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Summary in German

Diese Doktorarbeit befasst sich mit dem Design und der Synthese von redox-aktiven
mechanisch verzahnten Molekilen. Hierbei kombiniert die Arbeit den Designansatz der Form
und Struktur von mechanisch verzahnten Molekilen mit wissenschaftlichen Methoden zur

Herstellung von genannten Molekulen.

Die Arbeit ist dem Themengebiet der supramolekularen Chemie zuzuordnen, welche sich mit
der Thematik, wie einzelne molekulare Einheiten miteinander interagieren und ein grof3eres

Bild erzeugen, befasst.

Die Doktorarbeit konnte fir Wissenschaftler von Interesse sein, welche sich mit mechanisch
verzahnten Molekilen, System Chemie oder System Biologie auseinander setzen. Da die
Arbeit sich im relativ breitem Feld der organischen Chemie befindet, kdnnte auch aus diesem

Bereich ein Interesse bestehen.

Zusammenfassend, erforscht die Arbeit mechanisch verzahnte Molekile, mit besonderem
Fokus auf den Interaktionen der Untereinheiten, Bewegungen und Umlagerungen. Auf3erdem
wurden ausgiebig Strategien fur die Synthese von solchen Molekilen erforscht und tber 5

Kapitel prasentiert.






Summary in English

This thesis is about the design and synthesis of redox-active mechanically interlocked
molecules. The work combines a designer approach towards the form and structure of these

molecules with scientific method in endeavours of preparing these molecules.

The general field of the work is in supramolecular chemistry and concerns thinking on how

parts of a molecule work together in the whole structure.

The work may be interesting for scientists working with mechanically interlocked molecules,
systems chemistry, systems biology as well as researchers in organic chemistry, as this is the

chemistry that was used in the synthetic procedures.

To summarise, the work explores how parts of mechanically interlocked molecules relate with
each other, how they move and rearrange. Synthetic strategies toward making these

molecules are explored and presented in five project-based chapters.
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fiStudy hard what interests you the most in the most undisciplined, irreverent and original

manner possibleo

-Richard Feynman-

Xl






Acknowledgments and Gratitude

There is not enough space on this page to thank my family for all the continuous support
through the ups and downs during my life and of course during the time it took to get to this

point of writing this thesis.

| have my biggest thanks to Prof. Dr. Christoph A. Schalley for this opportunity. There is
actually so many things to thank for. | have to thank Christoph for his acceptance of me, as |
am and for allowing me to grow as a scientist, learning to make my own decisions and
experience my mistakes. This is incredibly valuable going forward. | have to thank Christoph
for allowing all the freedom in taking the projects forward and for all the support in working
with the bachelor students. Also for endless inspiration, talks and opportunities to help out with

exams and coursework. And so much more.

| have to thank my bachelor students i Hashray Bowhoo, Moris Roske, Sara Machleit, Jonas
Klagge, Nhat Hong Luu, Emil Dziedzic, Bahram Qasemalizadeh, Maren Herrendorfer and my
master intern Victoria KAmmer for a lot of things. | will remember and tell about you also to my
grandchildren. It really felt like being something of a junior professor with a mini group to look

out for and take care of. A lot of the work described in this thesis was done together with them.

| thank Hashray the long days during the covid pandemic, where worked on irregular schedule
for a long time. Thanks for the breakfast you once shared on a Saturday morning, for going

over a lot of this thesis, making it so much better. And for always motivating me to continue.

I thank Moris for the lunches he bought for me, teaching me about communism and socialism
in Germany and being more aware of my own feelings. | also thank for the couple nights | he

offered me to stay over when | was in need.

| thank Sara for her endless enthusiasm and going along with my suggestions and thoughts.
| still remember going over the details of the project the first time outside the Schalley lab by

the trees. It was a pleasure to have the many conversations about everything.

| thank Jonas for his hard work, determination, going for more. When | first met him in the
student | abs, he told me he wants to take
want to hear. Ambitious students to bring to the group. | am so excited to see how his own

scientific journey will go!

I thank Nhat for his laughter, hard work, jokes and making the time at the lab so much more
enjoyable and fun. Despite his best efforts to appear lax, he is actually hard working and
dedicated.

XV

my

p |



I thank Emil for helping me figure out what kind of supervisor | want to be, how to structure
and plan projects. | also thank for all the donuts we shared, going to swim at the Krumme

Lanke and all the support | have had from him since he finished his bachelor thesis.

| thank Bahram for all the hard work, dedication, support and fun we have had. Despite some
things not working, Bahram was always upbeat and motivated to continue. | have learnt a lot

in working with him.

I thank Victoria, who was a model student and also a model scientist for me, who | aspire to
be like. | have learnt lots of note taking, process organising things as well as having a great

time and fun discussions.

| thank Maren for her dedication, enthusiasm and the delicious cake she prepared. | also have
to thank her a lot in helping me learn better on how to best supervise and structure work, and

what can be expected of your team.

I thank all of my students for allowing me to become a better mentor to them and learning to
appreciate everyone individually, finding what works for each of them. | have to say that all of
my students worked hard when with me and readily understood many complex scientific ideas,
even those who did not previously get good grades in lectures or some achievements. Just

goes to show you, that people flourish in the right environment.

In this light, |1 have to thank Prof. Dr. Sigfried Eigler for always agreeing to be the second
examiner for my students, for reading their works and asking insightful questions during the
defences. | appreciate this a lot. | also thank Prof. Dr. Sigfried Eigler for agreeing to be the

second reviewer for this thesis.

| thank Prof. Steffen Bahring of Syddansk University for some mentoring, for being
encouraging, supporting and answering many questions and for providing some molecules

toward the project described in chapter 2.

| want to thank Adrian Saura-Sanmartin for keeping my sanity during our stay together at the
1.09 lab. His dedication to the craft, knowledge of the field, extensive jokes and mentorship
really means a lot to me. | am so thankful that | got to know him and got to learn from him and
work beside him. | thank Adrian for many times helping out in solving problems and also for

looking after my students when | was not able to.

I want to thank Hendrik Schroéder, who welcomed me into the group when | first joined and
taught me the ropes of how to be. He is an inspiration and | aspired to me much like him as a

chemist. Much of the work in this thesis also follows his ideas and creations.

XVI



| give my thanks to the technical department of the NMR and MS for all the work that they do
in aiding our scientific investigations. | want to also thank Reinhold for mentoring me during
the weeks of teaching the practical chemistry courses. He was so kind and thoughtful about

every student and this was inspiring to me.

| want to thank everyone of the Schalley group for many wonderful days, grills in the summer,
beers after work, Christmas celebrations and keeping up with me. Many have also gratefully

answered questions that my students had about their work. Thank you so much!

I would also like to give a shoutout to my friends outside my academic life for supporting my
sanity and mental health during this arduous journey. The people ofthe RNg& communi ty wh
I was writing this thesis and my drum/bass teachers for continuously giving me creative energy

required.

| thank Hashray, Sara, Jonas, Emil and Victoria for their efforts to make this thesis work better
with their insights, comments and corrections on drafts of various chapters. Their support in
the long journey of writing was really needed. | also thank Prof. Dr. Christoph Schalley for his

comments that made this thesis more solid and structured.

| thank Emil for translating the summary of this thesis into German.

XVII



Outline of the thesis

Declaration of QUINOISNIP ....ceviiiiiiiiiiiiiiieee e Vi
SUMMEANY TN GEIMNAN ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeas IX
SUMMANY 1N ENGISH ... Xl
Acknowledgments and GratitUde ..........coooeeeiiiiiiiiiii e e XV
OULIINE OF thE TNESIS ... XVIII
T g o [UTot i o] o WP PT PP PPPPPPPPPTPPRN XXl
Theory Chapter 1 : GENEral tNEOIY .........cii i i e 1
1.1 Supramolecular ChEMISIIY.........oouiiiii i 1
1.2 Mechanically interlocked MOIECUIES ..............uuuimiiiiiiiiiiiiiii e 5
1.3  Formation of mechanically interlocked molecules ...............ccccuviiiiiiiiiiiiiiiiiiiiiiis 13
1.4 EQUILIDIIUM .o 17
1.5 Coupled equilibria and information tranSfer..................eeeeiiiieiiiiiiiieees 22
1.6  Energy driven CellUlar PrOCESSES .....ciieeiiiiiiiiicie et e s 26
1.7  Assembly out of equIliBIiUM .. ... 29
1.8  Driven processes iN MIMS........oouuiiiiiii e 34
1.9  REdOX-BCHVE MIMS ....coiiiiiiiiiiiee et e e e e e ns 39
Theory Chapter 2 : Specific theory - motions of MIMS ..........ccoeiiiiiiiiiiiiiici e, 45
2.1  Kinetics and motion : a brief OVErVIEW ... 45
2.2 Higher Order rotaXanes ..........ccoiiiiiiiiiiiiiiie e 46
2.3 MOLIONS IN FOTAXANES .....cciiiiiiiiiiieeee e 52
2.4 Motions in multithreaded rotaXxanes ... 64
2.5 MOLIONS IN CALENMANES .....eeiiiieiiiiiiiiei ettt e e e e e e e e e e e st e e e e e e e aeanes 70
2.6 RINg-through-ring MOLIONS. ..... oo i 79
2.7 CONCIUSION ... 86
L0 o= o] = PSS 89
Preparation of the redox-active tetrathiafulvalene unitS............ccccooiiiii i 89
1.1  Literature on tetrathiafulvalene Synthesis ............ccccccuiiiiiiiiiiiiiiiiiis 90
1.2  Target redox-active units TTF I-1 and TTF [-2..........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiineees 96

XVIlI



1.3 Choice of reagentsto make the TTF I-1.......ccoiiiiiiiiiieice e, 97
1.4  Choice of reagentsto make the TTF [-2.........iiiiiiiiiiee e 103
1.5 CONCIUSION ...ttt e e e e e 106
I BT 2 . 107
Synthesis of the redox-active 10N-Pair FECEPION........ccoee e 107
2.1 The goal of the project i the target molecule .............ccccovviiiiiii 108
2.2 SYNTNETIC SIAtEY ....ceeiiiiiiiiiiii e 111
2.3 Synthesis of the precursor pyrrolo-TTF H-13 ... 114
2.4  Literature on synthesis of TTF annulated calix[4]pyIToles........ccoeveeeeriiiiiiininnenns. 119
2.5  Synthesis of the bis-macrocycle H-1........ccooooiiiiiiiiiii e 123
2.6  Redox studies of bis-macrocycle 1I-1 and precursor H-12.........ccc.ocoevviviiiicennennn. 130
2.7  Binding attempts with the bis-macrocycle H-1 ..., 133
2.8 Intermediate CONCIUSION .......ccooiiiiiiiiiiiiiiiiic e 139
2.9 Concept ideas of rotaxanes structures with bis-macrocycle -1 ............ccccceeeee. 140
2.10 The target rotaxane H-45. ... 145
2.11 Synthetic plan towards the target rotaxane 11-45 ...........ccccciiiiiii 148
2.12 Mechanodiastereomers Of H-45. ... 150
2.13 Synthesis towards rotaxane H-45...........cccoiiiiiiiiiiiiiiie e 153
2.14  CONCIUSION ...ttt e e e et e e e e e e e e e e e e e e e e 156
(O F=T o] (=1 g PR PPPPPUTP 157
Formation of TTF-crown ether rotaxanes through clipping ..........cccvieieiiiiiiiiiiiie e, 157
3.1 MOIECUIAI PUMPS ..o 158
3.2  The goals for thiS PrOJECT.......ccouviiiiiiiiii 161
3.3 Clipping crown ether macrocycles - literature...........cccoeeevveveiiiiiiiii e 163
3.4  TTF and alkene metathesis. ... 165
TR T O 110 o] 1 o = 111=] 0] o K= 169
3.6 CONCIUSION ... 173
IC TV AR Yo [0 |11 o] g F= 1 o0 g [od =] o] £ 7S 175
(O =T o] =] PR 177

XIX



Towards a multithreaded redoX-active rotaXane..............oouvuriiiiiieeeeeeiiie e 177
4.1  The goals Of thiS PrOJEC........ii i e e 178
4.2  Multithreaded rotaxanes in [ierature ..............cccvvviiiiiieiiiiiiieee e 179
4.3  Design of the macrocycle IV-11 for a redox-switchable multithreaded rotaxane.. 185

4.4  Design considerations to prepare a redox-switchable multithreaded rotaxane .... 190

4.5  Synthesis of the MacroCyCle IV-11 .............uuuiimiiimiiiiiiieiiiiiiieieiee e 192
4.6  Synthesis of the StOPPEr IV-33 ... e it 199
4.7  Trial reactions towards rotaxane IV-41..........cccccuiiiiiiieiiiiiiiiiee e 206
4.8  Intermediate CONCIUSION ......coiiiiiiiiiiiiiii e 218
4.9  Axle structures for a multithreaded redox-active rotaxane.............cccoocevvvveveeeennn. 221
4.10 Directionality of axles with respect to each other...........ccccvvviieii i, 232

4.11 Design and Synthesis of axle 1V-56, containing an ammonium and an amide binding

S £= 1[0 KT TP P PP PP PP PPPPPPR 236
4,12 CONCIUSION ...ttt 242
4.13  OULIOOK TOF FUTUIE ...ttt nnnnes 244
BT B 255
Towards an 06i nv edberedammonum catesaheh.e.r............ccoeuneeeee 255
5.1 The goal of thiS PrOJECT.......ccoiiiiiiiiiiii 256
5.2  Relevant literature conditions for Clipping...........coviieiiiieiiiiiiice e, 258
5.3  Synthesis of the axle V-10 for the catenane V-7 ..........cccvvviiiiiiiie e, 261
5.4  Salt formation and salt exchange reactions...........ccccevveeeiiiiiiiiiii e, 263
5.5  Attempts to prepare the [2]catenNane V-7..........ooouiiiiiieeiiieecicee e 266
5.6 CONCIUSION ..ot 278
5.7  OUHOOK TOr TUTUIE ..o 280
Conclusion for the thesis work as a Whole..........ccoooioiooiiiii 291
L 1111 (o o1 PR 296
CPTET B .. 299
L q 0= 1] 0= 1 €= SRS 299
6.1 General notes on analytical ProCeAUIES .........oooiiiiiiiiiie e 299

XX



6.2  Experimental procedures for chapter | ..o, 300

6.3  Experimental procedures for chapter Il ..o, 311
6.4  Experimental procedures for chapter Hl ..., 347
6.5 Experimental procedures for chapter IV ... 370
6.6  Experimental procedures for chapter V... 407
ADDIEVIATIONS ...t 418
References and Cited WOTK ...........ooviiiiiiiiiiiiiiiiieee e 423

XXI






Introduction

This thesis is about the mechanically interlocked molecules (MIMs). These are structures
where molecular units are interlocked and form a coherent whole, without being linked by a
chemical bond. Many different chemistries have been used as materials for the preparation of
interlocked molecules. Thereby, as for any designed object, MIMs can be approached from
top-down (1) i starting from the desired structure and thinking about the chemistries to use to
gain this structure. Or MIMs can be approached bottom-up (2), starting with a known chemistry

and investigating how else this known chemistry can be used to make a novel MIM.

The first way is most often used by lighting designers. When in architecture, they concern
themselves with the final effect of the lighting as an abstract idea and then select appropriate
concrete luminaires to fit the concept afterwards. In cooking this might be the idea of using all
the different ingredients available and transfo
possible to begin with strawberries (a given material) and explore the space of possible
transformations to use them for different creations. This thesis approaches MIMs in both the

top-down and bottom-up ways.

In a top-down way, after being introduced in the general theory, MIMs are explored for their
potential motion, without a regard for the particular material chemistry that would make it up.
For the more complex and singular examples in literature, the materials that made possible
such structures are also displayed. l'tés import
systematic way and develop a way to think about them creatively, as this will lead in progress
of both understanding out-of-equilibrium processes in natural systems and prepare the basis

for intriquite synthetic chemical systems.

In a bottom-up way, this thesis explores the chemistry of crown ether i ammonium based
motif in conjugation with a redox-active tetrathiafulvalene (TTF) unit. This is a continuation of
the research at the Schalley group previously, continuing to use this familiar chemistry as the
material for moulding novel MIMs. See below in for a mechanically interlocked
molecule containing these units i the crown ether macrocycle, with a tetrathiafulvalene unit
appended to it and the ammonium unit, as part of a linear unit that is locked to the macrocycle.
The purpose of integrating a tetrathiafulvalene unit into the macrocycle is to be able to use it
as a switch to cause a different arrangement of these interlocked units. The rearrangement of

units like this is called a large-amplitude motion, that is interesting to control.

The thesis is structured by chapters introducing different bottom-up approach projects related
to the topic of exploring the crown-ether / ammonium / tetrathiafulvalene chemistry to create

novel MIM structures.
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: A switchable [2]rotaxane, as prepared by Schrdder et al., containing the crown ether macrocycle with
an appended tetrathiafulvalene unit. This macrocycle is around an ammonium unit, when tetrathiafulvalene is

neutral and moves away from it when tetrathiafulvalene unit is oxidised.*

The first chapter is about the preparation of the redox-active tetrathiafulvalene unit.

The second chapter is about incorporating both a crown-ether motif and a calix[4]pyrrole motif
as part of a bis-macrocycle. The research, concept, planning of synthetic steps, building of the

macrocycle are described and conceptual MIMs related to this bis-macrocycle are introduced.

The third chapter is on clipping a TTF crown ether macrocycle around an ammonium axle,

and how the ammonium axle in fact prevents any TTF crown ether macrocycles to be clipped.

The fourth chapter describes multithreaded rotaxanes and the research, concept
development, preparation of a larger TTF crown ether macrocycle. It also delves into the
stoppers required for a multithreaded rotaxane and the structure of axle, as well synthetic
attempts to prepare an axle. The chapter also describes the unsuccessful attempt to obtain a

TTF-based multithreaded rotaxane.

The fifth chapter describes a catenane in which there could be two distinct crown-ether binding
sites for an ammonium-based axle, going over research, planning, synthetic attempts and

finishing with some concepts based on the idea explored.

Each chapter leaves behind many concepts which were not attempted to be realised, but are
supplementary to the practical work described. The concepts are additional thoughts to the

top-down exploration of the MIM concept that was explored during this thesis.

These chapters are preceded by a general theory chapter that lays the foundation of the lens
through which to think about MIMs and the specific theory chapter that explores the

rearrangements/motions possible in MIM structures with a top-down approach.
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Together, the thesis work aims to present some new ways of thinking and describing MIMs,
their structure and motion, describing synthetic work towards component units of MIMs,
preparation of MIMs and further conceptual work that was synthetically not attempted,
however provided as supplementary. In particular, MIMs containing a redox-unit TTF, for

switching, were the key focus and target molecules to prepare and investigate.
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Theory Chapter 1 : General theory

1.1 Supramolecular chemistry

Supramolecular chemistry is said to be the study of interactions between molecules i in other
words what happens beyond an individual molecule. It might be more precise to describe
supramolecular chemistry as the study of noncovalent interactions at the nanoscale. These
interactions may also occur between moieties of the same single molecule i such as in

proteins ( ).

PROTEIN STRUCTURE

Ny
'. » 3 P
4 e
w | y
L Vhe
Polypeptide Aggregation of two
Chains or more polypeptides
Tertiary Quaternary
Structure Structure

: In case of proteins, we think of multiple molecular units interacting only when considering quaternary

structure. The secondary and tertiary structure also forms due to noncovalent interactions.?

Intermolecular interactions are also what holds two strands of the DNA together, with the

hydrogen bonds dictating the base pairing.

Noncovalent interactions are, in general, weaker than covalent bonds, and this property allows
for error-correction and formation of most thermodynamically stable structures. Nature has
developed to use the noncovalent interaction based dynamic structures in forming and

breaking apart microtubules, for example.

To this day, there are still new types of noncovalent interactions that are discovered in nature
or laboratory. Noncovalent interactions are often described in terms of their electrostatic
character 1 interactions between ions, dipoles, quadrupoles, induced dipoles. One of the most
important classes of noncovalent interactions i hydrogen bonds i arise from a combination of

electrostatics, covalency (charge transfer by orbital overlap) and dispersion forces. At the end



of the day we can detect that molecules interact and different models attempt to explain
interaction in different ways. The degree of electrostatic/covalent character of a hydrogen bond
depends upon the specific interaction in question. Other types of interactions as ion-ion

repulsion are more clearly electrostatic in nature.

Noncovalent binding plays a big role in the functioning of cellular processes, not least of which
information transfer. A receptor (call it GPCR) on the cell membrane is able to bind certain
target molecules, which in turn changes its shape not only at the binding site, but in the other
parts of the receptor molecule ( ). This change of shape (rearrangement) in effect
acts as an information transfer mechanism, whereby units inside the cell are able to detect

and respond to this changed shape of the receptor embedded in the cellular membrane.

Signal @

molecule
Receptor
s .

protein

‘ “ ‘ Inactive G protein:

: A G protein-coupled receptor (GPCR) embedded in the cell membrane changes its shape once a
signal molecule is bound in its extracellular binding pocket. This in turns activates the part of the receptor inside
the cell to rearrange/shape it for further downstream events. Figure from Scitable.3

In addition to transferring information across membranes, intermolecular interactions are also

found in the transfer of bound ions across membranes. A good example is valinomycin

2



( ) T a cyclic peptide prepared through mRNA-independent assembly termed
nonri bosomal peptide synthases. This cyclic pept
that is size-selective for K* against other metal ions such as Na* or Li*. This makes valinomycin
a potassium-specific ionophore. Due to hydrophobic surface of valinomycin, the complex of
valinomycin-K* can be integrated into the bilayer membranes and in turn transport K* across

these membranes.

: The cyclic peptide K*-specific ionophore valinomycin.

In case of valinomycin molecule and potassium cation, they are described to be in a so-called
host-guest relationship. The large valinomycin molecule as a host has a number of binding

groups divergent towards a pocket, where potassium cation, called a guest, is bound.

Supramolecular chemists are likewise interested in this type of noncovalent interaction and
have been preparing host molecules to bind variety of targets 1 cations, anions, molecules,
ion pairs. To bind metal and organic cations, crown ether-based molecules are often used

( )T first prepared serendipitously by Pedersen et al.*

: ':‘ " o O @ o
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a) b) c) d)

: a) 18-crown-6 with a potassium cation, b) 18-crown-6 with an ammonium cation, c) DB24C8 with an

ammonium cation, d) TTFC8 with a DBA-based axle and a BArF24" counteranion.



Bigger crown ethers 1 such as the 24-membered dibenzo-24-crown-8 (DB24C8) - are able fit
organic cations through their cavities. Dibenzyl ammonium-based units bind inside the cavity
and not above it (as b in ), because in this case C-H----O hydrogen bonds are also
able to form, contributing to the stability of the complex. On the other hand, a larger macrocycle
as the bis-paraphenylene-34-crown-10 (BPP34C10) is also able to bind axles inside of its
cavity, without the formation of the additional C-H----O hydrogen bonds.

To bind anions, molecules with hydrogen-bond donor groups such as katapinates or

calix[4]pyrroles are often used ( ).°
N
NH
N
R H )

N— HN

NH
A-2

A1

: examples of hosts for anions i a katapinate A-1 and a calix[4]pyrrole A-2.

Host molecules can be functionalised while still keeping the ability to thread through a guest.
An example of a functionalised crown ether host molecule is the TTFC8 (d in ). The
function of the added TTF unit is to alter the binding interaction between the host molecule
and the guest ammonium cation when a stimulus is applied i in this case redox. This effect is
particularly important in mechanically interlocked molecules i discussed in the next section.
Some MIMs are formed by no longer allowing a guest molecule to thread out of the cavity of
a host molecule. The noncovalent interactions of the host-guest binding site often remain in

MIMs to define a binding station.



1.2 Mechanically interlocked molecules

A mechanical bond can be defined as 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 in one of the units that the mechanically interlocked
molecule is made out of.®* The components of the mechanically interlocked molecule are said
to be held together by this mechanical bond and we consider these components as a single

molecular unit.

7 & @ K Kb

suitane rotaxane catenane clippane knot

: Five classes of mechanically interlocked molecules : suitane, rotaxane, catenane, clippane and knot.
Many illustrations were drawn as sketches for this thesis to save computing power of 3d rendering and to be
greener, as well as to illustrate that anyone can do quick sketches relating to the properties of MIMs. Please look
up the structures on the internet in case any are unclear (intention was made to be clear).

While not often mentioned, suitanes and clippanes can be considered as a class of MIMs in
their own right. Both of these structures rely on the components being very rigid and
interlocked because due to this rigidity, where units are not able to move past each other to
unlock and separate. In suitanes, the axle unit (in green in ) is rigid, while
macrocycles are sometimes more flexible. The linkers that link the two macrocycles in a
suitane have to be rigid as well. In clippane example, two of the tweezers are identical and
both rigid.

Catenanes consist of at least two interlocked macrocycles, while in rotaxanes, there is a non-
macrocyclic 1 therefore we say linear 1 unit, which is threading through the cavity of the
macrocycle(s). The units are kept interlocked due to large groups at the ends of the linear
axles, which are not able to thread through the cavity of the macrocycle. This idea is essentially
the same as the macrocycles of suitanes unable to thread through the central rigid part of the
axle to escape. We describe suitanes, clippanes and rotaxanes as mechanically interlocked
molecules at room temperature in which we often work with them, however when heated, the

interlocked units may dissociate from each other.

Since the components of a MIM are not bound to each other by chemical bonds, they can

experience a large degree of conformational freedom. If they are able to move into distinct



arrangements with respect to each other, we term the most stable ones as co-conformations.
The distribution of co-conformers is dictated by thermodynamics, there may be certain
arrangements of the interlocked components in which there are favourable enthalpic
interactions between the functional groups on t
to apply change to a given functional moiety on one of the units of a MIM. This may cause the

mechanically interlocked units to rearrange into another co-conformation.

This large amplitude controlled motion (= rearrangement between interlocked units) has
fascinated many workers over the years and is one of the core themes of this thesis. For this
motion to occur, there has to be enough structural freedom for the components to rearrange
in a given way. Clippanes and suitanes have not been explored so much in their structural
rearrangements yet i however this may be investigated in the future. For the moment, the
focus of researchers who make molecules move in a controlled large-amplitude motion is on

the rotaxanes and catenanes ( ).

) , Y

shuttling in shuttling in
rotaxanes catenanes

: shuttling of a macrocycle along a track on the linear axle in a rotaxane or

around a cyclical axle in a catenane.

As more and more complex mechanically interlocked structures are prepared, hew terms are

beginning to be used to describe these structures.

The n in [n]rotaxanes or [n]catenanes indicates n interlocked components for these structures.
The m in [n](m)rotaxanes indicate m threadings between the n interlocked components of the
MIM. This became important to denote when there are a number of axle and macrocycle

components linked via spacers. An example in drawn in

Structurally, we can also describe rotaxanes according to how many axles and macrocycles
are part of the structure. A linear axle containing many macrocycles threaded on it is a 1.y
rotaxane with y indicating the number of macrocycles. Likewise, a multithreaded macrocycle

containing a number of axles is indicated as type x.1 with x being the number of axles



threading through a macrocycle cavity (see ). This notation is not used for rotaxanes
with a number of separate macrocycle units connected. Rotaxanes with macrocycles that

encircle multiple axles are called multithreaded rotaxanes.

: A sketch of a [2](3)rotaxane containing 2 molecular components that are interlocked and 3 threadings

between these components.

OO TS ST

1.2 [3]rotaxane 2.1 [3]rotaxane 2.2 [4]rotaxane

: Notation of x.y indicates x axles and y macrocycles.

The catenane structures are given names according to how the macrocycles are connected.
Often seen are the linear catenanes, the circular catenanes and the radial catenanes. Linear
catenanes are many Hopf links put together in sequence. Circular catenanes are the linear
catenane chains being closed with the first macrocycle being connected to the last one. In
radial catenanes, there is a larger macrocycle, fulfilling the function of an axle/track and

smaller macrocycles threaded on it ( ).

) o

[4] linear catenane [6] circular catenane [4] radial catenane

: Types of catenane structures.



For rotaxanes, if a structure contains two different macrocycles in a 1.2 [3]rotaxane, it is called
a heterorotaxane. If a structure contains two different axles in a 2.1 [3]rotaxane it is likewise

called a heterorotaxane.

If the axle of a 1.2 [3]heterorotaxanes is not symmetrical, sequence isomers are formed.
Likewise, if there are two distinct macrocyclic sites and two different axles bound, there will
also be a possibility of sequence isomers. Sequence isomers can be formed for linear, circular,

radial catenanes, depending upon how the macrocycles are connected.

I would also |like to briefly touch on a 6combine
catenane. There have not been to many examples as of yet,”!! but rotacatenanes seem
promising structurally for large amplitude motions. By definition, if you combine a rotaxane
and a catenane, two macrocycles and an axle will be required, thus the simplest rotacatenanes
are [3]rotacatenanes. It helps to attempt to find comparisons between related mechanically
interlocked structures. In Figure, | have made connections between the known [3]catenanes

(indicated with their Alexander-Braggs notation) and [3]rotacatenanes.*?

Q- & @ G- @

closed three link chain 62, cyclic [3]catenane 63, linear [3]catenane 43,
v v v
QO . )
=~ O\ - D = ‘
X
[3](3)rotacatenane [3](3)rotacatenane [3](2)rotacatenane [3](2)rotacatenane
“in parallel “in series”
v
'Y K

),

-

[3]rotaxane type 2.1
(multithreaded)

: The four possible [3]rotacatenanes and their relation to [3]catenanes. The relation is illustrated in
this way : what happens if the green macrocycle of a [3]catenane is cut (chemical bond broken) and it is treated
as a linear axle instead. There is also a [3]rotacatenane
[3]catenanes. In three of the [3]rotacatenanes, once the blue macrocycle is likewise cut and converted into a

linear axle, a multithreaded [3]rotaxane is obtained.

Discussing each of the [3]rotacatenane structures in turn, by far the most used one is the

[3](2)rotacatenane, which structurally resembles a multithreaded [3]rotaxane, except that one
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of the axles is closed at its end to form a macrocycle, and thus overall structure becoming a
[3]rotacatenane ( ). Due to it being the most commonly used structure and the first
one synthetically prepared, | will call this type of [3]rotacatenane type 1. The [3]rotacatenanes

of the type 1 have two possible sequence isomers.!!

@

4

[3]rotaxane type 2.1 [3)(2)rotacatenane
(multithreaded) “in parallel”

: A multithreaded [3]rotaxane and a [3]rotacatenane type 1.

Anot her [3]rotacatenane that has already been s
in which a macrocycle is attached to an axle and to both units a macrocycle is then added.
Due to clearly being two units in series and the second [3]rotacatenane being prepared,*®

I would call this [3]rotacatenane type 2 ( ).

(O

[3]rotacatenane
type 2

: A [3]rotacatenane type 2.

The other two [3]rotacatenanes have not been yet synthetically prepared. | would denote them

as type 3 and type 4 ( ).

The [3]Jrotacatenane type 4 is structurally reminds of a [2](2) rotaxane in which the two
macrocycles on an axle are linked via a spacer. In a [3]rotaxane type 4, they are linked in a
way that is literally described as a link in knot theory, thus forming the catenane part of the
rotacatenane. At first thought, | would presume that apart of this difference in linkage, the two

macrocycles would behave rather similarly with respect to the axle in either structure.

However, it is also possible to think of the [3]rotacatenane type 4 as considering all three of
binding sites in such a triangle. Perhaps a stimulus such as addition of a cation can trigger

one of the macrocycles to pirouette and swap which part of the macrocycle is next to the axle,



and which is next to the other macrocycle. In this way, the motion for either of the macrocycles
in the [3]rotacatenane type 4 might be likened to the pirouetting motion of a macrocycle in a

multithreaded rotaxane.

The [3]rotacatenane type 3, based on the structure of cyclic [3]catenane 63; is almost the

opposite case from the above-mentioned triangle concept.

In this structure, there are three units that form the single binding interaction, instead of an
expected amount of two interlocked units for a binding interaction as is usually the case in
rotaxane/catenane structures. The added complexity may give rise to novel types of MIM
motion T all three of the units may move to rearrange under applied stimulus. If the
macrocycles are assumed to be the same (easier synthetically), the situation may be
compared to a multithreaded rotaxane, in which two axles are also interacting with each other
inside the pocket of a macrocycle. However, the difference is that in a multithreaded rotaxane,
there are separate interactions between each axle and a macrocyclic binding site, while in a
[3]rotacatenane type 3, both of the interlocked macrocycles would interact with the same

moiety of the axle.

% [3]rotacatenane type 4 [2](2)rotaxane

[3]rotaxane type 2.1 [3]rotacatenane type 3
(multithreaded)

: Some similarity may be seen between a multithreaded [3]rotaxane and a [3]rotacatenane type 3 : an
inverse situation, but not quite. A [3]rotacatenane type 4 however resembles a [2](2)rotaxane structurally very

much and would behave in a similar way.

I hope that this exercise of looking at similar structures and applying the same transformation
( ) has shown a possible way to reveal new structures. The other way to go about
it would be to ask i in what ways can a rotaxane and a catenane be connected? This type of

thinking is demonstrated in the specific theory on motions chapter.

The interlocked components of a MIM can possess chiral elements, leading to so-called point
chirality, axial chirality, planar chirality, making the MIM overall chiral as well. In other words,
asymmetry of a non-interlocked unit often remains when that unit becomes a part of an
interlocked structure. However, there are also ways in which asymmetry is created through

the formation of the interlocked structure. Two examples of this are the mechanically
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topologically chiral catenanes and mechanically planar chiral rotaxanes ( ), both of
which essentially emerge out of the same idea. Further examples, such as mechanically

axially chiral catenanes are described in great detail in the review by Jamieson et al.:®

: Mechanically topologically chiral catenanes composed of two achiral directional macrocycles (top)
and mechanically planar chiral rotaxanes composed of an achiral directional axle and an achiral directional

macrocycle.

The implications of these ideas when considering multithreaded rotaxanes will be considered
in the discussion chapter.

The work of Radha Kishan et al. on so-called molecular handcuffs (simplest ones being the
[2](2)rotaxanes) T considers the effect of two linked directional rotaxanes.'* Just as in the
parent [3]rotaxane, since the axle is non-directional, the chirality is only expressed by the

relative orientation of the two macrocycles ( ).

: An example of a [2](2)rotaxane i molecular handcuff i containing two directional macrocycles by

Radha Kishan et al.1* The relative orientation of these two macrocycles describes the two diastereomers

obtained, one which is chiral. Figure by Pearce et al.®

11



When more complex linkers are employed, such as the calix-arene in the work of
Tsukamoto et al. ( ), chirality may be obtained using non-directional macrocycles.®
It has to be pointed out, however, that each of the macrocycles in the Tsukamoto et al.
molecular handcuff are different (meaning the attachment point to the respective calix[4]arene
benzene unit are either meta to the linkage or ortho to the linkage of the calix[4]arene). This
leads to call it a hetero- molecular handcuff, which is not clearly indicated in the illustration by
Pearce et al. ( ). Nonetheless, even if the macrocycles were identical, the axle
structure probably prohibits the other diastereomer of forming, as does happen in the work of
Radka Kishan et al. ( ).

This is described here to keep in mind, when approaching the discussion on a new type of a
linkage isomer found in exploring similar [2](2) rotaxanes. In that case, the macrocycles
themselves are non-directional, however the twisting of the linker joining the macrocycles
describes possible diastereomers. The linker is based on a calix[4]pyrrole unit T more flexible
than Tsukamoto et al., yet more complex than Radka Kishan et al., while the macrocycles of
the [2](2)rotaxane are identical. That the designed structure could lead to diastereomers was
discovered serendipitously through considering molecular models. This is described in detail

in the discussion chapter.

/
4
)

o

0

o

y

: The chiral [2](2)rotaxane by Tsukamoto et al.,'®

illustration by Pearce et al.'®

With the brief consideration of various structures of mechanically interlocked molecules, next

to be described is how they are prepared.
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1.3 Formation of mechanically interlocked molecules

The discussion here will focus on the preparation methods towards rotaxanes and catenanes.
A number of technigues have been developed, the aim of all of them is to prevent dissociation

of the components that are interlocked in one way or another.

A rotaxane can be separated into the macrocycle unit, stoppering part of the axle unit that
prevents dissociation and the central part of the axle unit. So to prevent dissociation of units
we think of it either as the stoppering part of the axle unit being too large to thread through the
cavity of the macrocycle, or as the macrocycle being too small to thread over the stoppering
part of the axle. All of the rotaxane preparation ways have this as the end goal and there are

limited number of ways to achieve this.

The simplest one may be to have the macrocycle and the axle unit fully preformed, heating

both components, so that at higher temperatures the macrocycle would be able to expand and

thread over the stoppering unit of the axle at elevated temperature (a in ).
a —_—————»
slippage

Formation of macrocycle in
the rotaxane formation step
b B
clipping

Formation of stoppersin the
c rotaxane formation step
_—
stoppering

pseudorotaxane

Shrinking of macrocycle in
d 4 the rotaxane formation step
E————

threading followed by shrinking

© O O O

pseudorotaxane
Formation of central axle in
the rotaxane formation step
e _
active template

: Five ways of forming a rotaxane. A1 slippage of the preformed macrocycle onto the preformed axle

(by heating) i the macrocycle is unable to dethread at room temperature. B i formation of the macrocycle in the
rotaxane formation step. C i threading through the unstoppered axle through the cavity of the macrocycle and
then adding big bulky groups to the ends of the axle. D i the same approach of preforming a pseudorotaxane,
except in this case you reduce the size of the macrocycle. ET The stoppers of suitable size are preformed onto

two parts of the axle, which are joined in the cavity of the macrocycle to form the central part of the axle unit.

13



Other ways include altering one of the components to form the rotaxane. This includes forming
the macrocycle (clipping), central axle part (active template method) or the stoppers
(stoppering). This also includes threading followed by shrinking approach, where the goal is
to reduce the size of the macrocycle cavity, so that the axle stopper unit in effect is no longer
able to thread through it. An example of this approach (d in ) was demonstrated
by Fujino et al. preforming multithreaded [3]pseudorotaxanes and then splitting the

macrocycle cavity into two to prevent each of the threaded axles from dissociating

( ).
foé_\o}ﬁo C}(\ Oé_\O)rﬁo

o

: The macrocycle used by Fujino et al. to thread through two axles and then bridge two ends of the
macrocycle to split the single macrocycle cavity into two i in effect reducing the size of the cavity i shrinking the
macrocycle, and thereby preventing the axles from dissociating.’

The formation of the [3]rotaxane occurs because the initially bound axles do not contain
stoppers which would be large enough to prevent dethreading from the large macrocycle.

Bridging two ends of the macrocycle reduces the effective size of each cavity, as depicted in

Forming two macrocycles
from one cavity after
threading two axles

_ >

threading followed by shrinking

[3]pseudorotaxane [3Jrotaxane

: Sketch of the [3]pseudorotaxane being turned into a [3]rotaxane by bridging two ends of the larger

macrocycle.

The active template approach (e in ) may be by the macrocycle binding a metal
ion that helps to form the central active unit or by macrocycle templating the parts of the axle

itself.18.19

One more way of forming a rotaxane is by beginning with a single molecule in which the

macrocycle unit is connected to the axle unit. The (moving) mechanically interlocked molecule

14



is formed by severing the bond between the axle and macrocycle ( ). | would call

this method of forming a rotaxane fAsplittingo.

Formation of distinct

Formation of stoppers interlocked units
_— —_—
stoppering splitting
Still not a MIM

not a MIM

: A sixth way of forming rotaxanes is by breaking a chemical bond to separate the molecule into
distinct components, which are now connected not by a chemical bond, but a by a mechanical bond. Break a

bond to make a bond. ltés also possible to argue th:

In forming the simplest of the catenanes i [2]catenanes i one or two macrocycles are formed
in the reaction to prepare the mechanically interlocked molecule. Shrinking of a given
macrocycle approach of rotaxanes (d in ) is no longer relevant since in a catenane
the two or more macrocycles are topologically in

approach to slip one macrocycle onto another.

Formation of macrocycle in
the catenane formation step
outside the cavity of the other

macrocycle
a clipping
Formation of 1t Formation of 2" macrocycle in
macrocycle the catenane formation step g
L ’ - >
b | clipping clipping

Formation of macrocycle in
the catenane formation step
c inside the cavity of the other
macrocycle
_—

active template

: Three ways to form a catenane. A i one of the macrocycles is preformed in prior reactions. At the
catenane formation step, the other macrocycle is threading binding and then is formed to prepare the catenane.
B i two macrocycles are both formed during the course of the reaction, stepwise, towards a catenane. C i active

template approach where a macrocycle is closed inside the cavity of another macrocycle.

The approaches can therefore be broadly placed in two categories. First T formation of a

complex between parts, followed by formation of macrocycle(s) away from the binding site

(a and b in ). According to the actual functional groups and the size of each
component, the approach a ( ) may be compared to (be used instead of) either
stoppering (c in ) or clipping (b in ) approaches to form rotaxanes.
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It might be important to note explicitly that in the approach b towards catenanes ( ),
where neither macrocycle is formed prior to the reaction, the formation of the macrocycles

occurs in a stepwise manner.

Another way to form catenanes is through active template approach, where the formation of a

macrocycle is completed inside the cavity of another preformed macrocycle (c in ).

Then the fAsplittingd approach anal ¢iguoeu gl cano

also be considered.

In forming higher order MIMs, further interesting templating effects arise i such as using
bound macrocycles to bind other macrocycles through noncovalent interactions i this is called
cooperative capture.?’® While MIMs can be bound by noncovalent interactions leading to
thermodynamic minima, the ideas and the effect of equilibrium can also be used to control

states of a formed MIM, as explored in the next section.
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1.4 Equilibrium

Thinking about equilibrium plays a very big role of thinking about mechanically interlocked
mol ecules and their rearrangements. To begin,
equilibrium describes the overall system 1 this includes solvent-solvent interactions,
interactions between a vacant binding site and solvent, or a vacant macrocycle and solvent.
To simplify descriptions, it is often spoken of a macrocycle occupying this or that station 1

holding the interactions of the other station with solvent molecules assumed or insignificant.

The idea of self-sorting ( ) lends itself very well to explain the significance of this.

: A simplified energy sketch containing a single representative molecule for a 1:1:1:1 mixture of black
macrocycle, purple macrocycle, green axle, orange axle. The binding steps are not in any fixed order for this
scenario and this diagram aims to portray that it is important to account for all the individual possible binding

interactions in the system (implications described in the main text below).

In this scenario of the energy profile, the black macrocycle prefers to bind an orange axle
(energy at d is lower compared to energy at a). However this is not compensated enough by
the binding energy of the purple macrocycle with the green axle (energy at c) . Overall,
more favourable for the black macrocycle to bind a green axle and the purple macrocycle to
bind an orange axle. The overall distribution will be determined by the energy difference of the
two system states (collections of arrangements). In other words, for such a system, there

would still be some back macrocycles encircling orange axles, in the equilibrium steady state.

The energy minima here have been chosen to make the point on the importance of the overall

energy of the system i for self-sorting it could also be the case that a black macrocycle prefers

17



to bind a green axle and the purple macrocycle prefers to bind an orange axle, both being the

preferred pairings.

The next point to make is that any applied change (for example redox) to the system affects
all of the states, although usually the aim is to affect one of the states of the system more than
others. Below is an example of a system containing two states, that is switched twice
( ) - this is a scenario based on a TTF crown ether around an ammonium axle as
part of a [2]rotaxane. Initially, the components of the system might then be distributed in a way
that is not most favourable (system out of equilibrium), leading to a redistribution, a

rearrangement, return to equilibrium.

. _—
stimulus stimulus

system 3
system 1 system 2
: Under a stimulus i when a change to the system is applied by adding/taking away a proton, an ion,
a molecule, an electron i the system becomes a different system, since the components are different. Each of
the states (a and b in this case) are affected, but one of the states might be more affected by the applied change.

Initially the system may find itself out of equilibrium following the applied change.

The energy diagrams from for each system can be stacked on top of each other
to visualise them ( ).

: the energy diagram for two states in three systems (changes from system to system occur by
something added/removed). The energy states, redrawn in this way can allow to easier visualise the change that
happens to each well and hill of the energetic landscape as stimulus is applied. A and B in this case are any two

states of a given system (for instance macrocycle on different positions along the axle in a rotaxane, forming

different co-conformations).

18



An good concrete example structure to describe this is the rotaxane in 2122 While
a macrocycle could be located anywhere along the axle, two major positions are described for
the deprotonated state, with the macrocycle preferring to recide about the amide station further
away from the stopper. In this case, for each state, the free carbonyl group interaction with
solvent molecules as well as the amine interaction with solvent molecules is also included in
the consideration. Once the amine group is protonated, it becomes the most favourable state
(a third arrangement). Usually for rearrangements of rotaxanes, only the observed states are
displayed in figures. When the amine is protonated, turning the system 1 into system 2, the
change to the interactions between the macrocycle and the amide stations are minimal if that.
Because the change affected mainly one axle station, this is where the focus lies. However,
state a/b ( ) are still affected with the change, since the energy for those states
includes the consideration of the ammonium instead of an amine interacting with the

surrounding molecules (as compared to being encircled by a macrocycle).

QAAP
NH HN_ A
_Ar ﬁ H j\ /(j/NHAr'
Ar e {}“A‘WN” T Ar
)

: an example of a molecular shuttle in which the macrocycle and the axle components rearrange

under a stimulus of acid/base.?'?? The two different rearrangements are called co-conformations.
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e SYStem 1 - amine

—— system 2 -
ammanium

a

state a = when the b

macrocycle is
around );mide state b = when the

closerto the macrocycle is

stopper around amide
further from the

stopper

c

state ¢ = when the
macrocycle is
around
amine/ammonium

: The energies of the state a and b also shift (perhaps much less than the state ¢) i because the
state is for the overall system i taking into account the difference in how an ammonium/amine part of the axle
might be interacting with the surrounding molecules i solvent and other rotaxanes after the change is applied.

State where the macrocycle is around the ester carbonyl is omitted for clarity.

When drawing the changes in the system caused by a stimulus, chemists often describe what
becomes the major state of the system with the lowest energy, drawing a rearranged molecule

in the preferred state.

If the macrocycle were affected by a stimulus, the interactions with multiple binding stations
along the axle might be affected in a significant way, since the changed macrocycle is

interacting with each station in each of the states described.

Just like the difference between two amide stations for the macrocycle in the rotaxane in
, a crown ether macrocycle may distribute between two different ammonium

groups, as demonstrated by Waelés et al. (2017).22 One of the ammonium stations allows
additional * - * interactions to occur, while at the other ammonium station this is hindered by
the di-tertbutyl groups ( ). There is also a difference between one binding station
containing an ammonium group with two adjacent CH. groups to bind the crown-8, whereas
the other binding station containing only an anilinium with a single adjacent CH, group, so the
difference in affinity to the stations cannot be concluded to be solely from the difference in * -
interactions. Nonetheless, this demonstrates that many noncovalent interactions might be

important to determine the energy of the states of a system.

20



station of weak

affinity for the ePFG DRSS sopper
DB24C8 O '-’_ P, Foj@
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oN /_‘\
stations of blgger
affinity forthe  extra n-n stacking that
DB24C8 favors the location of
hindered di-tert- the DB24C8 around
butylanilinium that the
does not allow n-n alkylbenzylammonium
stacking with station at acidic pH
DB24C8
: An illustration by Waeles et al. to show the importance of * - * interactions contributing to the major

co-conformer of a rotaxane.?3

An interesting comparison to the rotaxane-b ased mol ecul ar shuttles 1is
prepared by lkeda et al. in 1997 ( ).24 When the ammonium is protonated, gaining
a positive charge, the repulsive interactions cause the bound cation to move inside the
complex and bind at the binding site, which was previously less preferred. This mode of
rearrangement inside a complex reminds of the mode of action for motion in redox-active

rotaxanes, which will be described in a later part of this general theory section.

H=CH2(CH2)4CH3

: The molecular syringe prepared by lkeda et al. in 1997, whereby the bound cation moves position

after the amine has been protonated.>* Thi s remi nds of the fArearrangement o ma

In the next part, coupling two equilibria inside a system is explored.
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1.5 Coupled equilibria and information transfer

A couple different stimuli may be combined to invoke the idea of cyclical switching of system

states. The [2]rotaxane in will be used to describe the idea of information transfer.
&l
= )
P @) N+
+ 9 ol
‘/\N = .
O Hz - | +B
@)
0 oA
k/o
1H3+(M H*
(M>amH") K
ON

= No
ROC sz
NS 0 + BH*
@] \)
12+(M 3 bpy2+) GO

: The [2]rotaxane prepared by Ragazzon et al. The information transfer property of this [2]rotaxane is

described in the main text.?®
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If a molecule is stable at a number of redox states and tolerates acid/base, both of these
stimuli (addition and removal of protons/electrons) can be combined in an orthogonal way to

switch states in a cycle of the possible states ( ).

In this example switching is uncoupled from each other and what happens at one station does
not affect what happens at the other station. Energy is added to change (raise or lower) the

energy minima of each of the binding sites.

09-0 0+ 80

: cyclical system state switching of adding strong acid/strong base and additional and removal of
electrons in cyclic voltammetry experiments by Ragazzon et al.?® A i the macrocycle recides around the

ammonium/amine binding site. B T the macrocycles recides around the viologen binding site.
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Ragazzon et al. also used a weak base, in which case there was an equilibrium created of the
ammonium station being either protonated or deprotonated.?®> What this means is that instead
of considering the acid/base to switch the state of the system, we consider all of the states
from either of these system states as states in a single system state. This idea is illustrated in

. Consider that the acid/base equilibrium is created by adding a weak base
tetrabutylamine (TBA).

4™\ ™\ — ~
( )e)ymm{ ) N Y
4 0 W \ 4 ® @ W

E
E
_H*
b _— ¢
‘ d
+H*
a
system 1 system 2

N\ /

a
system 3

: The figure depicts that initially, with a hard acid/base, there would be two distinct system states and
their energy levels can be controlled by adding acid base, thereby moving the position of the macrocycle on the
axle. When there are two equilibria of note in the system (macrocycle shuttling and proton addition to one of the

binding sites), there will be four states found in the system (as if system 1 and system 2 are combined).
For system 3 : a = macrocycle around ammonium + TBA base; b = macrocycle around viologen + TBA; ¢ =

macrocycle around amine + TBAH*; d = macrocycle around viologen + TBAH™.

The amount of base added will affect the acid-base equilibrium and therefore the distribution

of co-conformers.

Ragazzon et al. found that using this idea results in transfer of information between distal sites
on the axl e, by the shuttling of the macr
regulate function in biomolecular machinery i meaning there is a transfer of information

between distal sites. In the rotaxane prepared by Ragazzon et al., there was found to be
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coupling between electron and proton transfer reactions, reminiscent of the operation of the

protein complex | of the respiratory chain.?®

Upon oxidation of the viologen unit, it was found that the macrocycle moves towards the amine
station, which also become protonated ( ). In essence the system is a redox-
activated molecular switch, but containing information transfer properties due to coupled

equilibria as part of the system leading to many different system states available.

TBAH’
@- @ — @00
1H3*(MDamH?) 124 (MDbpy?*)

. T l -
090 0+90

1H* (M D amH?) 1M Dbpy(*)
+ +
TBA TBAH*

: Once 127" is reduced, this transfer of an electron is accompanied by a transfer of a proton in the
equilibria, as well as the motion of the macrocycle towards an ammonium binding site.?> Numbering not that of

this thesis.

In the axle of this rotaxane, two binding sites do not communicate i the transfer of information
between them is made by shuttling of the macrocycle 7 this is described as a dynamic

intramolecular process.

Rotaxane structures have been developed for several decades and advanced methodology is
available to prepare them. The next steps will involve using rotaxanes as parts in more
complex systems. Attempting to replicate properties of systems found in Nature is an

interesting challenge.
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1.6 Energy driven cellular processes

There has been a lot of talk about molecular motors and molecular machines in the
mechanically interlocked molecules community. A machine means a structure that is able to
perform work or motion under input of energy. A well-studied biomolecular machine is the

ATP-synthase ( ).

: ATP-synthase. Composed of two motors, each powered by a different fuel i ATP driven chemical
motor F1 and electric motor FO, embedded in the membrane and powered by the flow of protons across the

membrane.28

The two key parts (the two motors) i Frand Fo i are thought to have been separate structures
with different functions that have eventually evolved into an ATP synthase.?’ The Fo is a unit
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that is able to rotate, driven by the proton flow across a membrane in mitochondria. The
protons are moved to the other side of the membrane by other units as part of the process in
the system to generate ATP ( ).

ATP

o"" H I
NADH NAvD+ Succinate Fymarate

: Mitochondrial electron transfer chain involving a number of complexes. Electron transfer is coupled
to proton translocation into the matrix to create an electrochemical gradient on two different sides of the
membrane. This osmotic potential is used to power ATP synthesis when protons re-enter the mitochondrial
matrix through ATP synthase.?®

During ATP synthesis, the central rotor turns in the direction shown about 150 times every second. In
order to provide energy to sustain our lives, every day, each one of us produces a quantity of ATP by
this mechanism that is approximately equal to our body weight.

As the electric motor Fo rotates in the membrane, the connected F1 motor rotates together with it in an
essentially information transfer process. The F1 motor goes through a number of conformational states
for each binding sites inside the structure - in a cyclical, repeating way. The repeating change is
described by t hr elegués n@d. . MMhdnthe dotos R: i triwen by(the electric motor

Fo attached to it, it acts as a generator of ATP.
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f subunit

Three of the B units of the F1 motor with their bin

through conformational changes induced by rotation.?8

The key idea is that a continuous flow of a fuel powers a system to move through a number of
system states in repeating cycles. We take this idea to understand some of the synthetic fuel-

driven systems, building on the ideas described in sections 1.4 and 1.5 of this chapter.
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1.7 Assembly out of equilibrium

There are many structures that self-assemble in an energetically favourable process at an
energy minimum. There are also some structures which are built by using fuel. A good
example (however, poorly understood, especially in vivo) are the microtubules,?® which are
built from the GTP-activated tubulin proteins. GTP acts as a fuel molecule, giving energy to
the tubulin molecules. The assembly of GTP-activated tubulin molecules is favourable i i t 6 s

an example of a thermodynamic self-assembly process ( ).

: A self-assembly process whereby an assembly of units is energetically favourable compared to
unassembled units. This is what happens to tubulin proteins bound with GTP.

In the assembly, the breakdown of the fuel molecule GTP to GDP is a lot more favourable.
This is one of the key properties of this type of system, important to keep in mind for further
di scussi on. Once itods br oken dotubnlin molecuestolze | es s f
bound to each other (while they still are to an extent). This is sometimes depicted as a downhill

energy slope with no minimum of any kind for the assembled state ( ).

4

\I/

: an assembly that is no longer stable disassembles into the individual components, once the fuel has

been consumed.
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Whether there is an energetic minimum or not for the higher energy state i depends upon the
particular system in question. For instance, a driven assembly of a pseudorotaxane finds a
structure which is out-of-equilibrium 7 while there might be a small local energy minima, the

pseudorotaxane ultimately disassembles.*°

More clearly, out-of-equilibrium means is that the amounts (in terms of concentrations) of

structures at each energetic minima do not correspond to those defined by equilibrium (

)

equilibrium A out-of-equilibrium
5 endergomc 5
@ reaction ©
- —_— | ==
@ 1h]
reaction coordinate reaction coordinate

: The system when it is out-of-equilibrium, from a review by Sangchai et al.3°

External intervention is required to switch a system between system states (as seen in
previous sections of this chapter). If the system is not at equilibrium, a net flux between species
takes place as the system relaxes towards equilibrium. Once equilibrium is reached, the

system will remain at equilibrium steady state (ESS) until the next stimulus is applied.3!

This process of the net flux between species is a non equilibrium process, where energy is
dissipated as the system relaxes towards equilibrium. Once the system reaches equilibrium,
it can sustain its equilibrium state without the supply of any external energy and the system is

stable over time.

The concentrations of species in the network/system may be perturbed from the values
predicted by corresponding equilibrium constants.?® An endergonic reaction absorbs energy

shifting the distribution of species away from equilibrium ( ).%0

How can a system absorb energy to shift the distribution of species away from equilibrium?
The idea is that a reaction network (a system that may contain an equilibrium or species only

at the single stable state) is coupled to a second spontaneous process.

If a spontaneous process is taking place, the system is clearly not at equilibrium for this
process. This spontaneous process can be coupled to a reaction network. This coupling
between the network and a spontaneous process requires the former to mediate the latter.
This often happens through a ratchet mechanism i an ability of the system to absorb energy

from the environment.®® In a sense i two distinct reactions are coupled i a driving one, by
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proceeding towards equilibrium and a driven one i which absorbs part of the energy to
proceed against the thermodynamic potential. We can then say that the energy is stored in

the distributions, rather than high-energy bonds.

These concepts are explored broadly in reviews by Kariyawasam et al. (2021), Benny et al.
(2022), Aprahamian and Goldup (2023) and Sangchai et al. (2023).2%32 While the ideas are
retold in this work briefly, the reader is encouraged to refer to these excellent works.

Letdbs <consider t wo chemical reactions being co
sequence of stimuli applied® I n essence, the reaction networ
spontaneous reaction moving towards an equilibrium. It must be regenerated after each cycle

of a oO0fuel d use. Thus the core idea is to ident

bond forms and decomposes spontaneously and continuously in the same pot.3?

Torepeati covalent bonds of finite lifetime are being formed, which in turn leads to structures
of transient stability. The net reaction of a fuel should have a strong thermodynamic driving
force, but ideally be kinetalwlil gotnreaapitichomn nnatb\s
woul d catalyse the spontaneous reaction, but its
reaction network for the fuel is the system that operates through a ratchet mechanism,

absorbing energy from the environment i in this case the fuel molecules.

In certain cases, it is not useful to describe the whole system as being out-of-equilibrium.
Transient assemblies might be off-cycle with respect the driving (spontaneous) and the driven
(reaction network) reactions. An activated monomer that is out of equilibrium may be formed
through this process, which is then in equilibrium with an assembly that is formed out of this

monomer.

I't'"s not accurate to say that the reaction bet we
a higher energy. I1tds a thermodynamicaPFg favou
ATP to ADP hydrolysis, the increased system energy is associated with the concentrations of
ATP and ADP in the relevant location, and not the energy of the bond being broken in the
hydrolysis reaction. In other words, energy is available because the concentration of ATP is
higher than its equilibrium value.*® Information ratchets appear widespread in biological

setting, while remaining rare in artificial systems.

Returning to the microtubules and tubulin monomers, we can draw this increase in energy for
the Afuel 0 added (increase in concentration of
monomers results in a decrease in energy, the assembly of GTP-monomers results in further

decrease in energy (again a thermodynamically favourable process). Part of the process is
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represented in below, omitting other important factors as GDP binding/unbinding

from the monomers.

E oe®
o0
1l /
~ / assembly
B out of
4+  binding equilibrium
“fuel” I
self- l
assembly T //
“fuel”
breakdown V/////
|
et . I ';
fuel” concentration
increased leading to
higher energy.

: The simplified diagram for the energy levels of an assembly of tubulin monomers into microtubules.
Binding/unbinding GDP is omitted for clarity. |1tés i mpor
thermodynamically favourable event, as is the fuel breakdown i this is the spontaneous process, the energy of
which is coupled towards the reaction network i in this case tubulin monomers assembling. The x-axis acts as a
reaction coordinate, not delving into the spatial location of these different structures.

Essentially, t he idea i s 4iventby atcbneentat®ors gragiént. y i s A
As | ong as there is Afuel o, the assembly at the
other words, the fuel is harnessed to form an assembly out of th e  fifreakgldwn-c at al y st 0
molecules. Once the amounts of GTP/GDP equilibrate in a given system, the assembly breaks

down, as there is no more fifuel oo to sustain it

Critically, -driveesydiemisamdér&ieticlcontdol. There is kinetic asymmetry
bet ween several reactions to obtain a Adirecti

claiming for certain, microtubules appear to include an information ratchet mechanism.*

The diagram in can be simplified to indicate only

thermodynamic states for either GDP-tubulin or GTP-tubulin (energy activated) molecules.

When considering the change in terms of only #fAt
describe that the circularity of the process comes from two related processes of fuel-driven

assembly and assembly-driven fuel consumption ( ). This gives a directionality.
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system 2

fuel added fuel consumed

system 1 I\ |/ S — ////

: fuel-driven assembly in which the switching between the systems is driven by two different

processes. This makes the switching non-reversible or cyclical.

The process of assembly is energetically driven
consumed as part of the processes of the system, giving the changed system a transient
property. An energy ratchet approach (two opposite stimuli as acid/base added in sequence)
is not required, as is done in the case of adding and removing electrons in the work by
Ragazzon et al. ( ). As such, the cycling between system states is continuous and
autonomous, as long as there is an input of fuel (concentration gradient) to act to drive the
endergonic reaction, to allow the system to harness the energy of the spontaneous process

of of bekakdown.

In the next part of this literature and theory overview, a few examples of fuel-driven MIM-based

systems will be discussed, building on what has been described so far.
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1.8 Driven processes in MIMs

Many biomolecular machines operate by the principle of information ratchet. This means that
the behaviour of the machine is dependent on the information about its current state.®® To
harvest the free energy necessary for out-of-equilibrium functioning into directional motion,
kinetic asymmetry is required to provide a kinetic preference to move directionally, while

progressing around the chemomechanical cycle.

A [2]catenane where a Omovingd macrocycl e

macrocycle ( ) was prepared by Wilson et al. (2016).3

FumD.

: The [2]catenane molecular motor operating as an information ratchet, with directional motion around

the track as long as fuel is present. Work by Wilson et al.3*
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Kinetic stoppers on the track act as parts of the network that interact with the fuel molecule, in
effect catalysing the breakdown of it. Removal of the stopper is as effective next to the
macrocycle as far away from it, so this step does not affect the kinetics. This is because the
breakdown is mediated by triethylamine molecule and is triggered at fluorenyl methine group,
which is five bonds away from the attachment point. In this way, the presence or absence of
the macrocycle does not affect the kinetics at either attachment point.

On the other hand, addition of the stopper is around fivefold faster at the attachment point far
away from the macrocycle. This kinetic asymmetry leads to the macrocycle shuttling around

the track in a directional manner.

This results in one attachment point with a stopper and one without. Thus T different energy
barriers for the macrocycle to move between two identical stations. The macrocycle continues
to shuttle around in a directional manner as long as there is fuel present (a coupled chemical

potential gradient). It can be said that the system operates autonomously.
The calculated rate is around 12 h for each full rotation.

A large amount of fuel is consumed without generating motion, because the cleavage pathway
is not selective. Nonetheless, the system provides a fundamental contribution to
understanding how information ratchets can be implemented in chemically fueled molecular

machines.3®

This type of the information ratchet is comparable to a driven assembly (class 4 in the review
by Das et al.).*® Alternatively to chemically-driven continuous autonomous motion, a catenane
or a rotaxane can be coupled to a driven reaction to keep a certain state transient. In other
words, the state will be kept, as long as there is fuel available (under dissipative conditions).
Unlike in the case of the autonomous motor in , there is no continuous motion and
in fact the system can be said to be in transient stability, as long as there is fuel in the system.

This is akin to the assembly under dissipative conditions (class 2 in the review by Das et al.).®

The spontaneous switching of environmental conditions (no fuel i fuel i no fuel) leads to a
temporary alteration of the energy landscape and this can lead to a population of a high energy

state. This mechanism of energy transfer is referred to as an energy ratchet.®

An example of the energy ratchet [2]catenane is the work by Erbas-Cakmak et al. (2017).%¢
The system contains base triethylamine which breaks down the acid-based fuel in time. The
system operates essentially the same as the analogous energy ratchet where the two stimuli
(acid and base) are added subsequently one after another. Both energy minima and the height
of kinetic barriers are affected by the acid-base switching ( ). The macrocycle is

able to complete a full rotation with each batch addition of fuel to the system.
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: Fuel-driven energy ratchet [2]catenane by Erbas-Cakmak et al.>® The preferred station in the acidic

environment is the dibenzyl ammonium, while when it is deprotonated, triazolium binding site is preferred. The
kinetic asymmetry is introduced through two different stoppers along the track i one is acid-labile and one is
base-labile.

The duration of the transient system state can be controlled by the amount of fuel added.*®
The periodic non autonomous driving process of adding fuel will lead to periodic variations of
species concentrations. However, to be clear, the motion is directly not coupled to the
conversion of fuel (Aprahamian and Goldup would express this as off-cycle at-equilibrium

process).?®

While the information ratchet [2]catenane ( ) reminds more of a biomolecular
machine as ATP-synthase ( ), all of the different systems are useful in their own
right and are found both in biology environments and prepared synthetically.3 It will remain

up to the function envisaged by workers to decide which type of system is preferred to be built.

Aprahamian and Goldup suggest to focus on the coupled reaction (the spontaneous driving
reaction) and how it interacts with the reaction network to shift the attention onto this key
feature of the system.?® Likewise, | might add that continuous development in understanding

of mechanical properties of MIMs also deserves attention.

Although MIMs have been extensively prepared for a few decades now, workers continue to
unravel new properties and ways of using them. Combining interesting mechanical properties
of MIMs (motions between co-conformers) and conversion of fuel to drive this appears

prosperous to explore and understand.

Whil e the role of conformational dynamics

is also gaining more attention in synthetic systems.®*® The binding of ATP triggers a
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conformational change in the kinesin proteins structure, which allows for the release of the
trailing head.®” There are many rotaxane structures where the addition of a target ions causes

a co-conformation shift i a motion in the mechanically interlocked molecule.

The most simple additive is the proton, as explored in the work by Ragazzon et al.
( ), which may make the macrocycle to move towards the environment where the
axle bound a proton. ltds not only the axle th:
macrocycle. In particular, larger (asymmetric) macrocycles are of interest, which may bind two
axles inside their cavities or an axle and a target molecule. Instead of binding an ion for
detection purposes, a cavity of a rotaxane can be in theory used to bind a fuel molecule, which

then breaks down over time inside that cavity.

Further interesting is the situation in which the bound fuel molecule at the same time affects
the binding ability of the particular binding site of an axle inside the cavity of the macrocycle,
thereby causing the axle inside the cavity to also move. This idea (with the bound molecule

being an anion, not a fuel molecule) is demonstrated in the [3]rotaxane by Barendt et al.
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: Example of motion of the macrocycles along the axle to bind an anion. 8 The same motion can be

imagined inversely, to see an axle move to a different position when a target fuel molecule is bound.

If this motion of an axle after a fuel molecule is bound is used to alter the mechanical situation

at the neighbouring point of interlocking (POI), the information transfer could be recorded in
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some way. This fuel-driven information transfer could be used for either autonomous
continuous motion or to keep a given state under dissipative conditions (as discussed for the

two [2]catenanes above).

To the ends of developing more capable molecular machinery, both fuel-sources and
mechanics of interlocked molecules need to be developed. In the course of my study, an
redox-active tetrathiafulvalene units were a central part of the designs for novel mechanically
interlocked molecules. My work continued and built upon the work on redox-active rotaxanes
prepared at the Schalley research group before me. This work prior to me beginning is
described in the last bit of this general theory section, before the continuing onto the

exploration of motions in mechanically interlocked molecules.
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1.9 Redox-active MIMs

Redox-active molecular moieties can be incorporated into the structure of mechanically
interlocked molecules T into axles and into macrocycles. The idea is that by changing the
redox-state of the moiety, the interactions between components of a MIM are altered, leading

to a rearrangement of the MIM through a motion into a different co-conformation.

Two commonly used redox-active motifs are the viologens (which can be reversibly reduced)
and the tetrathiafulvalenes (which can be reversibly oxidised). Naphthalenetetracarboxylic
diimides (NDIs) are another class of moieties that can be reduced, that have been

incorporated into MIMs.

An example of a MIM with viologen units is the structure described as electric molecular motor
( ) by Zhang et al. (2023).*° The authors have found that two macrocycles are
required for kinetic asymmetry to drive the macrocycles unidirectionally around the track in a
[3]catenane. The system operates as an energy ratchet with alternate reduction and oxidation
of the six viologen units in the system (two viologen units as part of the axle track and four
viologen units as part of the two macrocycles). The chemical structure of this molecular motor

is provided below in
ok
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: An example of redox-switchable energy ratchet molecular motor prepared by Zhang et al.>®* A and B
indicate the two macrocycles, to help follow along the figure as the motion is illustrated. The illustration here is
provided to illustrate that macrocycles move around the track directionally. For more detail of how this operates,

please refer to the publication.
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: The chemical structure of the redox-active molecular motor by Zhang et al.>®

While the authors noted that in an analogous [2]catenane, there was not enough kinetic
asymmetry for directional rotation through an energy ratchet mechanism, the [3]catenane
example with two macrocycles nonetheless shows that redox can also be used to drive

molecular motors.

Tetrathiafulvalenes as components of axles were introduced by Stoddart group and used in
many different projects. The idea is that when oxidised, the TTF station becomes positively
charged and thus repels the positively-charged macrocycle ( ). The most stable
state of the system is then for the macrocycle to recide around the alternate station. Initially,
TTF is more favourable, because of the electron-rich nature of the unit, which attracts the

electron-poor viologen based macrocycle for donor-acceptor interactions.
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: an example of a rotaxane with a TTF moiety incorporated as a station of the axle.

Figure from work of Liu et al. 40

The tetrathiafulvalene unit can also be incorporated into the macrocycle structure of a crown
ether. The first work regarding this was a crown ether that was used as a receptor for Ag*
cations ( )4
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: A crown ether acting as the binding site integrated with a tetrathiafulvalene unit acting as a signal
transducer i work by Larsen et al. The authors found significant shifts in redox potentials when silver cation was

bound to the macrocycle on the right (specifically, without any effect from other cations) and slight shifts when

potassium cation was bound to the macrocycle on the left (specifically, without any effect from other cations). 4

While there is the example of a electromotor prepared in 2023 ( ), the initial work
on many mechanically interlocked molecules is to explore their properties in the different

states they are stable in and the requirements to switch between these states.

In 2017, Schroder et al. have prepared a rotaxane that is stable in five different system states.
The pentastable [2](2)rotaxane structure includes a tetrathiafulvalene (TTF) unit T reversibly
oxidisable into two states and a naphthalenetetracarboxylic diimide (NDI) unit i reversibly

reducible into two further states ( ).+
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: A pentastable redox-active rotaxane by Schréder et al.#?

A [2]rotaxane containing only the TTF unit was also prepared ( ).! The redox
properties were often studied for the free macrocycle, comparing it to the rotaxane. It is harder
to oxidise the TTF (= to switch between system states) when the macrocycle is part of a
rotaxane due to the additional repulsions with the ammonium group. It was also found in the
system state in which the TTF unit is doubly oxidised, around half the macrocycles still encircle

the ammonium station (= study of the system properties at a given system state).
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: A [2]rotaxane containing a crown-ether based macrocycle with an integrated TTF unit threaded onto

an ammonium binding site. Work by Schrdder et al.t

Larger rotaxanes containing multiple TTF-crown ether (TTFC8) macrocycles were also
prepared and investigated ( ).4® Switching between different states was studied and
explained using properties of the system at each given system state. As the TTF units were
oxidised and reduced, it caused the macrocycles to shuttle closer to and further away from
each other, as the system relaxed to distributions according the thermodynamic minimum at

each system state.
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: A series of rotaxanes with multiple amount of TTFC8 were prepared to study the relationship
between the macrocycles on the axle. The structures take into account both the macrocycle-axle and the
macrocycle-macrocycle interactions. Work by Schroder et al.*®
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E /V vs FcH/FcH’

: A correlation diagram of half-wave potentials determined by CV/DPV in ACN (0.1 M n—BU4NPFe,).43

The values are for the structures in

The correlation diagram ( ) containing the redox values for the structures in
. The higher the value of the voltage required to oxidise a TTF, the more difficult it
is to oxidise i1t. For i nstance, it can Rles

compared to the macrocycle TTFCS.

Another observation was that the first oxidation for the [3]rotaxane R2 comes at a lower

voltage compared to the [2]rotaxane R1 with a single macrocycle. This is due to the TTF-TTF
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favourable TTF-TTF interactions. After a single electron was removed from the system, a
mixed valence dimer ( ) would form between the TTF units integrated on the

adjacent macrocycles.

The macrocycles in the [3]rotaxane R2 would move closer to each other to form the mixed-
valence dimer between the TTF-units, but would move away from each other when each TTF

unit was doubly oxidised to TTF?*.

1 . —ar —_y
-+ s
) )
- (1) mixed-valence
dimer
1+ B
+ —
S T,
+ - . .
1 (1), radical-cation
dimer

: The depiction of the mixed-valence dimer and radical-cation dimer, both which could form in

rotaxanes containing multiple TTF units as part of the structure. Figure from review by Schréder and Schalley.**
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Theory Chapter 2 : Specific theory - motions of MIMs

2.1 Kinetics and motion : a brief overview

Usually, when thinking of motion, we imagine something moving. For this chapter the word
O6motiond is used as a r-eohfermadom ofehe MIb, the bhangeim ange |
state between the different arrangements in space available for the components of a

mechanically interlocked molecule.

Motion is a commonly used word in mechanically interlocked molecules terminology with many
groups investigating the final outcomes of a stimulus towards a molecule without delving into
the kinetic timeframes of these changes. In case of most prepared rotaxanes, the changes in

states happen within reasonable macro time for investigation purposes.

There are studies on the kinetics of shuttling or pirouetting of macrocycles on axles and the
reader is directed to the studies by Andersen et al., Leanza et al. and Farras et al. as a starting
point.**"4” There are further studies on threading and unthreading i or how any kinetic barrier
hinders motions and the effect of axle folding or forming a knot.*¥"*° This is not the focus for
this chapter.

Likewise, when considering motion in the macroscopic realm, we think of some input of
energy. An increasing amount of fuel-driven MIMs are prepared every year, however this is
also outside the scope for this chapter. A molecule could be kept out of equilibrium in a
particular co-conformation due to fuel supply, however this will not be further explicitly

discussed.

For convenience, the motions of MIMs are discussed here as if the MIM is used as a switch
with reversible stimuli, however the same kinds of motions could also be coupled to fuel-based
reaction networks. The chapter ecbamicallyintersockedhe st r u
molecule and how the motion in MIMs comes about from the detailed consideration of these

structural parts.

Original and unique MIM structures and motions will also be introduced upon building on the

insights collected from the presently available systems.
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2.2 Higher order rotaxanes

To begin the discussion on rotaxanes composed of 3 or more components, | invite the reader
towards a question. How can two [2]rotaxane molecules be connected to each other giving
higher order structures? The immediate thought that might arise is to connect two synthetically
prepared [2]rotaxanes at the stoppers, for example through a disulphide linkage. To note, this
is a conceptual/theoretic exploration with the aim to explore possible structures to envisage,

not focused upon synthetic details.

To begin, perhaps the most common higher order rotaxane structure prepared is the
[3]rotaxane type 1.2 ( ). For higher order rotaxanes, the nomenclature m.n indicates
m axle components and n macrocycle components. In this case, we can imagine axles of two

[2]rotaxanes linked to prepare such a structure.

-
-

B-1

B-2

: Connecting ends of the axles of molecules B-1 (indicated here by the yellow line) creates a structure
[3]rotaxane type 1.2 (this is not meant to illustrate a chemical transformation).

If instead of connecting the two axles, two macrocycles of [2]rotaxanes are connected, a

[3]rotaxane type 3 is obtained. While axles can be abstracted to lines and thus connected at

6a single pointd, the macrocycles can be connec!H
macrocycles can be fixed in space with their orientations ( ) or there can be a single
bond around which the macrocycles can rotate ( ).
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B-3

: Connecting macrocycles of [2]rotaxanes B-1 once at each macrocycle creates a [3]rotaxane type 3,
where the macrocycles are free to rotate around the single bond with respect to each other (this is not meant to
illustrate a chemical transformation). Yellow line indicates what is connected from the two [2]rotaxanes, in this

case it is the two macrocycles that are connected.

—_— B /\

: Connecting macrocycles of [2]rotaxanes B-1 twice at each macrocycle creates a [3]rotaxane type 3,
where the macrocycles are locked with respect to each other (this is not meant to illustrate a chemical

transformation).

In the [3]rotaxane B-4, the macrocycles appear to be linked in a more rigid way compared to
the [3]rotaxane B-3. This suggests that the axles threadeding through each of the macrocycles
are in a more rigid, if not entirely parallel arrangement. In case of a linker in [3]rotaxane B-3,
the macrocycles may rotate with respect to each other and so do the axles threaded through
these macrocycles. This may be due to a single bond as part of the linker that links the two

macrocycles of the structure.

A very important note here, especially regarding crown ether macrocycles, is that they are
highly flexible. The planar structure and rigidity of the linker does not mean that the axles

threading through the cavities of the bis-macrocycle will necessary be mathematically parallel.

Examples ( ) to envisage are anthracene in B-5 and tetrathiafulvalene (TTF) as part
of B-6 as macrocycles for a structure as the [3]rotaxane B-4. On the other hand, the molecule
B-7 contains a linker with a rotatable single bond leading to less restrictions and thus
controlling over which way each of the macrocycles is facing. This would be an example of a

bis-macrocycle in a [3]rotaxane B-3.
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tetrathiafulvalene respectively. Both of these are planar linkers, leading to higher rigidity with regards to where

Now, for another way to connect two [2]rotaxanes. If an end of each axle is connected to the

B-6

B-7

( O/_\O 2 g\o/_\o/g
¢ Jocoo )
O O\) O O\)
g\o o/\ (\o o/z
C )
K/O\_/O\) K/O O\)
(—o/_\o—\_o o Ve -
, 2
N Oxouoj

: Examples of linkers for bis-macrocycles. B-5 and B-6 contain and anthracene and a

the macrocycles cavities are facing with respect to each other.

macrocycle it is not threaded through, a so-called [c2] daisy chain is obtained (

Her e,

If the stoppers of the above [c2]daisy chain B-8 are connected, a [c2] daisy chain catenane

B-8D (
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: Connecting axles to the macrocycles they were not threaded through leads to a [c2]daisy chain

B-1

-

ocked

units are
/"—
/-/

turned

structure (this is not meant to illustrate a chemical transformation).

) is obtained.

)

: When the ends of a cyclic daisy chain are connected, a macrocycle containing a daisy chain motif is

obtained.
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In general, whenever two stoppers are somehow connected, or a macrocycle replaces an

open ended axle, for the whole structure, a catenane motif replaces a rotaxane motif.

So, if the [3]rotaxane type 1.2 B-2 ( ) has its stoppers connected to one another,
two macrocycles and an axle turn into 3 macrocycles in an interlocked structure, a

[3]catenane.

Similarly to connecting units into a daisy chain, if you take two of the [2]rotaxanes and connect
one stopper (end of the unit) to the macrocycle of the other, a so-called hetero[3]rotaxane is
obtained ( ) . This is the same fAoperationo of
the [c2]daisy chain in , except done only once and not twice. | suggest that B-8c
could be referred to as a stoppaxane i alluding to the idea that there is another axle threading

through a macrocycle-shaped stopper.

-

-

: Connecting stopper of one [2]rotaxane to a macrocycle of another [2]rotaxane leads to the simplest

hetero-rotaxane variant.

So far, the A-A, M-M, M=M, 2 x A-M links connecting two [2]rotaxanes were considered. The
A-A and M=M links can be combined for a [2](2) cage rotaxane structure B-9 ( ). In
this case, the macrocycles could also be loosely connected via a single linker, still leading to

a [2](2)rotaxane. The rigidity and number of linkers can play an important role.

-_— /B
-_— 7B .‘
//—/
-
-_—

B-9

: Connecting to ends of the axles of molecules B-1 and connecting the macrocycles of molecules B-1
creates a [2](2) rotaxane i sometimes also referred to as a cage rotaxane (connections are not meant to illustrate

a chemical transformation).
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Here, | pause and point out that in this way of thinking it can make a difference to whether it
is two axles that are being connected or two stoppers. Taking the above situation and
rephrasing it as stopper-stopper (S-S) connection as well as M=M connection with two rigid
linkers, a [2]suitane structure B-9b ( ) is obtained. Technically, two stoppers would
then also need to be removed to form B-9c, for the central stopper to play the important
fcentr al stoppero role as happens in suitane

[2]catenane based on a [2]suitane structure.

: Connecting stoppers of [2]rotaxanes as well as their macrocycles leads to a structure known as a
[2]suitane.

Anot her way to oO6connectd [ 2] rotaxane moti fs
[2]rotaxane, instead of linking them via a spacer, leading to the [3]rotaxane type 2.1 B-10

( )-
.

-_—
/”

: Fusing the macrocycles of the [2]rotaxanes leads to a [3]rotaxane 2.1 structure (this is not meant to

illustrate a chemical transformation).

A key difference of B-10 compared to the [3]rotaxanes type 3 B-3 and B-4 is that the axles of

this [3]rotaxane are in close contact inside the cavity of the macrocycle and attractive/repulsive
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forces between these have to be taken into account for the motions in this type of mechanically

interlocked molecule.

Another important thing to note for B-10 i when the macrocycle pirouettes, the axles can
exchange their positions. An attempt clarity this point is depicted in . The
multithreaded [3]rotaxane B-2 can be similarly compared to a radial [3]catenane B-11, where
in a [3]catenane, the components can in theory n
similar binding components and compatability and that there are no hindering kinetic
components as part of the axle track of the [3]catenane. For the rotaxanes that appear as B-
2, the macrocycles typically do not interchange their positions, unless a ring-through-ring

motion is possible when one of the macrocycles is much larger than the other.%!

2 macrocycles 2 axles
-
—
> ‘
no ‘exchange’ - -
of component -— -
positions 82 B
— g
-
- -
‘exchange’ —
Of component
positions BA1
B-10

: Similarities found for the components positions in a radial [3JcatenaneB-1 1 and Omul ti t hread
rotaxane B-10.

The somewhat trivial idea of exchange becomes more significant for a multithreaded
[3]rotaxane type 2.1 when the sites of the macrocycle are distinct i for example if there is a
single tetrathiafulvalene unit incorporated into the macrocycle, which then happens to be
located next to one of the axles, but not next to the other. The pirouetting motion may then be
an important factor to describe the co-conformations arising as a result of redox switching the

TTF unit. This will be further explored in the next sections of this chapter.
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2.3 Motions in rotaxanes

In [2]rotaxanes, if the axle offers several binding sites for a macrocycle, the macrocycle will
shuttle and recide around each binding station for some time. The amount of time macrocycle
recides around each binding station is dictated by thermodynamics. For this thesis, the motion

of a macrocycle along the direction of the axle will be described as the motion along x axis

( ).

L
—
z { ,/
X — —

: Shuttling of a macrocycle along the axle in a [2]rotaxane. The axle is represented as rigid linear rod
for simplicity, which is not the case for many synthetically prepared structures.

To begin, the motions in a [2]rotaxane were described in terms of the macrocycle moving. This
appears to be the conventional way to describe the change in co-conformations, the relative
arrangement of mechanically interlocked components. However, there is nothing inherently
incorrect about describing the motions in terms of the (parts of the) axle moving and seeing
the (linked) macrocycle(s) as stationary. In the end, intuition is followed for each structure and
the choice to describe the motions in terms of macrocycles or axles depends upon the number
of axles, number of macrocycles, flexibility of both the axle(s) and the macrocycle(s) and their
linkers, arrangement of binding sites on the axle and ratio of macrocycles to axle components,
amongst other factors. It appears that the intuitive choices cannot be systematised and this
will not be the goal here. Instead, the motions will be described in terms of macrocycles or
axles as feels natural. In reality, the case is often that multiple components of the mechanically

interlocked molecule are moving to arrive at the respected co-conformational minima.

The motions will be drawn as molecules being in equilibrium between possible co-
conformations, noting that at any one state the conditions may strongly favour one station

before a stimulus shifts the equilibrium by changing the binding conditions at a selected site.

One of the most commonly explored motions for rotaxanes is the movement of the

macrocycles in a [3]rotaxane type 1.2 closer and further away from each other ( ).
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B-13

: Shuttling of macrocycles along the axle in a [3]rotaxane. While the motion is not necessary
concerted, interactions between the macrocycles may cause a state where they are together to be energetically
preferred co-conformation.

Depending upon the binding sites and macrocycles, the initial situation might be where the
macrocycles are closer together or further away from each other and are brought together by

applying a stimulus.

In either case, the binding site arrangement can be described as ABBA. By connecting an
extra AB axle fragment, a (AB)s parallel arrangement is obtained as used for the molecular
elevator B-14 ( ).52

N

,'\

: A representation of a molecular elevator structure, where macrocycles are connected and ends of

the axles are connected.

In case of the molecular elevator, the macrocycles are connected. The motion of each of the
macrocycles along each oneds respective track br
further away to the linking point of the tracks. This is reminiscent to an elevator moving

between floors.

The alternative binding station arrangement for structures containing two macrocycles is

ABAB i which is used for in-series motions such as molecular pulley B-15 ( ). The
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molecular pulley has the macrocycles linked together just as in the case of a molecular
elevator, however due to the different arrangement of the stations and connections of the axle
units, the perceived/imagined motion is different.>® This could be due to it being easier to
imagine a translational motion of linked axle units compared to a rotational motion of the linked

macrocycles unit i thus the axle is described as moving through the framework.

LT
A
.

: A representation of a molecular pulley structure.

In effect, the motion is of the same kind as in the [2]rotaxane B-12, but performed for each of
the three macrocycles 7 with the stations arranged in series as ABABAB. You can imagine
this structure as being composed of three [2]rotaxane each linked via axle and at macrocycle.
The deeper implication is that even though the structure is more complex, there are no novel
motions/interactions arising as a result of complexity. However, repetition of an operation and
structural motifs (whether in series or in parallel) allows for more interesting looking motions

to occur.

Neither in the [3]rotaxane B-13, nor in the molecular elevator B-14 or molecular pulley B-15
does the motion focus on how far away or close together the stoppers are. In case of the
molecular elevator B-14, when the macrocycles move closer to the stoppers, the stoppers are
also in effect brought closer together in space, as a bundle . The extent of this depends upon

the rigidity of the macrocycles and rigidity of the unit linking the macrocycles.

In case of the [c2]daisy chain (example structure B-16 in ), which aims to imitate
structures found in muscles, the focus is specifically on the stoppers being brought closer

together in space.
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. A representation of a [c2] daisy chain structure

I f one binding station is much more favourable t
be imagined to be statically contracted or expanded until the stimulus is applied to switch the

State.

The binding station arrangement in the [c2]daisy chain B-16 is AB/BA similarly to the ABBA of

[3]rotaxane B-13 ( ), which arranges the st-maini alhlselod
form ( ). The arrangement of axles in a molecular elevator B-14, while not
necessary parallel, can be considered in the 0&pe
motion of the moving unit ( ).
— — //
/ - parallel
anti-parallel

: A representation of possible binding station arrangements on parallel axle fragments

The motions of the macrocycles in the [c2]daisy chain B-16 are the same as in the [3]rotaxane
B-13, except that the macrocycles in the [c2]daisy chain are linked to the ends of the axles.
The macrocycles in both cases do move closer and further away from each other. This

happens through the macrocycle-axle interactions and shuttling motion.

Another similar structure with this type of arrangement is when you maodify the [3]rotaxane
B-13 to link the macrocycles together, forming a [2](2) cage rotaxane B-17 T in this case, if
the linker and the macrocycles are rigid enough, you can also envisage the stoppers moving
closer towards the cage and thus closer towards each other ( ). The axle is drawn
as a rigid rod, but assuming flexibility at the molecular level, it is often the axle that is drawn
asthe movingcomponentias it i s easier to imagine o6fol dingé
the cage structure is very rigid, it is indeed the case that the axle component is moving through

the framework.
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: A representation of a [2](2) cage rotaxane structure with the stations arranged as ABBA.

The axle is drawn as a linear rigid unit for simplicity.

The station arrangement for the [2](2)cage rotaxane B-17 is ABBA as for the [3]rotaxane
B-13 ( )

When the two distinct binding stations are arranged as ABAB , as for the [2](2)rotaxane B-18
( ) with both of the macrocycles shuttling the same direction, we could think of the

cylinder / linked rotaxanes as the part of the molecule undergoing motion.

-
- B-18

. A representation of a [2](2) cage rotaxane structure with the stations arranged as ABAB.

The axle is drawn as a linear rigid unit for simplicity.

For the rotaxane B-17, the overall motions bring the

just like for the [c2]daisy chain B-16, the two stoppers move closer to each other.

The next mechanically interlocked molecules to be described are the [3]rotaxane type 3
structures.

For the case in which the axles are threaded through in a parallel sense ( ) and no
interchange is possible, it can be easy to imagine the axle as stationary - and the bis-
macrocycle as the moving component (B-19 in ).
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B-18

: A representation of a [3]rotaxane type 3 structure with the axles threaded in a parallel sense
directionally. The axle is drawn as a linear rigid unit for simplicity.

In case when the axles are threaded through in an anti-parallel sense directionally (B-20 in

), we are naturally thinking of axles as being in motion. It is more accurate to
describe motions as happening step-wise and not in a concerted way. One binding site can
be affected by a stimulus initiating a motion before the other conditions at the other binding
site are likewise altered. The same is true for the [2](2) rotaxane B-18 described above. The
motions are not concerted, even when they are imagined and sometimes described as being
so. In case of the rotaxane B-18, the axle fragment will likely move first at one binding site,

especially if the macrocycle framework is rigid.

—’

-
I B-20

il

: A representation of a [3]rotaxane type 3 structure with the axles threaded in a anti-parallel sense

directionally. The axle is drawn as a linear rigid unit for simplicity.

All of the motions thus far concerned the interactions between macrocycles and axles, by
affecting the shape, charge of the components or otherwise influence the binding affinities.

When more than two components are incorporated into the structure of the MIM, the
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interactions between two macrocycles on an axle, or between two axles inside a macrocycle

can also be considered.

In 2018, work on switchable synchronisation of pirouetting motions of macrocycles was
presented by Schréder et al. from the Schalley research group ( ).%* This is a good

example of considering macrocycle-macrocycle interactions in a MIM.

—
— K.X S
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: A representation of a [3]rotaxane where macrocycle-axle interaction is not altered and instead the
macrocycle-macrocycle interaction is investigated by changing the states of the components appended onto the
macrocycles. The diagram aims to indicate that when appended units are oxidised (orange colour), the extra

attractive interaction increases the preference of the macrocycles to pirouette together.

To clarify, in this case, the interaction is between TTF units appended onto the macrocycles.
This is a convenient way to lock the macrocycles together for their motions around an axle in
the YZ plane. While the macrocycle atoms are used for the binding with the axle, the

appendages can be used to alter states while not shuttling away from the binding stations.

In case of this study, one or both of the TTF units are oxidised to radical cation TTF-*. When
this happens, the TTF units appended on the interlocked macrocycles experience an attractive
interaction. When this happens, it becomes more favourable for the macrocycles to pirouette
(rotate around the axle in the YZ plane) as a coupled unit. While synchronous rotation was the
preferred way to move around the axle prior to the oxidation of the TTF units, the binding
interaction between the oxidised TTF units brings up barrier for counter-rotation (macrocycles

pirouetting to the opposite directions) by an extra 100 kJ mol* to a ca. 200 kJ mol?.%*

The movements of the macrocycles around the axle are dynamic and fast. As with any

situation concerning binding, there are always some counter rotation happening and some
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rotaxanes with the macrocycles not pirouetting together and the TTF units unbound (in a

neutral, mixed valence or radical dimer states).

A rotaxane system can combine shuttling and pirouetting lock motions, if a binding target such
as an anion is incorporated between the macrocycles at a specific binding site, as in the

example by Beer et al. ( ).38

: Example with the nitrate anion holding two macrocycles together, instead of the direct M-M
interaction. In this case, when bound to the nitrate, the macrocycles can be expected to pirouette in sync, when
they do this together with part of the axle. When the macrocycles are at the NDI binding sites (further away from
each other), they pirouette freely between the conformational minima.3® The numbering does not correspond to

that of this thesis.
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