparticles, an outcome which is
monitored by the fluorescence intensity of rhodamine B. Controls
employing an amide bonded snap-top or deactivated enzyme do
not release significant amounts of cargo from the MSNPs. SEM and
TEM images reprinted with permission from ref. 418 (copyright
2009 Royal Society of Chemistry), release profile adapted with per-
mission from ref. 449 (copyright 2008 American Chemical Society)

validated them as storage elements; about 25% of the bits
had sufficient on/off ratios to be configured into a device.
The resulting 160-kilobit memory circuit had a density of
10% bits-cm2, for a total memory cell size of 0.0011 mm?,
which is approximately the cross-sectional area of a white
blood cell (Figure 1.36d). A memory circuit of these dimen-
sions is roughly on par with that of a storage density pro-
jected*'” to be available in 2020 if Moore’s Law continues
to be obeyed.

The question inevitably arises: can we build artificial
molecular machines that are “smart” enough to respond to
signals within our bodies, releasing therapeutic drugs or
diagnostic contrast agents, for example, only at a localized
and desired site? Once again, reality is not so far from the
dream. A number of research groups are developing a
variety of “mechanized nanoparticles™%-42° (Figure 1.37)
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fining the ring to the rotaxane’s dumbbell.

with these applications in mind. Efforts thus far have been
associated chiefly with the covalent functionalization of
supramolecular and molecular switches on the surfaces
of mesoporous silica nanoparticles?* (MSNPs, Figure
1.37b-c) that can act as stimulus-responsive (Figure
1.37a) gates to the nanopores.*?2423 Since 2004, bistable
rotaxanes and pseudorotaxanes at the surface of these
nanoparticles have been demonstrated over and over
again to release cargo selectively from MSNPs in response
to changes in pH,179424-434 |ight,435-442 redox stimuli,183:443-446
and salt concentration,*” as well as in oscillating magnetic
fields*® and as a result of the introduction of specific
enzymes*®4° or small molecules.**-*3 Figure 1.37d-e
provides one example**® of how these mechanized
nanoparticles operate, depicting the release profile of
‘snap-top’ rotaxane-gated MSNPs that are activated with
an enzyme to release their internal cargo. One of the pH-
responsive systems has been shown to work autono-
mously to release cargo in vitro,*?® making these materials
highly promising candidates as drug delivery vehicles.
The large number of examples produced in a relatively
short time span signifies these nanocarriers as useful,
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beautiful applications of artificial molecular machinery.
See Section 6.15.1.1.

With the exception of muscles, most of Nature’s
machines do their work on the nanoscale. A particularly
important apparatus is the ribosome—the large, complex
protein assembly responsible for reading the information
encoded in messenger RNA and synthesizing the
corresponding polypeptide chains that fold into proteins.
Leigh** has constructed an artificial molecular machine
that relies intimately on the mechanical bond to perform
the ribosome-like task (Scheme 1.5) of synthesizing an
oligopeptide chain in a sequence-specific manner. The
machine is constructed by a combination of active tem-
plate synthesis and Cu'-catalyzed azide-alkyne cycload-
dition (CuAAC) click chemistry to display a short
cystine—glycine—glycine peptide sequence appended by a
hydrazone linkage to a ring, which encircles a dumbbell
possessing a pre-defined sequence of protected, phenolic
ester-linked monomers, each separated by a rigid spacer.
Once assembled, the machine is set into action by acidic
deprotection of these reactive monomers, as well as by
the addition of a non-nucleophilic base, which facilitates



a reaction known as native chemical ligation**> (NCL),
wherein (i) the dumbbell’'s peptide monomer in closest
proximity to the ring is captured by trans-acylation to the
thiolate site of the ring’s reactive cystine residue, resulting
in a thioester, which (ii) undergoes S—N shift, transferring
the peptide monomer to the N-terminal residue, or “elon-
gation site”, at the end of the ring’s peptide chain.
Sequence specificity arises from the fact that each
monomer displayed by the dumbbell acts as a stopper,
forbidding the passage of the ring until it is cleaved, thus
preventing any amino acids from being transferred to the
elongation site out-of-turn. After the ring has picked up all
three of the dumbbell’s monomers by this sequential O—»S /
S—N acyl transfer process, it is no longer constrained by
a mechanical bond and is therefore free to diffuse away
from the dumbbell. The oligopeptide chain can then be iso-
lated by hydrolysis of the hydrazone bond. Several limita-
tions prevent this machine from competing with solid-phase
peptide synthesis or the ribosome—Ilong timescales (~12 h /
peptide), short sequences limited to only a few amino
acids, and loss of sequence information after it is “read”
and “written”. Despite these limitations, this ingenious
piece of exquisite chemistry, which has been praised for
its likeness to a Turing machine,** an automated peptide
synthesizer,*®%7 and indeed the ribosome,*74%¢ repre-
sents a major landmark for molecular machines and the
mechanical bond.

The beauty of employing controlled molecular mechanical
motions to do work and perform technologically important
functions is similar to that of technomorphic representations
(Section 1.2.6) in the sense that it draws a connection
between the molecular and macroscopic worlds. Artificial
molecular machines remind us of the classical machines
we know and use every day, although they operate under
completely different principles on account of the enormous
thermal fluctuations that lead to Brownian motion on the
molecular size scale. The tension between these two worlds
presents a challenge that has led chemists to respond with
creative, often bio-inspired solutions to operating machines
at low Reynolds number. At the same time, the awesome
molecular machinery of the cell has provided inspiration for
the first artificial molecular machines that can perform com-
plex tasks on the nanoscale, building a beautiful bridge bet-
ween the synthetic and natural worlds.

1.3.7 The Art of the Mechanical Bond

We consider many of the figures and schemes of MIMs in
the primary literature to be artwork in and of themselves,
yet even more deliberate artwork inspired by MIMs has
been created for journal covers and graphical abstracts
over the years, along with the occasional work of art for
arts’ sake. We have curated a collection of over 100 cover
artimages in Appendix A paying tribute to publications that
have been featured on journal covers on topics related to
the mechanical bond. The large number and diversity of
these titles reflects the interdisciplinary nature of the field
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and the highly creative and immensely productive attributes
of its practitioners. Paintings (Figure 1.38) by Mike
Thompson, which decorate the walls of the Evanston labo-
ratory, are inspired directly by the topological beauty of
mechanomolecules.

We do not need any convincing that the mechanical
bond is indeed “a work of art”. Although it is framed mostly
outside the bounds of any formal aesthetic framework,
molecular beauty is very much a part of chemists’ experi-
ence. At the end of the day, MIMs are beautiful because
they are researched by hard-working, passionate people
who cannot help but to take pleasure in their work. We find
beauty in many aspects of the mechanical bond, from its
prevalence in nature (Section 1.1.1), art (Section 1.1.2),
and daily life (Section 1.1.3), to the pleasure of building
new supramolecular (Section 1.3.1) and molecular topol-
ogies (Section 1.3.2) and architectures (Section 1.3.3),
to the appeal of elegant new protocols (Section 1.3.4),
the prospect of uncovering complex and emergent phe-
nomena (Section 1.3.5), not to mention the remarkable
potential and functional utility of molecular switches and

Figure 1.38 MIM-inspired paintings by Mike Thompson.
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machines (Section 1.3.6). At the same time, many chem-
ists are surely artists at heart, sculpting molecules instead
of clay, synthesizing masterpieces instead of painting
them, even demonstrating a knack for visual presentation
as evidenced by the development of new graphical modes
(Section 1.2) of communication, such as the cartoons
and technomorphs that simultaneously aid in commu-
nication and stimulate innovation. Roald Hoffman®” has
commented, “It never ceases to amaze me how a
community of people who are not talented at drawing, nor
trained to do so, manages to communicate faultlessly so
much three-dimensional information.” We add to this
comment our amazement at the beauty such images can
bear, and their ability to draw connections between mole-
cules and classical objects. Whether we speak of images,
topologies and architectures, experimental elegance, or
functional novelty, the research associated with mecha-
nical bonds is indeed a pleasing, beautiful, and rewarding
line of work.

1.4 Evolution of Mechanostereochemistry

We close this introductory Chapter with a perspective
and brief assessment of the growth and development of
the field of chemistry that deals with mechanical bonds—
or, as we call it—mechanostereochemistry.®1” Without a
doubt, the mechanical bond will continue to evolve. We
believe that the publication of this book is timely because
the evolution of MIMs appears to be approaching a turning
point. The evolutionary tree is no longer a sapling as it
enters a new stage of life. Soon it will not be possible to
consolidate the diverse aspects of the mechanical bond in
chemistry into a single volume. Consider the degree to
which the field is growing (Figure 1.39)—the histograms
tracking the approximate number of publications® (Figure
1.39a) and literature citations (Figure 1.39b-c) on the
topic of catenanes and rotaxanes on a year-by-year basis
reveals that the number of articles published in this field
each year has undergone steady and linear growth for
over two decades, beginning around 1990. At the close of
2015, there were well over 3000 publications and almost
100,000 citations related to catenanes and rotaxanes in
chemistry. The journals with 10 or more publications
indexed under the keywords ‘catenane’ or ‘rotaxane’ at the
close of 2015 are ranked in Figure 1.40, with general
chemistry journals such as the Journal of the American
Chemocal Society, Angewandte Chemie, and Chemical
Communications dominating the spread, in a testament to
the interdisciplinarity of the field. Geographically, the publi-
cations on mechanical bonds originate (Figure 1.41) from
all around the world: Japan and the United States are in
close contention to be the most active countries in this
particular field of research, with the UK and China not far
behind. In spite of this evidence for a remarkable world-

F Publications were tabulated in Scifinder (www.scifinder.com)
using the keywords ‘catenane’ and ‘rotaxane’
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wide interest in mechanical bonds at the molecular level,
we note that the whole of mechanostereochemistry is
underrepresented in our statistics, since mechanical bonds
are prevalent in many synthetic compounds (Section 4.3)
and biomolecules that lie beyond the scope of catenanes
and rotaxanes.

Another way to put perspective on the field is to look at
the rhetoric of the literature in a time-resolved manner. The
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artwork® in Figure 1.42 portrays words that are scaled
according to their frequency of appearance in the abstracts of
the most highly cited papers from different eras of the
mechanical bond. These eras are divided into four time
periods: Pre-1990, 1990-1999, 2000-2010, and 2010-2015.
Some trends can be identified by careful inspection of the
most frequently used words during these eras. Prior to 1990,

¢ These word art images are based on the first ~10,000 words to
appear in abstracts, ranked in order of citation frequency for
papers matching the keywords rotaxane or catenane.
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Figure 1.41 The distribution of publications indexed under the
keywords, catenane or rotaxane, color-scaled on a world map
according to country of origin.

the prominence of words such as copper, catenate, catenand,
and ligand reveal that the early literature prior to the boom of
research beginning in 1990 was dominated by Sauvage's
work on metallo-catenanes and rotaxanes. In the 1990s,
words such as assemble, self-assembly, complex, and supra-
molecular become much more visible, reflecting the novel
template-directed synthetic methods based on supramolec-
ular chemistry which became a high priority. In the 2000s, we
can see words such as systems, control, machine, device,
movement, and switch come into the limelight, suggesting
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Words are scaled according to the frequency with which they
appear in the highly cited literature.
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that molecular switches were a heavy focus of this time
period. Finally, a remarkable spike in research activity has
placed pillararenes among the most frequent words in the
highly cited abstracts of the current era, though we must
wait at least another five years to find out which concepts
will truly represent the hot topics of the present decade. An
astute observer will notice from the information in the publi-
cation histogram (Figure 1.39a) and word art (Figure 1.42)
that rotaxanes have been outcompeting catenanes in terms
of research attention. Although much of the seminal work
on mechanical bonds was done on catenanes, most of the
growth of the field has been driven by rotaxane research.
Catenane research, on the other hand, appears to have
reached a plateau, at least for the time being. This inequality
among the two main types of mechanically bonded mole-
cules may be related to superior synthetic accessibility and
potential applications of rotaxanes.

The evolution of the mechanical bond is not unlike
Darwinian evolution by natural selection***—for example,
events of differentiation can be identified in an evolutionary
tree (Figure 1.43) describing milestones (see refs. 18,65,
101,103-106,115,116,118,120,126,129,131,
137,139,149,185,200-211,213-215,218,219,221-224,
226,227,229,230,248,269,307,310,324,332,333,335,
336,338-342,351,460-502) in the synthesis of mechanical
bonds, where new strategies and template motifs have
been introduced. An analogy to Darwin’s ‘survival of the
fittest’ mechanism for natural selection is also at play in
mechanostereochemistry, since the majority of publications
related to MIMs are attributable to only a handful of the
‘fittest’ types of recognition motifs: (i) hydrophobic forces
(Section 2.3.1), especially those underpinning the supra-
molecular chemistry of the cyclodextrins and cucurbiturils,
(i) transition metal templates (Section 2.3.2), especially
those based on copper, (iii) n-donor/r-acceptor templates
(Section 2.3.3), especially those based on viologens, and
(iv) hydrogen-bonded templates (Section 2.3.4), especially
those based on macrocyclic lactams and crown ethers—
which represent approximately 75% of the literature on
mechanical bonds. See Figure 2.87 in the conclusion of
Chapter 2 for a breakdown of the literature by template
classification. Some of the newcomers to the field, such as
anion binding (Section 2.3.6), active template synthesis
(Section 2.4) and the host-guest chemistry of the pillara-
renes (Section 2.3.9.2), are proliferating rapidly.

The evolution of the mechanical bond is also captured
in a timeline (Figure 1.44) showing how molecules with
mechanical bonds have ‘grown up’ from a foundation of
synthetic reactions and protocols, through to contemporary
devices and applications. In the beginning, synthetic
reactions and protocols for making mechanical bonds rep-
resented the only kind of research in mechanostereochem-
istry. As synthetic techniques (Chapters 2-3) became more
highly developed—the most significant of which was the
advent of template-directed synthesis—making mechanical
bonds became more and more routine. As MIM synthesis
was being mastered, more time and resources became
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Figure 1.44 Timeline of research on the mechanical bond.

available for the development of new mechanically
interlocked architectures (Chapter 4), novel types of
dynamics, isomerism, and chirality (Chapter 5), as well as
molecular switches (Chapter 6). This stage of research is
also reaching maturity, clearing a path for the next stage,
which will be associated with artificial molecular machines
(Chapter 6) and practical applications for mechanical
bonds in science and technology. Although progress will
continue on all of these fronts, the time is now upon us to
cast aside our complacency, forsake our muddling along in
solution, and press on to new frontiers—e.g., integrated
systems, materials, solid-state chemistry, genuine molec-
ular machinery, non-equilibrium self-organization and
dynamics, applications in energy and medicine, complexity
and emergence, and so on. We expect that, as the field
pushes back these frontiers and others, a compilation of
the important discoveries of the past will help to set the
stage for this next act.

It is clear to us that the mechanical bond represents a
flourishing field of chemistry, to the extent that a completely
comprehensive review of the entire body of literature would
be next to impossible. We have tried to strike a balance bet-
ween being as comprehensive as possible in our coverage
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of topics related to MIMs, with the goal of summarizing
synthetic protocols, molecular design motifs, techniques,
dynamics, applications, significance, and future directions
for the field, yet we have been forced in many cases to
select only what we consider to be the most influential
research. In this regard, we would be the first to admit that
we might have been blind to or ignorant of some pieces of
research that will give momentum to the mechanical bond’s
rise to prominence in chemistry.
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