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Abstract

Dynamic combinatorial chemistry (DCC) is a powerful method for synthesising complex molecules and
identifying unexpected receptors. Chapter 1 gives an overview of the concept of DCC and its
applications, and discusses its evolution to date.

Chapter 2 describes the discovery of a new generation of donor-acceptor [2]catenanes in aqueous
dynamic combinatorial systems. The assembly of these [2]catenanes is promoted by a high salt
concentration (1 M NaNQOg3), which raises the ionic strength and encourages hydrophobic association.
More importantly, a mechanism that explains and predicts the structures formed is proposed, giving a
fundamental insight into the role played by hydrophobic effect and donor-acceptor interactions in this
process.

Building on these results, Chapter 3 describes the assembly in high salt aqueous libraries of a larger
structure: a [3]catenane. Remarkably, the [3]catenane exhibits strong binding interactions with a
biologically relevant target — spermine — in water under near-physiological conditions. Its synthesis is

improved if the salt is replaced by a sub-mM concentration of spermine, acting as a template.

Chapter 4 explores in further detail how subtle variations in the building block design influence the
selective formation of either [2] or [3]catenanes. This last section underlines both the advantages and the
limitations of the method developed in Chapter 3.

After a short conclusion (Chapter 5), Chapter 6 gives experimental details.
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COSY Correlation spectroscopy

Cys Cysteine

D Donor

DCC Dynamic combinatorial chemistry

DCL Dynamic combinatorial library
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RBDCC Resin-bound dynamic combinatorial library
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Chapter 1

CHAPTER 1

Evolution of Dynamic Combinatorial Chemistry

Since its inception in the mid-1990s, dynamic combinatorial chemistry (DCC) — the chemistry of
complex systems under thermodynamic control — has proved valuable in identifying unexpected
molecules with remarkable binding properties, and in providing effective synthetic routes to complex
molecules. In essence, it is an approach in which one designs the experiment, rather than the molecule.
It has also provided us with a tool for gaining insights into how some chemical systems respond to
external stimuli. Using examples from the work of the Sanders group and others, this introduction
shows how the concept of DCC, inspired by the evolution of living systems, has found an increasing
range of applications in diverse areas, and has itself evolved conceptually and experimentally.

A dynamic combinatorial library (DCL) is a thermodynamically controlled mixture of interconverting
species that can respond to various stimuli. For example, an added template can select and stabilize a
strongly binding member which is then amplified at the expense of the unsuccessful library members,
minimizing the free energy of the system. Thus, the Cambridge version of dynamic combinatorial
chemistry was initially inspired by the example of the mammalian immune system and conceived as a
way to create and identify new unpredictable receptors, but it has been exploited in a variety of other
ways.* DCC has contributed significantly to the evolution of chemistry over the past two decades as its
range of applications have increased in diverse fields including catalysis, fragrance release, and
responsive materials. Among these applications, the ability of complex chemical systems to reach a high
level of organisation has been exploited to build intricate and well-defined architectures such as
catenanes or hydrogen-bonded nanotubes. In addition, it has proved a powerful tool for the study of

complex molecular networks and systems.
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Dynamic combinatorial chemistry is actively contributing to the improvement of our understanding of
chemical and biological systems. The study of folding or self-replicating macrocycles in DCLs has been
applied as a model to help us appreciate how complex organisations such as life can emerge from a
pool of simple chemicals. Today, DCC is no longer restricted to thermodynamic control, and new
systems have recently emerged in which kinetic and thermodynamic control co-exist. Expanding the
realm of DCC to unexplored and promising new territories, these hybrid systems show that the concept

of dynamic combinatorial chemistry continues to evolve.
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1.1. A successful but naive idea

Evolution has long been associated with the idea of a blind, random emergence of the best-adapted
organism. However, in recent decades, many scientists have questioned whether evolution is truly
random, and have shown it to be strongly constrained by the laws of physics and chemistry: in 1993, in
his book The Origins of Order,? Kauffman used the perspective of mathematics to show that complex
disordered systems (including, amongst others, living organisms) display an inherent property to self-
organise and evolve in a way that was described as a “combinatorial optimisation process”. Building on
this notion, Williams and Fradsto Da Silva® proposed — from a purely biochemical point of view — that
evolution can be predictably driven both by the nature of the chemicals accumulated within organisms

and the way they interact with a changing environment.

Such concepts offer the opportunity of using complex networks of interactions to access highly
organised structures and chemists, taking inspiration from nature, have since designed many artificial
evolutionary systems. Amongst them, dynamic combinatorial chemistry (DCC)" * has proven to be a
particularly fruitful approach: instead of designing a molecule to target a specific problem, the dynamic
combinatorial chemist designs a system in which the most successful molecule is automatically selected
and amplified from a pool of potential targets. In the beginning, DCC appeared to be a simple way to
access many different and unpredictable receptors from a single pool of relatively simple components;
chemists soon realised that it was a good way of discovering complex architectures and receptors that
are normally inaccessible or unimaginable by rational design, and also a powerful tool for the study of

systems chemistry.’

In dynamic combinatorial chemistry, simple molecular units (building blocks) are held together by non-

covalent or reversible covalent bonds, generating a complex mixture of products which continuously
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interconvert: ideally, the composition of the mixture at equilibrium is thermodynamically controlled and
is referred to as a dynamic combinatorial library (DCL, Figure 1.1).% * However, the definition of
dynamic combinatorial systems has also been extended to more complex systems that are not purely

under thermodynamic control.

(s a

template

- =
N =) -

amplification of
the best binder

building blocks

dynamic combinatorial library
(DCL)

Figure 1.1. Schematic representation of a dynamic combinatorial library and amplification of the best binder in
the presence of a template.

As a dynamic system, a library can respond to various stimuli that drive the constituents to reorganize in
order to minimise the total free energy of the system. The stimuli that have been investigated include
change of pH, temperature, or electric field, but the most exploited stimulus involves the introduction of
a chemical template: libraries of macrocycles, for example, provide as many potential receptors as
library members, and addition of a guest which binds strongly to one of the library components shifts
the equilibrium towards its formation, resulting in the amplification of the successful receptor at the
expense of the less successful. This concept constitutes an elaborated version of the metal-ion templated

macrocycle synthesis proposed by Busch in the 1960s,° and was independently developed by the
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Sanders’ and Lehn® group in the mid-1990s. Allowing easy screening of potential receptors with

different features, this approach has made DCC a powerful tool for the discovery of new receptors.
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Figure 1.2. Some of the reversible reactions used in DCLs: (a) transesterification, (b) transallylesterification, (c)

transamidation, (d) aldol exchange, (e) transthioesterification, (f) Michael / retro-Michael reactions (g) acetal

exchange, (h) thioacetate exchange, (i) pyrazolotriazone metathesis, (j) imine exchange, (k) hydrazone exchange,

(I) oxime exchange, (m) alkene metathesis, (n) alkyne metathesis, (0) disulfide exchange, (p) Diels-Alder / retro-

Diels-Alder reactions, (q) metal-ligand exchange, and (r) hydrogen-bond exchange.*

Most of the reversible reactions used in DCC have been summarised elsewhere,* * although the range of

reversible bonds used continues to grow. Some of them are shown in Figure 1.2. Disulfide exchange has
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been much exploited in our laboratory because it offers several attractions: the disulfide bond is

relatively robust but it exchanges under mild conditions.

Disulfide DCLs can be generated simply by dissolution of thiol building blocks in water at pH 8.0 under
air, allowing for the screening of biologically relevant target under near-physiological conditions. The
exchange is generally accepted to proceed through the nucleophilic attack of a thiolate anion on the
disulfide bond formed by the slow oxidation of the thiol building blocks (Figure 1.3). The process is
reversible as long as thiolate anions are present in solution, but the oxidation process is irreversible, and
the exchange stops after the building blocks are fully oxidized, allowing for easy purification of the

macrocycles formed.

0,
R, Riw..S
2 sy N STUR
H,O
- H>7
Ry __S. Os. e R © Ry__S.
§) R4 Ro - S S R,

Figure 1.3. Proposed mechanism of disulfide exchange.

Complex libraries can easily be prepared with a limited number of building blocks. A library composed
of only three building blocks (1, 2 and 3, Figure 1.4), for example, contains a large number of
macrocycles, forty-five of which could be differentiated by LC-MS.® The complexity of this particular
library is further increased by the fact that 1 was synthesised as a racemic mixture, and most
macrocycles were consequently present as a mixture of stereoisomers. The building blocks were

inspired by a family of cyclophane receptors developed earlier by the Dougherty group.*°
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Figure 1.4. Amplification of three different receptors from one single library.’

Upon addition of the ammonium guest 4, one of the best known binders to the negatively charged
receptor developed by Dougherty, the cyclic trimer 7 was amplified. Although the receptor selected in
the library shares many features with Dougherty’s, it is striking that 7 is not its exact analogue, thus
demonstrating the power of DCC to uncover unexpected receptors. Moreover, addition of two other
ammonium guests, 5 and 6, resulted in the amplification of two different macrocyclic receptors, trimer 9
and tetramer 10, showing that one single library with a sufficient diversity can be used to amplify more
than one receptor, and that a small difference in binding affinity is sufficient to amplify selectively from

a large number of similar structures.

The 1000-fold amplification of the large tetramer 10 by the small tetramethylammonium iodide guest™

is particularly surprising; even more remarkably, there are four diastereomers of the tetramer but only
7
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one is amplified in the presence of the ammonium guest as it is the only one that can efficiently fold
around the template. In the absence of a template, macrocycle 10 adopts a variety of exchanging
conformations and consequently displays extremely broad NMR resonances; these sharpen dramatically
in the presence of the template, thereby highlighting the discriminating power of DCC through the
induced-fit selection of not only one diastereomer but also just one specific conformation. The main
attraction of this system was that it provided access to many new receptors without the need for long
synthesis. Moreover, in optimised conditions, the yield of the amplified macrocycles was remarkably

high, a noteworthy feat given the low yields commonly associated with macrocyclisation reactions.

N Lw\f @

b s

o 11 [e] 12

NH, NH,

Figure 1.5. G-quadruplex ligands: a known binder (11), and an improved version (12) amplified from a DCL in

the presence of c-Kit21."*

The scope of DCC rapidly extended to more complex target structures. Our group demonstrated in
collaboration with the Balasubramanian group that a DCL of small molecules could be templated by
DNA G-quadruplexes.'* The DCC approach enabled a high level of discrimination between different G-
quadruplex targets with a disulfide library inspired by macrocycle 11. The binding affinity of the ligands
amplified in the libraries (such as 12, Figure 1.5) was superior to the binding affinity of the similar
macrocycle 11. However, these libraries are of relatively modest size: a similar level of discrimination

8
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could be obtained using regular parallel synthesis, and for this reason, increasing the size of the libraries

soon became a topic of major interest.*>*®

As one might expect, increasing the size of the library increases the probability of generating potential
binders, but as the concentration of the library members decreases in large libraries, the limit of
analytical instrumentation is rapidly reached and the fear of entropy increases. Otto et al. recently
showed that the size of the library could be extended to up to 9,000 members by using equimolar
amounts of eight building blocks.* In this large library, addition of ephedrine resulted in the unexpected
amplification of macrocycles which were previously undetectable in the absence of template. The
experiment clearly showed that a receptor does not need to be significantly present in the untemplated
library to be amplified. As in the previous case, the amplification correlated well with a good binding
affinity between the isolated receptor and the guest, and the amplified receptors turned out to have
among the highest affinities reported for ephedrine in water. The analytical challenge posed by such

large libraries has been met by Miller et al.'*

who developed a RBDCC (resin-bound dynamic
combinatorial library) technology that allows identification of effective binders for fluorescently

labelled target RNA in a library of small peptides with a theoretical size of 11,325 members.

While the above examples imply that library size is limited only by technological constraints, other
factors need to be considered in order to understand the response of a DCL to the addition of template.
For example, the Severin group and ours showed that, when the concentration of template is too high,
the amplification of weaker binders may compete with the amplification of stronger binders.” More
specifically, the amplification of weaker-binding mixed-macrocycles may be favoured over stronger-
binding homo-macrocycles, and the amplification of small macrocycles that are weak binders may be
favoured over the amplification of better but larger receptors in order that the whole system gains
maximum free energy. Although these problems can be avoided at low template concentration, using

9
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DCC to study host-guest interactions appears to be more complicated than initially expected.'®
Furthermore, the composition of the library and its behaviour may also be complicated by other issues

described below.

In spite of these limitations, DCC exhibits an amazing propensity to form complex architectures, and
some most surprising examples are depicted in the following section: DCC offers a unique approach for
exploring and exploiting the properties of templating, self-folding or self-replicating molecules, and has

rapidly grown as an ideal testing ground to improve our understanding of complex reversible systems.

1.2. Unexpected and delicate architectures

Although the above example shows that large macrocycles can fold in a suitable conformation in order
to optimize their interaction with a guest,” macrocyclic receptors often lack flexibility. Our group
recently reported the amplification of highly flexible linear oligomers at the expense of macrocycles by
dihydrogen phosphate anion acting as template.!” A hydrazone-based library was formed in a mixed
chloroform/methanol solvent using commercial mono- and di-aldehydes, and a di-hydrazide building
block, composed of a ferrocene unit coupled to an amino acid (valine). The library contains both linear
and cyclic oligomers. However, in the presence of the anion, only the linear species were amplified. The
presence of the chiral L-Valine induces a P helicity of the peptide chains around the ferrocene unit,
which dictates the structure of the linear oligomers: being simultaneously organised and flexible, they

can easily adopt a suitable conformation to wrap efficiently around the anion.

10
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The amplified linear oligomers are unusually large and incorporate five, seven or nine building blocks.
Intuitively, the fear of entropic costs would have inhibited the design of such large and flexible anion
receptors, and the formation of these large oligomers should be entropically unfavorable in the library.
Their formation can only be explained by the cooperative binding of multiple dihydrogen phosphate
anions: indeed, the pentamer 13 (Figure 1.6) binds two anions, and the more complex and larger

oligomers are thought to bind more than two anions.
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Figure 1.6. Unexpected receptors discovered by DCC: a helical linear receptor for dihydrogen phosphate ions
(13)," a peptide-based catenane binding to acetylcholine (14),"® and a donor-acceptor catenane binding to a
donor-template (Cat-1).%

Surprisingly, complex structures such as catenanes, can also turn out to be good receptors. The
amplification of an acetylcholine-binding [2]catenane (14, Figure 1.6) in a hydrazone-based DCL is
perhaps one of the most striking examples.® As the previous example showed, peptide moieties in
synthetic building blocks can serve as scaffolds with useful recognition properties. In the presence of the
neurotransmitter acetylcholine, a library composed of only one peptide-based building block (derived

from phenylalanine and proline) resulted in the formation of a hexameric [2]catenane originally not

11
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detectable in the untemplated library. Because of the presence of chiral centres in the initial building
block, two diastereomeric [2]catenanes are possible. However, acetylcholine promotes the formation of
only one of these diastereomers. Moreover, although this diastereomer can adopt many conformations,

only one of these conformations binds acetylcholine.

Recently, Gagné et al. have reported the dynamic combinatorial syntheses of several [2]catenanes
derived from similar building blocks, in which the phenylalanine unit was replaced by non-natural
amino acids such as dimethylglycine or amino(1-naphthyl)acetic acid.’® In this case, octameric
[2]catenanes spontaneously formed under the dynamic combinatorial conditions. The [2]catenane self-
templation is very dependent on both the amino acid incorporated in the building block and its chirality;
also, the complementarities of the H-bonding motifs and of other non-covalent interactions, such as CH-

7 interactions, are important features of the self-assembly of these [2]catenanes.

The dynamic combinatorial donor-acceptor [2]catenane Cat-1 (Figure 1.6) also exhibits interesting
binding properties.?’ This [2]catenane has an unusual stacking arrangement of the donor (D) and
acceptor (A) units, and its formation in aqueous medium hints that its assembly is governed mainly by
hydrophobic effects. However, donor-acceptor interactions can be favourably used to form a host-guest
complex in the presence of a donor template, allowing the formation of a stable DADAD stack. Further
stabilization of the complex apparently comes from the interaction between the ammonium cations of

the guest and the carboxylic anions of the host catenane.

In all these cases, access to these remarkably complex architectures is the result of both the recognition
of the catenanes’ components with themselves (self-recognition) and host-guest recognition (template
effect). These two phenomena are not necessary complementary and can be antagonistic: dynamic
combinatorial systems have been reported in which the spontaneously assembly of [2]catenanes is

reversed by the presence of a template that binds preferentially to simpler macrocycles.**
12
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The intricate network of interactions in dynamic combinatorial systems has been exploited to self-
assemble many other receptors and complex structures.™ * Subtle differences in the building block
structure or in the library conditions can be reflected in the library diversity, leading to the formation of
either simple or complex libraries. The flexibility (or lack thereof) of the building blocks may affect
their properties of molecular recognition, self-aggregation, or self-replication within the library, but it

seems that the most successful building blocks tend to possess both a rigid and a flexible component.
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Figure 1.7. Self-replication of a hexamer and covalent capture of the fibres upon UV irradiation.?

The aptitude of peptide-based building blocks to organise into complex dynamic combinatorial systems
has brought a valuable insight into the rules governing biomolecular processes.?” Otto et al. recently
showed that a hexamer formed from a fully synthetic peptide-based building block (15) can self-
replicate through the formation of three dimensional fibres (Figure 1.7).2° These fibres, held together by
B sheets, are fragile, breaking when subjected to moderate shear forces, but they can be covalently
captured upon UV irradiation. The ability to replicate is an essential characteristic of life, and such self-
assembly processes could, plausibly, lie at the origin of living systems. As such, the scope of dynamic
systems can be expanded far beyond the initial realms of dynamic combinatorial chemistry.

13
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1.3. Expanding the scope of dynamic combinatorial chemistry

Dynamic combinatorial chemistry has been extended to several other fields, such as drug delivery,* two-
phase transport,”® fragrance delivery,* ?® or biosensing.?” The Sanders group described how DCC can be
used as an approach to finding new catalysts, inspired by the example of catalytic antibodies.”® Used as
a template, 17 (Figure 1.8) amplified significantly two macrocycles in the disulfide DCL shown earlier

in Figure 1.4.

Figure 1.8. Towards an application of DCC for the discovery of catalysts.?®

Template 17 is the product of the Diels-Alder reaction shown in Figure 1.8, and may be considered as a
stable analogue of the transition state 16. The envisaged stabilising interaction between the amplified
macrocycles and the transition state of this reaction led us to reason that these macrocycles may act as
catalysts: the two macrocycles were isolated and their potential to catalyse the Diels-Alder reaction was
evaluated. While the first macrocycle was found to bind better to the starting material than to the
product and thus be catalytically inactive, the second macrocycle (9, Figure 1.8) induced a modest

acceleration of the reaction rate. Although this macrocycle exhibits a limited catalytic activity, it showed
14
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that a correlation exists between the observed amplification and the catalytic activity. A similar strategy
was also applied to the catalysis of acetal hydrolysis. Prins et al. have further developed this approach to
screen and understand catalytic processes, using phosphonate as a model for the transition state of

carboxylic ester hydrolysis.?

Templates are not necessarily limited to small molecules: large templates such as enzymes can induce
the self-assembly of the best substrate, as demonstrated by Huc and Lehn in 1997.%° This seductive
approach provides an alternative strategy for fragment-based drug discovery, and has been recently

expanded by Greaney et al.*

The knowledge produced by dynamic combinatorial systems may also be used to access quantitative
assembly of well-defined molecular structures. Sleiman et al. developed complementary DNA-branched
building blocks that generate a library of macrocycles under thermodynamic control, including the
dimer, tetramer, and hexamer (Figure 1.9.a).%? Addition of the ruthenium template Ru(bpy)s>* produced
the quantitative reorganisation of the library into the square tetramer 18. Based on this result, the
Sleiman group designed a new generation of building blocks which formed, in the presence of the
ruthenium template, the DNA-based ladder 19, a single nanostructure based on the previously amplified

square.

This latest example shows how the understanding and control of self-assembly at a molecular level can
result into the formation of precisely controlled micrometer DNA-fibres. Lehn et al. recently
demonstrated that dynamic systems could be used to form reversible thermoresponsive polymers
(Figure 1.9.b),* or to switch between macrocycles and polymers in the presence or absence of Zn**.3*
More generally, the adaptative response of reversible systems to external stimuli offers a method of

altering the properties of a system on the macroscopic scale, leading to the recent emergence of dynamic

materials whose formation and properties can be triggered by diverse stimuli.®
15
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Figure 1.9. From molecular level to macroscopic scale. These two examples show that the control of reversible
systems on the molecular level can be used to create much larger assembly: (a) a DNA-based ladder® or (b)

thermoresponsive polymers.*

Dynamic combinatorial chemistry has promoted the evolution of knowledge and new technologies, but
its scope may be limited by its intrinsic requirements. Above all, thermodynamic control is a key
requirement to generate a truly dynamic combinatorial system. Our group proved that thermodynamic
equilibrium could be reached in a variety of conditions, in organic or aqueous media, and recently even
in the solid state.*® To generate a sufficiently diverse library under thermodynamic control, different
conditions must be fulfilled: the linkage between the building blocks must be fully reversible and the

energy landscape of the library must be relatively shallow to allow rapid interconversion. Hydrogen
16
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bonding may be used for this purpose, but unlike the covalent and slow metal exchange processes
described above, the exchange process cannot be turned off, making the isolation of the individual

library members impossible.

One of the most representative examples might be the fully reversible and highly dynamic formation of
supramolecular nanotubes (Figure 1.10).3" In halogenated solvents,1,4,5,8-naphthalenetetracarboxylic
diimide functionalised with amino acids (20) formed a library of hollow organic nanotubes of different

sizes through carboxylic acid dimerisation.
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Figure 1.10. A library of hydrogen-bonded helical nanotubes. Addition of Cg or C; allows amplification of

longer nanotubes or of a hexameric capsule, respectively.*’

Studies of the thermodynamic parameters of the nanotubes brought valuable insight into the possibility
of forming non-classical hydrogen bonds (C-H---O) in solution. Due to the delicate balance between the

enthalpic gain and the entropic loss necessary to the formation of the nanotubes, our group demonstrated

17
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that the free energy of shorter helical oligomers was equivalent to the free energy of the longer ones,
leading to a statistical distribution of chain length. Upon addition of Cgp, which fills the nanotubes’
cavity and dramatically stabilises them, our group observed the amplification of longer nanotubes,
shifting the degree of polymerisation from 5.3 to 15.7 (1 mM solution in 1,1,2,2,-tetrachloroethane at
273 K). Addition of C led to a complete restructuring of the whole library, from nanotubes to a
hexameric capsule wrapped around the solvophobic surface of the fullerene. Moreover, the reversible
nature of the system allows a pH-dependent and selective binding of Cgy or Cyo in a mixture of both

guests.

However, in most libraries, the library members do not interconvert so easily. Indeed, if one of the
library members is particularly stabilised, for example by intramolecular interactions, it can act as a
Kinetic trap, accumulating at the expense of the other library members. Furthermore, high effective
molarity within the macrocycles promotes intramolecular reaction, and the macrocycles may
consequently be located in a relatively deep energetic well, inhibiting the exchange necessary for

thermodynamic control. Our group recently described such a system,®

in which hydrazone-based
macrocycles are Kinetically trapped and do not freely exchange. In this case, a small excess of mono-
aldehyde was shown to favour the formation of linear oligomers and facilitate the exchange between the

macrocycles.

Kinetic control is not always a constraint and it has been used as a complementary alternative to
thermodynamic control to expand the limits of dynamic combinatorial chemistry. Ashkenasy et al. have
described in detail the Kkinetic behaviour of replicating peptide-based DCLs under partial

thermodynamic control,*

and the possibility of manipulating the replication processes either with light
or by addition of a template. The contrast between kinetically and thermodynamically controlled
libraries has been elegantly illustrated by Krishnan and Balasubramanian.”> As mentioned above,

18
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disulfide exchange can be easily promoted by slow oxidation of thiol building blocks under air.
However, the exchange stops after the thiol building blocks are completely oxidised into disulfides, and
these libraries do not always reach thermodynamic equilibrium. Under air oxidation, a library composed
of two peptide-based thiol building blocks reached the kinetically controlled statistical distribution.
When the same library was prepared under thermodynamic control (redox buffer under argon), a
significant amplification of one of the library members was observed. This amplification, which would
have not been obvious if the experiment had only been run under thermodynamic control, is due to the
self-recognition between two building blocks with a complementary peptide sequence allowing for the

formation of a stable B-hairpin.

These latest examples clearly show that apparent limitations of dynamic combinatorial chemistry,

instead of acting as a hindrance, can promote its evolution towards new promising horizons.

The Sanders group was faced with a similar conundrum involving mn-acceptor (A) 1,4,5,8-
naphthalenetetracarboxylic diimide and m-donor (D) dialkoxynaphthalene thiol building blocks. This
project was initiated by Dr Ho Yu Au-Yeung, who discovered that the donor-acceptor libraries formed
in water under air oxidation lead to a variety of donor-acceptor catenanes.’® ** These [2]catenanes
exhibit previously unobserved stacking arrangements: DAAD (Cat-2) and DADD (Cat-3), as shown in
Figure 1.11. Surprisingly, the conventional alternating DADA catenane was never found in these

libraries.

Not only do these catenanes have unusual structures, but some of them exhibit remarkable
conformations** and binding properties (Cat-1, Figure 1.6).* The pioneering work of Dr Ho Yu Au-

Yeung will be described in more detail in Chapter 2.
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The next Chapter demonstrates that these catenanes are only part of a wider family, containing the
AADA, DADA, DAAD and DADD catenanes. In this system, the exchange stops before reaching
thermodynamic equilibrium, placing the libraries in a previously unexplored region between kinetic and
thermodynamic control. These libraries present some advantages compared to traditional
thermodynamically controlled libraries, allowing the elucidation of the mechanism of catenane
formation, and an evaluation of the role played by donor-acceptor interactions and hydrophobic effect at
each step of their formation (Chapter 2). Building on these observations, a series of new building blocks

was designed to access more complex structures, such as [3]catenanes (Chapters 3 and 4).

0
. u 0
. HNJZ’OO/—<:H ()OCjN—{/O# /_IKNE-IC:-:M:
‘S oog, Q O coo” e % G Z_D> <0 Jo00° 3
\/‘;—)_1}'; (S ﬁ)cul/ _)_7* _\\‘w‘ Ll
1 -( coo”
B IS e
HN_/<_ — ’));NH coo HN{O 69 O/‘_T(v coo
- o}
Cat-2 Cat-3

Figure 1.11. Two of the unusual donor-acceptor catenanes identified by Dr Ho Yu Au-Yeung.**
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1.4. Conclusion

Inspired by the evolutionary systems found in nature, dynamic combinatorial chemistry has broadened
our knowledge of complex chemical interactions. Two apparently general conclusions emerging from
these adventures in DCC are that large, highly flexible linears and macrocycles are better receptors than
small rigid macrocycles, and that (certain) catenanes are actually rather easy to prepare. The first of
these conclusions should not surprise any chemist familiar with molecular recognition by biopolymers,
but it contradicts received wisdom in much of the supramolecular community. From a purely ‘chemical’
point of view, DCC has offered a new route for the synthesis of complex architectures and
understanding and control of reversible systems, giving rise to new technologies in diverse fields, from

molecular recognition to material sciences.

The original idea of DCC is still used for a variety of purposes, but chemists can also increasingly
appreciate, with more subtlety, its complexity and explore its limitations. Therefore, dynamic
combinatorial chemistry will probably engender a new generation of ingenious concepts and lead to

new, as yet unpredictable, discoveries.

Along those lines, the present thesis shows how hybrid systems, which cannot be classified as purely
dynamic combinatorial, can be exploited to widen our understanding of donor-acceptor interactions and

hydrophobic effect, and assemble complex [2] and [3]catenanes.
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CHAPTER 2

Exploring the Formation Pathways of
Donor-Acceptor Catenanes in Aqueous

Dynamic Combinatorial Libraries

The discovery through dynamic combinatorial chemistry of a new generation of donor-acceptor
[2]catenanes highlights the power of DCC to access unprecedented structures. While conventional
thinking has limited the scope of donor-acceptor catenanes to strictly alternating stacks of donor (D)
and acceptor (A) aromatic units, DCC is demonstrated in this chapter to give access to unusual DAAD,
DADD, and ADAA stacks. Each of these catenanes has specific structural requirements, allowing
control of their formation. Based on these results, and on the observation that the catenanes represent
kinetic bottlenecks in the reaction pathway, a mechanism that explains and predicts the structures
formed is proposed. Furthermore, the spontaneous assembly of catenanes in aqueous dynamic systems
gives a fundamental insight into the role played by hydrophobic effect and donor-acceptor interactions

when building such complex architectures.
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2.1. Introduction

The discovery of new donor-acceptor [2]catenanes is presented in this Chapter. These catenanes are
assembled from simple electron-donor (D) and electron-acceptor (A) building blocks using disulfide
chemistry. Moving on from our previous dynamic combinatorial syntheses of catenanes with unusual
DAAD and DADD stacking arrangements (see Chapter 1), this Chapter now describes the formation of
catenanes with DADA and unprecedented AADA stacks under the same conditions. These four types of
catenanes form a complete set, and can be viewed as a whole new generation of donor-acceptor [2]-
catenanes. More importantly, perhaps, a mechanism is outlined, which explains and predicts the

formation of each of these catenanes, which turn out to be kinetic bottlenecks on the reaction pathway.

2.1.1. Brief overview on donor-acceptor interactions

Interactions between aromatic molecules are mainly described in term of electrostatic interactions
between electron-deficient and electron-rich m-systems.' The complementary alternating stack of
electron-deficient and electron-rich aromatic moieties, leading to the optimum electronic overlap, has
always been thought to be the most favourable arrangement. Alternating D-A stacks adopt a parallel and
compact face-to-face geometry, and have been extensively used as scaffolds for complex structures such

2 4
as foldamers,” rotaxanes,’ and catenanes.

The formation of stacked structures reduces the total solvent-exposed surface area, so efficient
desolvation of the aromatic systems plays a crucial role in this process (Figure 2.1). Iverson et al.’
showed that the effective strength of donor-acceptor interactions is closely related to the solvent

environment: association constants between the electron-rich 1,5-dialkoxynaphthalene (DN) and the
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electron-deficient 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) vary with the polarity of the
solvent, from ca. 2 M in chloroform to ca. 2000 M™" in water. As expected, alternating donor-acceptor
interactions are clearly dominant over weaker A-A (K < 1 M in chloroform, ca. 200 M in water) or
donor-donor interactions (K < 1 M in chloroform, ca. 20 M™ in water).” From these results it is
generally believed that the strong solvophobic component of aromatic interactions can be used to
dramatically increase the effectiveness of electrostatic interactions, and that the alternating D-A stack is

favoured in any solvent.
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Figure 2.1. Calculated electrostatic surface potential for the electron-rich 1,5-dialkoxynaphthalene and the
electron-deficient 1,4,5,8-naphthalenetetracarboxylic diimide (the relatively high electron density is shown in red
and the shortage of electron density is shown in blue), and illustration of the possible stacking arrangements
coming from X-ray crystals with the corresponding association constants in water.” For clarity, the substituents

are omitted.
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2.1.2. Scope of this Chapter

In light of these numbers, it is perhaps surprising that in recent years A-A and D-D stacks have
spontaneously emerged from the self-assembly of donor and acceptor units in polar media.®® In these
cases, the solvophobic effect seems to overcome, at least partially, pure electrostatic interactions
between donor and acceptor units, although it remains difficult to evaluate to what extent the two

phenomena cooperate and/or compete.
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Figure 2.2. Atypical donor-acceptor architectures: an AAAA [2]catenane (Li),* a AADA assembly within a box

(Fujita),” and DAAD catenane Cat-1 (Sanders).™

To our knowledge, only a few examples of these unconventional architectures have been reported in the
literature.* ” Amongst the most representative examples, illustrated in Figure 2.2, Li and co-workers
reported the synthesis of an AAAA [2]-catenane based on perylenediimide.®® Most recently, Fujita et al.
showed that discrete ADDA and AADA stacks could be obtained within a box-shaped cavity.6b Our

group reported the dynamic combinatorial synthesis of DAAD and DADD catenanes® at the expense of
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the expected DADA structure. According to the D-A stacking model, the DADD stack would be
unlikely to be formed in significant quantities in competition with the more obvious D-A stacks. By
expanding the range of building blocks, the possibility of accessing a larger variety of donor-acceptor

catenanes, such as: DDDD, DADD, DADA, DAAD, AADA, or AAAA (Figure 2.3) is now open.
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DDDD DADD DADA DAAD AADA AAAA
s
H
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"‘% /q/r‘-— E
Acceptor (A) Donor (D)

Figure 2.3. Possible arrangements of the m units of a donor-acceptor [2]-catenane. Aromatic m-donor and 7-

acceptor are represented by red and blue cartoons, respectively.

Each catenane presented in Figure 2.3 represents a major synthetic challenge from a classical approach
but can, in principle, be achieved using dynamic combinatorial chemistry.” '° Out of the six possible
arrangements, four were obtained, with the AAAA and DDDD stacks remaining elusive at present. The
size and geometry of the building blocks influences dramatically the composition of the dynamic
combinatorial libraries, such as to allow a precise control over the type of catenane formed based on its

structural requirements.
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The new generation of donor-acceptor [2]catenanes reported in this work not only constitutes a success
in the synthesis of topologically complex targets, but it may also open new horizons for the use of
catenanes as molecular machines, as one of the DAAD catenanes was recently shown to exhibit two
switchable conformations, with a parallel arrangement of the m-units or a Gemini-sign (II)-like
conformation.®® Hence, these catenanes present a major advance in understanding, designing, and using
complex architectures based on donor and acceptor units. These systems also demonstrate a complex
environment in which both thermodynamic and kinetic factors play a role in determining the

composition of the library.

We present first a proposed mechanistic pathway for the synthesis of the donor-acceptor [2]catenanes
which rationalizes our earlier results and predicts the composition of new libraries. The remainder of

this Chapter explores and confirms these predictions experimentally.
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2.2. Mechanism of formation of donor-acceptor catenanes

2.2.1. Design of the building blocks used in this Chapter

To explore the mechanism of formation of donor-acceptor catenanes in aqueous libraries, a set of
building blocks, shown in Figure 2.4, was designed. All the building blocks are constructed on a similar
design: a large hydrophobic n-surface, either NDI as electron-acceptor (A) or DN as electron-donor (D),
to which are attached two cysteine-terminated hydrophilic side-chains of various lengths. The cysteine-
derived side-chains provide easy access to building blocks of different sizes, along with the thiol

necessary for the disulfide exchange and carboxylic acids for water solubility.

The donor building blocks, previously synthesised by Dr Ho Yu Au-Yeung,® differ in the substitution
pattern of the central core (1,5- or 2,6-) and the length of the side-chains. The acceptor building blocks
differ in the length, hydrophilicity and bulk of the side-chains. A1, A2 and A3 were also synthesised by
Dr Ho Yu Au-Yeung.8 A4 was synthesised according to a similar procedure, from the 1,4,5,8-
naphthalenetetracarboxylic dianhydride and trityl protected glutathione, followed by the deprotection of
the trityl protecting groups (Scheme 2.1). AS was synthesised in a similar fashion in three steps,
involving the mono-substitution of the 1,4,5,8-naphthalenetetracarboxylic dianhydride with the trityl
protected glutathione, reaction with the trityl protected cysteine, and deprotection of the trityl protecting
groups (Scheme 2.2). More details on the synthesis of these building blocks are given in the

experimental section, Chapter 6.

Screening of libraries containing different combinations of these donor and acceptor building blocks
allows us to investigate the extent to which all of these parameters play a role in the formation of
catenanes. Aqueous disulfide DCLs were created by dissolving the building blocks to a total

concentration of 5 mM in water at pH 8. The pH was adjusted with aqueous NaOH and the libraries
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were stirred under air in capped vials to allow oxidation of the thiol building blocks. After 5 days, the
libraries were fully oxidized and analyzed by HPLC and LC-MS. Absorbance was recorded at the
optimum wavelength for each building block: acceptor units at 383 nm, and donor units at 292 nm (1,5-
substituted D1a and D1b) or 260 nm (2,6- substituted D2a and D2b). Only the most significant results

are shown here.
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Figure 2.4. Donor (D) and acceptor (A) building blocks used in this Chapter, and their cartoon representations.
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2.2.2. Test for thermodynamic equilibrium

Contrary to our initial thoughts,® the dithiol building blocks used in this work are fully oxidized into

disulfide, and stop exchanging, before the libraries reach thermodynamic equilibrium.

The thermodynamic equilibrium was tested on the first library in which a donor-acceptor catenane was
identified,*® originally designed by Dr Ho Yu Au-Yeung. Two separate libraries were prepared,
composed of Al and D1b (5 mM total) in water pH 8, in the presence of 1 M NaNOs. These two
libraries were individually analysed after one day of stirring (Figure 2.5.a and b). No significant change
was observed in the library distribution when the libraries were analysed after 5 and 10 days of stirring,
suggesting that either thermodynamic equilibrium or full oxidation of the library was reached after one

day.

These two libraries were mixed in a 1:1 (v/v) ratio immediately after they were prepared (Figure 2.5.c)
and after they have been separately stirred for one day (Figure 2.5.d). When the freshly prepared
libraries were mixed, the LC-MS revealed a library of varied macrocycles, containing one catenane
(Cat-1). On the other hand, when the two libraries were mixed after being stirred separately for one day,
the LC-MS of the new library appeared to be a simple superimposition of the original libraries showed

in Figures 2.5.a and b, and did not contain any catenane.

35



Chapter 2

(b)

(c)

(d)

&

|

®
& 4

1
| X

10

Figure 2.5. HPLC analyses of aqueous libraries composed of (a) Al, (b) D1b. The libraries were set up in the
presence of 1 M of NaNQO;, with a total concentration of building blocks of 5 mM. These two libraries were
mixed (c) just after preparation and (d) after 1 day of separate stirring in a 1:1 (v/v) ratio to produce new libraries

containing A1 and D1b (1:1 molar ratio, 5 mM total). Absorbance was recorded at 292 nm.

This observation unambiguously shows that the disulfide exchange stops after one day of oxidation: the
catenane is progressively formed in the library until it reaches a steady state, corresponding to the full
oxidation of the thiols. The quantity of catenane Cat-1 formed could be further increased by adding
20% of dithiothreitol to reinitiate the exchange process, showing that thermodynamic equilibrium had

not been reached yet (Figure 2.6).
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Figure 2.6. (a) HPLC analysis of an aqueous library composed of A1 and D1b (1:1 molar ratio). The
library was set up in the presence of 1 M of NaNOs, with a total concentration of building blocks of 5
mM, and analyzed after 5 days of stirring. (b) After this library has been fully oxidized, the exchange
process was reinitiated by adding 10% of dithiothreitol. The library was analyzed again after 1 day of

stirring. Absorbance was recorded at 292 nm.

The kinetics of formation of the library members consequently plays a major role. Although seemingly
trivial, this observation is of major importance: because the libraries are not under thermodynamic
control, it is possible to map out the pathways leading to the different types of catenanes. For each of
these pathways, the intermediates involved can be traced, and the role played by hydrophobic and

donor-acceptor interactions in each step of the catenation process can be evaluated.
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2.2.3. Proposed mechanism of catenanes formation in aqueous DCLs

The formation of catenanes in aqueous donor-acceptor DCLs occurs through three successive steps:
formation of a dimer, threading of a linear species into the dimer’s cavity, and closing of the catenane.
The key elements in the formation of catenanes are the donor-acceptor interactions and the polarity of

the medium, manipulated by the addition of salt.

In pure water, DCLs composed of donor and acceptor building blocks do not usually lead to the
formation of catenanes, although traces can be observed in some isolated cases. This indicates that in
water, in the timeframe of the libraries’ oxidation, the sum of donor-acceptor and hydrophobic
interactions is insufficient to bring stacks of building blocks into the close proximity necessary for

catenation.

In high salt® ! (1 M NaNOs) libraries, the increased polarity of the medium promotes the decrease of
solvent-exposed hydrophobic surfaces; this is achieved by a building block or linear oligomer sliding
into the hydrophobic cavity of a preformed cyclic dimer (equivalently, the complexation of linear
oligomers and single building blocks can lead to their cyclisation to give the same intermediates). This
threaded species is the first intermediate in the formation of a catenane. Besides the threading
mechanism described above, it can also be formed by the templated cyclization of a linear precursor in
the presence of a complementary linear template.*? If the donor-acceptor interactions have a significant
role, then the [-A-A-] cyclic dimer should preferentially bind a donor over an acceptor unit; similarly,
the [-D-D-] and the [-A-D-] cyclic dimers are more likely to interact with an acceptor rather than a
donor moiety. Each of the three favourable threaded species corresponds to the initial step of a different

pathway for formation of catenanes: Pathways I, 11, and 11, respectively (Figure 2.7).
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/ Dynamic Combinatorial Library \

DADD DADA DAAD AADA DADA AADA

Pathway I Pathway I Pathway II

Figure 2.7. Proposed mechanism for formation of dynamic combinatorial donor-acceptor [2]-catenanes. For
clarity, the mechanistically equivalent possibilities of threading a linear oligomer through each cyclic dimer, or of

forming complexes between linear dimers before cyclization, are not shown.

Once a threaded complex is formed through Pathway I, I, or IlI, linking a fourth building block
completes the catenane formation. The factors involved in the closing step are more difficult to predict,
but electrostatic interactions are expected to play a lesser role than in the threading step: in the closing
step there are only two = surfaces interacting while in the threading step there are four. The catenanes
can then be closed with either an acceptor or a donor building block, depending on which event leads to

the maximum stabilization. Therefore, each pathway should lead to a characteristic pair of catenanes:
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DADD and DADA catenanes from Pathway I, DAAD and AADA catenanes from Pathway II, DADA

and AADA catenanes from Pathway Il (Figure 2.7).

This mechanism predicts that no homocatenane (AAAA or DDDD) will be formed in this system:
although the formation of catenanes is dominated overall by the hydrophobic effect, donor-acceptor
interactions play a determining role in the first step of threading. However, further increasing the
polarity of our medium or increasing the surface area of the hydrophobic core® could potentially lead to

the formation of homocatenanes.

Based on this set of intermediates and interactions involved in the mechanism, it is possible to identify
the parameters promoting efficient formation of the catenanes in the libraries. First, the [-A-D-], [-D-D-]
and [-A-A-] dimers constitute the cornerstone for the formation of any catenane, so their abundance in
the DCL is paramount. To form a catenane, a dimer needs to fulfil two requirements: it must be formed
efficiently in the library, and be large enough to accommodate an aromatic thread. Catenane formation
will be favoured when an optimum overlap of the aromatic moieties favours both donor-acceptor and
hydrophobic interactions in the two steps of threading and closing. This happens when each ring
forming the catenane is tight; when the rings are too flexible, the enthalpic gain is low and cannot

compensate for the entropic costs derived from the catenation process, so the catenane is not formed.

We can take advantage of these factors by designing the libraries carefully, not only to form one type of

catenane selectively, but to also select the pathway by which it will be formed.
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2.3. Exploring Pathway I

O'= @
Q@

Figure 2.8. Formation of catenanes via Pathway I.

The efficient formation of a [-D-D-] dimer required in Pathway I (Figure 2.8) is achieved using donor
building blocks with short side-chains.*>“ '** The short side-chains of the building block result in a [-D-
D-] dimer whose small cavity size enables a relatively good interaction with an acceptor moiety,
favouring the threading mechanism described above. The geometry of the 1,5-isomer D1a favours the
formation of the [-D-] cyclic monomer over the [-D-D-] dimer, so does not lead to the formation of any
catenane. On the other hand, the 2,6-isomer D2a forms a stable [-D-D-] dimer, which leads to the
formation of catenanes through Pathway I. Hence, all the following libraries were prepared with the
D2a donor building block and different acceptor building blocks or mixtures of acceptor building

blocks. Only the significant results are shown here.

To summarize the results described in this section, the synthesis of three DADA catenanes is described,
all containing a [-D2a-D2a-] dimer interlocked with either [-A2-A2-], [-A1-A2-] or [-A1-A4-] acceptor
dimers. Their respective paired DADD catenanes were also identified. The different yields of DADA

catenanes suggest that the size of the acceptor dimer influences their efficiency of formation, with the
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tightest dimer [-A1-A4-] leading to a 70% yield of the corresponding [2]-catenane. A detailed

discussion of the libraries that follow Pathway I is presented below.

2.3.1. Identification of the first DADA catenane: Cat-4

Acceptor A1, with short side-chains, forms an extremely tight [-A1-A1-] dimer, which cannot possibly
lead to the formation of alternating DADA catenanes.” > Hence, the first DADA catenane (Cat-4) was

identified, along with its predicted DADD paired catenane (Cat-5), in a library containing the slightly

longer acceptor A2 and D2a (Figure 2.9).
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Figure 2.9. HPLC analysis of an aqueous library composed of D2a and A2 (1:1 molar ratio, 5 mM total), in the
presence of 1 M of NaNQO;. Absorbance was recorded at 260 nm.
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Cat-4, was characterized by Mass Spectrometry (MS and MS/MS), as shown in Figure 2.10. The ESI-
MS (negative ion) shows a doubly charged molecular ion (m/z of 1065.0), corresponding to the mass of
a tetramer composed of two donor and two acceptor units. The largest fragments observed in MS/MS
have an m/z of 1171.0 and 959.0, corresponding to the mass of the acceptor and donor homodimer
respectively. This fragmentation pattern is characteristic for a DADA catenane, i.e. a ring containing

two acceptors interlocked with another ring consisting of two donors.
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Figure 2.10. Tandem (a) MS and (b) MS/MS fragmentation of DADA catenane Cat-4. The yellow cartoon dots

represent the sulfur atoms of the cysteine.

The presence of the two paired catenanes (Cat-4 and Cat-5) supports the proposed mechanism,

whereby the choice of the threaded building block is directed by donor-acceptor interactions, while the
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closing step of catenation is driven by hydrophobic effects. The low yield of both catenanes (Cat-4: 2%
and Cat-5: 6% of the library) is unsurprising; as their respective rings are relatively large, the likelihood
of a strong interaction between the aromatic units is small. Furthermore, even though the building block
ratio (1:1) should not favour the formation of a structure containing three donor units, the DADD
catenane Cat-5 is more efficiently formed, indicating that the overall catenation process is not

dominated by donor-acceptor interactions.

2.3.2. Improving the synthesis of DADA catenanes: from Cat-4 to Cat-6

Considering the size of the [-A-A-] dimer, if [-A1-A1-] is too tight, the larger [-A2-A2-] dimer is too
loose to allow formation of a DADA catenane efficiently. Therefore, it was not surprising to observe
that replacing A2 by similarly sized A3 did not bring much improvement (catenanes were also observed
in very low yields). The behaviour of the longer A4 is relatively complex and will be discussed in the
end of this chapter, but as expected, in the case of the acceptor building block with the longest side-
chains, A5, no catenane was observed: only a limited number of small macrocycles, including the cyclic

acceptor monomer, were identified.

Introducing two acceptor building blocks in the presence of donor D2a allowed easy access to [-A-A-]
dimers of intermediate sizes to explore further the formation of catenanes via Pathway I. This is
illustrated by a library composed of D2a, A1 and A2 in a 2:1:1 molar ratio, shown in Figure 2.11. In this
library the only DADA catenane formed is Cat-6 which contains the tight mixed acceptor dimer [-Al-
A2-]. The yield (15%) of this catenane is higher than that of Cat-4. Once again, the DADD paired

catenane, Cat-3, is present in the library, supporting the proposed formation pathway.

44



Chapter 2

Naturally, increasing the complexity of the DCLs opens the possibility for other pathways to compete
with Pathway I. This explains the formation of other types of catenanes, such as the DAAD Cat-2,

which will be discussed later.
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Figure 2.11. HPLC analysis of an aqueous library composed of D2a, A1 and A2 (2:1:1 molar ratio, 5 mM total),
in the presence of 1 M of NaNO;. Absorbance was recorded at 260 nm.

2.3.3. "H NMR characterisation of Cat-6

Cat-6 was isolated and characterized by '"H NMR (Figures 2.12 to 2.14). It displays two conformations
in a molar ratio of 2:1, as either A1 or A2 can be situated in the inner or outer positions of the catenane.
'H NMR (500 MHz, 298 K, D,0) shows two sets of signals for each conformation in the acceptor
region (7.55 to 8.15 ppm, Figure 2.13.a), assigned by correlation spectroscopy (COSY): one upfield

shifted (inner NDI) and one downfield shifted (outer NDI). A similar pattern, with two sets of signals
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for each conformation was observed in the donor region (5.55 to 7.05 ppm, Figure 2.13.b). At low
temperature (278 K), cross-peaks between the donor and acceptor units of the major conformation were

observed in NOESY spectra, confirming the alternating DADA structure of Cat-6 (Figure 2.14).

T T ) T ) T T T ’ T " T " T " T i T I " T " T " |
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Figure 2.12. Partial "H NMR spectrum (D,0, 298 K, 500 MHz) of DADA catenane Cat-6 (the peaks labelled
with * are associated with a [-A1-A2-] dimer impurity). The outer NDI, corresponding to the singlet at 8.0 ppm,

was assigned arbitrarily to Al.
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Figure 2.13. Partial COSY (red) and NOESY (blue) spectra of Cat-6 between (a) 7.50 ppm and 8.20 ppm and (b)
between 5.50 ppm and 7.10 ppm (D,0, 298 K, 500 MHz, mixing time = 800 ms). The dotted lines highlight

peaks connected through chemical exchange. The solvent peak was referenced at 4.79 ppm.
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Figure 2.14. Expanded region of the NOESY spectrum (D,0, 278 K, 500 MHz, mixing time: 800 ms) of DADA
catenane Cat-6 (the peaks labelled with * are associated with a [-A1-A2-] dimer impurity). The outer NDI,

corresponding to the broad singlet at 7.8 ppm, was assigned arbitrarily to Al.

2.3.4. Improving further the synthesis of DADA catenanes: Cat-7

A library composed of D2a, A1 and A4 in a 2:1:1 molar ratio (Figure 2.15) further illustrates the link
between the size of the acceptor ring and the efficiency of the formation of DADA catenanes in the
libraries. The [-A1-A4-] acceptor ring is very tight, and the corresponding catenane Cat-7 is now

formed in the unusually high yield of 70%. The DADD paired catenane Cat-3 is still present, but is now
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a minor product. The formation of Cat-7 in such high yield indicates a combination of optimal donor-
acceptor and hydrophobic interactions and their efficient cooperation, leading to this particularly

favourable catenane.
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Figure 2.15. HPLC analysis of an aqueous library composed of D2a, A1 and A4 (2:1:1 molar ratio, 5 mM total),
in the presence of 1 M of NaNO;. Absorbance was recorded at 260 nm.

2.3.5. '"H NMR characterisation of Cat-7

Because of its lack of symmetry, Cat-7 is produced as a pair of diastereomers, each having two
conformers, as either acceptor can be situated in the inner or outer positions of the catenane. The 'H
NMR of Cat-7 is consequently extremely complex (Figure 2.16). However, analysis of the acceptor
region by a combination of the COSY and NOESY spectra (7.10 to 8.15 ppm) allowed correlation of the

signals expected from a mixture of four isomeric catenanes (Figure 2.17).
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Figure 2.16. "H NMR spectrum (D,0, 278 K, 500 MHz) of Cat-7. The solvent peak was referenced at 4.79 ppm.
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Figure 2.17. Partial COSY (red) and NOESY (blue) spectra Cat-7 between 7.10 ppm and 8.20 ppm (D,0, 278 K,
500 MHz, mixing time = 800 ms). The dotted lines highlight peaks connected through chemical exchange. The

solvent peak was referenced at 4.79 ppm.

2.3.6. Conclusion: synthesising DADA catenanes from Pathway I

In conclusion, the D2a donor building block forms a stable [-D-D-] dimer, which is the key intermediate
for the formation of DADA and DADD catenanes via Pathway I. The efficiency of the DADA catenane
formation is directly linked to the tightness of the acceptor ring (Figure 2.18) as reflected by the yields
that vary from 2% to 70% of the library. Cat-6 and Cat-7 are deep red in color in aqueous solution
which is indicative of the presence of charge-transfer interactions between the complementary aromatic

units.
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[-A5-A5-] [-A2-A2-] [-A1-A2] [-A1-Ad-] [-A1-A1-]

QQI =) 1=

Cat-4 Cat-6 Cat-7

~2% ~15% ~ 70% No catenane

No catenane

Figure 2.18. Relationship between the size of the acceptor ring and the efficiency of DADA catenane formation.

The donor ring is [-D2a-D2a-] in each case.
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2.4. Exploring Pathway II

&

DAAD

\

=z
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/

Figure 2.19. Formation of catenanes via Pathway I1.

Pathway II (Figure 2.19) occurs under two circumstances. First, the donor building block must have
rather long side-chains (D1b or D2b) so that it favours the formation of the [-D-] cyclic monomer and
restricts the formation of a stable [-D-D-] dimer,**>® 2 thus preventing the formation of catenanes
through Pathway I. Second, the formation of the threaded complex into the cavity of the [-A-A-] dimer
must be prevented, blocking the formation of catenanes via Pathway IIl. This is the case when using
Al: as the [-A1-A1-] dimer is too tight to allow threading through its cavity,® '* the [-D-A-] heterodimer
becomes the only species which can potentially form a catenane. Composed of a long donor building
block and a short acceptor, the [-D-A-] dimer has a relatively small cavity, suitable for strong
interactions with an acceptor building block. A pair of ADAA and DAAD catenanes should be formed
through Pathway II. However, the necessity of having a tight [-A-A-] dimer implies that the ADAA

catenane cannot actually be formed, hence only one type of catenane, DAAD, was observed.
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Figure 2.20. HPLC analysis of aqueous libraries composed of (a) D1b and A1 (1:1 molar ratio, 5 mM total), and
(b) D2a and A1 (1:1 molar ratio, 5 mM total). The libraries were prepared with 1 M of NaNOj;. Absorbance was
recorded at (a) 292 nm, and (b) 260 nm.**¢

8.4 and now find their

Many of these DAAD catenanes have previously been published by our group,
place in the generic mechanism described here, such as Cat-1, formed in a library of D1b and A1 (1:1

molar ratio),* (Figure 2.20.a). A similar catenane was observed when replacing D1b by its 2,6-isomer

D2b %

The short donor D2a is also suitable for the formation of a DAAD catenane via Pathway Il when mixed
with A1 (Figure 2.20.b).* However, D2a has also been shown to favour Pathway I, and the two
pathways now compete. According to our mechanism, Pathways I and II should lead to two pairs of two

catenanes, respectively DADD / DADA, and DAAD / ADAA. Once again, because the [-A1-A1-] does
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not allow threading of an aromatic group through its cavity, only one type of catenane can actually be
observed for each pathway: DAAD Cat-2 (Pathway II), DADD Cat-3 (Pathway I). Both catenanes,
composed of short donor and acceptor building blocks, are the tightest catenanes obtained to date for
these two types of structures, and are consequently formed in the best yields (55% for DAAD Cat-2 in a
D:A=1:1 molar ratio, and 50% for DADD Cat-3 in a D:A = 3:1 molar ratio). This agrees with our

previous observation that tight rings are necessary for the efficient formation of catenanes.

The two catenanes were previously isolated and characterized by Dr Ho Yu Au-Yeung.® Interestingly,
the green DAAD catenane Cat-2 and the orange DADD catenane Cat-3, exhibit different UV-Vis
spectra® from the DADA catenanes described above, due to the particular arrangement of their donor

and acceptor units.
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2.5. Exploring Pathway III

Figure 2.21. Formation of catenanes via Pathway II1.

Pathway III (Figure 2.21), which leads to the formation of the new pair of catenanes DADA and
AADA, occurs under particular conditions. The donor building block must have long side-chains (D1b
or D2b), to limit the formation of the [-D-D-] dimer. The acceptor building block must also have long
enough side-chains, so that the [-D-A-] dimer is too loose to form any stable threaded complex.
However, it must be able to form a [-A-A-] dimer tight enough to allow a favourable interaction with a
donor moiety. Therefore, the size of the acceptor building block is critical to the formation of catenanes
through Pathway III. Unfortunately, it is not the only limitation for this mechanism. In the previous
cases described (Pathways I and II), the smallest and most rigid donor and/or acceptor building blocks
were necessary to lead efficiently to the most compact catenanes. The libraries were consequently quite
simple, composed of catenanes and small macrocycles. To access catenanes through Pathway III, more
flexible building blocks are necessary, increasing the complexity of the libraries: large macrocycles,
such as trimers or tetramers, which can fold and thus bury some of their large hydrophobic surfaces

intramolecularly, become serious competitors for the formation of the catenanes.
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2.5.1. Identification of the first AADA catenane: Cat-8

The first library that follows Pathway Il was composed of donor D1b with the acceptor building blocks
Al and A2 in a 2:1:1 molar ratio (Figure 2.22a). The DADA Cat-9 is formed from the tightest possible
acceptor ring in this system [-A1-A2-], interlocked with the donor ring which is much larger than in
previous catenanes of this type, leading to a very low yield. This shows that both the size of the acceptor

and the donor rings play a role in the efficiency of formation of the DADA catenane.

Of\’ @ o o—af@w__o 0yH0PpHS

D1b A1 A2 1 M NaNO,

() a, &

Cat-1
C} Cat/
@) @ s 24

(b)

Q Dib: Al: A2

Dib: Al: A2
1:2:1

10 12 14 16 18 20 22 24  min

Figure 2.22. HPLC analysis of aqueous libraries composed of D1b, A1 and A2 (5 mM total): (a) 2:1:1 molar
ratio, and (b) 1:2:1 molar ratio. DCLs were prepared with 1 M of NaNO;. Absorbance was recorded at 383 nm.

57



Chapter 2

Its paired AADA catenane Cat-8 is observed for the first time, and identified by tandem MS and

MS/MS (Figure 2.23). The library also contained the DAAD Cat-7 formed via Pathway II.

ESI-MS (negative ion) of Cat-8 shows a doubly charged molecular ion (m/z of 1031.7), corresponding
to the mass of a tetramer containing only one donor and three acceptor units. The fragmentation pattern
in MS/MS of Cat-8 (Figure 2.23.b) is significantly different to the one of its isomeric macrocycle 24
(Figure 2.23.c), with the largest fragments observed have an m/z of 1056.5 and 1006.6, corresponding to

the mass of the [-A1-A2-] homodimer and the [-D2b-A1-] heterodimer respectively.
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Figure 2.23. Tandem (a) MS, (b) MS/MS fragmentation Cat-8, and (c) of its macrocyclic isomer 24. The yellow

cartoon dots represent the sulfur atoms of the cysteine.
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The AADA Cat-9 could be amplified up to 30% yield, along with its isomeric macrocycle 24, by using
a biased ratio of building blocks (Figure 2.22.b). The amplification of this tetramer clearly shows that
large macrocycles can fold to minimize hydrophobic exposure and be in direct competition with the

formation of the corresponding catenanes.

2.5.2. "H NMR characterisation of Cat-8 and of its isomeric macrocycle 24

Both Cat-8 and its isomeric tetramer 24 were isolated and analyzed by "H NMR spectroscopy (Figures
2.24 to 2.28). The two compounds exhibit significantly different 'H NMR spectra (500 MHz, D,0),
with the spectrum of the catenane displaying the expected upfield shifts for the aromatic protons due to

the stacked structure (Figure 2.24).
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Figure 2.24. Partial '"H NMR spectrum (D,O, 333 K, 500 MHz) of AADA catenane Cat-8. The inner NDI,
corresponding to the doublets at 8.25 and 8.10 ppm, was assigned arbitrarily to A2.
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Figure 2.25. Partial COSY spectrum (D,0, 278 K, 500 MHz) of Cat-8 between (a) 7.45 ppm and 7.95 ppm and

(b) 5.20 ppm and 6.40 ppm. The solvent peak was referenced at 4.79 ppm.
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Only one conformation was observed for the AADA catenane Cat-8. Three sets of signals were
correlated by COSY in the acceptor region (8.05 to 8.50 ppm, Figure 2.25.a), corresponding to the two
outer and one inner NDIs. Only one set of signals corresponding to one DN unit was found in the donor
region (5.95 to 6.90 ppm, Figure 2.25.b). At 278 K, cross-peaks between the aromatic units were

observed by NOESY, confirming the unusual AADA structure of Cat-8 (Figure 2.26).

A
AA Olcysteine
A All/

T T T T T T T T T T T T T 8.2
.2 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 ppm

Figure 2.26. Expanded region of the NOESY spectrum (D,O, 278 K, 500 MHz, mixing time = 800 ms) of
AADA catenane Cat-8 (the peaks labelled with * are associated with a [-A1-A2-] dimer impurity).

The resonances of the catenane are clearly assignable at 278 K and slightly broaden upon increasing the
temperature (Figure 2.27.a). In sharp contrast, the resonances of macrocycle 24 at 278 K are extremely

broad and dramatically sharpen upon increasing the temperature up to 333 K (Figure 2.27.b).
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=

Cat-8

24

Figure 2.27. Partial "H NMR spectrum (D,0, 500 MHz) of (a) Cat-8 at 343 K, 333 K, 318 K, 298K, and 278 K
and (b) its isomeric macrocycle 24 at 353 K, 318 K, 310 K, and 298K. The solvent peak was referenced at 4.79

ppm at 298K. The peaks labelled with * are associated with a [-A1-A2-] dimer impurity.

62



Chapter 2

As for Cat-8, the aromatic protons of macrocycle 24 were assigned by COSY spectroscopy (Figure
2.28). The confirmation by 'H NMR of the structural difference between catenane Cat-8 and

macrocycle 24 verifies the reliability of our identifications by tandem MS and MS/MS.
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Figure 2.28. Partial COSY spectrum (D0, 353 K, 500 MHz) of macrocycle 24 between 6.00 ppm and
9.60 ppm. The solvent peak was referenced at 4.79 ppm.
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2.5.3. Identification of a second AADA catenane: Cat-10

As expected, a library composed of D2b, A1 and A2 (2:1:1 molar ratio, Figure 2.29.b) contains the
DADA catenane Cat-11 and its paired AADA catenane Cat-10. The presence of Cat-9 again indicates

that Pathway II is competing with Pathway II1.

In a biased library with a ratio of D2b:A1:A2 of 1:2:1 in 1 M NaNO; (Figure 2.29.c) the yield of this
catenane increased up to 10% of the library, allowing for its isolation. In this case, higher amplification
of Cat-10 was observed in the presence of 1 M Na,SO4, up to 20% of the library. This amplification is
most likely due to the higher ionic strength of the solution (Figure 2.29.d). However, no difference of
behaviour had been observed when replacing NaNO; by Na,SO, in the previous libraries. The better
amplification of Cat-10 in the presence of Na,SO, was attributed to the particularly high complexity of

the library and the presence of large macrocycles.
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Figure 2.29. HPLC analyses of aqueous libraries composed of Al, A2 and D2b (total concentration of building
blocks of 5 mM): (a) A1:A2:D2b = 1:1:2 molar ratio in the presence of 1 M of NaNO;, (b) A1:A2:D2b = 2:1:1
molar ratio in the absence of salt, (c) A1:A2:D2b = 2:1:1 molar ratio in the presence of 1 M of NaNOs;, (d)
A1:A2:D2b = 2:1:1 molar ratio in the presence of 1 M of Na,SO,4. Absorbance was recorded at 383 nm.
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2.5.4. "H NMR characterisation of Cat-10

Cat-10 was characterized by '"H NMR (500 MHz, 298 K, D,O, Figures 2.30 to 2.32). While the slightly
shorter Cat-8 displays only one conformation, Cat-10 displays two conformations, which could be
assigned with the help of COSY and NOESY spectra (Figure 2.31). This observation can only be
attributed to the slight difference of size and geometry of the donor units incorporated in Cat-8 and Cat-
10. Once again, cross-peaks between the donor and acceptor units of the major conformation were

observed in NOESY spectra, confirming the AADA structure of Cat-10 (Figure 2.32).
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Figure 2.30. '"H NMR spectrum (D,0, 298 K, 500 MHz) of Cat-10. The solvent peak was referenced at 4.79
ppm.
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Figure 2.31. Partial COSY (red) and NOESY (blue) spectra of Cat-10 between (a) 7.50 ppm and 8.15 ppm and
(b) 5.10 ppm and 6.30 ppm (D,0O, 298 K, 500 MHz, mixing time = 800 ms). The dotted lines highlight peaks
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Figure 2.32. Partial NOESY spectrum of Cat-10 between 5.10 ppm and 8.20 ppm (D,0, 298 K, 500 MHz,

mixing time = 800 ms). An impurity was labelled by *. The solvent peak was referenced at 4.79 ppm.

2.5.5. Identification of other AADA catenanes

Many other AADA catenanes were identified in libraries based on either long donors D1b or D2b: only
one example is shown in Figure 2.33. As expected, only the smallest acceptor rings lead to the

formation of AADA catenanes, but most of the libraries producing catenanes from Pathway III are
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Figure 2.33. HPLC analyses of aqueous libraries composed of A1, A4 and D2b (total concentration of
building blocks of 5 mM): (a) A1:A4:D2b = 1:2:1 molar ratio in the absence of salt, (b) A1:A4:D2b =
1:2:1 molar ratio in the presence of 1 M of NaNO;. Absorbance was recorded at 383 nm.
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relatively complex and the formation of large macrocycles seems to be favoured over the formation of
the catenanes, which are only present, in most cases, as traces. In the library depicted in Figure 2.33,
two AADA catenanes (Cat-13 and Cat-14) could be identified in the presence of NaNO;, in an
otherwise extremely complex library. The presence of two peaks on the HPLC trace for Cat-13 can be

explained by the existence of different isomers, due to the asymmetry of building block A4.

2.5.6. Conclusion: synthesising AADA catenanes from Pathway II1

To conclude, using flexible donors D1b or D2b leads to the formation of DADA and AADA catenanes
through Pathway III. The formation of DADA catenanes is not favoured through this mechanism,
because the donor ring is too large to allow an optimum overlap of the complementary aromatic units.
There is a delicate balance in the formation of AADA catenanes as they are in competition with the
formation of large macrocycles such as trimers and tetramers. However, optimizing the choice of the
building blocks, in order to the access the tightest possible acceptor and donor rings, can lead to AADA
catenanes such as Cat-8, that can be amplified up to 30%. Both Cat-8 and Cat-10 were isolated as
yellow-brown products, showing that AADA catenanes exhibit different optical properties than the

other types of catenanes described above.
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2.6. Competing Pathways

The previous section described design protocols that access catenanes selectively via Pathways I, 11, or
III, but we also observed in the most complex systems that catenanes can be formed via two
simultaneous Pathways. It is therefore conceivable that a library fulfilling the conditions of all three
Pathways will generate all the types of catenanes. This is beautifully illustrated in Figure 2.34 by a
library containing the short donor building block D2a and the asymmetric acceptor building block A4

(1:1 molar ratio, 5 mM).
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Figure 2.34. HPLC analysis of an aqueous library composed of D2a and A4 (1:1 molar ratio, 5 mM total), in the
presence of 1 M of NaNQO;. Absorbance was recorded at 260 nm.
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The behaviour of A4 is driven by its shorter side-chain, making the formation of a DAAD catenane
possible (Pathway II). However, the [-A-A-] homodimer is now large enough to allow the formation of
DADA and AADA catenanes (Pathway III), and the use of D2a allows the formation of a DDAD
catenane (Pathway I). Indeed, all the four possible catenanes DAAD (Cat-17), DADD (Cat-18), DADA

(Cat-16) and AADA (Cat-15), were observed in the same library.

Here again, the presence of two peaks on the HPLC trace for each of Cat-16 and Cat-17 can be
explained by the existence of different isomers or of slowly interconverting conformations. The
synthesis of all four types of catenanes in the same library clearly shows that there is little energetic
difference between them. This allows us to conclude beyond doubt that the formation of the unusual
AADA, DAAD and AADA stacked catenanes is not significantly disfavoured when compared to the

typical DADA catenane.

72



Chapter 2

2.7. Conclusion

A variety of new donor-acceptor [2]catenanes with different arrangements of the aromatic units
(DAAD, DDAD, DADA, and AADA) have been identified by dynamic combinatorial chemistry. The
observation that complete oxidation freezes exchange in such a way that the catenanes become kinetic
bottlenecks (or traps) takes this work away from pure dynamic combinatorial chemistry into a hybrid
realm where there is a complex interplay of kinetics and thermodynamics. While this is in some sense
disappointing, it is not entirely surprising and it also provides an opportunity to probe reaction pathways

that are necessarily invisible in a truly thermodynamic equilibrium.

Donor-acceptor interactions, which conventionally lead to DADA catenanes only, were partially
overcome by using a highly polar medium, allowing efficient access to catenanes with unusual DADD,
DAAD and ADAA stacking sequences. The formation of these previously exotic catenanes in the DCLs
can be convincingly explained by taking into account the relative contributions of donor-acceptor and
hydrophobic effects in their assembly. A close analysis of the DCLs studied allowed us to propose a
mechanistic pathway for their synthesis and also to predict the outcome of libraries a priori. Donor-
acceptor interactions are crucial in the mechanism but the hydrophobic effect determines the overall
outcome of catenation process. Catenanes containing different stacking sequences of the donor and
acceptor units can be selectively formed following one of the three synthetic pathways proposed simply
by choosing the correct building blocks in the DCL setup.

These results challenge conventional thinking that has limited the scope of donor-acceptor [2]catenanes
to strictly alternating stacks of donor and acceptor aromatic units. They indicate that an approach to
catenane synthesis that takes into account only donor-acceptor interactions is unnecessarily limiting. To
date, aromatic interactions have been satisfactorily described in terms of electrostatic interactions, which

can only be enhanced by solvophobic effect. This work shows that the solvophobic effect can overcome
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and direct syntheses based on supramolecular interactions between aromatic moieties. This observation
will allow chemists to design and indeed synthesize complex structures that were previously

inaccessible.
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CHAPTER 3

Templated Dynamic Synthesis of a [3]Catenane

The self-assembly of a water-soluble [3]catenane from a library composed exclusively of linear building
blocks is described. This process is promoted by a high salt concentration (1 M NaNOs3). Even more
remarkably, the synthesis is improved if the salt, which raises the ionic strength and encourages
hydrophobic association, is replaced by a sub-mM concentration of spermine acting as a template. The
spermine-templated synthesis of the [3]catenane shows for the first time that such structures can exhibit
strong binding interactions with a biologically relevant target, in water under near-physiological

conditions.

This work was initiated in collaboration with an undergraduate student, Nicholas A. Jenkins.
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3.1. Introduction

3.1.1. Synthesis of donor-acceptor [3]catenanes

Although of potential interest in the context of nanoscience,® donor-acceptor [3]catenanes have
remained relatively unexplored because of their challenging synthesis. Stoddart et al. showed that
donor-acceptor interactions could be efficiently used to reversibly assemble preformed macrocycles into

the thermodynamically more stable [3]catenane (Figure 3.1).%%°

This approach is not trivial: careful design of the size and geometry of the rings is necessary and, while
the assembly of the catenane is nearly quantitative, the synthesis of each of the rings involves a series of
delicate steps, ultimately leading to an overall low yield. Apart from a few variations and improvements
to the method developed by the Stoddart group, these constraints have made examples of donor-

acceptor [3]catenanes rare in the literature.?*

3.1.2. Dynamic combinatorial synthesis: from [2] to [3]catenanes

Chapter 2 illustrates that dynamic combinatorial chemistry” can lead to an unexpected variety of donor-
acceptor [2]catenanes.” ” To investigate the possibility of forming higher order interlocked structures
through dynamic combinatorial chemistry, we designed building block 4-A, composed of two large
hydrophobic NDI electron-deficient m-systems, connected via a flexible butyl chain (Figure 3.2). The
notation 4-A refers to the four CH, of the butyl chain linking the acceptor units, and will be generalised

in the next Chapter to a whole series of acceptor building blocks.
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Figure 3.1. Iodine-catalysed reversible self-assembly of a donor-acceptor [3]catenane (Stoddart).*

Building block 4-A is terminated by two cysteine components which, once again, provide both the thiol
necessary for disulfide exchange and carboxylate anions for water solubility. It was synthesised in three
steps, involving the mono-substitution of the 1,4,5,8-naphthalenetetracarboxylic dianhydride with the
trityl protected cysteine,® reaction with 1,4-diaminobutane, and deprotection of the trityl protecting
groups (Scheme 3.1). 4-A was synthesised for the first time by Nicholas A. Jenkins, undergraduate

student.
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The objective was to explore its behaviour in the presence of the electron-rich dialkoxynaphthalene
building block D2a, which has been thoroughly studied in Chapter 2: D2a forms a [-D-D-] dimer whose
cavity size is best suited to interact with an acceptor moiety, favoring the formation of an alternating

DAD stack.®® ¢

o) o}
(A s
0 o} N N~(_ o SH
HOOC Q J—F Q COOH /(
fN ' N o ) ’ O\)LH COCH
HS Q HOOC. _N
d o) j’ o o_g®—°
> > o s ©

D2a
4-A
Figure 3.2. Building blocks used in this Chapter and their cartoon representations.
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Scheme 3.1. Synthetic route to building block 4-A.
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3.2. Discovery of the first [3]catenane

The first library was prepared by dissolving 4-A and D2a to a total concentration of 5 mM (1:2 molar
ratio) in water at pH 8 in the presence of 1 M NaNOs, as the formation of catenanes is known® ° to be
promoted upon addition of salt. The library was stirred for one day under air in capped vials to allow

oxidation of the thiol building blocks.

W oo 0 s

4-A
1M NaNO,
o g —°
D2a
Q 4,4-[2]Cat @
Q 4,4-A
4,4-[3]Cat
(@) - R S~ 383nm
: ~33%
(b) 3 |\ AA*J\//\«\_,
—_ ————— 260 nm
;5 1l0 1|5 2lD min

Figure 3.3. HPLC analysis of an aqueous library composed of 4-A and D2a (1:2 molar ratio, 5 mM total), in the
presence of 1 M of NaNQO;. Absorbance was recorded at (a) 383 nm and (b) 260 nm.
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Far from the diversity expected from such flexible building blocks, LC-MS analysis revealed that the
fully oxidised library contains a relatively small number of significant components. The only detectable
members of this library are the closed monomer [-D2a-], the donor [-D2a-D2a-] and acceptor 4,4-A
dimers, as well as two catenanes composed of one and two donor dimers interlocked with an acceptor
dimer, 4,4-[2]Cat and 4,4-[3]Cat respectively (Figure 3.3). The 4,4- notation was chosen to indicate

that these structures are based on the macrocycle composed of two acceptor building blocks 4-A.

Both catenanes were unambiguously identified by tandem ESI-MS and MS/MS. The [3]catenane
displays doubly and triply charged molecular ions (m/z 1752.5 and 1167.8), corresponding to a species

composed of two acceptor and four donor building blocks (Figure 3.4.a).

5%
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Figure 3.4. Tandem (a) MS and (b) MS/MS fragmentation of 4,4-[3]Cat. The yellow cartoon dots represent the

sulfur atoms of the cysteine.
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Figure 3.5. Tandem (a) MS and (b) MS/MS fragmentation of 4,4-[2]Cat. The yellow cartoon dots represent the

sulfur atoms of the cysteine.

Its fragmentation pattern is characteristic of that expected for a [3]catenane, with the loss of one or both
rings producing the intermediate 4,4-[2]Cat (m/z 1271.6, doubly charged), dimers 4,4-A (m/z 1583.5)
and [-D2a-D2a-] (m/z 958.9), and smaller fragments (Figure 3.4.b). A similar fragmentation pattern was

observed for 4,4-[2]Cat (Figure 3.5).

The presence of 4,4-[2]Cat along with remaining non-interlocked dimers, suggested that the library is
fully oxidized before thermodynamic equilibrium is reached. This hypothesis is consistent with previous

observations®® and was confirmed by a series of kinetic analyses.
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3.3. Investigating the mechanism of formation of 4,4-[3]Cat

The kinetics of a library in a 1:1 molar ratio (Figure 3.6 and 3.7) was studied in order to compare the

rates of oxidation of building blocks 4-A and D2a.
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Figure 3.6. LC-MS analysis of a library composed of 4-A and D2a (SmM total, 1:1 molar ratio) at different time

intervals. Absorbance was monitored at (a) 383 nm and (b) 260 nm.
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This study showed that the acceptor 4-A oxidises faster than donor D2a (Figure 3.7.a), rapidly forming
the acceptor dimer 4,4-A. Although the rate of oxidation of the thiols should be similar for the two
building blocks, it is perhaps not surprising that favourable hydrophobic and 7t-m interactions'® make the
formation of 4,4-A a pseudo-intramolecular process and therefore faster, unlike the electron-rich and

hence unfavourable donor dimer.

@ °? by °°
c = 4,4-A
0.6 - ’
g g
: / g% 4,4-[3]Cat
£ 1 4-A g 4,4-[2]Cat
[¥] 0 02
0 0/
1] 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (min) Time (min)

Figure 3.7. Kinetic profile (a) of the consumption of building block 4-A (A) and D2a (o), and (b) of the
formation of 4,4-A (), 4,4-[2]Cat (o) and 4,4-[3]Cat (0) in a library composed of 4-A and D2a (5 mM total, 1:1
molar ratio) in water pH 8, in the presence of 1 M NaNOs. The concentrations were evaluated by HPLC from the

peak areas of the traces shown in Figure 3.6.

Strikingly, the two building blocks do not form any mixed macrocycles, which may be rationalised by
their difference in size, and the likely templation through donor-acceptor interactions of the acceptor
dimer by the donor units and conversely of the donor dimer by the acceptor units. The kinetic profiles of
the formation of 4,4-A, 4,4-[2]Cat and 4,4-[3]Cat (Figure 3.7.b) show that the acceptor dimer 4,4-A is
threaded by two open donor dimers consecutively, forming 4,4-[2]Cat and 4,4-[3]Cat successively

(Figure 3.8).
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From this study, we concluded that the formation of the [3]catenane appears to be a stepwise process,
and the library evolves until all the donor building block is fully oxidized, preventing thermodynamic
equilibrium from being reached. If the disulfide exchange were to occur for a longer period of time to
allow the system to reach thermodynamic equilibrium, the unthreaded residues should be recycled into

4,4-[3]Cat, which is a kinetic trap, and may also be the thermodynamic product in this library.

o
& < J

Figure 3.8. Proposed mechanism of formation of 4,4-[3]Cat, involving the successive formation of 4,4-A, 4,4-
[2]Cat and finally 4,4-[3]Cat.

Consequently, the formation of the [3]catenane is limited both by the fast rate of thiol oxidation which
prevents the library to reach thermodynamic equilibrium, and by the kinetic competition between the

formation of the unthreaded and the threaded macrocycles.

3.4. Stepwise addition of one of the building blocks

To test this supposition, we investigated the effect of successive additions of the fresh thiol D2a, which
reinitiates the reversible process and favours threading by providing a high acceptor/donor ratio. Two

equivalents of D2a were added in aliquots of 0.5 equivalents every two hours to a library containing the
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acceptor 4-A. As expected, the yield of the [3]catenane increased, from 33% (one-pot procedure, Figure
3.3.a) up to 55% (stepwise procedure, Figure 3.9), with the final ratio between the building blocks equal

in both cases.

Voz. H,0 pH § (6"%;

1M NaNO,
o_ g —° 4,4-[3]Cat
D2a : %
_ ~ 55%
(Stepwise Procedure)
4,4-[2]Cat
4,4-A
' N ———
10 15 20 min

Figure 3.9. HPLC analysis of an aqueous library composed of 4-A and D2a (1:2 molar ratio, 5 mM total), in the
presence of 1 M of NaNQO;. The two equivalents of D2a were added in fractions of 0.5 equivalents every two

hours (stepwise procedure). Absorbance was recorded at 383 nm.

Unfortunately, increasing further the number of successive additions (0.25 equivalent added every two
hours), or changing the time between the additions did not lead to any improvement of the [3]catenane

yield, most likely due to the low overall concentration of free thiols slowing the exchange kinetics.

3.5. '"H NMR characterisation of 4,4-[3]Cat

All the significant library members have been isolated and characterized by *H NMR (500 MHz, 298 K,

D,0). Macrocycle 4,4-A and catenane 4,4-[2]Cat display the very broad resonances characteristic of

88



Chapter 3

flexible macrocycles.** The NMR behaviour of this type of large structure will be described in more

detail in Chapter 4.
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Figure 3.10. Partial 'H NMR spectrum (D,0, 298 K, 500 MHz) of 4,4-[3]Cat. The solvent peak was referenced
at 4.79 ppm.

On the other hand, the [3]catenane exhibits a spectrum with sharp signals in which the resonances for a
single asymmetric conformation can be clearly identified by 1D (Figure 3.10) and 2D NMR (Figure

3.11): two sets of signals were assigned to the outer (8.1 to 8.6 ppm) and inner (6.9 to 7.8 ppm) acceptor
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units and similarly, two sets of signals were observed for the outer (6.4-7.15 ppm) and inner (4.7 to 6.3

ppm) donor units.

Figure 3.11. Partial NOESY spectrum of 4,4-[3]Cat between 4.90 ppm and 8.70 ppm (D,0, 288 K, 500 MHz,

mixing time = 800 ms) with the relevant correlations being highlighted. The solvent peak was referenced at 4.79

90



Chapter 3

@ fi‘o«* . ©) m.ﬁ“'—”\ .
. JL!_,o v{doacmo‘\(wﬂ\_%”gmo \( - & = U\J,L e O ~&, jﬂt
BW‘:\& g»_f’;;n'{me e“c&w /Y —2

I-lalk

;
%

Figure 3.12. Full NOESY spectrum of 4,4-[3]Cat (D,0, 288 K, 500 MHz, mixing time = 800 ms), highlighting

the nOe correlation between the protons of the alkyl chain (H) and one of the outer donor unit (H). From the two

possible conformations of 4,4-[3]Cat represented on the top, only conformation (a) is likely to exhibit such nOe.

The solvent peak was referenced at 4.79 ppm.
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Amongst all the conformations that 4,4-[3]Cat could potentially adopt, the two conformations (a) and
(b) drawn in Figure 3.12 are the most likely to be found in solution. However, the NMR spectrum of
4,4-[3]Cat shows the presence of only one conformation. The nOe correlations highlighted in the full
NOESY spectrum in Figure 3.12, between the outer donors (H) and the protons of the aliphatic chain
(H), suggest a close proximity which is only possible in conformation (a). Both conformations (a) and
(b) can be found for larger and more flexible [3]catenanes (see Chapter 4). We attribute the fact that 4,4-

[3]Cat adopts only conformation (a) to its compact nature.

3.6. Amplification of 4,4-[3]Cat with spermine

Figure 3.13 summarises the results described in the first part of this Chapter. The first LC-MS traces
show the library composed of 4-A and D2a in water pH 8 in the absence of salt, recorded at (a) 260 nm
and (b) 383 nm. The catenane synthesis described above appears to rely on the increased polarity of the
reaction medium (1 M NaNO; versus pure water) to promote the burying of solvent-exposed
hydrophobic surfaces.® ° In a salt-free reaction, 4,4-[3]Cat is formed only in trace amounts, and the
library is dominated by the homodimers 4,4-A, and D,. Figure 3.13.c shows the same library prepared
in the presence of 1 M NaNOs, and the corresponding amplification of 4,4-[3]Cat up to 33% (LC-MS
recorded at 383 nm). As mentioned before, stepwise addition of D2a favours the formation of the

[3]catenane, and its yield increases up to 55% (Figure 3.13.d, LC-MS recorded at 383 nm)
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Figure 3.13. HPLC analysis of an aqueous library composed of 4-A and D2a (1:2 molar ratio, 5 mM total), in the
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also prepared in the presence of 0.5 mM of spermine (absorbance recorded at 383 nm).
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absence of NaNOs, recorded at (a) 383 nm and (b) 260 nm. The same library was prepared in presence of 1 M of
NaNO:s, (¢) in one-pot or (d) after stepwise addition of D2a (absorbance recorded at 383 nm). (e) The library was
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Of all the library members observed in this system, the [3]catenane possesses the highest density of
carboxylate groups, raising the question of whether a suitable polycation might act as a template. In
Nature, polyamines such as spermine bind to the array of negative charges of the DNA backbone and
play an important role in many cellular processes,'’ prompting the development of artificial spermine
binders."* To our delight, addition of merely 0.5 mM of spermine promoted the amplification of 4,4-
[3]Cat to 60 % vyield (Figure 3.13.e, LC-MS recorded at 383 nm), suggesting a strong interaction
between the [3]catenane and spermine. Increasing the concentration of template does not further
increase the yield of [3]catenane: it is well documented and understood, but counterintuitive, that adding

too much template can lead to amplification of smaller, weaker binding receptors.*®

3.7. Amplification of 4,4-[3]Cat with other polyamines

No amplification was observed in the presence of up to 1 M of NH4Cl, implying (a) that the interaction
between [3]Cat and spermine results from more than the sum of random carboxylate-ammonium
interactions and (b) that the effect of metal salts such as NaNO3; may be due to more than purely ionic

strength effects.

The geometrical distribution, hydrophobicity and number of ammonium centres present in the
polyamine are crucial for an efficient recognition as demonstrated by libraries templated by the shorter

spermidine and putrescine, in which 4,4-[3]Cat was amplified to lesser extent (Figure 3.14).
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Figure 3.14. HPLC analyses of an aqueous library composed of 4-A and D2a (1:2 molar ratio, 5 mM total), in the

presence of 0.5 mM of (a) spermine, (b) spermidine, (¢) putrescine, and (d) NH,Cl. Absorbance was recorded at

383 nm.

3.8. "H NMR titration of 4,4-[3]Cat with spermine

The 4,4-[3]Cat binds spermine with an association constant of (1.1 + 0.005) x 10° M as determined by
'H NMR titration experiments, confirming the strong interaction between the two species (Figure 3.15

and 3.16, the determination of the association constant was executed by Dr Dan Pantos).
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acysteme H"

H n

Figure 3.15. Partial '"H NMR spectrum (D,O, 500 MHz) of [3]Cat upon addition of spermine. The
solvent peak was referenced at 4.79 ppm at 298 K. Equivalents of spermine (a) 0.00, (b) 0.09 (c) 0.17
(d) 0.35 (e) 0.52 (f) 0.69 (g) 0.87 (h) 1.04 (1) 1.22 (j) 1.39 (k) 1.56.
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Figure 3.16. Non-linear fitting using WinEQNMR v. 2.0 of the titration of 4,4-[3]Cat with spermine.
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Modeling,*® also performed by Dr Dan Pantos, suggests that the aromatic moieties of the [3]catenane
are too closely packed to accommodate a cavity large enough for spermine (Figure 3.17), so the
template probably binds to the solvent-accessible surface of the catenane, interacting with the arrayed
carboxylate ions in a manner reminiscent of its interactions with the phosphate groups of double helical

DNA.

Figure 3.17. Modeling of 4,4-[3]Cat.'

3.9. Conclusion

To conclude, this work shows for the first time that acyclic units can spontaneously self-assemble into a
donor-acceptor [3]catenane, either in a high polarity medium or in the presence of spermine. The
amplification of the [3]catenane in the presence of spermine highlights the importance of small template
molecules in the controlled assembly of large complex structures, through a multitude of seemingly
weak interactions in a highly competitive medium. This work brings a new insight into the mechanism

of donor-acceptor self-assembly and provides an alternative route to the efficient synthesis of
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[3]catenanes. The formation of this catenane is not fully under thermodynamic control, so kinetic
parameters also play a role in this process. To limit the formation of competing species, we have
therefore developed a stepwise dynamic approach, moving away from pure dynamic combinatorial
chemistry, in which the exchange continuously occurs. This approach involves the idea of an
evolutionary process, with iterated cycles of selection and amplification, which is closer to the

phenomena observed in biological systems.’

The principles developed here can be extended to access larger structures than [3]catenanes, by using
building blocks containing more than one acceptor and/or donor units. This work is considered as being

the first step towards the self-assembly of more complex polycatenanes.
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CHAPTER 4

Versatile Formation of

Donor-Acceptor [2] and [3]Catenanes in Water

This work generalises the method developed in Chapter 3 to assemble [3]catenanes, utilising
hydrophobic effect and donor-acceptor interactions in aqueous dynamic combinatorial systems. Subtle
variations in the building block structure, particularly the length of the alkyl chain connecting two
naphthalenediimide moieties, induce important modifications to the energetic landscape of the libraries,
and can ultimately be exploited to access efficiently and selectively [2] and [3]catenanes. The
unexpected manifestation of an odd-even effect, with respect to the number of atoms in the alkyl chain,

is particularly remarkable and dictates the library behaviour.

This work was initiated in collaboration with an undergraduate student, Nicholas A. Jenkins.
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4.1. Introduction

The discovery of an assortment of new donor-acceptor [2] and [3]catenanes in dynamic combinatorial
libraries is described here." These catenanes were assembled from almost identical linear building
blocks, whose design was based on the one developed in the previous Chapter. In the course of this
study, over 30 new catenanes have been identified by LC-MS, in addition to many new giant
macrocycles. This is an exploratory survey rather than an exhaustive catalogue, and only a few of these

new species have been isolated and thoroughly characterized by NMR.

However, this study shows that small variations on the building blocks considerably change the energy
landscape of the library and result in the selective formation of different types of catenanes. A careful
study of the geometric requirements necessary for efficient catenane formation allows, in some case, a

nearly quantitative assembly of these molecules.

4.1.1. Scope of this Chapter

As we have seen in earlier Chapters, donor-acceptor [2]catenanes have frequently been observed in
aqueous dynamic combinatorial libraries composed of electron-deficient and electron-rich building
blocks.”? In libraries composed of ‘first generation’ building blocks (Figure 4.1.a), incorporating one
acceptor unit or one donor unit, the formation of [2]catenanes with the conventional alternating DADA
stacking sequence was observed, as well as the previously unknown DADD, AADA and DAAD motifs
(Chapter 2). The tightness of the rings was shown to dictate both the type and yield of the catenane
formed: increasing ring tightness results in better overlap of the hydrophobic aromatic surfaces, thus

leading to higher yields, until the rings become too small to permit threading. At the opposite extreme,
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rings that are too large do not produce [2]catenanes and limit the possibility of assembling more

complex concatenated structures.

(@) WQ@Q@

‘First generation’

building blocks dimer
[2]catenane

(b) UQ @ = @@)

‘Second generation’
building blocks dimer

[3lcatenane
: available binding pocket

Figure 4.1. Comparison between the (a) ‘first’ and (b) ‘second generation’ acceptor building blocks,

designed to form either [2] or [3]catenanes.

Based on these considerations, we developed in Chapter 3 a new strategy for accessing higher order
catenanes, using a ‘second generation’ acceptor building block, containing two electron-deficient
moieties instead of one (Figure 4.1.b). With this extended building block, the formation of an acceptor
dimer provides two binding pockets at a limited entropic cost, allowing successive threading of up to
two electron-rich moieties and formation of larger [2] and [3]catenanes (Figure 4.1.b). This pathway
implies that the macrocyclisation and threading, steps which are traditionally achieved in separate low-

yield reactions,* > take place in-situ following a classical templation mechanism.

The behaviour of libraries composed of extended acceptor building blocks is now investigated in further
detail, and two key factors which govern catenane formation are studied: the length of the aliphatic

chain linking the acceptor moieties, and the building block chirality.
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In the previous Chapter, the use of spermine as a template in the synthesis of the first [3]-catenane was

described. Apart in section 4.3.2, no further templating studies are reported here.

4.1.2. Design of the building blocks used in this Chapter

In this Chapter, the behaviour of a whole series of these ‘second generation’ acceptor building blocks
(n-A) is explored in the presence of either an electron-rich dialkoxynaphthalene building block derived

from L-cysteine, D2a, or its enantiomer derived from D-cysteine, D2a’ (Figure 4.2).

The acceptor building blocks n-A are all based on the same design: two large hydrophobic electron-
deficient m-systems (1,4,5,8-naphthalenetetracarboxylic diimide) are connected via a flexible aliphatic
chain and terminated by L-cysteine hydrophilic side-chains. Eight consecutive diamines, from 1,2-
diaminoethane to 1,9-diaminononane, were used to produce flexible aliphatic linkers of systematically
increasing length. The notation n-A refers to the number of CH; of the alkyl chain linking two acceptor
moieties. The extended acceptor building blocks n-A were initially synthesized by Nicholas A. Jenkins

according to the procedure described in Chapter 3 (Scheme 4.1).°

Building block D2a" was synthesised according to the published procedure of its enantiomer D2a

(Scheme 4.2).%

Libraries were prepared by dissolving each acceptor n-A with either donor D2a or D2a’ to a total
concentration of 5 mM (1:2 molar ratio) in water at pH 8 in the presence of 1 M NaNOs.> " The libraries
were stirred at room temperature for one day under air in capped vials to allow oxidation of the thiol
building blocks and were then analyzed by LC-MS. Absorbance was recorded at the optimum

wavelength for each building block: acceptor units at 383 nm, and donor units at 260 nm. This allows

105



Chapter 4

easy estimation of the quantity of acceptor incorporated into each library member, which were each

unambiguously identified by tandem ESI-MS and MS/MS.
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Figure 4.2. Building blocks used in this Chapter and their cartoon representations.
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Scheme 4.1. Synthetic route to building block n-A (n=2t0 9).
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Scheme 4.2. Synthetic route to building block D2a’.

4.2. Effect of the length of the aliphatic linker

In this section, we describe the effect of the length of the aliphatic linker on the composition of libraries
by comparing the behaviour of systems containing one acceptor n-A, reacting with the donor D2a. The

results are shown in Figure 4.3 and schematically summarised in Figure 4.4.

The formation of [2]catenanes similar to the ‘first generation’ catenanes was observed for long aliphatic
linkers (n > 7). Remarkably, when the aliphatic linker is short (n < 6), an unexpected odd-even effect®
dictates the library behaviour, leading either to the formation of simple libraries containing the expected
[3]catenanes, or to the formation of extremely complex libraries containing larger and unusual types of

[2]catenane.
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In order to distinguish the different catenanes identified through this screening, the [2]catenanes were
denoted either n-[2]Cat or n,n-[2]Cat, and the [3]catenanes n,n-[3]Cat (Figures 4.3. and 4.4). The n-
and n,n- notation were chosen to indicate that these structures are based on the macrocycle composed of

one and two acceptor building blocks n-A respectively.

4.2.1. Manifestation of an odd-even effect

It is clear in Figure 4.3 that the building blocks linked with short and even aliphatic chains (n = 2, 4 and
6) produced simple libraries containing in significant quantities only the respective dimer n,n-A, n,n-
[2]Cat and n,n-[3]Cat (Figures 4.3.a, ¢ and e). The acceptor dimer n,n-A appears to be a particularly
stable macrocycle which, as we showed in the case of the 4- library (Chapter 3), forms rapidly and
accumulates before its conversion into n,n-[2]Cat and then n,n-[3]Cat. Other macrocycles of lower
energy are not observed. The [3]catenane is likely to be the thermodynamic product of the libraries:
therefore, its yield is relatively good, but the stability of n,n-A and n,n-[2]Cat limits its formation and

these intermediates remain present in significant quantity in the libraries

In stark contrast, the odd libraries (n = 3 and 5) displayed little selectivity for any particular library
member. The 3- library is the most striking example, while the effect is less pronounced with the more
flexible 5-A, before disappearing when the length of the linker is further increased. In the odd libraries,
the [3]catenane is clearly not the most stable species: other macrocyclic species are of similar stability,
or are even more stable. The yield of the [3]catenane is low, and the libraries are dominated by the

presence of many large macrocycles, which can also be concatenated.
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Figure 4.3. HPLC analysis of an aqueous library composed of D2a and (a) 2-A, (b) 3-A, (c) 4-A, (d) 5-A, (e) 6-

A, (f) 7-A, (g) 8-A, (h) 9-A. These libraries were prepared in a 1:2 molar ratio (5 mM total) in the presence of 1
M of NaNO;. Absorbance was recorded at 383 nm.
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When the aliphatic linker is long enough, templation by the electron-rich moiety favours intramolecular
closure of the acceptor building block, and results in the formation of the closed monomer and the
smaller [2]catenanes n-[2]Cat. Our previous studies on the ‘first generation’ building blocks suggest
that the formation of these [2]catenanes is possible when the aliphatic linker is longer than a cysteine-

cysteine linkage, which roughly corresponds to a hexyl chain (n > 6).2

Upon reaching the 7- library (Figure 4.3.f), the length of the aliphatic linker permits formation of the 7-
[2]Cat. Although the formation of 7-[2]Cat is entropically favoured over the formation of the larger
catenanes, such a high concentration of the 7,7-[2]Cat and 7,7-[3]Cat suggests that 7-[2]Cat must be

relatively strained and that each catenane, being a kinetic trap, accumulates as soon as it is formed.

As expected, the smaller n-[2]Cat becomes the dominant species with longer linkers (n > 8), and 8-
[2]Cat and 9-[2]Cat are generated in yields of roughly 70% in otherwise simple libraries. The formation
of these [2]catenanes is highly favoured by the tightness of the acceptor monomer derived from the
building blocks of this study (6 < n < 9), which is in agreement with our previous observations and

mechanistic proposal (Chapter 2).

Overall, the behaviour of the ‘second generation’ acceptor building blocks is summarised in Figure 4.4.
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5::.:3‘ T‘@ 6<n<9
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_— - - Macrocycles + Larger catenanes n=3and5
o

N- linket

n=24and6

n,n-[2]Cat n,n-[3]Cat
Figure 4.4. The three pathways for catenane synthesis, using ‘second generation’ acceptor building blocks: (1)
intramolecular closure of the acceptor building block and formation of n-[2]Cat, (2) formation of larger

macrocycles, which can also be concatenated, and (3) dimerisation of the acceptor building block and formation

of n,n-[2]Cat and n,n-[3]Cat.

4.2.2. Identification of new unexpected [2]catenanes

The odd-even effect displayed by the short-linked building blocks is even more apparent in libraries
prepared in a 1:1 molar ratio of the building blocks. While the even libraries still show a strong
preference for the formation of the n,n-A, n,n-[2]Cat and n,n-[3]Cat in a 1:1 ratio (Figure 3.6 in the
previous Chapter), the odd libraries are even more complex and multiple species with comparable peak

intensities exist after full oxidation.
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Figure 4.5 illustrates the complexity of the odd 3- library in a 1:1 molar ratio. In this library, both a new

unconventional [2]catenane 27 and its corresponding isomeric macrocycle 28 (Figure 4.6) were

identified.
W 0, H,0pH 8
1 M NaNo,
3A —_—>
(1:1)
o g®—°

D2a

NS

15 20 min

Figure 4.5. HPLC analysis of an aqueous library composed of D2a and 3-A (1:1 molar ratio, 5 mM total), in the
presence of 1 M of NaNO;.

The fragmentation pattern of 27 generated by MS/MS is consistent with the structure proposed in
Figures 4.5. The soft fragmentation at 0.4 V shows a high intensity of the separated rings at m/z 2036.3
and m/z 958.9 (Figure 4.6.b). No evidence of linkage between these two fragments was found,

suggesting that they are not covalently bonded to each other. The lower masses can be assigned to
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fragments of these two cyclic species. As shown in Figure 4.6, the MS/MS fragmentation of the

isomeric macrocycle 28 is strikingly different.
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Figure 4.6. Tandem (a) MS and MS/MS fragmentation (b) of 27 and (¢) of the corresponding macrocyclic isomer
28.The cartoon yellow dots represent the sulfur atoms of the building blocks.
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The 5- library (1:1 molar ratio) is also characterized by the formation of a variety of surprisingly large
macrocycles, such as macrocycle 29 (Figure 4.7). An even larger library member, 30 (m/z 1555.0, triply

charged), two donor building blocks larger than 29, was also observed.

J\\_,-/\\

12 16 20 24 min

(b)

Figure 4.7. (a) HPLC analysis of an aqueous library composed of D2a and 5-A (1:1 molar ratio, 5 mM total), in
the presence of 1 M of NaNOs. (b) After full oxidation of the library, another equivalent of D2a was added.

Absorbance was recorded at 383 nm.
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Figure 4.8. Tandem (a) MS and (b) MS/MS fragmentation of catenane 30. The cartoon yellow dots represent the
sulfur atoms of the building blocks.

Here again, the MS/MS evidence in support of a concatenated structure (Figure 4.8) is compelling.
However, the expected difficulty of further characterization meant we did not examine these molecules
any further. Despite this, the power of dynamic combinatorial chemistry to create unpredictable and

unprecedented structures is apparent once again.

Stepwise addition of D2a to the 5- library is a particularly clear example of the influence of kinetics
(disulfide exchange versus thiol oxidation). Adding an additional equivalent of fresh thiol D2a to a
library prepared in a 1:1 molar ratio simplified dramatically the library (Figure 4.7.a and b). Re-
initiation of the reversible process led to the amplification of the more stable 5,5-[3]Cat at the expense

of the unusually large catenane 30, suggesting that its formation is kinetically controlled. While the final
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ratio between the building blocks in the ‘stepwise’ library shown in Figure 4.7.b is equal to the ratio in
the ‘one-pot’ library shown in Figure 4.3.d, the stepwise procedure led to an increase of the 5,5-[3]Cat
yield from 10% to 25%. Similar experiments conducted on the 3- library following the stepwise

protocol for the addition of D2a led to little amplification of 3,3-[3]Cat.

4.2.3. '"H NMR characterisation of the isolated catenanes

The 7- library provides a unique opportunity to compare by 'H NMR a whole family of [2] and
[3]catenanes produced by the same building blocks, thus allowing us to uncover information not only on

the way these catenanes form, but also on their solution-state structure.

4.2.3.1. "H NMR characterisation of 7-[2]Cat

The 'H NMR spectrum (500 MHz, 298 K, D,0) of 7-[2]Cat is characteristic of a fully asymmetric
catenane in which each of the aromatic protons is inequivalent (Figure 4.9). In the acceptor region (7.2
to 8.2 ppm), eight doublets were assigned by correlation spectroscopy (COSY) to the eight protons of
the naphthalenediimide units: four upfield-shifted (inner acceptor) and four downfield-shifted (outer

acceptor). A similar pattern was observed in the donor region (5.5 to 7.1 ppm).

A NOESY spectrum shows exchange peaks between the inner and outer NDI protons (Figure 4.10).
When the acceptor rings rotates, it induces an inversion of the environment of the inner DN protons,
resulting into NOESY correlations between the two sets of inner DN protons (in grey and black, Figure
4.10.b). The same pattern was observed for the outer DN protons. No exchange peaks were observed

between the inner and outer donor protons.
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Figure 4.9. Partial '"H NMR spectrum (D,0, 298 K, 500 MHz) of 7-[2]Cat (the peaks labeled with * are

associated with an impurity).

Figure 4.11 highlights the expected NOESY correlations between the inner donor protons and the

protons of the aliphatic chain of the acceptor ring. The NMR spectrum of 7-[2]Cat is comparable to that

of the catenane 9-[2]Cat, which was also isolated and characterized (see the experimental section in

Chapter 6).
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Figure 4.10. Partial COSY (blue) and NOESY (red) spectra of 7-[2]Cat between (a) 7.2 ppm and 8.20 ppm and
(b) between 5.40 ppm and 7.20 ppm (D,0, 298 K, 500 MHz, mixing time = 800 ms). The solvent peak was
referenced at 4.79 ppm.
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Figure 4.11. Full NOESY spectrum of 7-[2]Cat (D,0, 298 K, 500 MHz, mixing time = 800 ms), highlighting the
nOe correlation between the protons of the alkyl chain (H) and the inner donor units (H, H and H"). The solvent

peak was referenced at 4.79 ppm.

4.2.3.2. "H NMR characterisation of 7,7-A, 7,7-[2]Cat and 7,7-[3]Cat

Figure 4.12 clearly illustrates how the rigidity arising from the successive threading of donor dimers
around the acceptor dimer progressively sharpens the NMR signals. Macrocycle 7,7-A displays broad
resonances characteristic of large, flexible, multi-conformation macrocycles (Figure 4.12).° Threading
of one donor ring does not significantly constrain the flexibility of the acceptor dimer, while the donor

dimer displays the expected sharp signals of a ring that freely rotates around the 7,7-A macrocycle. The
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acceptor signals are still broad and cannot be assigned. Upon threading a second donor ring, the NMR

signals sharpen remarkably due to the high level of organisation of the aromatic units within 7,7-[3]Cat.
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(c)

Figure 4.12. Partial 'H NMR spectrum (D,0, 298 K, 500 MHz) of (a) 7,7-[3]Cat, (b) 7,7-[2]Cat and (c) 7,7-A.

The 'H NMR of 7,7-[3]Cat was studied in further detail. While only one conformation could be
identified for the highly constrained 4,4-[3]Cat (Chapter 3), two conformations in a molar ratio of 1:1
were identified for the larger 7,7-[3]Cat. These two conformations are likely to arise, as drawn in Figure
4.13, from the two possible positions of the aliphatic linker within the catenane. Unfortunately, the
presence of exchange peaks between the two conformations and also between the inner and outer
aromatic units make the assignment of the individual signals impractical. However, four pairs of

doublets were observed for each conformation of 7,7-[3]Cat in the acceptor region (highlighted in
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green, Figure 4.13), which is in accordance with our assignment of the simpler NMR of 4,4-[3]Cat in

Chapter 3. A similar pattern was observed in the donor region (highlighted in red, Figure 4.13).
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Figure 4.13. Partial COSY (blue) and NOESY (red) spectra of 7,7-[3]Cat between 5.5 ppm and 8.5 ppm (D0,

298 K, 500 MHz, mixing time = 800 ms). The solvent peak was referenced at 4.79 ppm.
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4.3. Influence of building block chirality

The length of the aliphatic linker of the building blocks is not the only feature that can be used to control
the catenanes’ synthesis. In both acceptor and donor building blocks, the cysteine provides the thiol
necessary for disulfide exchange and the carboxylate anions for water solubility. In compact structures
such as catenanes, the negatively charged carboxylates accumulate around the disulfide bridges,
potentially having an adverse effect on their formation. Changing the chirality of one of the building
blocks inevitably leads to the formation of new structures,'” and may well give very different
distributions of diastereomers. Therefore it can be used to adjust the energy landscape of the library in

favour of a structure with a particular topology, such as a catenane.

4.3.1. Effect of chirality on the yield of catenanes

This section describes a new set of libraries each of which contains the acceptor n-A and the
enantiomeric donor D2a’, derived from D-cysteine (Figure 4.14). The similarity of behaviour between
the libraries containing the two enantiomeric donor building blocks confirms our previous observation
on the effect of the linker length: the odd-even effect is still observable, but less clear, as macrocycles
are more abundant in each D2a’ library. To our surprise, despite the formation of overall more complex
libraries, the formation of catenanes with hetero-chirality seems to be preferred compared the formation

of catenanes with homo-chirality (Figure 4.15).
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Figure 4.14. HPLC analysis of an aqueous library composed of D2a’ and (a) 2-A, (b) 3-A, (c) 4-A, (d) 5-A, (¢) 6-
A, (f) 7-A, (g) 8-A, (h) 9-A. These libraries were prepared in a 1:2 molar ratio (5 mM total) in the presence of 1
M of NaNOs. Absorbance was recorded at 383 nm.
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In the two most impressive examples, the assembly of the homo-catenane 9-[2]Cat reached 70%

(Figure 4.3.h), while the assembly of the hetero-catenane 9-[2]Cat’ is nearly quantitative (Figure

4.14.h), and the assembly of 4,4-[3]Cat’ increased to 50% (Figure 4.3.c) from the 33% observed for 4,4-

[3]Cat (Figure 4.14.c).

Although the effect of chirality on the library distribution is complex and difficult to fully understand,

this same effect is recurrent in the eight libraries composed of either D2a or D2a’, and clearly indicates

that the change in chirality has modified the relative energy of the catenanes compared to the

macrocycles in all the libraries.
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4.3.2. Exploring the differences between two diastereomeric catenanes: 4,4-[3]Cat

and 4,4-[3]Cat’

In order to understand better the effect induced by the change in chirality on the catenanes formation,
we investigated the differences between the behaviour of two diastereomeric [3]catenanes: 4,4-[3]Cat,
whose behaviour was studied in detail in the previous Chapter, and 4,4-[3]Cat’. Their respective
kinetics of formation, their "H NMR spectra, and the strength of their interaction with spermine were

successively studied.

4.3.2.1. Kinetics of formation

A comparative kinetic study performed on two separate 4- libraries containing either D2a or D2a’
confirms that the energy landscapes of the two libraries are significantly different. As we previously
described in Chapter 3 (Figure 3.6), the kinetics of formation of 4,4-[3]Cat is surprisingly simple, and
the 4,4-A, 4,4-[2]Cat, and 4,4-[3]Cat are successively formed. These species are far more stable than
any other macrocycles than could potentially form which consequently are not observed. Unfortunately,
the high stability of the intermediates 4,4-A and 4,4-[2]Cat, which leads to this simple library, also

limits the efficient formation of the 4,4-[3]Cat.

On the other hand, the kinetics of formation of 4,4-[3]Cat’ (1:1 molar ratio, Figure 4.16) is governed by
a radically different energy landscape characterized by the presence of intermediates and macrocyclic
species of similarly low stability, which ultimately collapse into the thermodynamic sink and kinetic
trap which is the [3]catenane. The Kinetic studies also show that the formation of 4,4-[3]Cat’ is faster

than that of 4,4-[3]Cat (Figure 4.17).
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Figure 4.16. LC-MS analysis of a library composed of 4-A and D2a’ (5SmM total, 1:1 molar ratio) at different

time intervals. Absorbance was monitored at 383 nm.
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Figure 4.17. Comparison between the kinetic profile (a) of the formation of 4,4-A (), 4,4-[2]Cat (o) and 4,4-
[3]Cat (0) in a library composed of 4-A and D2a and (b) of the formation of 4,4-A (), 4,4-[2]Cat’ (0) and 4,4-
[3]Cat’ (0) in a library composed of 4-A and D2a’. The libraries were prepared in water pH 8, in the presence of
1 M NaNO; (5 mM total, 1:1 molar ratio).

126



Chapter 4

These observations verify our supposition that the chirality of the building blocks may be exploited to
alter the relative energy difference between the library members in favour of catenane formation. The
higher stability of 4,4-[3]Cat’ compared to 4,4-[3]Cat is tentatively attributed to changes in the relative
position of the carboxylates when changing the chirality of the donor building blocks. Similar
arguments can be applied when explaining the relative stability of 4,4-[3]Cat’ when compared to the

4,4-A, 4,4-[2]Cat’ and other macrocycles present in the library.

4.3.2.2. "H NMR spectra

The 'H NMR spectrum of 4,4-[3]Cat’ displays two conformations (Figure 4.18), with signals
corresponding to the acceptor moieties spread over 1.3 ppm (from 7.3 to 8.5 ppm), implying a certain

degree of rotational freedom for the concatenated rings.

In sharp contrast, 4,4-[3]Cat displays only one conformation (Chapter 3), and the signals corresponding
to the acceptor moieties are unusually spread over 1.7 ppm (from 6.9 to 8.6 ppm). While the rings
composing the two catenanes are identical in size, these differences can only be explained by a

conformational flexibility in 4,4-[3]Cat’, perhaps due to lower carboxylate-carboxylate repulsions.

The '"H NMR spectrum of 4,4-[3]Cat’ displays four pairs of doublets for each conformation in the
acceptor region (Figure 4.19). Because the two conformations are in a molar ratio of 1:2, they can be
easily distinguished (dotted and solid lines in Figure 4.19). However, we could not assign which one of

the two proposed conformations is the major one or the minor one.
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Figure 4.18. Partial 'H NMR spectrum (D,0, 298 K, 500 MHz) of 4,4-[3]Cat’. The solvent peak was referenced
at 4.79 ppm.
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Figure 4.19. Partial COSY spectrum of 4,4-|3]Cat’ between 7.1 ppm and 8.5 ppm (D,0, 298 K, 500 MHz). The

solvent peak was referenced at 4.79 ppm.

4.3.2.3. Interaction with spermine

The correlation between the efficiency of formation of the catenanes and the position of the
carboxylates is also validated by comparing the amplification of the two catenanes in the presence of

salt (1 M NaNOs) and of spermine (0.5 mM).
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We showed in Chapter 3 that addition of either salt or spermine changes the mechanism of formation of
4,4-|3]Cat: upon addition of salt, the increased polarity of the reaction medium encourages the burying
of solvent-exposed hydrophobic surfaces; while the addition of spermine may limit the repulsion
between the building blocks by binding to the array of negative charges of the carboxylates on the

solvent-accessible surface of the catenane.
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Figure 4.20. HPLC analysis of an aqueous library composed of 4-A and D2a’ (1:2 molar ratio, 5 mM total): (a) in
the absence of NaNOs, (b) in presence of 1 M of NaNO; and (c¢) in presence of 0.5 mM of spermine. The

absorbance was recorded at 383 nm.
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We have seen in Chapter 3 that 4,4-[3]Cat is less efficiently formed upon addition of 1 M NaNO; (33%
yield) than upon addition of spermine (60%, Figure 3.13): the increase in polarity does not prevent the
repulsion between the carboxylates, while the positively charged ammoniums of spermine favourably

bridges them.

Conversely, 4,4-[3]Cat’ is better amplified by the addition of salt (50%) than by addition of spermine
(30%, Figure 4.20). We speculate that in this case, the position of the carboxylates, presumably situated
further apart from one another, does not prevent the hydrophobic-driven assembly of the catenane as

strongly, but does not interact as well with spermine.

4.3.3. Conclusion on the effect of chirality

In conclusion, changing the building blocks chirality proved to be an efficient way for increasing the
yield of catenane, perhaps by minimizing the unfavoured interactions between the carboxylates. While
we identified in the first series of catenanes 4-A and 9-A as the best acceptor building blocks to form [3]
and [2]catenanes respectively (Figure 4.3), this second series allowed us to identify D2a’ as the most

favourable complementary donor building block.

The combination of 9-A and D2a’ leads to the nearly quantitative assembly of 9-[2]Cat’. In a similar
fashion, the combination of 4-A and D2a’ produces 4,4-[3]Cat’ in 50% vyield, and its yield could be
further improved to 70% by the stepwise addition of D2a’ (Figure 4.21). These yields are the best yields
obtained to date in dynamic combinatorial systems for the synthesis of donor-acceptor [2] and

[3]catenanes.
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Figure 4.21. HPLC analysis of an aqueous library composed of 4-A and D2a’ (1:2 molar ratio, 5 mM total), in
the presence of 1 M of NaNOs. The two equivalents of D2a’ were added in fractions of 0.5 equivalents every two

hours (stepwise procedure). Absorbance was recorded at 383 nm.

4.4, Conclusion

A striking variety of catenanes and macrocycles has been identified in this Chapter. Linking two
acceptor units within one building block has the potential to force the system to form complex
architectures and exert significant control on the distribution of the library. Short aliphatic linkers
exhibit an odd-even effect, forming either clean libraries containing mostly concatenated species, or
relatively iso-energetic libraries containing unexpectedly large [2]catenanes. Both the length of the
aliphatic chain linker and the chirality of the building blocks dictate the effective formation of [2] or

[3]catenanes.

The assembly of catenanes from linear building blocks is a delicate process, and small differences in the

building block structure might result in either low or high yield of catenane. This work shows that a
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simple screening of similar dynamic combinatorial systems allows fast selection and optimization of the
best conditions for catenane synthesis: water-soluble donor-acceptor [2]catenanes and [3]catenanes have

been synthesized with the highest yields to date of up to approximately 90% and 70% respectively.
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CHAPTER 5

Conclusion

This work describes the discovery of a new family of donor-acceptor [2]catenanes, containing the
DADD, DAAD, DADA and AADA stacks, from aqueous dynamic combinatorial libraries (Chapter 2).
Most of these [2]catenanes have previously been regarded as unfavourable and inaccessible. They have
proved, however, to be remarkably common in aqueous libraries. In a similar fashion, the assembly of
[3]catenanes from simple and linear building blocks challenges traditional routes of synthesis (Chapter 3

and 4).

Beyond the satisfaction of synthesising a variety of unprecedented catenanes, the work presented in this
thesis shows that prejudices can often inhibit the imagination of chemists when building complex
architectures: donor-acceptor catenanes have traditionally been regarded as difficult molecules to

access, and the fear of taking less traveled roads has restricted their synthesis in many ways.

This work also highlights the fact that fundamental chemical interactions, such as hydrophobic effect
and donor-acceptor interactions, are still poorly understood, and that their potential to control and direct

the synthesis of large delicate structures remains largely unexplored.
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CHAPTER 6

Experimental

6.1. General Information

6.1.1. Chemicals and solvents

Organic solvents were of reagent grade. Dichloromethane was distilled and dimethylformamide (DMF)

was dried over 4 A molecular sieve under N,. Commercially available chemicals were used as received.

Building blocks Dla,1 DZa,2 le,3 D2b,4 Al> 6 A2,1 were synthesised by Dr Ho Yu Au-Yeung

according to published procedures.

6.1.2. DCL preparations

Preparation of a ‘one-pot’ library. 5 mM stock solutions of acceptor and donor building blocks were
separately prepared by dissolving the building blocks in 10 mM aqueous NaOH, followed by titration

with 100 mM NaOH to pH 8. The stock solutions were mixed in the relevant ratio to get the library.
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When necessary, salt (NaNO3) was added directly in solid form to give a 1 M solution. The final library

solutions (0.5 mL) were stirred in close-capped vials for at least one day before LC-MS analysis.

Preparation of a ‘templated’ library. 7 mM stock solutions of acceptor and donor building blocks
were separately prepared by dissolving the building blocks in 10 mM aqueous NaOH, followed by
titration with 100 mM NaOH to pH 8. The stock solutions were mixed in the relevant ratio to get the
library, and diluted with a concentrated aqueous stock solution of template to reach a total concentration
in building blocks of 5 mM, and the appropriate concentration of template. The final library solutions

(0.5 mL) were stirred in close-capped vials for at least one day before LC-MS analysis.

Preparation of a ‘stepwise addition’ library. A 5 mM stock solution (0.2 mL) was prepared by
dissolving the acceptor building block in 10 mM aqueous NaOH, followed by titration with 100 mM
NaOH to pH 8. NaNO3; was added directly in solid form to give a 1 M solution. Every 2 hours, 50 uL of
a freshly prepared aqueous 5 mM stock solution of donor building block (1 M NaNOg3, pH 8) was added.

The addition was repeated 4 times before LC-MS analysis.

6.1.3. NMR

'H and *C NMR spectra were recorded on Bruker DPX-400 or Avance 500 TCI Cryo Spectrometers.
All signals were internally referenced to the solvent residue. The following abbreviations are used in
reporting signal multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad
signal). The isolated catenanes and macrocycles were solubilised in D,O with a minimum amount of

NaOD.
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6.1.4. LC-MS

LC-MS grade acetonitrile (Rathburn), methanol (Fischer) and formic acid (FA) (Fluka) were used
without further purification. MilliQ water was obtained from a Millipore water purification system. In
general, analytical separations were achieved by injecting 5 pl aliquots of 5 mM library solution onto a
reverse phase Symmetry Cg column (150 x 4.6 cm, 3 um particle size) or a Symmetry C;g column (250
X 4.6 cm, 5 pum particle size). UV/Vis absorbance was monitored at 260 nm, 292 nm, and 383 nm.
Separations were achieved by running the column with acetonitrile/water or methanol/water as eluent at

a flow rate of 1 ml/min at 45 °C.

LC-MS was carried out on an Agilent 1100 LC/MSD trap XCT system. Data was processed using HP
ChemStation and LC/MSD trap software. Influx of analyte solution was maintained at a flow rate of 50

ul/min and ionised with an electrospray source (ESI).

6.1.5. Preparative HPLC

Preparative DCLs were made on a 10 ml scale using the same method as the analytical libraries.
Preparative separations were performed on a HP 1050 system coupled to a single variable wavelength
UV detector. Samples were injected onto a reverse phase SymmetryPrep C;s column (300 x 7.8 mm, 7
um particle size) by using a Gilson 234 auto-injector. The same elution profile as that for the analytical
separation was used, with HPLC grade acetonitrile (Fischer), MilliQ water and formic acid (Romil).
Fractions were manually collected and combined. Solvents were removed from the combined fractions

by a rotary evaporator. The isolated samples were dried in vacuo and stored in the fridge.
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6.1.6. UV-Vis

UV/Vis spectra were recorded using a Cary 400 UV Spectrometer at 298 K. The spectra were scanned
from 250 nm to 700 nm with a 0.5 nm interval at a scan of 300 nm/min. Cells of 0.1 cm path length

were used.

6.1.7. Other analytical methods

All high-resolution (HR) electrospray ionisation (ESI) mass spectra were recorded on Waters LCT
Premier XE instrument. Melting points were measured by a Gallenkamp instrument in an open

capillary. The microwave reactions were carried out in a CEM Discover system.
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6.2. Synthesis of the building blocks

6.2.1. Synthesis of building block A4

Synthesis of 21:

1,4,5,8-Naphthalenetetracarboxylic dianhydride (100 mg, 373 pumol) and the trityl protected glutathione
(247 mg, 373 umol) were suspended in 3 mL of DMF in a pressure-tight § mL microwave vial (the
trityl protected glutathione was synthesised according to the literature).” To this suspension was added
0.1 mL of dry Et;N. The suspension was sonicated until the mixture became homogeneous. The reaction
mixture was heated for 5 min at 70 + 5 °C (direct flask temperature measurement) under microwave
irradiation using a dedicated microwave system. The solvent was removed under reduced pressure. The
residue was taken up into a minimum volume of acetone. This solution was added under stirring to 100
mL of 1 M HCI. The resulting suspension was filtered using a Biichner funnel. The solid was then
washed with 100 mL deionized water and dried in vacuo. The product was obtained in the form of a
yellow solid. Yield: 209 mg, 70%. M.p.: 170-172 °C (decomposed). 'H NMR (400 MHz, DMSO-d,
300 K) 6 (ppm): 13.2-12.2 (br, 2 H, COOH), 8.72 (d, J = 8 Hz, 2 H, NDI), 8.66 (d, /= 8 Hz, 2 H, NDI),

8.01 (t, J= 6 Hz, 1 H, NH-Gly), 7.95 (d, J= 8 Hz, 1 H, NH-Cys), 7.36-7.17 (m, 15 H, Trt), 5.59-5.51
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(m, 1 H, 0-Glu), 426-4.17 (m, 1 H, o-Cys), 3.17 (d, J = 6 Hz, 2 H, a-Gly), 2.36-2.19 (m, 6 H).
BC{'H} NMR (100 MHz, DMSO-d, 300 K) § (ppm): 171.5, 171.1, 170.2, 169.5, 163.4, 162.8, 145.4,
143.6, 132.7, 130.2, 129.2, 128.0, 127.9, 127.6, 126.9, 127.3, 124.2, 66.7, 53.5, 51.4, 40.4, 33.8, 31.9,

30.2. HRMS (ESI+) caled. for C43Hs33N30;,SNa [M+Na]* (m/z): 822.1728, found: 822.1703.

Synthesis of 22:

o o) NH NH
TrtS—, O (
—N N COOH
HOOC O COOH
O O

Compound 21 (200 mg, 250 pumol) and the trityl protected cysteine (86 mg, 250 umol) were suspended
in 4 mL of DMF in a pressure-tight 8 mL microwave vial. To this suspension was added 0.2 mL of dry
Et;N. The suspension was sonicated until the mixture became homogeneous. The reaction mixture was
heated for 5 min at 140 + 5 °C (direct flask temperature measurement) under microwave irradiation
using a dedicated microwave system. The solvent was removed under reduced pressure. The residue
was taken up into a minimum volume of acetone. This solution was added under stirring to 100 mL of 1
M HCI. The resulting suspension was filtered using a Biichner funnel. The solid was then washed with
100 mL deionized water and dried in vacuo. The product was obtained in the form of a yellow solid.
Yield: 245 mg, 86%. M.p.: 178-182 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.3-12.2 (br, 3 H, COOH), 8.70 (s, 4 H, NDI), 8.06 (t, /=6 Hz, 1 H, NH-Gly), 7.93 (d, /=8 Hz, | H,
NH-Cys), 7.37-7.13 (m, 30 H, Trt), 5.62-5.53 (m, 2 H, 0—Glu and 0—Cys), 4.35-4.25 (m, 1 H, a—Cys),

3.63 (d, J = 6 Hz, 2 H, a—Gly), 3.25-2.91 (m, 2 H), 2.37-2.19 (m, 6 H). “C{'H} NMR (100 MHz,
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DMSO-dg, 300 K) 6 (ppm): 171.3, 170.8, 170.6, 170.1, 169.2, 162.4, 162.1, 144.4, 144.1, 131.7, 131.2,
129.2, 129.1, 128.1, 128.0, 127.9, 127.6, 126.9, 126.8, 126.5, 125.5, 66.6, 65.9, 53.2, 52.3, 51.2, 40.7,
33.9, 31.9, 30.3. HRMS (ESI+) calcd. for CgsH33N30;,SNa [M-l-Na]+ (m/z): 1167.2915, found:

1167.2930.

Synthesis of A4:

SH
o)
o
o} 0 NH NH
oy 30 <
/N N COOH
HooC O COOH

To a Schlenk flask charged with 22 (220 mg, 192 umol) was added degassed trifluoroacetic acid (5 ml),
dichloromethane (5 ml), and triethylsilane (100 pl, 873 pmol). The solution was stirred under N, at
room temperature. After 2 hours, all the volatiles were removed in vacuo. The residue was washed with
Et,0 (20 ml) and dried in vacuo. Yield: 119 mg, 94 %. M.p.: 170-173 °C (decomposed). "H NMR (400
MHz, DMSO-ds, 300 K) & (ppm): 13.5-12.2 (br, 3 H, COOH), 8.78 (d, J= 8 Hz, 2 H, NDI), 8.75 (d, J =
8 Hz, 2 H, NDI), 8.22-8.18 (m, 1 H, NH-Gly), 7.90 (d, /= 8 Hz, 1 H, NH-Cys), 5.73-5.69 (m, 1 H, o—
Cys), 5.60-5.56 (m, 1 H, 0—Glu), 4.37-4.31 (m, 1 H, 0—Cys), 3.74-3.65 (m, 2 H, 0—Gly), 3.48-3.18 (m,
2 H), 2.83-2.21 (m, 6 H). "C{'"H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 171.1, 170.2, 170.4,
169.8, 169.1, 162.6, 162.2, 144.1, 143.5, 131.7, 131.1, 126.7, 126.0, 54.5, 52.8, 49.8, 40.6, 33.2, 31.0,

30.8. HRMS (ESI+) caled. for C27HysN4O 1S, [M+H]' (m/z): 661.0905, found: 661.0974.
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6.2.2. Synthesis of building block AS

Synthesis of 23:

TrtS STrt

(@] } (0]
0 0
HN> HNJ<7 0 Q 0 NH  NH
HOOC —N N <(;QOH
HOOC ' COOH
O O

1,4,5,8-Naphthalenetetracarboxylic dianhydride (80 mg, 300 umol) and the trityl protected glutathione
(396 mg, 600 umol) were suspended in 3 mL of DMF in a pressure-tight 20-mL microwave vial. To this
suspension was added 0.1 mL of dry Et;N. The suspension was sonicated until the mixture became
homogeneous. The reaction mixture was heated for 5 min at 140 £ 5 °C (direct flask temperature
measurement) under microwave irradiation using a dedicated microwave system. The solvent was
removed under reduced pressure. The residue was taken up into a minimum volume of acetone. This
solution was added under stirring to 100 mL of 1 M HCI. The resulting suspension was filtered using a
Biichner funnel. The solid was then washed with 100 mL deionized water and dried in vacuo. The
product was obtained in the form of a brown solid. Yield: 306 mg, 77%. M.p.: > 250 °C (decomposed).
"H NMR (400 MHz, DMSO-d;, 300 K) & (ppm): 13.1-12.3 (br, 4 H, COOH), 8.69 (s, 4 H, NDI), 8.06
(t,J=6 Hz, 2 H, NH-Gly), 7.99 (d, /= 8 Hz, 2 H, NH-Cys), 7.33-7.11 (m, 30 H, Trt), 5.57 (dd, /=16
Hz, 11 Hz, 2 H, 0—Glu), 4.29 (dd, J = 14 Hz, 8 Hz, 2 H, a—Cys), 3.64 (d, J = 5.6 Hz, 4 H, Gly), 2.42—
221 (m, 12 H). C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 171.6, 171.1, 170.8, 170.4,
162.7, 144.7, 131.4, 129.4, 128.7, 128.4, 127.0, 126.7, 126.4, 66.1, 53.5, 51.5, 34.2, 32.2, 31.0, 24.6.

HRMS (ESI+) caled. for C7»HesNgO16S» [M+H]' (m/z): 1331.3736, found: 1331.3654.
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Synthesis of AS:

HS SH

(0] \ 0]
0 Q >—<
HN> HN~<‘ 0 : 0 NH  NH
HOOC —N N <COOH
HOOC O COOH
0 0

To a Schlenk flask charged with 23 (306 mg, 230 umol) was added degassed trifluoroacetic acid (3 ml,
40 mmol), dichloromethane (3 ml), and triethylsilane (110 pl, 690 pmol). The solution was stirred under
N, at room temperature. After 2 hours, all the volatiles were removed in vacuo. The residue was washed
with Et;0 (20 ml) and dried in vacuo. Yield: 154 mg, 79 %. M.p.: > 250 °C (decomposed). 'H NMR
(400 MHz, DMSO-dg, 300 K) 6 (ppm): 12.85 (br, 4 H, COOH), 8.75 (s, 4 H, NDI), 8.23 (t, /=6 Hz, 2
H, NH-Gly), 7.90 (d, J = 8 Hz, 2 H, NH-Cys), 5.58 (dd, /=9 Hz, 5 Hz, 2 H, a—Glu), 4.35 (dd, /=13
Hz, 7 Hz, 2 H, 0—Cys), 3.73 (dd, J = 11 Hz, 6 Hz, 4 H, Gly), 2.80-2.63 (m, 4 H), 2.42-2.24 (m, 10 H).
BC{'H} NMR (100 MHz, DMSO-de, 300 K): 173.4, 171.8, 171.3, 170.8, 170.4, 162.8, 131.6, 65.3,
56.7, 54.8, 32.0, 26.7, 24.4, 15.5. HRMS (ESI+) calcd. for C34H3sNgO16S, [M+H]™ (m/z): 847.1545,

found: 847.1571
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6.2.3. Synthesis of the extended building blocks n-A

The building blocks n-A were initially synthesised by Nicholas A. Jenkins. Precursor 25 was

synthesised according to the literature.®

Synthesis of 2-A(Trt):

0] )
HO,C Q o) o)
1) g TN W W s
T e W e
o) o) O CO,H
@)

O

Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. Et3N (0.2 ml) and 1,2-diaminoethane (10.9 pl, 162 pumol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 = 5 °C followed
by 5 min at 140 + 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCl
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a dull orange/brown solid. Yield: 147 mg, 73
%. M.p. 204-208 °C (decomposed). 'H NMR (400 MHz, DMSO-dg, 300 K) & (ppm): 13.0 (br, 2 H,
CO,H), 8.62 (d, J = 7.5 Hz, 4 H, NDI), 8.58 (d, J = 7.5 Hz, 4 H, NDI), 7.21-7.12 (m, 30 H, Trt), 5.51
(dd, J=4.3, 10.7 Hz, 2H, a-Cys), 4.55 (br, 4 H, a-Alk), 3.14 (dd, J = 4.3, 12.7 Hz, 2 H, B-Cys), 2.93
(dd, J=10.7, 12.7 Hz, 2 H, B-Cys). “C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.3, 163.0,
162.0, 144.2, 131.5, 130.8, 129.1, 128.1, 126.9, 126.5, 126.3, 126.2, 125.5, 66.6, 52.6, 38.7, 30.4, 22.2.

+) calcd. tor C74H50N40125,Na +Na| (m/z): . , Tound: . .
HRMS (ESI led. for C74Hs50N4O1,S;Na [M+N ]+ /z): 1273.2759, found: 1273.2752
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Synthesis of 2-A:

@) @)
HO,C Q o) o)
e N Ya Y
e W W g e
0 o) ' CO,H
@) O

To a flask charged with 2-A(Trt) (130 mg, 104 umol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 pmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a terracotta coloured solid.
Yield: 55 mg, 69 %. M.p.: 194-197 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, J= 6.2 Hz, 4 H, NDI), 5.71 (dd, J = 5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, J = 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, B-Alk). “C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.7, 163.2, 162.6, 131.4,
130.9, 126.5, 126.4, 126.1, 56.2, 22.9, 22.8. HRMS (ESI+) calcd. for C3sH»N401,S;,Na [M+Na]" (m/2):

789.0568, found: 789.0540.
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Synthesis of 3-A(Trt)

Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. EtsN (0.2 ml) and 1,3-diaminopropane (13.6 pl, 162 pumol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 = 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCl
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 110 mg, 54 %.
M.p.: 198-201 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm): 13.1 (br, 2 H,
CO,H), 8.69 (s, 8 H, NDI), 7.21-7.14 (m, 30 H, Trt), 5.54 (dd, /= 4.3, 10.4 Hz, 2H, a-Cys), 4.22 (t, 4 H,
a-Alk), 3.12 (dd, J=4.3, 12.5 Hz, 2 H, B-Cys), 2.93 (dd, J = 10.4, 12.5 Hz, 2 H, B-Cys), 2.14 (m, 2 H,
B-Alk). *C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.3, 162.7, 162.1, 144.1, 131.6, 130.6,
129.1, 128.1, 127.2, 126.9, 126.5, 126.2, 125.2, 66.6, 52.4, 38.2, 30.4, 26.2. HRMS (ESI+) calcd. for

C75H5,N401,S,Na [M+Na]” (m/z): 1287.2915, found: 1287.2931.
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Synthesis of 3-A

HS SH

W i
HO,C” N ‘ O N~ >CO,H
o O
o) o)

N _~_N

To a flask charged with 3-A(Trt) (87 mg, 68.8 pumol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 umol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a light brown coloured solid.
Yield: 24 mg, 45 %. M.p.: 187-190 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, J= 6.2 Hz, 4 H, NDI), 5.71 (dd, J=5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, /= 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, p-Alk). *C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 169.8, 162.8, 162.5, 131.3,
130.7, 127.1, 126.4, 125.5, 56.1, 25.3, 22.9. HRMS (ESI+) calcd. for C37H,4N401,S:Na [M+Na]™ (m/z):

803.0724, found: 803.0713.
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Synthesis of 4-A(Trt)

o) o)
ac
o) o) N N—(
oox (V8
)—N N o) o)
Trs O
o) o)

Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. Et;N (0.2 ml) and 1,4-diaminobutane (16.4 ul, 162 umol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 + 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCl
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 170 mg, 82 %.
M.p.: 198-201 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm): 13.2 (br, 2 H,
CO,H), 8.69 (s, 8 H, NDI), 7.22-7.13 (m, 30 H, Trt), 5.54 (dd, /= 4.2 Hz, 10.4 Hz, 2 H, a-Cys), 4.14
(br, 4 H, a-Alk), 3.12 (dd, /=4.2 Hz, 12.8 Hz, 2 H, B-Cys), 2.93 (dd, /= 10.4 Hz, 12.8 Hz, 2 H, B-Cys),
1.80 (br, 4 H, p-Alk). *C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 169.4, 162.8, 162.1, 144.1,
131.5, 130.6, 129.0, 128.1, 127.9, 127.3, 126.6, 126.2, 125.1, 66.5, 52.3, 39.8, 30.8, 25.1. HRMS (ESI+)

caled. for CgHssN4O1,S>Na [M+Na]" (m/z): 1301.3072, found: 1301.3099.
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To a flask charged with 4-A(Trt) (65 mg, 50.8 pumol) was added trifluoroacetic acid (2 ml),

dichloromethane (2 ml), and triethylsilane (100 pl, 873 umol). After 1 hour, all the volatiles were

removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a

Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a cream coloured solid. Yield:

13 mg, 32 %. M.p.: 181-183 °C (decomposed). "H NMR (400 MHz, DMSO-ds, 300 K) & (ppm): 13.2

(br, 2 H, CO,H), 8.73 (d, J= 6.2 Hz, 4 H, NDI), 8.69 (d, J = 6.2 Hz, 4 H, NDI), 5.71 (dd, J= 5.7 Hz, 9.6

Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, J = 8.9 Hz, 2 H, SH), 1.80

(br, 4 H, B-Alk). “C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 169.7, 162.8, 162.6, 131.4,

130.7, 127.0, 126.4, 125.6, 56.1, 25.2, 22.9. HRMS (ESI+) calcd. for C3sHasN4O1,S>Na [M+Na]* (m/2):

817.0881, found: 817.0873.
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Synthesis of 5-A(Trt)

STrt

i i
HO,C” >N ‘ O N~ >CO,H
o) o
o) o)

N o~ ~N

Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. EsN (0.2 ml) and 1,5-diaminopentane (19.1 pl, 162 pmol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 = 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCl
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 102 mg, 49 %.
M.p. 194-195 °C - decomposed). "H NMR (400 MHz, MeOD, 300 K) & (ppm): 8.68 (d, J=7.6 Hz, 4 H,
NDI), 8.55 (d, J= 7.6 Hz, 4 H, NDI), 8.60-8.39 (m, 30 H, Trt), 6.97 (dd, J =4.5, 10.5 Hz, 2 H, a-Cys),
5.46 (t, 4 H, a-Alk), 4.56 (dd, J = 4.4, 13.0 Hz, 2 H, B-Cys), 4.44 (dd, J = 10.5, 13.0 Hz, 2 H, B-Cys),
3.11 (quintet, 4 H, p-Alk), 2.84 (quintet, 2 H, y-Alk). “C{'H} NMR (100 MHz, DMSO-ds, 300 K) &
(ppm): 169.3, 162.7, 162.1, 144.1, 131.6, 130.5, 129.1, 128.1, 127.3, 127.1, 126.6, 126.2, 125.1, 66.6,
52.3, 35.9, 30.4, 27.3, 24.2. HRMS (ESI+) calcd. for C77Hs6N4O12S:Na [M+Na]" (m/z): 1315.3228,

found: 1315.3250.
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Synthesis of 5-A

To a flask charged with 5-A(Trt) (71 mg, 54.9 pumol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 pmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a yellow coloured solid.
Yield: 15 mg, 34 %. M.p.: 181-184 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, J = 6.2 Hz, 4 H, NDI), 5.71 (dd, J = 5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, /= 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, B-Alk). "C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.7, 162.6, 162.7, 131.4,
130.5, 127.0, 126.4, 125.6, 56.1, 27.5, 26.2, 30.1, 22.9. HRMS (ESI+) calcd. for C39HsN4O;2S,Na

[M+Na]" (m/z): 831.1037, found: 831.1027.
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Synthesis of 6-A(Trt)
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Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. EsN (0.2 ml) and 1,6-diaminohexane (18.9 mg, 162 pumol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 £ 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCl
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 135 mg, 64 %.
M.p.: 191-194 °C (decomposed). 'H NMR (400 MHz, CDCl;, 300 K) & (ppm): 8.69 (d, J= 7.6 Hz, 4 H,
NDI), 8.65 (d, J=7.6, 4 H, NDI), 7.31-7.10 (m, 30 H, Trt), 5.51 (dd, 2 H, a-Cys), 4.18 (t, 4 H, a-Alk),
3.17-3.07 (m, 4 H, a-Cys), 1.75 (br, 4 H, p-Alk), 1.50 (br, 4 H, y-Alk). "C{'H} NMR (100 MHz,
DMSO-dg, 300 K) 8 (ppm): 169.3, 162.7, 162.1, 144.1, 131.5, 130.5, 129.1, 128.1, 127.2, 126.9, 126.5,
126.2, 125.1, 66.6, 52.3, 30.4, 27.4, 26.3. HRMS (ESI+) calcd. for C;5sHsgN4O1,S;Na [M+Na]" (m/z):

1329.3385, found: 1329.3377.
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Synthesis of 6-A

To a flask charged with 6-A(Trt) (114 mg, 87.2 umol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 pmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a pale yellow coloured solid.
Yield: 48 mg, 67 %. M.p.: 179-182 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, /= 6.2 Hz, 4 H, NDI), 5.71 (dd, J=5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, /= 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, B-Alk). "C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.7, 162.7, 162.5, 131.4,
130.6, 127.0, 126.5, 125.6, 56.1, 27.5, 26.3, 22.9, 22.8. HRMS (ESI+) calcd. for C4oH30N40;2S,Na

[M+Na]" (m/z): 845.1194, found: 845.1192.
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Synthesis of 7-A(Trt)
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Compound 25 (400 mg, 650 umol) was suspended in 12 ml of DMF. EtsN (0.4 ml) and 1,7-
diaminoheptane (49.5 ul, 325 umol) were added and the mixture was sonicated until a clear solution
resulted. The mixture was then heated for 10 min at 40 + 5 °C followed by 5 min at 140 = 5 °C under
microwave irradiation. The solvent was removed under reduced pressure and the residue was taken up
into a minimum volume of acetone. This solution was added to 1 M HCI (200 ml) and the resulting
suspension was filtered using a fritted glass funnel. The solid was washed with de-ionized water (100
ml) and dried in vacuo to yield a pale yellow solid. Yield: 380 mg, 89 %. M.p.: 185-186 °C
(decomposed). "H NMR (400 MHz, DMSO-dq, 300 K) & (ppm): 13.1 (br, 2 H, CO,H), 8.69 (s, 8 H,
NDI), 7.23-7.13 (m, 30 H, Trt), 5.55 (dd, J = 4.4, 10.5 Hz, 2 H, a-Cys), 4.07 (t, 4 H, a-Alk), 3.12 (dd, J
=4.4,12.7 Hz, 2 H, B-Cys), 2.93 (dd, J = 10.5, 12.7 Hz, 2 H, B-Cys), 1.67 (br, 4 H, B-Alk, 1.40 (br, 6 H,
y, 8-Alk). PC{'H} NMR (100 MHz, DMSO-d,, 300 K) & (ppm): 169.3, 162.6, 162.1, 144.1, 131.6,
130.5, 129.1, 128.1, 127.2, 126.9, 126.5, 126.2, 125.1, 66.6, 52.4, 40.2, 30.4, 28.6, 27.4, 26.5. HRMS

(ESI+) calcd. for CroHgoN4O12S,Na [M+Na]* (m/z): 1343.3541, found: 1343.3536.
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Synthesis of 7-A
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To a flask charged with 7-A(Trt) (72 mg, 54.5 pumol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 pmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a pale yellow coloured solid.
Yield: 28 mg, 61 %. M.p.: 175-177 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, J = 6.2 Hz, 4 H, NDI), 5.71 (dd, J = 5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a- Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, J = 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, - Alk). *C{'H} NMR (100 MHz, DMSO-dj, 300 K) & (ppm): 169.8, 162.7, 162.6, 131.5,
130.7, 127.0, 126.4, 125.7, 56.2, 28.6, 27.5, 26.5, 23.0, 22.9. HRMS (ESI+) calcd. for C41H3,N40;,S,Na

[M+Na]" (m/z): 859.1350, found: 859.1334.

158



Chapter 6
Synthesis of 8-A(Trt)

HO,C

jN N
TrtS O
o) o) o) o)
O STrt
N N—(
oTa™
o) o)

Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. Et3N (0.2 ml) and 1,8-diaminooctane (23.5 mg, 162 pumol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 = 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCI
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 218 mg, 93 %.
M.p.: 180-183 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm): 13.1 (br, 2 H,
CO,H), 8.70 (s, 8 H, NDI), 7.22-7.13 (m, 30 H, Trt), 5.55 (dd, J = 4.3, 10.5 Hz, 2 H, a-Cys), 4.06 (t, 4
H, a-Alk), 3.12 (dd, J= 4.3, 12.8 Hz, 2 H, B-Cys), 2.93 (dd, J = 10.5, 12.8 Hz, 2 H, B-Cys), 1.66 (br, 4
H, B-Alk), 1.36 (br, 8 H, v, 5-Alk). “C{'H} NMR (100 MHz, DMSO-d;, 300 K) & (ppm): 169.3, 162.7,
162.1, 144.1, 131.6, 130.6, 129.1, 128.1, 127.2, 126.9, 126.5, 126.2, 125.1, 66.6, 52.3, 40.2, 30.4, 28.7,

27.4,26.5. HRMS (ESI+) caled. for CsoHgaN4O1,S:Na [M+Na]” (m/2): 1357.3698, found: 1357.3688.
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Synthesis of 8-A

To a flask charged with 8-A(Trt) (37 mg, 27.7 pumol) was added trifluoroacetic acid (2 ml),
dichloromethane (2 ml), and triethylsilane (100 pl, 873 pmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a pale yellow coloured solid.
Yield: 8 mg, 34 %. M.p.: 169-171 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO;H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, /= 6.2 Hz, 4 H, NDI), 5.71 (dd, J=5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, /= 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, - Alk). *C{'"H} NMR (100 MHz, DMSO-dj, 300 K) & (ppm): 169.6, 162.5, 162.1, 131.3,
130.6, 127.1, 126.3, 125.6, 56.0, 28.7, 27.4, 26.5, 22.8, 22.7. HRMS (ESI+) calcd. for C4,H34N40,,S,Na

[M+Na]" (m/z): 873.1507, found: 873.1490.
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Synthesis of 9-A(Trt)
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Compound 25 (200 mg, 325 umol) was suspended in 6 ml of DMF in a pressure-tight 8 mL microwave
vial. EtsN (0.2 ml) and 1,9-diaminononane (25.8 mg, 162 umol) were added and the mixture was
sonicated until a clear solution resulted. The mixture was then heated for 10 min at 40 = 5 °C followed
by 5 min at 140 = 5 °C under microwave irradiation. The solvent was removed under reduced pressure
and the residue was taken up into a minimum volume of acetone. This solution was added to 1 M HCI
(200 ml) and the resulting suspension was filtered using a fritted glass funnel. The solid was washed
with de-ionized water (100 ml) and dried in vacuo to yield a pale yellow solid. Yield: 208.6 mg, 96 %.
M.p.: 180-183 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm): 13.2 (br, 2 H,
CO,H), 8.74 (s, 8 H, NDI), 7.22-7.14 (m, 30 H, Trt), 5.55 (dd, J = 4.3, 10.5 Hz, 2 H, a-Cys), 4.05 (t, 4
H, a-Alk), 3.12 (dd, J = 4.3, 12.8 Hz, 2 H, B-Cys), 2.93 (dd, J = 10.5, 12.8 Hz, 2 H, B-Cys), 1.66 (br, 4
H, B-Alk), 1.31 (br, 10 H, vy, 8, e-Alk). *C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 169.3,
162.6, 162.1, 144.1, 131.5, 130.5, 129.1, 128.1, 127.2, 126.9, 126.4, 126.1, 125.1, 66.6, 52.3, 40.2, 30.4,
28.9, 28.8, 28.7, 26.5. HRMS (ESI+) calcd. for CgHguN4O12S;Na [M+Na]” (m/z): 1371.3854, found:

1371.3844.
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Synthesis of 9-A
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To a flask charged with 9-A(Trt) (208 mg, 154.5 umol) was added trifluoroacetic acid (4 ml),
dichloromethane (4 ml), and triethylsilane (200 pl, 1.74 mmol). After 1 hour, all the volatiles were
removed under reduced pressure. The residue was then suspended in Et,O (30 ml), filtered with a
Biichner funnel and washed with Et,O (15 ml) and dried in vacuo to yield a pale yellow coloured solid.
Yield: 55 mg, 41 %. M.p.: 171-172 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
13.2 (br, 2 H, CO,H), 8.73 (d, /= 6.2 Hz, 4 H, NDI), 8.69 (d, J= 6.2 Hz, 4 H, NDI), 5.71 (dd, J=5.7
Hz, 9.6 Hz, 2 H, a-Cys), 4.14 (br, 4 H, a-Alk), 3.40-3.17 (m, 4 H, B-Cys), 2.70 (t, /= 8.9 Hz, 2 H, SH),
1.80 (br, 4 H, p-Alk). *C{'H} NMR (100 MHz, DMSO-ds, 300 K) & (ppm): 169.6, 162.6, 162.1, 131.4,
130.6, 127.2, 126.3, 125.5, 56.0, 28.7, 27.5, 26.9, 26.4, 229, 22.7. HRMS (ESI+) calcd. for

C43H36N401,S,Na [M+Na]” (m/z): 887.1663, found: 887.1646.
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6.2.4. Synthesis of building block D2a’

Precursor 26 was synthesised according to the literature.”

Synthesis of 27:
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To a mixture of 26 (300 mg, 637 umol) and R-trityl-D-cysteine (481 mg, 1.4 mmol) in DMF (20 ml)
was added Et;N (0.2 ml). The solution was stirred under N, for 8 hours at room temperature. Solvent
was removed and the residue re-dissolved in acetone (10 ml). The acetone solution was added dropwise
to a vigorously stirred solution of 1 M HCI (200 ml). The yellowish-brown solid was collected by
filtration and dried. Yield: 524 mg, 85%. M.p.: 173-176 °C. '"H NMR (400 MHz, DMSO-ds, 300 K) &
(ppm): 12.88 (br, 2 H, COOH), 8.43 (d, J=8.2 Hz, 2 H, NH), 7.62 (d, J = 8.9 Hz, 2 H, DN), 7.24-7.33
(m, 32 H, Trt, DN), 7.16 (dd, J = 2.5 Hz, 8.9 Hz, 2 H, DN), 4.61 (s, 4 H, OCH,), 4.26 (dt, J = 4.7 Hz,
8.2 Hz, 2 H, 1), 2.68 (dd, J=9.0 Hz, 12.4 Hz, 2 H, B), 2.46 (d, J=4.7 Hz, 2 H, p); "C{'H} NMR (100
MHz, DMSO-dg, 300 K) & (ppm): 144.2, 129.1, 128.1, 126.8, 66.9, 51.0, 32.9. HRMS (ESI+) calcd. for

CssHsoN,0gS,Na [M+Na]” (m/z): 989.2906, found: 989.2873.
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Synthesis of D2a’:
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To a Schlenk tube charged with 27 (500 mg, 517 umol) was added degassed TFA (5 ml, 65 mmol)
under Nj. The solution was stirred at room temperature for 1.5 hour, and triethylsilane added (0.4 ml,
2.5 mmol). Immediate precipitation was observed, and the mixture was stirred for an additional 30
minutes. Volatiles were removed in vacuo. The resulting yellow solid was washed with Et;O (50 ml).
Yield: 199 mg, 80%. M.p.: 183—-186 °C (decomposed). 'H NMR (400 MHz, DMSO-ds, 300 K) & (ppm):
8.36 (d,J=8.0 Hz, 2 H, NH), 7.73 (d, /= 8.9 Hz, 2 H, DN), 7.30 (d, /= 2.6 Hz, 2 H, DN), 7.24 (d, J =
2.6 Hz, 8.9 Hz, 2 H, DN), 4.67 (s, 4 H, OCH,), 4.51 (dt, J=4.5 Hz, 7.6 Hz, 2 H, a), 2.93-3.00 (m, 2 H,
B), 2.83-2.90 (m, 2 H, P), 2.43 (t, J = 8.5 Hz, 2 H, SH). *C{'"H} NMR (100 MHz, DMSO-ds, 300 K) &
(ppm): 171.4, 167.9, 154.2, 129.5, 128.2, 118.9, 107.8, 66.9, 54.0, 25.3. HRMS (ESI+) calcd. for

C0H23N,04S, [M+H]" (m/z): 483.0896, found: 483.0898.
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6.3. LC-MS analysis of the DCLs

6.3.1. LC-MS methods for Chapter 2

ESI-MS spectra (negative ion) were acquired in ultra scan mode with drying temperature of 350 °C,
nebuliser pressure of 18 psi, drying gas flow of 5 I/min. Capillary voltage was set to 4000 V. An ICC
target of 20,000 ions or accumulation time of 100 ms, and a target mass of 1000 was set for the trap.

Dissociation amplitude of 1 V was used for MS/MS studied.

Figure 2.5 and 2.6: the libraries were analysed using a method previously published.
Figure 2.9: the library was analysed using Method 1.

Figure 2.11: the library was analysed using Method 2.

Figure 2.20: the libraries were analysed using methods previously published.**
Figure 2.22: the libraries were analysed using Method 2.

Figure 2.29: the libraries were analysed using Method 2.

Figure 2.33: the libraries were analysed using Method 3.

Figure 2.34: the library was analysed using Method 4.
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Method 1 (using Symmetry Cg column):

Chapter 6

Time/min

H,0 (0.1% FA)

MeOH (0.1% FA)

0
25
30

60%
0%
0%

40%
100%
100%

Method 2 (using Symmetry Cg column):

Time/min

H,0 (0.1% FA)

MeOH (0.1% FA)

0
35
40

60%
0%
0%

40%
100%
100%

Method 3 (using Symmetry Cg column):

Time/min

H,0 (0.1% FA)

MeOH (0.1% FA)

0

15
30
40
45

60%
40%
40%
20%
20%

40%
60%
60%
80%
80%
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Method 4 (using Symmetry C;g column):

Time/min | H,0 (0.1% FA) MeOH (0.1% FA)
0 60% 40%
30 40% 60%
45 40% 60%

6.3.2. LC-MS method for Chapters 3 and 4

ESI-MS spectra (negative ion) were acquired in ultra scan mode with drying temperature of 350 °C,
nebuliser pressure of 18 psi, drying gas flow of 8 I/min. Capillary voltage was set to 3500 V. An ICC
target of 50,000 ions or accumulation time of 200 ms, and a target mass of 1200 was set for the trap.

Apart when otherwise stated, dissociation amplitude of 0.6 V was used for MS/MS studied.

All the libraries were analysed using a Symmetry Cg column.

Time/min H,0 (0.1% FA) Acetonitrile (0.1% FA)
0 70% 30%
40 10% 90%
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6.4. MS and MS/MS spectra of the new catenanes
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Figure 6.1. Tandem (a) MS and (b) MS/MS fragmentation of Cat-5.
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Figure 6.2. Tandem (a) MS and (b) MS/MS fragmentation of Cat-6.
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Figure 6.3. Tandem (a) MS and (b) MS/MS fragmentation of Cat-7.

The MS and MS/MS of Cat-10 are identical to the ones of Cat-8 reported in Chapter 2.
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Figure 6.7. Tandem (a) MS and (b) MS/MS fragmentation of Cat-15. Peaks corresponding to the mass of the

trimer [-A4-A4-D2a-] impurity were labeled *.

171



Intensity
x10%

(a)

1137.1

Chapter 6

1137.5

0
400

Intensity
x10°%

201
(b)
15

1.0 4

0.5 1

- €O,
580.8

m/z

i

Cat-16

624.8 l
"

NN TP
600

0.0 4ha lel e

T T T
400 800 1000 1600 1800 m/z

Intensity
x10*

1137.0

624.8

400 600 800 1000 1200 1400 1600 1300

Intensity
x 108
(d) 2.0
15
1.0

0.5

0.0

800 1000 1200 1400 1600 1800

mfz

Figure 6.8. Tandem (a) MS and MS/MS fragmentation of (b) Cat-16, (c) Cat-17, (d) and of their corresponding

AADD macrocyclic isomer.

172



Chapter 6

Intensity

x10%
] 1048.1 10485 1049.0

(a) 0.8
0.6 |

0.4 4

10515

0.2 -

' T T T
400 600 800 1000 1200 1400 1600 1800 m/z

Intensity
x 107

959.1
co,

e D ‘m

510.7

Cat-18

0.5
{ l 624.8
0.0 | ALlobal l.'ll.x . l._
600

T T
800 1000 1200 1400 1600 1800 m/z

Intensity
x10°

400 600 800 1000 1200 1400 1600 1800 m/z

Figure 6.9. Tandem (a) MS, (b) MS/MS fragmentation of Cat-18, and (c) of its corresponding DDDA

macrocyclic isomer.
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Figure 6.10. Tandem (a) MS, (b) MS/MS fragmentation of 2,2-[2]Cat. The MS and MS/MS of 2,2-
[2]Cat’ are identical to the ones of 2,2-[2]Cat.
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Figure 6.11. Tandem (a) MS, (b) MS/MS fragmentation of 2,2-[3]Cat. The MS and MS/MS of 2,2-
[3]Cat’ are identical to the ones of 2,2-[3]Cat.
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Figure 6.12. Tandem (a) MS, (b) MS/MS fragmentation of 3,3-[2] Cat. The MS and MS/MS of 3,3-

[2]Cat’ are identical to the ones of 3,3-[2]Cat.
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Figure 6.13. Tandem (a) MS, (b) MS/MS fragmentation of 3,3-[3]Cat. The MS and MS/MS of 3,3-

[3]Cat’ are identical to the ones of 3,3-[3]Cat.
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Figure 6.14. Tandem (a) MS, (b) MS/MS fragmentation of 5,5-[2]Cat. The MS and MS/MS of 5,5-
[2]Cat’ are identical to the ones of 5,5-[2]Cat.
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Figure 6.15. Tandem (a) MS, (b) MS/MS fragmentation of 5,5-[3]Cat. The MS and MS/MS of 5,5-
[3]Cat’ are identical to the ones of 5,5-[3]Cat.

176



Chapter 6

Intensity
x 104

1299.7
6.0
@
4.0

M - 2H] >

2.0

0.0 1 , . : A : hea . .
400 600 800 1000 1200 1400 1600 1800 2000 mk

Intensity

x10° @—‘ -

T a»e)
(b) 665.9 1595.6 -Co,
-2C0,

40/ T @—l 6,6-[2]Cat
510.8 I / 1639.6

N TN N | 1

400 600 800 1000 1200 1400 1600 1800 2000 m

-]

Figure 6.16. Tandem (a) MS, (b) MS/MS fragmentation of 6,6-[2]Cat. The MS and MS/MS of 6,6-
[2]Cat’ are identical to the ones of 6,6-[2]Cat.
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Figure 6.17. Tandem (a) MS, (b) MS/MS fragmentation of 6,6-[3]Cat. The MS and MS/MS of 6,6-
[3]Cat’ are identical to the ones of 6,6-[3]Cat.
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Figure 6.18. Tandem (a) MS, (b) MS/MS fragmentation of 7,7-[2]Cat. The MS and MS/MS of 7,7-
[2]Cat’ are identical to the ones of 7,7-[2]Cat.
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Figure 6.19. Tandem (a) MS, (b) MS/MS fragmentation of 7,7-[3]Cat. The MS and MS/MS of 7,7-
[3]Cat’ are identical to the ones of 7,7-[3]Cat.
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Figure 6.20. Tandem (a) MS, (b) MS/MS fragmentation of 7-[2]Cat. The MS and MS/MS of 7-[2]Cat’

are identical to the ones of 7-[2]Cat. (¢c) MS/MS fragmentation of the macrocyclic isomer

corresponding to 7-[2]Cat'.
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Figure 6.21. Tandem (a) MS, (b) MS/MS fragmentation of 8,8-[2]Cat. The MS and MS/MS of 8,8-

[2]Cat’ are identical to the ones of 8,8-[2]Cat.
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Figure 6.22. Tandem (a) MS, (b) MS/MS fragmentation of 8,8-[3]Cat. The MS and MS/MS of 8,8-

[3]Cat’ are identical to the ones of 8,8-[3]Cat.
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Figure 6.23. Tandem (a) MS, (b) MS/MS fragmentation of 8-[2]Cat. The MS and MS/MS of 8-[2]Cat’

are identical to the ones of 8-[2]Cat. (c) MS/MS fragmentation of the macrocyclic isomer

corresponding to 8-[2]Cat’.
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Figure 6.24. Tandem (a) MS, (b) MS/MS fragmentation of 9-[2]Cat. The MS and MS/MS of 9-[2]Cat’
are identical to the ones of 9-[2]Cat.
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6.5. NMR data of the isolated macrocycles and catenanes

This section lists the aromatic signals of the isolated catenanes and macrocycles that could be

unambiguously assigned.
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=
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Cat-6: "H NMR (500 MHz, D,0, 298 K) & (ppm): 8.08 (d, J = 6.0 Hz, 2 H, A), 8.03 (d, J = 6.0 Hz, 2 H,
A), 7.99 (s, 2 H, A"), 7.81 (d, J = 7.2 Hz, 2 H, A), 7.64 (m, 2 H, A"), 7.60 (d, J = 7.2 Hz, 2 H, A), 7.00
(d, J=8.3Hz, 2 H,D"), 6.77 (d, J= 8.3 Hz, 2 H, D), 6.62 (d, /= 8.3 Hz, 2 H, D’), 6.57 (d, J= 8.3 Hz, 2
H, D), 6.52 (d, J= 8.3 Hz, 2 H, D'), 6.41 (d, J= 6.2 Hz, 2 H, D), 6.30 (s, 2 H, D), 6.28 (s, 2 H, D), 6.19
(d,J=8.3 Hz,2 H,D’), 6.16 (d, J= 8.3 Hz, 2 H, D), 5.72 (s, 2 H, D), 5.67 (s, 2 H, D").

0 , ]
s U
3 o ,-s7)nc00 A, — A
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Cat-7: 'H NMR (500 MHz, D,0, 278 K) & (ppm): 8.07 (d, J=7.7 Hz, 2 H, A,), 8.02 (m, 2 H, A), 8.01
(m, 2 H, A",), 7.89 (d,J= 6.4 Hz, 2 H, A"}, 7.76 (m, 2 H, A,), 7.75 (d, J= 7.7 Hz, 2 H, A,), 7.71 (d, J =
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7.7 Hz,2 H, A"), 7.63 (d, J=7.7 Hz, 2 H, A;), 7.62 (d, J= 7.5 Hz, 2 H, A",), 7.57 (m, 2 H, A",), 7.56
(d,J=64Hz, 2 H, A"), 7.55(d, J=7.7Hz, 2 H, A,), 745 (d, J= 7.5 Hz, 2 H, A",), 7.42 (d, J = 7.7
Hz, 2 H, A"), 7.22 (d,J=7.7Hz, 2 H, A,), 7.20 (d, J=7.7 Hz, 2 H, A)).
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Cat-8: 'H NMR (500 MHz, D,0, 333 K) 8 (ppm): 8.44 (d, J= 7.6 Hz, 2 H, A), 8.34 (s, 4 H, A), 8.24 (d,
J=57Hz, 2 H, A),8.18 (d, J=7.6 Hz, 2 H, A), 8.08 (d, /= 5.7 Hz, 2 H, A), 6.81 (t, J= 7.6 Hz, 7.6
Hz, 2 H, D), 6.67 (d, J=7.6 Hz, 2 H, D), 5.98 (d, J= 7.6 Hz, 2 H, D).

S—
S-~—L _(_.
OOC m Sl
o COO

24: "H NMR (500 MHz, D,0, 298 K) & (ppm): very broad signals, not assignable. 'H NMR (500 MHz,
D,0, 353 K) 6 (ppm): 9.04 (d,J=7.6 Hz,2 H, A), 894 (d,/J=7.6 Hz,2 H, A), 8.13 (d,J=7.7Hz, 2 H,
A), 8.08 (s, 4 H, A), 8.07 (d,J=7.7Hz,2 H, A), 637 (d, J=7.8 Hz, 2 H, D), 6.27 (t, J= 7.8 Hz, 7.8
Hz, 2 H, D), 5.64 (d,J="7.8 Hz, 2 H, D).
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Cat-10: 8.00 (d, J= 7.5 Hz, 2 H, A"), 7.96 (d, J= 7.5 Hz, 2 H, A"), 7.95 (m, 4 H, A"), 7.64 (d, J = 7.6
Hz, 2 H, A"), 7.89 (m, 4 H, A), 7.87 (m, 4 H, A), 7.70 (d, J= 7.3 Hz, 2 H, A), 7.62 (d, J= 7.3 Hz, 2 H,
A), 7.60 (d,J=7.6 Hz, 2 H, A"), 6.17 (d, J= 8.3 Hz, 2 H, D), 6.04 (s, 4 H, D"), 5.77 (d, J= 8.3 Hz, 2 H,
D), 5.58 (s, 2 H, D), 5.22 (s, 2 H, D).
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4,4-A: 'H NMR (500 MHz, D,0, 310 K) & (ppm): very broad signals, not assignable. 'H NMR (500
MHz, D,0, 353 K) 3 (ppm): 8.43-8.62 (m, 16 H, A).
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4,4-[2]Cat: '"H NMR (500 MHz, D,0, 310 K) & (ppm): Acceptor signals - 7.61-8.70 (m, 16 H, A) very
broad signals, not assignable. Donor signals — 7.44 (d, J= 8.0 Hz, 4 H, D), 7.14 (d, /= 8.0 Hz, 4 H, D),
6.97 (s, 4 H, D).

o}
HNJL\ QO
G)090—-5 00 NH o

/L:t:wmii

(\ Loz —l\—m%

S

#—H

4,4-[3]Cat: '"H NMR (500 MHz, D,0, 298 K) & (ppm): Acceptor signals — 8.49 (d, J= 8.1 Hz, 2 H, H),
8.41 (d,J=8.1 Hz, 2 H, H'), 8.27 (d,J=8.1 Hz, 2 H, H), 8.10 (d, /= 8.1 Hz, 2 H, H"), 7.75 (d, J = 8.1
Hz,2 H, '), 7.65(d, J=8.1 Hz, 2 H, H), 7.29 (d,J=8.1 Hz,2 H, 1), 6.99 (d, J = 8.1 Hz, 2 H, H’).
Donor signals — 7.13 (d, /= 8.9 Hz, 2 H, H), 6.95 (d, /= 8.9 Hz, 2 H, H), 6.87 (dd, /= 8.9 Hz, 1.8 Hz,
2 H, H"), 6.66 (dd, J=8.9 Hz, 2.0 Hz, 2 H, H'), 6.47 (d,J=2.0 Hz, 2 H, H""), 6.41 (d, /= 1.8 Hz, 2 H,
H'"),6.32(s,2 H, H"), 6.22 (d, J=9.0 Hz, 2 H, H’'), 6.00 (d, /= 9.0 Hz, 2 H, H), 5.76 (d, /=9.0 Hz, 2
H, H),5.72(d,J=9.0Hz, 2 H, H"), 5.02 (s, 2 H, H").
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4,4-[3]Cat’: "H NMR (500 MHz, D,0, 298 K) & (ppm): Acceptor signals, conformation a - 8.43 (d, J =
7.4 Hz,2 H, H), 8.28 (d,/J=7.4 Hz, 2 H, H'), 8.05 (d, /= 8.5 Hz, 2 H, H), 7.83 (d, /= 8.1 Hz, 2 H, 1),
7.76 (d,J=17.5Hz,2 H, H), 7.62 (d, /= 8.5 Hz, 2 H, H"), 7.38 (d, /= 7.5 Hz, 2 H, H"), 7.35 (d, /= 8.1
Hz, 2 H, 1'"). Acceptor signals, conformation b - 8.41 (d, /J=7.1 Hz, 2 H, H), 8.26 (d, /= 7.1 Hz, 2 H,
H'), 8.02 (d, J=8.1 Hz, 2 H, H), 7.83 (m, 2 H, 1), 7.79 (d, J= 8.1 Hz, 2 H, H), 7.59 (d, /= 8.1 Hz, 2
H, H'),7.55(d,J=8.1 Hz, 2 H, H’), 7.39 (m, 2 H, "1"). The two conformations could not be assigned.

7-[2]Cat: '"H NMR (500 MHz, D,0, 298 K) & (ppm): Acceptor signals — 8.08 (d, J= 7.5 Hz, 1 H, H),
8.05(d,/=75Hz,1H,H),7.84(d,J=7.5Hz, 1 H, H),7.82(d,J=7.5Hz, 1 H,H"), 7.78 (d, J=17.5
Hz,1H,H"), 7.74(d,J=7.5Hz, 1 H, 17),755(d,J=75Hz 1 H, H'"), 7.28 (d,J=7.5Hz, 1 H, I").
Donor signals — 6.96 (d, /= 8.8 Hz, 1 H, H), 6.72 (dd, J=8.8 Hz, 2.2 Hz, 1 H, H’), 6.62 (d, J = 8.7 Hz,
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1 H, H), 6.52 (s, 2 H, H + H'), 6.36 (d, J=8.7 Hz, 1 H, H'), 6.35 (d, J= 8.8 Hz, 1 H, H), 6.29 (s, 1 H,
H"), 6.26 (d,J=2.2Hz, 1 H, H""), 5.90 (d, J=2.0 Hz, | H, H"), 5.69 (dd, /= 8.8 Hz, 2.0 Hz, 1 H, H"),
5.53 (s, 1 H, H").
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7,7-A: "H NMR (500 MHz, D,0, 310 K) & (ppm): very broad signals, not assignable.
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7,7-[2]Cat: '"H NMR (500 MHz, D,0, 310 K) & (ppm): Acceptor signals - very broad signals, not
assignable. Donor signals — 7.27 (d, J=8.1 Hz, 4 H, D), 6.98 (d, /= 8.1 Hz, 4 H, D), 6.78 (s, 4 H, D).
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g® a2

7,7-[3]Cat: 'H NMR (500 MHz, D,0, 298 K) & (ppm): Acceptor signals, conformations a and b — 8
pairs of doublets, labelled from H; to Hs. 8.47 (d, J = 9.0 Hz, 2 H, H;), 8.47 (d, J = 9.0 Hz, 2 H, H,),
8.38 (d,J=9.0 Hz, 2 H, H;), 8.38 (d,/=9.0 Hz, 2 H, H,), 8.28 (d, /= 8.0 Hz, 2 H, H3), 8.23 (d, /= 8.0
Hz, 2 H, Hy), 7.98 (d, J = 8.0 Hz, 2 H, Hj), 7.93 (d, J = 8.0 Hz, 2 H, Hs), 7.89 (d, J = 8.0 Hz, 2 H, Hy),
7.87 (d,J=8.0 Hz, 2 H, H¢), 7.83 (d, J= 8.0 Hz, 2 H, Hy), 7.81 (d, J = 8.0 Hz, 2 H, Hy), 7.59 (d, J = 8.0
Hz, 2 H, Hs), 7.49 (d, J= 8.0 Hz, 2 H, H), 7.30 (d, /= 8.0 Hz, 2 H, H7), 7.25 (d, /= 8.0 Hz, 2 H, Hj).
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9-[2]Cat: 'H NMR (500 MHz, D,0, 298 K) & (ppm): Acceptor signals — 8.18 (d, J= 7.9 Hz, 1 H, H),
8.06 (d,/J=7.9Hz 1 H,H),800(d,/=79Hz 1 H, H),795(,/=79Hz 1 H, H"), 7.75(d,J=17.9
Hz, 1 H, 1), 7.66 (d,J=79 Hz, 1 H, H"), 7.62 (d,J=79 Hz, 1 H, H'), 7.16 (d,J=7.9 Hz, 1 H, I1").
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Donor signals — 6.90 (d, J=10.6 Hz, 1 H, H), 6.72 (d, J=10.6 Hz, 1 H, H'), 6.62 (d, /= 10.6 Hz, 1 H,
H), 6.46 (d, J=10.6 Hz, 1 H, H'), 6.44 (d, J=10.5 Hz, 1 H, H), 6.25 (s, | H, H""), 6.21 (s, | H, H""),
6.20 (d, J=10.5 Hz, 1 H, H'), 5.90 (s, 1 H, H'"), 5.62 (d, J= 8.8 Hz, 1 H, H), 5.59 (d, /= 8.8 Hz, 1 H,
H'),4.89 (s, 1 H, H").
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6.6. UV-Vis spectra of the isolated macrocycles and catenanes
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Figure 6.25. UV-Vis spectrum of ( a) Cat-6 and (b) Cat-7 (H,O, 298K).

C00
(a) (b) N o f)
%00c 9 >0 ,COC)@ 5\‘NH o S
oelste cod o S
s o N © Ycod’
’ Q

s
0, o) N_O
H Yo}m}-coé: °

€]

1 )1CO0
S

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Wavelength (nm)

Figure 6.26. UV-Vis spectrum of (a) Cat-8 and (b) macrocycle 24 (H,0, 298K).
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Figure 6.27. UV-Vis spectrum of (a) Cat-10 and (b) 9-[2]Cat (H,0, 298K).
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Figure 6.28. UV-Vis spectrum of (a) 4,4-[3]Cat and (b) 4,4-[3]Cat’ (H,O, 298K).
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Figure 6.29. UV-Vis spectrum of (a) 7,7-A and (b) 7,7-[2]Cat (H,0O, 298K).
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Figure 6.30. UV-Vis spectrum of (a) 7,7-[3]Cat and (b) 7-[2]Cat (H,0, 298K).
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