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ABSTRACT

Interlocked Host Structures for Anion Recognition and

Lanthanide Complexation

Xiaoxiong Li, Wadham College, University of Oxford
Abstract of thesis submitted for the degree of Doctor of Philosophy, Michaelmas Term 2018

This thesis describes the utilisation of interlocked host structures for anion
recognition and lanthanide complexation. Halogen bonding is used as an
intermolecular interaction when designing the interlocked anion hosts.

Chapter 1 introduces the field of supramolecular host-guest chemistry, in particular
anion recognition, followed by mechanically interlocked host molecules for guest
recognition.

Chapter 2 describes halogen bonding interlocked structures for anion recognition
using bifunctional bis-iodotriazole motifs. The synthesis and anion binding properties
of a cationic Re(l) complexed halogen bonding rotaxane is reported, and furthermore
acid-regulated switching of metal cation and anion guest binding in halogen bonding
[2]rotaxanes is demonstrated.

Chapter 3 investigates the preparation of halogen bonding cryptand hosts which
contain multiple iodotriazole groups for anion recognition. A naphthalene-containing
cryptand host capable of the selective recognition of spherical halide guest species is
demonstrated, and attempts to construct halogen bonding cryptand-based
interlocked anion hosts are reported.

Chapter 4 details the preparation of novel interlocked rotaxane hosts for lanthanide
complexation. The stability and photo-physical properties of the resulting lanthanide
complexes are investigated.

Chapter 5 summarises the conclusions of this thesis.

Chapter 6 describes the experimental procedures used in this work, and details the

characterisation of novel compounds presented in Chapters 2-4.
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CHAPTER 1

Chapter 1: Introduction

1.1 Supramolecular Chemistry

Supramolecular chemistry refers to the domain of chemistry ‘beyond the molecule’.

As described by Nobel Prize Laureate Jean-Marie Lehn in his Nobel Lecture:

‘Supramolecular chemistry is the chemistry of the intermolecular bond, covering the
structures and functions of the entities formed by association of two or more chemical
species.”

The history of supramolecular chemistry can be dated back to the 19" century. In
1873, Johannes Diderik van der Waals first proposed the existence of intermolecular forces
followed by Hermann Emil Fischer’s ‘lock and key' hypothesis for enzyme specificity which
set the early stage for molecular recognition and host-guest chemistry.?® In 1920, Latimer
and Rodebush first used the word ‘bond’ for the weak interactions between water molecules
and since then hydrogen bonding gradually gained mainstream scientific acceptance.*®
Hydrogen bonding was used to explain the interactions between two separate strands of
nucleotides forming the double helical structure of DNA proposed by James Watson and
Francis Crick. The synthesis of artificial crown ether hosts by Charles Pedersen marked a
breakthrough for host-guest chemistry in 1967 due to their ability to bind alkali metal
cations.®’ The pioneers Jean-Marie Lehn and Donald Cram also contributed to the seminal
developments in this field and as a consequence shared the 1987 Nobel Prize in Chemistry
‘for their development and use of molecules with structure-specific interactions of high
selectivity’. The increasing importance and applications of supramolecular chemistry led to
further ground-breaking advances such as self-assembly,® molecular recognition,®
mechanically interlocked structures™® and molecular machinery,'! the result of which was
recognised by the 2016 Nobel Prize in chemistry being awarded to Jean-Pierre Sauvage,

Fraser Stoddart and Ben Feringa ‘for the design and synthesis of molecular machines’.
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Supramolecular chemistry encompasses the major areas of host-guest chemistry
and self-assembly. Host-guest chemistry describes intermolecular association of two distinct
species composed of a larger host or receptor and a smaller guest substrate. The classical
examples include crown ethers,® cryptands®? and spherands,™ which act as hosts for alkali

metal cation guests (Figure 1.1).

(a) Q (b) .
Y (o)
/ S~ e A
By WSS

Figure 1.1. Alkali metal cation receptors: (a) dibenzo-18-crown-6;° (b) [2,2,2]cryptand;** (c)
spherand.®®

In contrast, self-assembly refers to the formation of high-ordered, organised systems
arranged and constructed spontaneously from multiple components. Impressive examples
include Stoddart’s Borromean rings** and Fuijita’s tetravalent Goldberg polyhedral cage

(Figure 1.2).

Figure 1.2. Crystal structures of (a) Stoddart’s Borromean rings14 and (b) Fujita’s tetravalent Goldberg
polyhedral cage.15

The theme of this thesis is the construction of elaborate host systems for the

recognition of charged guest species, in particular anions. Hence, this introduction chapter
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will focus initially on the fundamental aspects of supramolecular host-guest chemistry
followed by a review of aspects of anion recognition as well as mechanically interlocked host

molecules for guest recognition.
1.1.1 Fundamental Aspects of Supramolecular Host-Guest Chemistry
1.1.1.1 Host-Guest Complementarity

The field of host-guest chemistry is inspired by natural enzymes which can
selectively catalyse chemical reactions with specific substrates in their active sites. The first
step for catalysis requires the binding of substrates arising from size and geometric
complementarity between the enzyme’s binding site and substrate. The ‘lock and key’ model
was first proposed by Fischer to explain enzyme specificity.? In this analogy, the lock is the
enzyme and the key is the substrate, where binding only occurs when a key (substrate) of
the correct size and geometry fits into the keyhole (active site) of the lock (enzyme).
Subsequently, a modified ‘induced fit model was postulated by Koshland in the 1950s,*®
which assumed that the substrate can influence the final conformation of the enzyme
resulting in an enhancement of binding affinity. From these fundamental principles,
researchers can elucidate and assess the importance of host-guest complementarity to
achieve selective binding. Importantly, optimising and maximising the attractive non-covalent

interactions between host and guest is crucial.
1.1.1.2 Non-Covalent Interactions Employed in Host-Guest Chemistry

An appreciation of non-covalent interactions is essential for understanding binding
processes in supramolecular host-guest chemistry. Other than electrostatic interactions,
non-covalent interactions are generally weaker than covalent bonds. However, this property
facilitates reversibility of binding, which is not easily achieved using covalent bonds. The
widely-exploited non-covalent interactions employed in host-guest chemistry are discussed

below.
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Electrostatic Interactions

Electrostatic interactions include ion-ion, ion-dipole and dipole-dipole interactions
(Figure 1.3), which obey Coulomb’s law. The energy of attractive ion-ion interactions
between oppositely charged species can be comparable in strength to a covalent bond but
are non-directional. This strong attraction can be utilised for anion binding, especially in
competitive solvent media, such as water, in order to enhance binding affinity. lon-dipole and
dipole-dipole interactions, such as hydrogen bonding, are weaker in strength but are more
directional, which can be exploited to enhance complementarity and selectivity in host-guest

chemistry.'’

(@) (b) @ Q © 1 2 >
) ] A

1 e &t 1

G | 1 o & =387
5" & 1
Figure 1.3. Electrostatic interactions: (a) ion-ion; (b) ion-dipole; (c) dipole-dipole interactions.

Hydrogen Bonding (HB)

Hydrogen bonding (HB) is a special case of dipole interaction which occurs between
a polarised hydrogen atom covalently bonded to an electronegative atom (e.g. nitrogen,
oxygen and fluorine) and a Lewis base.'® HB interactions are ubiquitous in nature such as
the double-helix structure of DNA which is achieved by complementary nucleotide base pair
hydrogen bonds (Figure 1.4). The energies of HB interactions vary in the range of 1-170
kJ/mol,*** depending on the nature of the donor and acceptor atoms. Their inherent
directionality has been extensively exploited in the design of anion selective HB donor host

systems (vide infra).”*
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Figure 1.4. DNA base pairs linkage by HB interactions.

Halogen Bonding (XB) and other o-Hole Interactions

Halogen bonding (XB) is defined by IUPAC as “a net attractive interaction between
an electrophilic region on a halogen atom X belonging to a molecule or a molecular fragment
RX (where R can be another atom, including X, or a group of atoms) and a nucleophilic
region of a molecule, or molecular fragment, YZ.”** When a halogen atom is covalently
linked to an electron withdrawing group (R-X), the halogen atom is polarised, forming a
specific region of partial positive charge at the halogen atom’s pole terminus of the R-X
covalent bond, which is called the ‘o-hole’ (Figure 1.5).”> Governed by the o-hole, the XB
interaction is highly anisotropic, with the R-X:--B bond angle close to 180°.** The nature of
XB is under heated debate with the relative extent of electrostatic, polarisation, charge
transfer, covalent and dispersion contributions being considered to be dependent upon the
nature of XB donor and Lewis base acceptor.”?® The binding energies of XB interactions
(10-200 kJ/moal) are of a similar range spanned by HB, with the strength increasing with
greater polarizability of the halogen atom (F < Cl < Br < I) and the greater electron-
withdrawing nature of the R group.?”?® XB interactions have long been widely exploited in
crystal engineering and materials design, while only in the last decade or so has XB been

applied in solution phase anion recognition and catalysis.*
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o-hole

negative

Lewis base

positive

Figure 1.5. The molecular electrostatic potential, in Hartrees, at the 0.001 electrons Bohr™? iso-density
surface of CF3l and XB with a Lewis base. Reproduced from reference 23.

Similar to XB interactions, when other main group atoms (Group 14-16) are
covalently bonded to electron-withdrawing groups, the electron-density can be
anisotropically polarised resulting in the formation of different numbers of o-holes, which can
interact with Lewis bases.* For example, in the presence of different electron-withdrawing
substituents, chalcogen atoms can form either one or two o-holes depending on their
bonding characteristics (e.g. one o-hole on Se atom in SeCF, and two o-holes on Se atom
in Se(CFs),).*' These o-hole interactions are known as chalcogen bonding (Group 16),
pnictogen bonding (Group 15) and tetrel bonding (Group 14) respectively. Importantly, o-
hole interactions are receiving an ever increasing attention in supramolecular host-guest

chemistry, especially in anion receptor design.*®*

Cation-1T, Anion-11, and —1r Interactions

Cation-TT interactions occur between a cation and the planar face of an electron-rich
aromatic ring. For example, as shown in Figure 1.6(a), K has a stronger affinity with
benzene (19 kcal/mol) in the gas phase than with water molecules (18 kcal/mol).*® The
strength of cation-1T interactions follows the same trends as electrostatic interactions, which
means that small, more positively charged cations and aromatic systems with more negative
quadrupoles can lead to stronger affinity.>* Cation-r interactions have been widely used in

host-guest recognition,® catalysis®* and transmembrane transport.*’
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Anion-TT interactions refer to a weak association between an anion and an electron-
deficient aromatic ring. Despite the name, the 1 electrons of the aromatic ring do not play

343839 showed that anion—rr

any role in the interaction; detailed computational studies
interactions arise mainly from electrostatic forces and anion-induced polarisation effects.
Thus, small anions such as F and CI' can have strong interactions with electron-deficient

aromatic rings due to strong polarizing effects at shorter distances. Anion-11 interactions

have been observed in gas,”® solution*** and solid phases*™ (Figure 1.6(b)), and

45-47

increasingly in anion recognition* (Figure 1.6(c)) and membrane transportation.

(@) (b) (c)

Figure 1.6. (a) cation-Tr interactions between a K* ion and benzene;* (b) anion-Tr interactions
between a tetraoxocalix[2]arene[2]triazine macrocycle with thiocyanide anion;* (c) naphthalene
diimide-containing colorimetric receptor selective for fluoride recognition using anion-1 interactions.**

Besides interactions between charged species with aromatic rings, -1 interactions
can occur between two aromatic systems. Actually, the term ‘r-17 interactions’ is misleading

4849 and can

because the m electrons do not play significant roles in the association,
sometimes even hinder the attractive interactions.®® The Hunter and Sanders model
emphasises the importance of electrostatic interactions between aromatic rings, in which the
1 electrons create a quadrupole moment with partial negative charge above aromatic faces
as well as a partial positive charge around the periphery. Thus, the two aromatic rings prefer
to adopt a parallel displaced or edge-to-face geometrical arrangement instead of forming
sandwich complexes due to the repulsion (Figure 1.7).°' Besides electrostatics, recent

studies have shown that -1 interactions also involve solvation effects and dispersion

forces.*®
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Figure 1.7. The electrostatic interaction models of 11-1r interactions.

Solvophobic Interactions

Solvophobic interactions refer to the association of non-polar solutes in polar
solvents to minimise the energy of the system. When the polar solvent is water, it is termed
the ‘hydrophobic effect’. The ‘classical’ hydrophobic effect is driven by an increase in
entropy, where the association of non-polar solutes release water molecules from their
hydration shells.> In contrast, the ‘non-classical’ hydrophobic effect is characterised by an
exothermic contribution where the liberated water molecules from a hydrophobic binding site

form cohesive HB interactions with the bulk water.>*>*

Coordinate Bonds

Coordinate bonds between Lewis acids (including main group atoms such as boron
and transition metal cations) and Lewis bases contain significant degrees of orbital overlap
depending on the nature of the interacting atoms and therefore may sometimes not be
considered strictly non-covalent. Nonetheless, some coordinate bonds are labile for host-
guest chemistry applications and are utilised in metal cation recognition (Figure 1.8 (a))*

and in the design of anion host molecules (Figure 1.8(b)).>®
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Figure 1.8. (@) A Cu”" host molecule using coordinate bonds®™ and (b) an anion receptor using
coordinate bond.*®

1.1.1.3 Host Design Principles

The chelate effect and macrocyclic effect are concepts originating from metal
coordination chemistry that have since been applied in supramolecular host-guest design.
The chelate effect refers to the greater stability of complexes that contain chelate rings
compared to mono-dentate systems, mainly due to the favourable entropy change of
solvation resulting from releasing solvent molecules upon complexation.”” The stronger
guest binding by a macrocyclic host molecule compared to an acyclic analogue is called the
‘macrocyclic effect’, which arises from a combination of favourable entropy (fewer degrees of
freedom being lost upon complexation) and enthalpy (less solvation of the donor atoms in
the confined macrocycle cavities).® Both effects can be included in the concept of
preorganisation, first introduced by Cram in the 1980s, which refers to hosts adopting
favourable conformations prior to guest binding. As an example, a rigid tetra-triazole
macrocyclic receptor exhibits the highest CI” binding affinity in comparison with flexible cyclic
and acyclic analogues in CH,Cl, (Figure 1.9).*° Thus, to maximise the strength of
association for a particular guest, a structurally-rigid cyclic host design that contains a

complementarily sized cavity is commonly targeted.®
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Rigid Macrocycle >> Flexible Macrocycle >> Oligomer

- 38 kd/mol - 23 kd/mol - 11 kJ/mol

AG measured for CI” binding in CH,CI,

Figure 1.9. Structural rigidity and macrocyclic effect in the design of host molecules.*

10
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1.2 Fundamental Aspects and Applications of Anion Recognition
1.2.1 The Importance and Challenges of Anion Recognition

Anions are ubiquitous and play important roles in many biological and environmental
processes. In biology, carcinogenesis, aging and oxygen toxicity involves the biochemistry
and reactivity of the superoxide ion (0,).%* Adenosine triphosphate (ATP), the “molecular
unit of currency”, is crucial to intracellular energy transfer in all organisms,® while I" is one of
the major components in the biosynthesis of thyroid hormones.® In addition, other halide
imbalances can threaten human health. For example, the mis-regulation of CI" can lead to
the life-threatening cystic fibrosis disease® while high F" level in drinking water can cause
skeletal fluorosis,® which is a major public health problem in some regions of the world.
Environmentally, nitrates and phosphates from fertilizer and industrial waste water have
resulted in eutrophication® in aquatic ecosystems; while highly-toxic anions such as N5 and
CN" from industrial pollution are lethal to the human respiration system.®”®® In particular,
radioactive *TcO,, a by-product of the nuclear reactors, has wide-ranging and long-lasting

effects on the environment.®°

Even though its importance has been recognised for a long time, the field of anion
recognition remains highly challenging. First, in contrast with their isoelectronic cations (e.g.
K*, radius 1.37 A), anions (e.g. CI, radius 1.81 A) are larger due to lower effective nuclear
charge.” Consequently, anions have lower charge density resulting in weaker electrostatic
interactions between anions and positively charged receptors. In addition, compared to the
spherical shape of metal cations, anions exhibit a variety of geometries, as shown in Figure
1.10. Therefore, selective anion recognition requires careful design to achieve host-guest

geometric and shape complementarity.
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Figure 1.10. Anions with different geometries.

Many anions are also pH-sensitive and can be protonated at lower pH resulting in the
loss of negative charge and electrostatic interaction with hosts. For example, phosphorylated
anions can only be recognised by its receptors within a limited pH window.”* Basic anions
such as F" and OAc can also abstract protons from acidic anion receptors.’ Finally, anions
exhibit a range of free energies of solvation. Protic solvents in particular strongly solvate
anions due to favourable HB interactions, which is reflected in the Hofmeister series (Figure
1.11).” From left to right in the series, anions of decreasing charge density are less strongly
hydrated. As a result, it is quite challenging to recognise highly solvated anions such as

S0,%in water.
S04 =F <H,PO,<OAc <ClI' <Br <NOj3 < | <ClOs < SCN

Figure 1.11. Hofmeister series of anion solvation.

1.2.2 Biotic Anion Receptors

In nature, there are many biotic anion receptors which can bind specific anions in
their three-dimensional cavities using non-covalent interactions, such as HB and
electrostatic interactions. For example, sulphate, in the absence of its solvation shell, can be
bound and stabilised by hydrogen bonds donated by specific parts of a sulphate binding
protein (SBP) shown in Figure 1.12(a). Seven strong hydrogen bonds distributed in a three-
dimensional fashion bind the anion tightly, rendering it completely inaccessible to the solvent
molecules.” Another classic example is the phosphate-binding protein (PBP) in Figure

1.12(b), which can bind the hydrogen phosphate anion using electrostatics and twelve
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hydrogen bonds. The negatively charged chain residue Asp-56 on the PBP repulses other
similarly shaped anions such as sulphate, resulting in phosphate selectivity.”” These
outstandingly selective oxoanion biotic anion receptor examples have provided the

inspiration for the design of artificial anion host molecules.
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Figure 1.12. Binding pockets of proteins: (a) sulphate binding protein (b) phosphate binding protein.

1.2.3 Artificial Anion Receptors
1.2.3.1 Hydrogen Bonding Anion Receptors

Hydrogen bonding (HB) is widely used in anion recognition and a plethora of
hydrogen bonding anion receptors incorporating C-H and N-H donor motifs, either neutral or

cationic, have been synthesised and studied in the last few decades.”
Neutral HB Receptors
Amide, Thioamide and Sulfonamide Receptors

Amides are one of the most commonly used HB donor motifs for anion recognition.
Incorporating amide units in a fixed geometric arrangement around a binding cavity can
enhance binding selectivity. For example, Kubik’s cyclic hexapeptide receptor containing
four amide units exhibits impressive halide and sulphate binding affinities in D,O/CD;0D (4:1
vIv) (Figure 1.13(a)).”*”" Compared to amides, thioamides are more acidic and exhibit

stronger HB interactions with anions due to the increased resonant stability provided by the
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sulphur atoms. An early example of a thioamide-containing receptor was Bowman-James’
tetra-thioamide macrocycle, which showed increased binding affinities for H,PO,, HSO, and
F in DMSO over the corresponding amide analogues (Figure 1.13(b)).” Sulfonamides
utilized for anion recognition can be found in Reinhoudt’s tripodal receptor (Figure 1.13(c))
capable of selectively binding H,PO, in CH3;CN. The receptor also shows stronger affinity

towards H,PO, than its amide counterparts.”®

(a) (b) (c)

( . HN
o % HN
- \
—N N— 0=PRg s=0
( 0
NH  HN
s s

Figure 1.13. (a) Kubik’'s cyclic hexapeptide receptor;76 (b) Bowman-James’ thioamide-based
macrocycle;”® (c) Reinhoudt's sulfonamide tripod.”

Urea, Thiourea and Squaramide Receptors

Ureas have parallel HB donors which are optimal for binding Y-shaped anions such
as carboxylates. As Figure 1.14(a) shows, a 32-membered macrocycle containing four rigid
diphenyl ether units and four urea motifs, synthesised by Bohmer and co-workers,®
selectively bound OAc™ and H,PO, over halides in CH;CN/THF (3:1 v/v) through convergent
hydrogen bonds. Thiourea and squaramide motifs have also been incorporated into various
anion receptor structural frameworks. For instance, a glycocluster thioureamethyl cavitand
prepared by Reinhoudt and co-workers (Figure 1.14(b))** shows CI selectivity in
CH3CN/H,0O (1:1 v/v) due to the complementarity between the halide anion and the tetra-
thiourea binding pocket, while Jolliffe’s macrocyclic squaramide-containing receptor (Figure
1.14(c)) was found to exhibit remarkable SO,*, H,PO, and OAc™ selectivity in DMSO/H,0

(99.5:0.5 v/v) over CI".%
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Figure 1.14. (a) Bohmer's tetra-urea macrocycle;* (b) Reinhoudt’s thiourea cavitand;®* (c) a bis-
squaramide macrocyclic anion receptor.82

Heterocyclic HB Receptors

Heterocycles such as pyrroles, triazoles and imidazoles have proved to be efficient
HB donors for anion binding applications. For example, Sessler’s tetra-pyrrole macrocycle
(Figure 1.15(a)) shows a marked selectivity for F~ over other anions (e.g. CI', Br', I', H,POy4
and HSOy), resulting from the proper arrangement in size and shape of the four pyrrole units
in the macrocycle.®®* An example of triazole-containing receptors with HB donors is Flood’s
shape-persistent macrocycle (Figure 1.9) capable of strong CI binding in CH,CI,, which was
presented in Section 1.1.3. Also, Lin and co-workers developed an imidazole-based anion

receptor (Figure 1.15(b)) able to perform CI” binding in DMSO.%*
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Figure 1.15. (a) Sessler’s tetra-pyrrole receptor;83 (b) Lin’s imidazole-based anion receptor.84
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Polarised C-H HB Motifs

Polarised C-H motifs have been demonstrated to be potent HB donors. The
fluorinated macrocyclic compound in Figure 1.16(a) is an early example which binds F in a
THF/Et,0 solvent mixture via four polarised methylene groups encircling the binding cavity.®®
Another interesting example is Flood’s more recent cyanostar macrocycle (Figure 1.16(b))
capable of using five polarised C-H bonds to bind weakly-coordinating anions such as BF,,

ClO, and PFy, as 2:1 host/guest sandwich complexes in CH;OH/CH,Cl, (2:3 v/v).%®

Figure 1.16. (a) A macrocyclic anion receptor using C-H---A" interactions;®® (b) Flood’s cyanostar
macrocycle.®

Cationic HB Receptors

In order to enhance anion binding affinities, especially to allow anion recognition in
highly competitive aqueous media, many charge-assisted HB receptors have been
synthesised and studied over many years, dating back to the first examples reported in the

late 1960s — early 1970s.5"%
Polyammonium, Quaternary Ammonium and Guanidinium Receptors

Protonated polyammonium receptors can bind anions via HB and electrostatic
interactions. A pioneering example is Lehn’s hexa-cationic cryptand (Figure 1.17(a)), which
exhibits selective recognition of linear triatomic species, such as azide, in an acidic aqueous

solution (pH = 5) via two pyramidal arrays of three charge-assisted hydrogen bonds.®
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However, despite their effectiveness in aqueous media, polyammonium receptors are highly
dependent on an optimal pH window, where the polyammonium salts and anions coexist. In
contrast, quaternary ammonium receptors are pH-independent utilising mainly electrostatic
interactions to recognise anions. As shown in Figure 1.17(b), a tetrahedral cage receptor
bearing four quaternary ammonium motifs was demonstrated by Schmidtchen to
encapsulate Br and I in pure water.”® The guanidinium motif is weakly acidic and hence
can bind anions over a wide pH window.”® Schmidtchen’s preorganised guanidinium
receptor (Figure 1.17(c)) can bind OAc™ strongly in CHsCN or DMSO, driven by a

combination of favourable enthalpy and entropy.**

CH

3
|
+N -
(a) (b) /\ 4A (c)
X
o NER NS h @N CHy
NH Ho XN Ph=Si-O .\ A~ O-Si-CHj,
2 2 x7\} : Y UNTEN :
t +/ X Bu ! ! Bu
N H NENZNT, N N HoH
< N 2 > H3C X\ \ '
CN o Ny N O8O0
NH\/ \'FGN X=(CH2)sors \CH N
Mo : Y

A-= FSO3-, BF4-, p-TOl'SO3-

Figure 1.17. (a) Lehn’s N3 binding cryptand;89 (b) a tetra-quaternary-ammonium cage selective for Br
and I;%° (c) Schmidtchen’s pre-organised guanidinium receptor binding Y-shaped OAc™.%?

Pyridinium Receptors

Multiple covalently linked pyridinium motifs are capable of binding anions via HB and
electrostatic interactions. For example, a tetra-pyridinium macrocycle accessible by a one-
step synthesis from 3-bromomethylpyridine (Figure 1.18(a)), reported by Shinada and co-
workers, binds tri-carboxylate anions in neutral aqueous media,” while Ghosh'’s tweezer-like
receptor containing two pyridinium and amide groups (Figure 1.18(b)) was found to

selectively complex long-chain dicarboxylates such as pimelate in DMSO.*
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Br

(a) - (b)

Figure 1.18. (a) Shinada’s tetra-pydidinium macrocycle;93 (b) Ghosh’s di-carboxylate binding
molecular tweezer.>

Triazolium and Imidazolium

Cationic heterocycles such as triazolium and imidazolium can function as strong HB
donors. For instance, Beer’s tetra-triazolium macrocycle shows a preference for the larger
halides in DMSO/D,O (1:1 v/v) (Figure 1.19(a))*® while more recently a pyrene-appended
triazolium receptor, explored by Cao and co-workers, acts as an efficient host for F in
CH3CN/H,0 (9:1 v/v) via HB interactions with triazolium C-H, sulfonamide N-H and pyrenyl
C-H donors (Figure 1.19(b)).”® In addition, Kim’s water-soluble fluorescent imidazolium-
based cyclophane (Figure 1.19(c)) exhibits effective recognition and sensing capability

towards iodide in pure water at pH 7.4.%
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Figure 1.19. (a) Beer's tetra-triazolium macrocycle;*® (b) Cao’s triazolium fluorescent receptor binding
F;*° (c) Kim’s water-soluble imidazolium cyclophane.”’
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1.2.3.2 Halogen Bonding Anion Receptors

While halogen bonding (XB) has been extensively utilised in crystal engineering and
materials design, the application of this o-hole interaction in solution-phase anion recognition
has only begun to be exploited since 2005 onwards.*® The first XB anion host was Resnati’s
heteroditopic receptor (Figure 1.20(a)) bearing 4-iodotetrafluorophenyl components which
could bind the Nal ion-pair strongly in CDCl;.*° The solid state structure revealed the
existence of a XB interaction between | and only one iodine donor atom due to the divergent
nature of the iodoperfluoroarene groups. In contrast, a tripodal iodoperfluoroarene-

100,101 was

containing anion receptor (Figure 1.20(b)), developed by Taylor and co-workers,
able to selectively bind CI" in acetone via three convergent halogen bonds.'? Importantly,
compared to strong halide affinities, the tripodal receptor exhibited negligible binding to

oxoanions TsO’, HSO, and NO3, suggesting the intrinsic preference of the XB donors for

‘softer’ anions.

Figure 1.20. (a) Resnati’'s XB receptor and its crystal structure showing Nal ion pair binding;*® (b)
Taylor’'s XB tripodal receptor.loo

Besides haloperfluoroarenes, iodotriazoles have proved to be potent neutral XB
motifs for anion recognition. In Figure 1.21(a), a bidentate receptor bearing carbazole
scaffolds and iodotriazoles was synthesised by Schubert and co-workers.'®® The
intramolecular HB between the hydroxyl and adjacent iodotriazole groups preorganised the
receptor into a rigid co-planar syn-syn conformation which resulted in stronger binding
towards anions. ITC experiments in THF revealed a 2:1 host/guest stoichiometry for CI" and
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Br™ binding driven by a combination of favourable enthalpy and entropy. Beer and co-workers
developed a XB picket-fence zinc(Il) metalloporphyrin scaffold containing four iodotriazole
substituents (Figure 1.21(b))."** In CHCI;, acetone and CH;CN, the XB receptor displayed

stronger halide binding affinities in comparison to the HB receptor analogue.

(a) hd (b)

N
H H
N-N N-N
N, <N

Figure 1.21. (a) Schubert’s bidentate XB receptors'® and (b) Beer’s porphyrin-containing tetradentate
XB receptor.'**

Early examples of charge-assisted XB haloimidazolium-based cationic receptors
were described by Beer and co-workers.'® In Figure 1.22(a), the syn atropisomer of a
cationic bromoimidazolium macrocycle was demonstrated to selectively bind Br in
CDsOD/D,0O (9:1 viv) solvent mixture via convergent charge-assisted XB, while the syn-
conformer of the iodoimidazolium naphthalene macrocycle (Figure 1.22(b)) acted as a
fluorescent chemosensor sensing Br and I selectively over CI' and oxoanions in
CH3OH/H,0 (9:1, v/v).**® Mono-, bis- and tripodal acyclic iodoimidazolium-based receptors
were shown to exhibit contrasting anion selectivities. For example, Resnati, Metrangolo and
co-workers synthesised an anthracene—appended iodoimidazolium receptor capable of
strong XB interactions with H,PO, in DMSO (Figure 1.22(c)).'°" Berryman’s bipodal receptor

(Figure 1.22(d))**" shows a halide binding trend of CI' > Br > I in CHzCN/H,O (99:1 v/v)
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while Ghosh’s tripodal receptor (Figure 1.22(e))**® binds Br  more strongly than CI" and I in

pure CH3;CN presumably due to shape and size complementarity.
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Figure 1.22. (a) Beer's bis-bromoimidazolium receptor;'® (b) Beer’s bis-iodoimidazolium receptor; *®°

(c) Resnati and Metrangolo’s anthracene-appended XB receptor and its solid state structure

interacting with a H,PO, ' (d) Berryman’s bipodal XB anion receptor;'®® (e) Ghosh’s tripodal XB

anion receptor.

Related halotriazolium motifs have also been integrated into various acyclic anion
receptor frameworks. For example, a water-soluble bis-iodotriazolium XB anion host,
developed by Beer and co-workers, exhibits ReO, binding in pure water through XB

interactions (Figure 1.23(a)),**

while by comparison, the HB analogue is incapable of
binding the oxoanion species. A series of chiral XB (S)-BINOL-based receptors (Figure
1.23(b)) were demonstrated to enhance the enantioselective recognition of chiral anions
compared to their HB analogues in CD;CN/D,O (99:1, v/v).'** Computational studies

indicated that the strict linearity of XB and sterics were the main reasons for the

enhancement in enantioselectivity.
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Figure 1.23. (a) A water-soluble XB ReO, receptor™® and (b) chiral XB (S)-BINOL-based
receptors.™!

Cationic pyridinium XB receptors have been utilised for anion recognition recently. A
classic example is Beer’s pyridinium-3,5-bis-iodotriazole-containing receptor (Figure 1.24(a))
which is able to selectively bind CI" over other halides and oxoanions in DMSO.*? The solid
state structure shows CI is bound by two convergent halogen bonds. Also, Berryman’s bis-
pyridinium XB receptor (Figure 1.24(b)) was able to complex ReOQ, strongly in CHClz/acetone

(3:2 viv).1®

(@) |

crf

Figure 1.24. (a) Beer’s pyridinium-3,5-bisiodotriazole receptor interacting with CI" and the
corresponding solid state structure;"*? (b) Berryman’s ReO, pyridinium XB receptor.'*?

1.2.3.3 Anion Receptors Utilising Alternative Supramolecular Interactions
Receptors utilising anion-1r interactions

Although anion-1r interactions are quite weak amongst all the non-covalent
interactions (see section 1.1.2), they have been incorporated in anion receptors.*** For
example, the multisite anion receptor HAT(CN)s (1,4,5,8,9,11-hexaazatriphenylene-

hexacarbonitrile) is able to interact with hexacyanidometalates (M = Fe", Co") in CH;CN by
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multiple anion-1T interactions between the CN’ ligands of the metal anions and its T-deficient
areas (Figure 1.25(a)) as evidenced from UV-Vis absorption changes.'*® Besides anion
recognition in organic solvents, anion-Tr interactions, supplemented by other stronger non-
covalent interactions, can be utilised for anion recognition in water. The receptor shown in
Figure 1.25(b) bound highly charged anions such as SO,*, Se0,*, S,05* and Co(CN)s® in

aqueous media through a combination of salt-bridge and anion-Tr interactions.*****

<
I

Figure 1.25. (a) The interaction between M(CN)63' with HAT(CN)e through anion-1t interactions in the
solid state structure;**® (b) a water-soluble anion receptor using anion- T interactions.**°

Receptors containing Lewis acidic centres

Over the years numerous boron, silicon, tin and transition metal Lewis acid centre
based host systems have been explored in anion recognition. For example, Gabbal and co-
workers reported a boron-mercury receptor (Figure 1.26(a)) that was capable of sensing F
selectively in THF/H,O (9:1 v/v) by forming boron-fluoride and mercury-fluoride bonds.'*®
More recently, a bis-nickel complexed cavitand (Figure 1.26(b)) also selectively bound F

strongly in CH3CN/CH3OH (1:1 v/v) due to the highly preorganised receptor cavity enforcing

optimal size complementarity for F~.**°
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Figure 1.26. (a) Gabbai’s bidentate Lewis acidic F~ receptor and its solid state structure;"*® (b) a
cavitand incorporating Lewis acidic bis-nickel center.™

Chalcogen Bonding Receptors

Similar to XB, polarisable heavy chalogen atoms (Se/Te) that are covalently linked to
electron-withdrawing substituents have been recently demonstrated to interact with anions
via their o-holes.®® For instance, Taylor's monodentate and bidentate perfluoroaryl
tellurophene-containing receptors (Figure 1.27) were shown to complex CI in THF via

chalcogen bonding interactions.**

CeFs Te Te_Ceéfs
| T\ |
K, = 2300 M

Association constants (K,) for CI" in THF

Figure 1.27. Taylor's (a) monodentate and (b) bidentate chalcogen bonding anion receptors.'**

1.2.4 Applications of Anion Recognition

Advances in the fundamental understanding of anion recognition have led to a
plethora of applications, such as anion sensing, extraction and separation of anions,

transmembrane anion transport and anion-driven organocatalysis.*
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1.2.4.1 Anion Sensing

Anion sensing refers to the recognition of specific anions by a receptor resulting in an
observable macroscopic response, which can be optical, electrochemical or rheological (e.qg.

sol-gel transition). The main principles of anion sensing are illustrated in Figure 1.28.

(a)
Anion binding through non-covalent interactions
induces changes in redox and optical properties
of the reporter group.

(b)

Through the indicator displacement assay (IDA)
approach, an anion displaces a dye weakly
associated with the receptor, resulting in
detectable optical changes.

© The chemodosimeter approach involves
covalent bond formation between the anion and
O ;O receptor, which changes the optical and
electrochemical properties of the original
receptor.
(d)

Anion-responsive gels function via cross-linked molecular networks that can form or break down in
the presence of specific anions, inducing a visible change in the bulk viscosity of the sample.

Figure 1.28. Principles of anion sensing
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Optical Anion Sensors

Optical anion sensors respond to specific anions with colorimetric or fluorescent
changes. Colorimetric sensors allow naked-eye detection of anions while fluorescent
sensors are highly sensitive. An example of the former type is the bis-thiourea-functionalised
Troger's base receptor (Figure 1.29(a)) which acts as a colorimetric sensor for F,
undergoing a colour change from colorless to orange in DMSO due to deprotonation by the
basic halide anion.*® In Figure 1.29(b), a calix[4]pyrrole-anthraquinone conjugated system
acts as an effective HB naked-eye sensor that permits discrimination between different
anions such as F, CI' and H,PO, in CH,Cl,.*** An example of the IDA approach in
colorimetric anion sensing involves the bis[zinc(l)dipicolylamine] peptide receptor-
pyrocatechol violet complex (Figure 1.29(c)). Upon addition of stronger-binding
pyrophosphate anion, the dye is released resulting in a color change from purple to green. In
addition, the receptor shows remarkable selectivity towards pyrophosphate over ATP and

ADP under physiological-like conditions.**®
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Figure 1.29. (a) A thiourea-functionalized Tréger's base F~ receptor;'® (b) a calix[4]pyrrole-

anthraquinone colourimetric sensor;*** (c) an IDA approach for pyrophosphate recognition.

More recently, XB optical anion sensors have been described. For example, Molina’s
iodotriazolium pyrene-based sensor (Figure 1.30(a)) can act as a fluorescent chemosensor
for pyrophosphate anions undergoing an increase of the fluorescence intensity of the
excimer band upon addition of the phosphate species.’®® Optical sensors utilising
luminescent metal centres such as Re(l), Ru(ll), Ir(lll) and lanthanides have also been
developed. An europium complex (Figure 1.30(b)) can be used to monitor hydroxide
concentration in aqueous solution due to the reversible attack of hydroxide at the
phenanthridinium chromophore.**” In addition, a reduction of the lanthanide emission

intensity of the same phenanthridinium europium complex was observed in the presence of
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halides, which stemmed from the anion-induced collisional quenching of the singlet excited

state of the ligand.
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Figure 1.30. (a) Molina’s XB pyrophosphate fluorescent sensor'*® and (b) a europium complex for
hydroxide and halide sensing.**’

Electrochemical Anion Sensors

Electrochemical anion sensors contain redox active reporter groups which typically
sense anions via voltammetric shifts of their redox potentials. Ferrocene has been widely
used as a stable, readily-functionalised redox-reporter unit. For example, Molina’s ferrocene-
containing electrochemical sensor (Figure 1.31(a)) senses F, OAc, H,PO, and
pyrophospate anions in CH3;CN via cathodic shifts of the ferrocene/ferrocenium redox
couple.'® Besides ferrocene-based anion sensors, a tetrathiafulvalene(TTF) calix[4]pyrrole
sensor (Figure 1.31(b)) also allows the detection of halides (CI', Br’) through cathodic shifts
(AE =-43 mV for CI" and AE = -34 mV for Br’) of the first oxidation potential of the TTF unit in
CH3CN.*# Recently, XB electrochemical anion sensors such as iodo-tetrathiafulvalene

(Figure 1.32(c)) can recognise halides through cathodic shifts of the first TTF oxidation
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potential (e.g. AE’ = -53 mV for CI") in DMF, much larger in magnitude than non-substituted

tetrathiafulvalene analogue (e.g. AE’= -6 mV for CI").**°

(a) (b) (c)
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Figure 1.31. (@) A ferrocene-based electrochemical sensor;"® (b) a redox-active

tetrathiafulvalene(TTF) calix[4]pyrrole sensor for halide sensing;129 (c) a XB electrochemical halide

sensor.™*°

Anion-Responsive Gels

In recent years, anion-responsive gels have been widely studied as rheological anion
sensors due to the possibility of naked-eye anion sensing via gel-solution phase changes.
For example, a urea-based chiral BINOL molecule forms a gel in cyclohexane due to HB and
T-11 interactions (Figure 1.32(a)). However, the presence of F* disrupts the intermolecular

hydrogen bonds resulting in the breakdown of the gel network.'*

Similarly, the
anthraquinone-derived oxalamide gelator (Figure 1.32(b)) undergoes a sol-gel transition in
the presence of F.**? More recently, a XB Cl-responsive dendritic organogel (Figure 1.32(c))
developed by Feng and co-workers can form a gel via 1-11 stacking. The gel collapses upon

addition of CI, through the formation of XB interactions between the halide anion and

receptor.'®®
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Figure 1.32. (a) A urea-based chiral BINOL gelator for F° sensing;131 (b) an anthraquinone derived
oxalamide gelator for F~ sensing;*** (c) Feng’s Cl-responsive XB dendrimer.

1.2.4.2 Extraction and Separation of Anions

Another important application of anion supramolecular chemistry is the extraction and
separation of precious metallic anions (e.g. AuCl;) and removal of harmful anions (e.g. CN)
from the environment. A calix[4]pyrrole-appended methyl methacrylate copolymer (Figure
1.33(a)) prepared by Sessler and co-workers extracts TBACI and TBAF from aqueous
solution into an organic phase.®** Compared to the copolymer, the calixpyrrole monomer is
much more inefficient for the aqueous-organic anion extractions. Alternatively, gold
nanoparticles decorated with functionalised double-armed calixpyrroles (Figure 1.33(b)) are
effective extractants of F from an agueous phase to an organic media while the momomeric

calixpyrroles cannot perform the extractions under the same conditions.**

30



CHAPTER 1

Figure 1.33. (a) Sessler’s calixpyrrole-appended copolymer134 and (b) gold nanoparticles decorated
by with modified calixpyrroles for F extraction.”

1.2.4.3 Transmembrane Anion Transport

Anions are transported across the phospholipid membranes of cells via specialised
proteins. Importantly, anion transport mis-regulation of anions caused by defects of these
functional proteins can lead to a number of diseases, such as cystic fibrosis™*® and Dent’s
disease.’® As a consequence, the design of abiotic receptors for transmembrane anion
transport is an area of intense current interest. A potential anion transporter can function
either as (a) a ‘channel’, which is a membrane-spanning structure that can provide an anion
diffusion pathway; or (b) a ‘mobile carrier’, which can bind an anion on one side of

membrane and transport it through a membrane to release it on the other side (Figure 1.34).
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Figure 1.34. An anion transporter functioning as (a) a ‘channel’ or (b) a ‘mobile carrier’. Reproduced
from reference 122.

An imidazolium-functionalised BINOL cationic receptor (Figure 1.35(a)) was
demonstrated to facilitate carbonate transport by unusually playing dual roles of being both a
carrier and forming transmembrane pores,** while an exceptionally efficient synthetic mobile
carrier, Obatoclax® (Figure 1.35(b)) transports CI across lipid bilayers even at very low
carrier concentrations.’* Small perfluorinated molecules equipped with strong XB donors

140 \while a XB cascade

can act as efficient anion transporters as well (Figure 1.35(c)),
bearing multiple iodoperfluoroaryl monomers can transport CI' via a hopping mechanism

(Figure 1.35(d)).***
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Figure 1.35. (a) An imidazolium-based anion transporter;138 (b) Obatoclax®, an efficient CI" mobile
carrier;"* (c) a XB perfluorinated anion transporter;**” (d) a XB oligomeric anion cascade.***

1.2.4.4 Anion-Driven Organocatalysis

Anions receptors have been developed as organocatalysts to avoid the use of
polluting toxic metals typically used in the chemical industry. Ureas, thioureas and recently
XB based catalysts can enhance reaction rates, regioselectivity and enantioselectivity.***4°
For example, Schreiner and co-workers demonstrated a mild and efficient method for a
regioselective epoxide ring opening reaction utilising mandelic acid and a fluorinated
arylthiourea based catalyst (Figure 1.36).*** The thiourea-based organocatalyst stabilises

the mandelate ion through hydrogen bonds, promoting the alcoholysis of the styrene oxide

producing an alkoxy alcohol in excellent yield and regioselectivity.
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Figure 1.36. (a) Epoxide ring opening reaction using thiourea and mandelic acid as catalysts; (b) the

proposed catalytic circle.'*®
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1.3 Mechanically Interlocked Host Molecules for Guest Recognition
1.3.1 Strategies for Synthesis of Interlocked Molecules
1.3.1.1 The Mechanical Bond

A mechanical bond refers to a physical entanglement between two or more
component parts, whereupon the mutually interlocked components cannot be separated
without the cleavage of covalent bonds.**® Molecules bearing mechanical bonds, termed
mechanically-interlocked structures (MIMs), include [n]rotaxanes, [n]catenanes, where n
refers to the number of molecular components interlocked together (Figure 1.37).
Catenanes, Solomon knots and Borromean rings consist of inter-linked macrocycles which
are topologically non-trivial indicating the actions such as rotation, distortion, bending and
stretching cannot break the mechanical bond. Rotaxanes comprise of rings threaded by a
dumbbell-shaped axle whose ends are too bulky for dethreading to occur. Unlike catenanes,
a [2]rotaxane is topologically trivial as dethreading or slippage can result in the separation of
the components through expansion of the ring or contraction of the stoppers, without

breaking any covalent bonds.

(a) (b) z (c)
Figure 1.37. Schematic structures of MIMs: (a) [2]rotaxane; (b) [2]catenane; (c) Solomon knot; (d)
Borromean ring.

(d)

Like normal chemical bonds, mechanical bonds can alter the physical and chemical
properties of the sub-components of MIMs.**’ For example, due to the formation of a
mechanical bond, the degrees of freedom of component parts decrease resulting in the

amplification of non-covalent interactions. Metal complexes ligated by catenanes are more
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stable and require harsher conditions to remove the metal, than their non-mechanically
bonded analogues. This phenomenon is termed the ‘catenand effect.'*® In addition, the
steric hindrance caused by the mechanical bond can increase the kinetic stability of the
reactive functionalities.*****® These special characteristics of mechanical bonds have led to

151-

numerous, wide-ranging applications of MIMs in the areas of catalysis,’™** host-guest

154,155 156,157

molecular recognition and sensing, nanotechnology and novel materials design™®.

1.3.1.2 Template-Directed Synthesis of Interlocked Molecules

Even though MIMs are attracting increasing attention in scientific research, their
synthesis has until recent years been a challenge. The strategies for preparing interlocked
molecules has sparked the imaginations of synthetic chemists for decades. Even though the
idea of a ‘mechanical bond’ was first proposed in a publication by Frisch in 1953,*° the first
artificial interlocked structure, a catenane, was not successfully synthesised until 1960 by
Wasserman and co-workers using a statistical approach.'® Due to the lack of associative
interactions between the components, catenane formation relied only on the statistically
random penetration of a chain through the macrocycle, resulting in a very low yield
(0.0001%). Subsequently, a template-directed synthesis approach led to a transformative

breakthrough in the formation of interlocked structures in acceptable yields.

Template-directed synthesis provides many strategies for MIM formation. For
example, as shown in Figure 1.38, a rotaxane can be made by (a) slippage - the slipping of a

macrocycle onto the axle under elevated temperatures to form a Kkinetically-stable

.161

rotaxane; " (b) shrinkage — reduction in size of a large macrocycle around an axle with two

162

stoppers;™“ (c) stoppering - the addition of two bulky stoppers to a pseudo-rotaxane to

prevent dethreading;'®® (d) swelling - the expansion of stopper groups on the axle of a

pseudo-rotaxane;*®* (e) snapping - the linkage of two half-axle precursors in the macrocycle
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Figure 1.38. Schematic illustration of methodologies for rotaxane and catenane synthesis.
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cavity;*®® or (f) clipping - the ring closure of a macrocycle precursor wrapping around a

167.168 or sulfur-sulfur bond

stopped axle.'® Reversible reactions such as olefin metathesis
formation'® can also facilitate the synthesis of rotaxanes. For example, ‘magic rod’ rotaxane
synthesis refers to the snapping of two separated axle components which are broken from

their corresponding complete axle,'®®

while ‘magic ring’ rotaxane synthesis utilises the
reversible ring-opening and ring-closing reactions for clipping methods.*®"**® Compared to
rotaxanes, fewer synthetic methodologies exist for catenanes. Generally, a catenane
synthesis involves the clipping of a pseudo-rotaxane molecule or double clipping of an
orthogonal complex made by two macrocyclic precursors.’® Similar to rotaxanations using

reversible reactions, ‘magic ring’ approaches have also been utilised in catenane

synthesis.*"*

The following sections will focus on the template-directed synthesis of MIMs using

cation, neutral and anion templates.
Cation Templates

Metal cations are the most common templates used in the synthesis of MIMs. The
seminal breakthrough was accomplished by Sauvage and co-workers in the early 1980s. A
tetrahedral bis-phenanthroline Cu(l) complex consisting of a macrocycle and a thread was
converted to a catenane by a clipping methodology (Figure 1.39).”” The metal-free

catenane could be obtained by removal of Cu(l) using KCN.

|/\é/o\%1\|

Cs,CO;3, DMF

42%

Figure 1.39. Sauvage’s Cu(l) template [2]catenane.'’
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Since Sauvage’s pioneering work, a wide range of transition metal templates with

175 and

different stereochemical coordination preferences (e.g. zn(ll),*”* Au(l),""* Pd(ll)
lanthanides*®*"®) have been utilised to construct MIMs (Figure 1.40(a)-(c)). Alkali and
alkaline earth metal cations have also been used, despite their less well-defined coordination

geometries. For example, sodium cation-polyether ‘hard-hard’ interactions were exploited by

179

Chiu and co-workers to prepare a catenane via imine formation (Figure 1.40(d)).

Figure 1.40. (a) Trigonal bipyrimidal zn(ll)-templated [2]catenane;'’

[2]catenane;'™ (c) square-planar Pd(ll)-templated [2]rotaxane;”® (d) Na*-templated [2]catenane.

(b) linear Au(l)-tem&lgted

In the above examples, the metal is considered to act as a ‘passive template’ in
assembling the MIM precursor sub-components. Leigh has pioneered the ‘active metal
template’ (AMT) method for MIM synthesis where the metal plays a dual role of
simultaneously preorganising the axle precursors and catalysing the formation of mechanical

bonds (Figure 1.41).

Figure 1.41. Schematic illustration of the ATM strategy for MIM synthesis
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The AMT strategy was first demonstrated by Leigh and co-workers in 2007 with a
series of [2]- and [3]rotaxanes formed using copper(l)-catalysed azide-alkyne cycloaddition
occurring endotopically through the cavity of macrocycles (Figure 1.42(a)).*® Since then, the
AMT methodology has been expanded greatly to include a range of metals (e.g. Cu(l)*®**#,
Pd(I1),"8>% Ni(11),**” zn(11)'*® and Co(ll)**). For example, Anderson and co-workers utilised
the Cu(l)-catalysed Cadiot-Chodiewicz alkyne cross-coupling reaction to form a polyyne-

184

axle-containing [2]rotaxane (Figure 1.42(b))™" while Goldup and Leigh used Pd(ll)-mediated

Michael addition reaction to synthesise a [2]rotaxane (Figure 1.42(c)).'®® More recently,
Megiatto and co-workers exploited cobalt(ll)/porphyrinate-containing macrocycles to promote
olefin cyclopropanation through radical carbene transfer reactions facilitating the formation of

a [2]rotaxane (Figure 1.42(d)).**

N
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Figure 1.42. (a) Leigh’s pioneering [2]rotaxane via AMT from Cu(l)-catalysed azide-alkyne

cycloaddition;180 (b) Anderson’s polyyne [2]rotaxane from Cu(l)-catalysed Cadiot-Chodiewicz alkyne

cross-coupling;184 (c) a [2Jrotaxane from Pd(ll)-mediated Michael addition;"® (d) Megiatto’s

[2]rotaxane from Co(ll)-catalysed radical carbene transfer reactions.'®

Organic cations have also been utilised as templates. Secondary ammonium

functional groups, in conjunction with polyether-containing macrocycles, assemble
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190,191

[n]rotaxanes, [njcatenanes®®® and high-order interlocked structure via HB

193

interactions.™” A recent example is a hetero [4]rotaxane (Figure 1.43(a)) synthesised by Qu

and co-workers. Exploiting charge-assisted aromatic donor-acceptor interactions, the
electron-deficient 4,4’-bipyridinium motif in conjunction with electron-rich polyether

194

hydroquinone (Figure 1.43(b))*** or TTF-dihydroxynaphthalene derivatives'®® have been

used in MIM construction, especially by Stoddart and co-workers.
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Figure 1.43. (a) Qu's hetero[4]rotaxane from secondary ammonium-polyether interactions;™" (b)

Stoddart’s bipyridinium-hydroquinone catenane.***

Neutral Templates

Neutral molecules can be used to template MIM formation by utilising intermolecular
interactions such as HB, aromatic donor-acceptor interactions, the hydrophobic effect, and
C-H---mr interactions. Pioneering work exploiting HB templation in the 1990s was presented
by Hunter'®®, Végtle®” and Leigh."®*'*® For example, Leigh and co-workers developed
fumaramide axles to generate [2]rotaxanes (Figure 1.44(a)) in yields of up to 97% due to the

preorganised HB template.'”® As an example of utilising aromatic donor-acceptor
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interactions for MIM construction, a [2]catenane (Figure 1.44(b)) was assembled in aqueous
solution via a dynamic combinational library approach by Sanders and co-workers.?®
Anderson and co-workers exploited the hydrophobic effect to form an inclusion complex
between a y-cyclodextrin and a stilbene diboronic acid organic thread in aqueous media,
which can be converted to a [2]rotaxane by a Suzuki coupling reaction (Figure 1.44(c)).**
More recently, C-H---m interactions have been used to synthesise rotaxanes such as

pillar[5]arene-based [2]rotaxanes (Figure 1.44(d)), which were prepared from inclusion

complexes formed between pillar[5]arene and acyl chains via a stoppering methodology.?*

(a) (b) COOH

ﬁ):j\f HoochNkoo_)\N’\

HoOS k «“’Oﬂ"‘“ (COOH
/k o Q7 cooH
Hooc 3N N H s

acyl chains

Figure 1.44. (a) LeI%hS HB template [2]rotaxane;'® (b) Sander’s [2]catenane formed by donor-

acceptor interactions;” (c) Anderson’s [2]rotaxane assembled using the hydrophobic effect; 201 (d)
crystal structure of a [2]rotaxane templated by C-H---Tr interactions.?®?

Anion Templates

The first example of anion templated MIM formation was reported by Vogtle and co-
workers in 1999, where a bulky phenoxide anion half-axle and a bis-isophthalamide

macrocycle formed a rotaxane in 95% vyield by a Sy2 reaction with another bromo-benzyl
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half-axle component in CH,Cl, (Figure 1.45(a)).'®® A similar phenoxide templated method

203

was subsequently exploited by Schalley and co-workers (Figure 1.45(b).

(b)

Cl

Figure 1.45. (a) Vogtle’s pioneering [2]rotaxane via anion templation;165 (b) Schalley’s [2]rotaxane via
a phenoxide template.

In 2001, Beer and co-workers developed a discrete anion templation strategy.
Chloride was found to template the formation of a pseudorotaxane between an
isophthalamide macrocycle and a 3,5-bis-amide alkyl substituted pyridinium thread in

204 \which could be converted to rotaxanes®® and catenanes®® via a

acetone (Figure 1.46(a)),
clipping methodology (Figure 1.46(b)). Other anion templates such as Br,* S0,”*%®
NO;z 2% and NO, %! in conjunction with various binding motifs (e.g. indolocarbazole,*?

prototriazolium®’ and imidazolium?*®

) have also been successfully used for MIM
construction. Upon anion template removal, the resulting three-dimensional cavities of the
MIMs can be exploited for anion recognition, exhibiting a high degree of selectivity for the

template anion (see next section). Using similar protocols, XB functionalities were utilised in
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the anion templation methodology for preparing several interlocked anion receptors (Figure

1.46(c) and (d)). 22

(a)

(b)

Grubbs' Catalyst
ittt it AN
CH,Cl,

=0 o . OCI' HN Grubbs' Catalyst
_* _ oS badlyst
=—0 )

(c)

Figure 1.46. (a) A pseudorotaxane templated by CI" and corresponding crystal structure;?%* (b) a
[2]catenane®® and a [2]rotaxane®® synthesised by CI” templation; (c) the crystal structure of a XB
[2]catenane via anion templation;112 (d) an all-XB [2]rotaxane via CI templation.214
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More recently, Flood and co-workers synthesised a [3]rotaxane by stoppering a 2:1

‘sandwich’ complex between a ‘cyanostar macrocycle and a bis-alkyne functionalised

phosphate anion using a CUAAC reaction (Figure 1.47).2"

Figure 1.47. Flood's ‘cyanostar-based [3]rotaxane templated by a phosphate anion.**®

1.3.2 Interlocked Host Molecules for Guest Recognition and Sensing

The unique three-dimensional host cavities of MIMs offer novel opportunities for the
recognition of guest species.?’® Indeed, a variety of rotaxanes and catenanes have been
shown to act as hosts for cations and anions. For example, a [1]rotaxane synthesised by
Hiratani and co-workers showed a selective fluorescence response towards Li* over other
alkali metals in CH,CI,/CH3;CN (9:1, v/v) (Figure 1.48(a)), where the selectivity mainly
stemmed from the size complementarity between Li* and the small three-dimensional cavity
constructed by the ring and the chain.?’” Similarly, a [3]rotaxane prepared by the same
group bound Cs* in a sandwich-type complex with a K, = 6.3 X 10°> M™ in CD,Cl,/CD;CN
(9:1. v/v) (Figure 1.48(b)).?*® More recently, Goldup and co-workers developed a [2]rotaxane
as a fluorescent chelating ligand (Figure 1.48(c)) which selectively bound Zn** in CH;CN
with a K, > 10® M™.#*° A [2]rotaxane synthesised by Li and co-workers was shown to bind Li*
and Zn** using different three-dimensional cavities, which could be monitored by

fluorescence responses (Figure 1.48(d)).**®
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(a)

(b) ()

Figure 1.48. (a) Hiratani's lithium binding [1]rotaxane;*’

[3]rotaxane and Cs";**® (c) Goldup’s zinc-binding [2]rotaxane;

binding Li* and zZn®*.**®

(b) a sandwich complex formed by a
19 (d) a fluorescent molecular shuttle

Anion recognition by a MIM was first described by Sessler, Vogtle and co-workers
who prepared a catenane (Figure 1.49(a)) that could bind F with a K, = 1.48 x 10°> M in
1,1,2,2-tetrachloroethane-d,.?® An indolocarbazole-based catenane (Figure 1.49(b)),
prepared by Jeong and co-workers, selectively bound CI via strong HB interactions (K, = 1.4
x 10° M) in acetone/H,O (99:1 v/v).?! Beer and co-workers developed a plethora of
interlocked anion receptors using discrete anion templation including a [2]catenane (Figure
1.46(b)) capable of selectively binding CI" in CD;OD/CDCI; (1:1 v/v). More recently, XB
interlocked anion hosts have been utilised for anion recognition such as Beer's Ru(ll)-

containing water-soluble XB rotaxane which could bind I' in water with a K, = 6300 Mt
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(Figure 1.49(c)). Upon I binding, an enhancement of the Ru-centred MLCT emission
intensity was observed.”* The same group also demonstrated that XB interlocked structures
could be exploited for chiral anion discrimination. For example, a di-cationic [3]rotaxane
(Figure 1.49(d)) could distinguish chiral dicarboxylate enantiomers via the formation of
distinct 1:1 stoichiometric sandwich complexes through a combination of XB and HB

interactions in CDCl/CD;0D/D,0 (60:39:1 v/v/v).??
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(a)

R = COz(CH2)7CH3

Figure 1.49. (a) Sessler and Vogtle’s bipyrrole-based[2]catenane;220 (b) Jeong’s indolocarbazole-
based chloride receptor;** (c) Beer's Ru(ll)-containing water-soluble [2]rotaxane;?** (d) Beer's
[3]rotaxane for chiral dicarboxylate discrimination.”*?
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1.4 Project Aims

The theme and aim of this project is to investigate the use of mechanically
interlocked host structures for anion recognition and lanthanide complexation. In particular,
halogen bonding (XB) will be mainly exploited as the intermolecular interaction of choice for

anion guest recognition.

Chapter 2 focuses on the AMT preparation of a series of XB [2]rotaxane/catenane
hosts which exploit Lewis basic N-donor triazoles for metal coordination and Lewis acidic
iodotraizole motifs for anion binding. Importantly, protonation of the XB rotaxanes is

demonstrated to enhance anion binding affinities

Chapter 3 investigates the synthesis and anion binding properties of XB cryptand
anion hosts. Specifically, by incorporating naphthalene groups, the anion binding properties
and fluorescent sensing capability of a novel XB cryptand are examined. The synthesis of
interlocked structures containing XB cryptand structures is also attempted using a variety of

template methodologies.

Chapter 4 details the synthesis of a series of [2]rotaxane hosts for lanthanide
complexation. Their lanthanide binding properties are investigated using luminescence

spectroscopy.
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Chapter 2: Halogen Bonding Interlocked Structures for Anion

Recognition using Bifunctional Bis-iodotriazole Motifs

2.1 Introduction

In the area of anion supramolecular chemistry there are still relatively few halogen
bonding (XB) anion receptors in the literature and fewer still XB interlocked host systems.
This chapter aims to investigate novel XB interlocked host systems for anion recognition.
Herein, 1,2,3-iodotriazole motifs are utilised for anion binding due to their ease of synthesis,
aromatic stability and potent XB interactions with anions.® Also, 1,2,3-triazole derivatives are
able to perform metal complexation via their N-donors, resulting in the ability to enhance
anion binding affinities and generate optical/electrochemical responses as well as facilitate
the construction of MIMs via active metal templation. Furthermore, incorporating XB and HB
1,2,3-triazole motifs into different acyclic, cyclic and interlocked structures can potentially

generate novel anion hosts with impressive selectivities and affinities.
2.1.1 Bifunctional Properties of 1,2,3-Triazole Derivatives

The 1,2,3-triazole motif is a five-membered heterocycle consisting of two carbon
atoms and three nitrogen atoms. lts bifunctional character results from the heterocycle’s
Lewis basic N-donors for coordination of metals and Lewis acidic HB C-H/ XB C-I donors for
anion recognition. Triazole metal chelation can further polarise the HB/XB donor capability

towards anion guest species (Figure 2.1).

R Ry Ri R
IN_5 X N__x-- @ N__X N )
it
N N
Ro Ro @ Ro @ R,
X =HI/ anion binding cation binding metal chelation-assisted anion binding

Figure 2.1. Structure and guest binding properties of 1,2,3-triazoles.
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4 can be

The synthesis of 1,2,3-triazoles, the prime example of ‘click’ reactions,*
achieved efficiently through Cu(l)-catalyzed azide—alkyne cycloaddition (CUAAC) under mild
conditions. Structurally diverse azide and alkyne functionalised molecules can be used to
prepare various triazole derivatives. Importantly, iodotriazoles, which are potent XB donors,
can be synthesised through a similar CUAAC reaction to the HB triazole motif by either using

an azide and an iodoalkyne, or a straightforward ‘one-pot’ reaction of an azide and a

protoalkyne with an iodine source.’

Utilising the lone pair electrons of N? and N*® atoms, triazoles have been widely
exploited in transition and lanthanide metal complexation. Compared to the N? atom, the N°
atom is generally considered to have higher electron density, which increases the stability of
metal complexation.®’ Examples of triazole ligands binding metals are shown in Figure 2.2.
An anthracene-appended triazole-containing ligand (Figure 2.2(a)) displays nanomolar
affinity for Zn®* under physiological conditions with a turn-on fluorescent response® while a
2,6-bis-triazole-pyridine tridentate ligand (Figure 2.2(b)) developed by Flood and co-workers
forms metal complexes with Fe(ll), Ru(ll) and Eu(lll) centers.® In addition, the tripodal-
triazole TBTA ligand (tris(benzyltriazolylmethyl)amine) generates stable complexes with Cu*

and Cu?* (Figure 2.2(c) and (d)) which facilitates the CUAAC reaction.®
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Figure 2.2. (a) A triazole-containing I|gand for Zn? bmdlng, (b) Flood s bis-tridentate pyridyl triazole —
Ru(ll) complex (c) Cu(l)-TBTA complex (d) Cu(ll)-TBTA complex

Anion HB/XB triazole based receptor examples have been discussed in Chapter 1.2,
section 1. More recent examples include Beer's XB foldamer capable of selective iodide
recognition in CDCl; (Figure 2.3(a))™* and Ghosh’s XB heteroleptic Ru(ll)-containing anion
receptor (Figure 2.3(b)) which selectively sensed H,PO, in CHs;CN with a considerable
amplification of the Ru(ll) center-based MLCT emission through metal-assisted halogen
bonds.*” In addition, a bimetallic Re(l) bis-iodotriazole pyrimidine derivative (Figure 2.3(c)),
synthesised by Beer and co-workers was able to sense halides and sulfate via UV-Vis and
MLCT luminescence responses in CH;CN solution.*® Schubert and co-workers developed a
heteroditopic crown ether-containing iodotriazole macrocycle which was capable of
simultaneously binding a sodium cation and iodide anion via crown ether complexed metal

assisted XB.**
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Figure 2.3. (a) Beer's iodotriazole-based XB foldamer for anion recognition;'* (b) Ghosh’s metal-
assisted XB receptor for phosphate recognition;'” (c) Beer’s bis-Re(l) bidentate XB receptor;"® (d)
Schubert's XB receptor for cooperative ion-pair recognition.**

2.1.2 Active Metal Template Synthesis using Triazole Motifs

The triazole motif has been recently used in the construction of XB interlocked anion
receptors via active metal template synthetic methodology.'>'® Beer and co-workers
described a bis-iodotriazole-containing macrocycle component with endo/exo-conformational
metal binding capability.” The macrocycle was shown to bind Cu(l) endotopically to facilitate
rotaxane synthesis via CUuAAC iodotriazole axle formation. After removal of the copper
catalyst and subsequent coordination to a larger metal, an exotopic Re(l) rotaxane host was

isolated which bound halide anions using XB interactions (Figure 2.4).
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endo-Cu(l) coordination

cu(l)
1) RN | @
_ -Cu(l)
IT\
OR
Re(CO)sCl

exo-Re(l) coordination

Figure 2.4. Schematic illustration for a XB [2]rotaxane formed by the active metal templation
method."’

2.1.3 Chapter Aims

The project described in this Chapter focuses on the synthesis and anion binding
studies of XB interlocked structures that contain bifunctional bis-iodotriazole motifs. Two

research avenues are undertaken:

(1) Building on previous work in the Beer Group, a series of cationic Re(l)-containing XB
rotaxane hosts are synthesised using active metal templation and their anion binding
properties are investigated by "H NMR titration experiments.

(2) Switchable XB interlocked hosts capable of metal cation and anion guest binding are
constructed whereby the addition of acid attenuates metal coordination to favour

strong anion recognition.
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2.2 Cationic All-XB Re(l)-Containing Rotaxanes for Anion Recognition®
2.2.1 Design of Target Rotaxanes

In preliminary work, Beer and co-workers reported a neutral Re(l)-containing all-XB
rotaxane which showed modest halide binding affinities in CHCl5.*” In an effort to enhance
anion binding strength, the integration of a positively charged moiety into the rotaxane host
structure was undertaken. Two approaches were investigated: (a) post-rotaxane alkylation
and (b) the AMT synthesis of a novel rotaxane containing a 3,5-bis-iodotriazole-pyridinium

axle component (Figure 2.5).

Figure 2.5. Design of target rotaxanes.

2.2.2 Synthesis of Target Rotaxanes

Rotaxane precursor bis-iodotriazole macrocycle 2.3 was synthesised in 34% vyield

following a literature procedure’’ in which 1,3-bis-iodoalkyne 2.1'" was reacted with bis-

TThis work was published as a full paper in Faraday Discussions.
‘Cationic all-halogen bonding rotaxanes for halide anion recognition’
X. Li, J. Y. C. Lim and P. D. Beer, Faraday Discuss., 2017, 203, 245-255.
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azide 2.2"8 via a click CUAAC ring-closing reaction under high dilution conditions (Scheme
2.1(a)). Following the AMT CuAAC method for MIM formation the macrocycle 2.3 was
reacted with four equivalents of stopper iodoalkyne 2.4% or protoalkyne 2.5 and four
equivalents of stopper azide 2.6%° using one equivalent of [Cu(CH3;CN)4PF¢ to obtain
[2]rotaxanes 2.7 and 2.7H in 25% and 20% yield, respectively (Scheme 2.1(b)). Beer and
co-workers have previously incorporated the XB 3,5-bis-iodotriazole pyridinium group into
the axle component of [2]rotaxanes via an anion templation protocol.”* Ambitiously,
attempts were made to investigate whether the AMT procedure could also be used for axle
integration of this potent XB motif. The CuAAC click reaction of reacting one equivalent of
macrocycle 2.3 and [Cu(CH3;CN),]PFs, four equivalents of 3,5-bis-iodoalkyne pyridine 2.8
and eight equivalents of stopper azide 2.6 in dry degassed CH,Cl,, provided the target
rotaxane 2.9 in a low yield of 5% which was thought to arise from the large excess of the
pyridine-alkyne 2.8 inhibiting the AMT rotaxane forming reaction. An analogous procedure
using two equivalents of [Cu(CHs;CN)4]PFgincreased the yield of rotaxane 2.9 significantly to

24% (Scheme 2.1(c)).
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Scheme 2.1. Synthesis of (a) macrocycle 2.3; (b) rotaxanes 2.7l and 2.7H; (c) rotaxane 2.9.
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To achieve Re(l) complexation, a solution of Re(CO)sCl in dry CH;CN was heated
under reflux for 3 hrs to obtain Re(CO3)3(CHsCN),Cl,>® which was then reacted with
rotaxanes 2.71, 2.7H and 2.9 in dry CH,CI, to afford the corresponding Re(l) rotaxanes 2.10l,
2.10H and 2.11 (Scheme 2.2). Unfortunately, pure samples of rotaxanes 2.10H and 2.11
could not be isolated after several attempts by preparative TLC chromatography. The
attempted purification of rotaxane 2.101 by preparative TLC chromatography revealed two
distinct products. Mass spectrometry analysis indicated both corresponded to the target
rotaxane (m/z = 2380, [M+H]") as well as a rotaxane with loss of a CI" ligand (m/z = 2343,
[M-CIJ"). *H NMR analysis confirmed the two compounds’ different structures as well as an
apparent interconversion equilibrium between them. Kinetic studies performed using *H NMR
spectroscopy in CDCI; at 298 K revealed that an initially pure solution of either product
equilibrated in 20 hrs to give a final equilibrium ratio of [2.101]/[2.10I-Cl] = 1:0.4 (Figure
2.6(a)). It is hypothesized that the interconversion may arise from the axle triazole nitrogen
atoms displacing CI" from the Re(l) centre (Figure 2.6(b)). It is well-known that various fac-
[Re'(L)(CO)s(phen)]" complexes can be prepared by reacting fac-[Re'(CO)sCl(phen)] and
nitrogen donor aromatic compounds such as pyridine upon heating (Figure 2.6(c)).?*?® A
similar mechanical bond induced reaction may occur in rotaxane 2.10l at room temperature

due to the proximal nature of the interlocked axle within the macrocycle increasing the axle’s

triazole effective local concentration to facilitate CI” displacement.
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Re(CO)3(CH3CN),Cl,
CH,Cl,, rt, overnight

X=I 2.101
X=H 2.10H

Re(CO);3(CH3CN),Cl,
CH,Cl,, rt, overnight

Scheme 2.2. Synthesis of Re(l) XB rotaxanes 2.10I, 2.10H and 2.11.
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Figure 2.6. (a) Changes in the 'H NMR spectrum of an initial pure solution of 2.101 in CDCl; over time.
Proton labels in (b) (T = 298 K, [rotaxane] = 3 mM); (b) proposed interconversion mechanism of 2.10I
and [2.10I-Cl]; (c) an analogous examples of Re(l) complex reaction.

Due to the inherent interconversion equilibrium of Re(l) rotaxane 2.10l and the
difficulties in isolating pure samples of Re(l) rotaxanes 2.10H and 2.11, the synthesis of the

target interlocked hosts was then attempted by first preparing the monocationic metal-free

65



CHAPTER 2

rotaxanes before performing Re(l) coordination (Scheme 2.3). It was envisaged that

methylation of the axle triazole moiety would negate its coordinating ability.
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f:l"N N:N NeN Ny N:N/ \N¢
) Ny ) e
(Y 7)) b
I
0 O Methylation g g Re(l) o S
[
' |
o
t NN to NN %0 N
N:N l\ll\ ] N
(@) o) 0 SN+ o N:N+
\ o o]
G oo oo C J C VY
N Q o P° o) o)
N~/ (SN

Scheme 2.3. Alternative synthetic strategy to target monocationic Re(l) XB rotaxanes

Before performing an alkylation reaction on the rotaxane, different methylation agents
of varying reactivities were tested to identify one which would selectively methylate the axle’s
iodotriazole/pyridine motifs but not the macrocycle’s bis-triazole group. Test reactions were
first conducted on an acyclic compound. The acyclic bis-iodotriazole derivative 2.13 was
synthesised using a CuAAC reaction between two equivalents of octyl azide 2.12 ?’ and one
equivalent of 2.1. Subsequent methylation was first attempted by stirring 2.13 with excess
iodomethane at room temperature. However, no methylated product was observed after a
few days. However, when a stronger methylation reagent trimethyloxonium tetrafluoroborate
([Me3O]BF,4) was used, the dicationic bis-iodotriazolium compound 2.14 was obtained in 60%

yield after anion exchange to the hexafluorophosphate (PF¢) salt (Scheme 2.4).

(1) CH3|, dry CH2CI2
—_— (2) NH4PFg, H0

CU(MeCN)4PF6, / |
2.1 TBTA, THF, NeNC O Ny NN N
+ 48 hrs N NN L 7
OCt/ \OCt (1) [Me3O]BF4, Oct/N + N:N
) 85% L dry CH,Cl,, 48 hrs .
eqv. (2) NH4PFg, H,O oPF.-
/\/\/\/\N3 213 0% 6
212 o 214

Scheme 2.4. Synthesis of dicationic bis-iodotriazolium receptor 2.14.
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The addition of one equivalent of TBACI to a CHCI; solution of 2.14 led to the
isolation of crystals of suitable quality for X-ray diffraction structural analysis.” The structure
shows CI is binding in a monodentate fashion via XB with one of the two iodotriazolium
groups (Figure 2.7). The two iodotriazolium groups are arranged in a divergent anti-parallel
conformation and twisted out of the plane relative to each other, possibly as a result of steric
hindrance. The bond angle of (C-I)-CI is 179° and the I-CI bond length is 78% of the sum of
the van der Waals radii of the two atoms, indicating a strong XB interaction with CI'. In

contrast, PFs does not show any evidence of coordination to 2.14 in the solid state.

CI'Q

Figure 2.7. Crystal structure of CI bounded 2.14. XB interaction is shown by the blue dash line.

When incorporated into a macrocycle, the bis-iodotriazole motif of 2.3 proved even
more unreactive and difficult to methylate. An attempt to alkylate macrocycle 2.3 using
[Me3;O]BF, only afforded the monocationic macrocycle 2.15 (Scheme 2.5) after a continuous
reflux over seven days. Compared to the relative ease of formation of the bis-iodotriazolium
derivative 2.14, conformational restrictions in the macrocycle may prevent both triazoles
from twisting out of the plane as shown in the crystal structure of 2.14, with the resulting
steric hindrance disfavouring bis-methylation. It is noteworthy that like acyclic compound

2.13, the macrocycle 2.3 could not be methylated with iodomethane.

¥ Corresponding crystal data was collected and solved by Dr. Jason Lim.
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Scheme 2.5. Synthesis of monocationic macrocycle 2.15.

Taking into account the above, an attempt to selectively methylate the axle triazole or
pyridine group of the respective rotaxane using iodomethane was undertaken (Scheme 2.6).
Rotaxanes 2.7| and 2.7H were each stirred with excess iodomethane in CHCI; at 40°C for 4
days, followed by purification by preparative TLC, and anion exchange to the PFg salt to
afford monocationic rotaxanes 2.161 and 2.16Hin 80% and 75% yield respectively. Using a
similar method, monocationic rotaxane 2.17 was obtained in 70% isolated yield by stirring
rotaxane 2.9 with an excess of iodomethane in CHCI; at room temperature overnight. Mass
spectrometry confirmed that the products were the desired monocationic species and
additional evidence proving selective alkylation of the axles was also observed in the *
NMR spectra of the rotaxanes. As shown in Figure 2.8(a), the signal of axle triazolium proton
H, of rotaxane 2.16H exhibited a large downfield shift from 7.79 ppm (before alkylation) to
8.38 ppm. Also, the signals of adjacent protons Hq and H. moved downfield, while
macrocycle protons Hz; and H, scarcely moved, indicating that the axle and not the
macrocycle was alkylated. For rotaxane 2.17, alkylation of the pyridine moiety caused an
upfield signal shift of the internal proton H,, while the iodotriazole proximal methylene proton

Hq moved downfield (Figure 2.8(b)).
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Scheme 2.6. Synthesis of monocationic rotaxane 2.91.PFg, 2.9H.PFg and 2.17
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Figure 2.8. (a) Partial 'H NMR spectra of neutral rotaxane 2.7H and monocationic rotaxane 2.16H; (b)
partial 'H NMR spectra of neutral rotaxane 2.9 and monocationic rotaxane 2.17.

After the successful selective methylation of the axles of the rotaxanes, reaction with
one equivalent of Re(CO3)3(CH3CN),CIl in CH,Cl, afforded the corresponding Re(l)-
complexed XB rotaxanes 2.18 and 2.19, respectively (Scheme 2.7). Rotaxane 2.19 however
was found to be unstable in solution at room temperature, decomposing to several unknown
species in 24 hrs, which could not be identified by ESI-MS and *H NMR spectroscopy. In
contrast, 2.18 was found to be stable in solution for over a week with no decomposition

observed.
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Scheme 2.7. Synthesis of monocationic Re(l)-containing all XB rotaxanes 2.18 and 2.19.

A comparison of the *H NMR spectra of the Re-complexed rotaxane 2.18 with metal
free rotaxane (Figure 2.9) reveals the Hs signal to move downfield while H,, which is not
directly bonded to the bis-iodotriazole motif, only showed slight shifts. In addition, signals
arising from macrocycle hydroquinone protons H; and H, exhibited larger splittings and axle
protons H,, Hy, He. and Hy moved downfield indicating that the conformation of the rotaxane

was perturbed upon Re(l) complexation.
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Figure 2.9. 'H NMR comparison between rotaxane 2.161 and 2.18.

2.2.3 Anion Binding Studies

Halide and oxoanion binding studies were performed using '‘H NMR titration
experiments by adding increasing quantities of anions, as their tetrabutylammonium (TBA)
salts, to separate solutions of the host rotaxanes 2.161, 2.17 and 2.18 in dg¢-acetone/D,0 (9:1
v/v), whereupon notable proton signal pertubations were observed with the heavier halides.
For example, during the I titration with rotaxane 2.16l, the axle triazolium methyl protons
(Hg) and macrocycle methylene proton Hz moved upfield, together with stopper protons H,
and H, proximal to the interlocked anion binding cavity. In contrast, downfield shifts were
observed for H. on the axle immediately adjacent to the iodotriazolium group (Figure
2.10(a)). This suggests that halide anion binding may be occurring slightly above the plane

of the macrocycle. Analogous titrations with Br  elicited similar perturbations of the
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rotaxane’s proton signals, although they were of smaller magnitude. In contrast, no
significant shifts were observed on addition of CI', SO, and acetate indicating that these
anions are not bound by the rotaxane, presumably due to their stronger hydration energy,
and in the case of the oxoanions being too large to be encapsulated within the interlocked
host cavity. As for the cationic Re(l)-rotaxane 2.18, the addition of Br induced similar proton
signal perturbations to 2.161, however, very small shifts were noted on addition of I', CI" and
the oxoanions indicative of very weak association. When rotaxane 2.17 was titrated with
TBAI, significant downfield shifts were seen for the internal pyridinium proton H,, while the
external proton H, showed negligible shifts (Figure 2.10(b)), implying that the I" is bound
predominantly in the space flanked by both iodotriazole groups on the axle. Br and CI
elicited smaller shifts, while acetate and SO,* showed no evidence of binding, presumably
due to their poor size and shape complementarity with the interlocked cavity of the rotaxane.
Monitoring *H NMR shifts of the iodotriazolium N-methyl proton Hy on the axle for rotaxanes
2.161 and 2.18, and pyridinium axle proton Hy, of 2.17 non-linear regression analysis of the
titration data (Figure 2.11) using the WIinEQNMR2 ® software, determined 1:1 host/guest

stoichiometric association constants (Table 2.1).
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oy

(b)

Figure 2.10. 'H NMR of cationic rotaxane (a) 2.16l; (b) 2.17 with 5.0, 1.0, 0.0 equivalents of TBAI
present. (dg-acetone/D,0 = 9:1 v/v, T = 298 K, [host] = 1.0 mM).
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Figure 2.11. Binding isotherms of anion titrations for cationic rotaxane (a) 2.16l, (b) 2.18 and (c) 2.17
with different halide anions. The chemical shifts of corresponding protons in different rotaxanes (Hq in
rotaxane 2.161 and 2.18, Hy in rotaxane 2.17) were plotted as a function of equivalents of TBA salts
added. (de-acteone/D,O = 9:1 viv, T =298 K, [host] = 1.0 mM).

Table 2.1. Association constants, K, (M'l), for cationic 2.16l, 2.18 and 2.17 with various halide

anions?
Ka/M™
Rotaxane
cr Br I
2.16l - 236(16) 377(3)
2.18 P 436(25) P
2.17 112(4) 94(4) 256(5)

& Anions added as their TBA salts, solvent; dg-acteone/D,O = 9:1 viv, T = 298 K. The errors
associated with each (< 10%) are quoted in parentheses. SO, and acetate did not bind to any of the
rotaxanes investigated.
bSignal shifts too small for association constant determination suggesting very weak binding.
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In the aqueous solvent mixture of de-acetone/D,0 9:1 v/v, rotaxane 2.161 exhibits the
largest binding affinity towards I', which is the least hydrated halide. In stark contrast, Re(l)-
rotaxane 2.18 exclusively recognises Br" while exhibiting no binding of CI" and I'. Importantly,
this result indicates that a preorganised interlocked XB host cavity of complementary size for
Br in rotaxane 2.18 was achieved due to exotopic Re(l) metal complexation of the
macrocycle component of the metal-free rotaxane 2.16l. Also, metal complexation results in
greater metal-chelated iodotriazole polarisation, leading to a notably enhanced Br
association constant value of K, = 436 M™* with Re(l)-rotaxane 2.18 compared to K, = 236 M’
! with 2.16l. Rotaxane 2.17 shows weaker Br and I" binding affinities compared to 2.16l in
spite of the presence of its greater number of XB-donor iodotriazole groups. This may be
attributed to additional steric hindrance of a more spatially restricted binding site due to
greater numbers of bulky iodine atoms. Also, compared to the iodotriazolium functionalised
axle component of 2.16l, the pyridinium-3,5-bis(iodotriazole) motif on the axle of 2.17
potentially reduces electrophilicity, resulting in weaker XB donor ability.

Nevertheless, from the contrasting halide selectivity trend of 2.17 (I > CI" > Br’) with
the Hofmeister halide selectivity preference of 2.16l, the importance of host-guest geometric
complementarity can be clearly seen. In particular, the influence of complementarity is
demonstrated by comparing the CI" binding behaviours of rotaxanes 2.161 and 2.17. In spite
of the tightly-bound hydration shell of CI', the interlocked XB binding site cavity of 2.17 is
able to compete and bind CI more strongly than Br'. It is noteworthy that Re(l)-rotaxane 2.18
displays no CI" binding affinity which suggests that in order to effectively bind highly-hydrated
anions, binding site structural preorganisation needs to be allied to an optimal host-guest

geometric complementarity.
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2.3 Re(l)-bis-iodotriazole-amine based XB Anion Receptor

2.3.1 Design of Target Receptors

In the previous section, 2.2, bidentate bis-triazole Re(l) metal coordination was
shown to enhance the anion binding affinities of XB rotaxanes by preorganization and
polarization. As a continuation of this work, a novel bis-iodotriazole secondary amine motif
was designed for coordination to Re(l) in a tridentate fashion and subsequent XB anion

recognition studies (Figure 2.12).

.......................

1 ; I

; Re' i Chelation ABs

: N,' N 1 aidedby ! N=N" | 'N=N
NP SN ¢ addiional N NN N-
N2\ N ' amine N 'R & N R
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3 Section 2.2 Section 2.3

\ §

Figure 2.12. Design of the Re(l)-containing bis-triazole-amine anion receptors.

2.3.2 Synthesis and Anion Recognition Properties of Acyclic Systems
2.3.2.1 Synthesis and Characterisation

Initially acyclic systems were synthesised and investigated for their anion binding
properties. Propargyl amine was protected using (Boc),O and then reacted with propargyl
bromide under basic conditions to afford N-Boc-protected bis-alkyne 2.20H in 77% yield.?
lodination of 2.20H using |, and KOH in MeOH afforded N-Boc-protected bis-iodoalkyne

2.201 in quantitative yield (Scheme 2.8).

(1) (Boc),0, CH,Cly, 1 hr

(2) NaH, propargyl bromide, S
///\NHQ DMF, overnight /\N/\ l,, KOH, MeOH, overnight /\N/\

77% Boc quantitative I

2.20H 2.201

Scheme 2.8. Synthesis of N-Boc-protected bis-iodoalkyne 2.20I.
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2.20H and 2.20I were then reacted with two equivalents of octyl azide 2.12 under
CUuAAC conditions to afford the N-Boc-protected bis-triazole 2.21H and bis-iodotriazole 2.21I
in 85% and 78% yield, respectively. Quantitative deprotection using trifluoroacetic acid (TFA)
in CH,Cl, gave bis-triazole-amine 2.22H and bis-iodotriazole-amine 2.22l. Complexation
reactions with [Re(CO)s(H,0)s]Br ***' in CH;OH under microwave reaction conditions
followed by anion exchange to the PF¢ salts afforded the Re(l) monocationic receptors

2.23H in 70% yield and 2.23I in 68% yield (Scheme 2.9).

Octyl azide 2.12,

[Cu(CH3CN),]PFe, TFA, dry CH,Cls, N "
/N/\ TBTA, THF, 48 hrs \ / __overnight N* ) N { :N
X Boc X ~ titat N H N
X=1 78% quantitative R =
9 X X
X=1 220l X =H85%
X=H 2.20H X=1 2.21l X=1 2.22l
X=H221H X =H222H

(a) [Re(CO)3(H,0)3]Br, CH30H
microwave 100 °C, 5 min
(b) NH,4PFg, MeOH/water

X =1, 68% over two steps
X =H, 70% over two steps

X H PR
X=1 2.23l
X =H2.23H

Scheme 2.9. Synthesis of Re(l) monocationic receptor 2.23l and 2.23H

Both Re(l) receptors were characterised by *H and **C NMR and high-resolution
mass spectrometry (HRMS). The *H NMR spectrum and HRMS spectrum of 2.23| are shown
in Figure 2.13(a)-(b). Facial complexation with Re(l) is evident from the desymmetrisation
and signal splitting observed for diastereotopic protons H, and Hp.** In addition, the
coordination geometry is conclusively proven by the solid state structure of 2.23I (Figure
2.13(c)). Slow evaporation of a methanol solution of 2.23I afforded colourless single crystals
of suitable quality for X-ray structure determination.” The structure exhibits a facial metal
coordination pattern via two N® donor atoms of the iodotriazole heterocycles, one N atom of
the secondary amine and three carbonyl groups, resulting in different chemical environments

for H, and H.

¥ X-ray structural data was collected and solved by Dr. Jason Lim.
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In addition, strong XB interactions between 2.231" and PF¢ are shown: the bond angle of (C-
[)-F is 172° and the bond length is 86% of the sum of van der Waals radii. Also, HB
interactions between the secondary amine protons and PF¢ are observed. Due to the facial
coordination geometry, the two bulky iodine atoms of the iodotriazoles and the acidic amine
proton all point in different directions, preventing 2.231" from interacting with the same PFg’
using convergent XB and HB interactions, whilst allowing adjacent 2.231" molecules to be
linked by PF¢ anions using various XB and HB interactions. Compared to the solid state
structure of bis-iodotriazolium compound 2.14 which shows no PFg coordination, the strong
XB interactions between 2.231" and PFg indicate that Re(l) complexation is able to enhance
the potency of XB for anion binding by strongly polarising the coordinating iodotriazoles.
Unfortunately, compound 2.23I" did not exhibit any luminescence and obvious MLCT bands

in its UV-Vis spectrum.

79



CHAPTER 2

a
(a) o
H OC\ge,CO
T\ P
c Ny eiisny N
Hj PN N | N r N __
Hg-H Y !
d i I'Hp™ 'I'_'|’Hb PFg
a a
e-i J
a } b d
T T T T T T T T T T T T T T T T '
4.5 4.0 35 3.0 25 2.0 1.5 1.0
Chemical Shift (ppm)
100+ 926.07558 NL: 4 61E5
il C25H3903NTI2Re1: Cyy Hy O,
90 Civg 1R 1000000 Res. Pwr. @
(b) %
70|
2 ool 924.07278 Theoretical
2
£ ol Spectrum
S 40
2
30 927.07893
20
fa 928.08229
o [
I e e e B o I I s B
920 925 930 935
mz
NL:2.13€7
100 926.07493 ESIG5033 #13-27 RT0.15031A
- 213E+007
90 T FTMS (1,1} +p ESI Ful lock m
4 180.00-1600 00]
80
8 70
§ 60 e Measured
3
3 %] Spectrum
g a0
s >
30 927.07808
20
1 924.00216 928.08172 933.22680
10-{
1 orasa000 52290200 | | 931.22391 | 934.20878
DT i RS S8 SRR AR AR R
mz
(c)

Figure 2.13. Characterisation of 2.23I: (a) 'H NMR spectrum in CD3;0D; (b) high-resolution mass
spectrometry (up: theoretical spectrum and down: measured spectrum); (c) solid state structure (XB
interactions between | atoms and F atoms are shown as purple dash lines; HB interactions between
amine H atoms and F atoms are shown as blue dash lines.)
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2.3.2.2 Anion Binding Studies

Preliminary anion binding studies of 2.23l and 2.23H were performed by 'H NMR
titrations in CD3;CN. For 2.23l, upon addition of TBA acetate, the amine proton H, signal
exhibited a large downfield shift (Figure 2.14(a)) while other anions such as CI', Br, HSO,
caused smaller Adppm perturbations. Similar downfield shifts of amine proton H, of 2.23H
were displayed upon anion addition while triazole proton H, exhibited negligible movement
indicating that anion binding was predominantly occurring via HB interactions with the amine
proton (Figure 2.14(b)). This may stem from the facial Re(l) coordination geometry which
prevents the triazole protons and amine proton of 2.23H binding anions in a cooperative
manner. Monitoring the receptors’ amine proton, the anion titration binding isotherm data
(Figure 2.15) was subjected to WInEQNMR2?® software analysis and 1:1 host/guest
stoichiometric association constants are reported in Table 2.2. The XB receptor 2.23I binds
acetate strongly, followed by Br" > I' > HSO, while 2.23H shows binding affinities following
the trend of anion basicity (CI" > Br > HSO, > I'). Notably, compared to 2.23H, the XB
analogue 2.23I exhibits stronger I, comparable Br" binding affinity and weaker binding of
HSO,. The combination of Re(l)-assisted XB as well as HB interactions between the acidic
amine proton and anions, accounts for the contrasting anion binding properties compared to

2.23H.
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Figure 2.14. 'H NMR titration of (a) 2.23lI; (b) 2.23H with increasing amount of acetate anion (CDsCN,

T = 298 K, [host] = 1.0 mM).
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Figure 2.15. Binding isotherms of anion titrations for monocationic Re(l)-containing receptor (a) 2.23l
and (b) 2.23H with different anions. The chemical shift of the amine proton is plotted as a function of
equivalents of TBA salts added (CD3CN, T = 298 K, [host] = 1.0 mM).
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Table 2.2. Association constants, K, (M'l), for monocationic Re(l)-containing receptor 2.231 and
2.23H with various anions.®

Receptor cr Br I acetate HSO,
2.23I - 355(27) 203(6) 2769(32) 43(3)
2.23H 694(7) 298(5) 112(2) b 120(8)

2 Anions added as their TBA salts, T = 298 K, solvent = CD;CN, values quoted have units of M"". The
errors associated with each (< 10%) are quoted in parentheses. ®Titration data could not be fitted to a
1:1 stoichiometric binding model suggesting complex equilibria.

2.3.3 Attempted Synthesis of Interlocked Systems

After demonstrating the capability of acyclic Re(l)-bis-iodotriazole-amine receptor to
bind anions, the synthesis of interlocked rotaxane and catenane structures that contain this
Re(l)-bis-iodotriazole-amine motif was attempted initially by anion templated ring closing

methathesis (Scheme 2.10).

cyclisation

Scheme 2.10. Synthetic strategy towards interlocked molecules using anion templation.

Precursor bis-alkene 2.27 was prepared following the multi-step procedure
summarised in Scheme 2.11. Bis-iodoalkyne 2.20l was reacted with two equivalents of vinyl

appended azide 2.24 * to give N-Boc-protected bis-alkene 2.25 in 83% vyield. After
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guantitative deprotection using TFA, the bis-iodotriazole-amine motif compound 2.26 was

reacted with [Re(CO)3(H,0);]Br to give monocationic Re(l) complex 2.27 in 57% vyield.

" f BO?/E

[Cu(MeCN),]PFg,
TBTA, THF, 48 hrs
/\N/\I . 2 eqv.
| Boc 83%

S O

2.25

overnight quantitative

N N,

co N, I\ X

co | ]

N\OC Re N-~ /w N N

Z

TFA, CH,Cl,, |
N
H

N N7 | N
f}:Q/,\\I,\)?J\I O@ [Re(CO)3(H20)5]Br, MeOH

| H microwave 100 °C, 5 min
Br- O 57%
o] H

2.27 L 2.26

Scheme 2.11. Synthesis of Re(l)-containing monocationic bis-alkene 2.27.
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Catenane synthesis was attempted by stirring 2.27 with one equivalent of
isophthalamide macrocycle 2.28,** which is known to be able to bind anions via HB
interactions,® in dry CH,CI, followed by adding 10% (by weight) Grubbs’ Il catalyst (Scheme
2.12(a)). However, no evidence of catenane 2.31 formation was observed by mass
spectrometry after a week; only the ring-closed macrocycle 2.30 and isophthalamide
macrocycle 2.28 were isolated. Similarly, the synthesis of target rotaxane 2.32 was also
attempted by reacting 2.27 and XB axle 2.29'° under the same Grubbs’ catalysed RCM
conditions (Scheme 2.12(b)). However, again only the ring-closed macrocycle 2.30 was
formed after a week. The unsuccessful formation of target catenane or rotaxane may result

from the unfavourable geometries between 2.27 and halide anion binding macrocycle or the
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axle preventing successful formation of the anion templated orthogonally assembled
intermediates. Indeed, qualitative 'H NMR pseudorotaxane studies performed by mixing
equimolar quantities of 2.27 and 2.28 in CD,Cl, showed only small perturbations of

hydroquinone protons of macrocycle 2.28, giving inconclusive evidence for interpenetration.
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Scheme 2.12. Attempted synthesis of (a) catenane 2.31 and (b) rotaxane 2.32.
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After the unsuccessful synthesis of interlocked structures by anion templation, an
AMT synthetic strategy used in Section 2.2, was investigated. In this case, a bis-iodotriazole-
amine-containing macrocycle component with endo/exo-conformational metal binding
capability was used to initially bind Cu(l) endotopically to facilitate active metal template
rotaxane synthesis (Scheme 2.13). After removal of the metal catalyst, coordinating the

bulky Re(l) functionality would afford the target exotopical Re(l) rotaxane.

Scheme 2.13. Schematic illustration of the Re(l)-rotaxane formation strategy.

The preparation of the key XB bis-iodotriazole-amine macrocycle component 2.35 is
summarised in Scheme 2.14. CUAAC macrocycle ring-closing of equimolar amounts of 2.20I
with bis-azide 2.33' under high-dilution conditions afforded N-Boc-protected macrocycle
2.34 in 60% vyield. The high yield of the XB macrocycle synthesis reaction is especially
noteworthy, given the lack of a template used to facilitate macrocyclisation over non-
productive formation of acyclic oligomers. Quantitative N-Boc-deprotection with

trifluoroacetic acid (TFA) afforded the target XB macrocycle 2.35.
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Scheme 2.14. Synthesis of macrocycle 2.35.

Colourless crystals of N-Boc-protected macrocycle 2.34, obtained by slow
evaporation of a hexane/CH,CI, solution (1:1 v/v), were subjected by X-ray diffraction
structure determination.* The solid state structure (Figure 2.16(a)) shows the iodotriazole
groups of the macrocycle are almost antiparallel in the same plane which is nearly
perpendicular to the N-Boc group. Also, half a molecule of CH,CI, from crystallisation is
encapsulated in the macrocyclic cavity.” Strong XB interactions between iodine atoms and
nitrogen atoms from adjacent macrocycles’ iodotriazole moieties are shown: the bond angle
of (C-1)-N is 174° and the bond length is 85% of the sum of van der Waals radii (Figure
2.16(b)). The arrangement of antiparallel iodotriazoles, which have XB interactions with two

adjacent macrocycles, results in face to face linear stacking in the crystal structure of 2.34.

& X-ray structural data was collected and the structure was determined by Dr. Antonio Martinez.
*The electron density for the encapsulated CH,Cl; solvent is diffuse and only allowed partial localisation of the
solvent.
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Figure 2.16. Crystal structure of XB macrocycle 2.34: (a) single macrocycle with an encapsulated
CH,CIl, molecule; (b) the solid-state packing structure in the crystal lattice. Short contacts between the
iodine atoms and nitrogen atoms are shown by the blue dash lines. H atoms, solvent molecules and
all minor components of the disorder are omitted for clarity.

With macrocycle 2.35 (1.0 equiv.), CUAAC-AMT rotaxane formation was performed
using a stoichiometric quantity of [Cu(CHsCN);]PFs in CH,Cl, with stopper azide 2.6 (5.0
eqv.) and stopper iodoalkyne 2.4 (5.0 eqv.), affording the neutral rotaxane 2.36 in 30%
isolated yield after chromatographic purification (Scheme 2.15). The interlocked nature of
rotaxane 2.36 was evident from the diagnostic upfield shifts of the macrocycle component’s
hydroquinone protons resulting from aromatic donor-acceptor -1 stacking interactions with
the axle iodotriazole motif (Figure 2.17(a)) and conclusively demonstrated by *H-'‘H ROESY
spectroscopy (Figures 2.17(b)). The XB rotaxane 2.36 was then reacted with one equivalent
of [Re(CO)3(H,0)5]Br to produce Re(l) rotaxane 2.37 (Scheme 2.16). The successful
complexation of Re(l) was confirmed by ESI-MS (m/z = 2344, [2.37-Br]"). However
unfortunately, *H NMR spectroscopy revealed that after purification the isolated Re(l)
rotaxane 2.37 was not stable in CDCl; solution and rapidly decomposed to several species
which could not be identified by *"H NMR and mass spectrometry (Figure 2.18). Given the
stability of acyclic Re(l) anion receptor 2.23I, the decomposition of rotaxane 2.36 may arise

from the Re(l) centre being attacked by the N donor atoms of the proximal iodotriazole from

axle component, in the same manner observed with rotaxane 2.10I in Section 2.2. Due to
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the instability of Re(l)-complexed rotaxane 2.37, no anion binding studies could be

undertaken.
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Scheme 2.15. Synthesis of rotaxane 2.36.
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Fig 2.17. (a) Partial "H NMR spectra of macrocycle 2.35 and rotaxane 2.36; (b) ‘H-'"H ROESY NMR
spectrum rotaxane 2.36 in CDCl; at 298 K. Selected cross-peaks indicating through-space

interactions between the macrocycle and axle component are circled.
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Scheme 2.16. Synthesis of Re(l)-rotaxane 2.37.
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Figure 2.18. "H NMR changes of rotaxane 2.37 in CDCl; over time.
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2.4 Acid-regulated Switching of Metal Cation and Anion Guest Binding in XB

Rotaxanes™

2.4.1 Design and Synthesis of Target Rotaxanes

In the previous Section 2.3, the success of constructing rotaxane 2.36 via AMT
methodology demonstrated the ability of macrocycle 2.35 to coordinate Cu(l) endotopically.
The macrocycle’s conformationally flexible bis-iodotriazole-amine motif is capable of
performing both metal complexation and XB anion binding. Incorporating this motif into the
axle component as well as the macrocycle would produce a novel rotaxane host with the
potential to facilitate metal cation and anion guest binding in its unique three-dimensional
cavity (Scheme 2.17). Specifically, the target rotaxane contains multiple iodotriazole motifs
flanking its three-dimensional interlocked cavity, which is capable of multi-dentate anion
binding interactions via their Lewis acidic XB-donor iodine atoms. In addition, the presence
of methylene spacers immediately adjacent to the iodotriazole units provides sufficient
flexibility for endo/exo-dentate flipping of the iodotriazoles such that their Lewis basic
nitrogen atoms can also coordinate to metal cations within the interlocked cavity, aided by
the proximal secondary amine donor units. Importantly, the secondary amine residues can
also be protonated upon addition of acid which can enhance anion recognition and switch off

metal coordination.

**This work was published as an full paper in Chemistry - An European Journal.
“Acid-regulated Switching of Metal Cation and Anion Guest Binding in Halogen Bonding Rotaxanes”
X. Li, J. Y. C. Lim and P. D. Beer, Chem. — Eur. J. 2018, 24, 17788 — 17795
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Scheme 2.17. Design of the target rotaxane for binding metal cations and anions.

With one equivalent of macrocycle 2.35 and one equivalent of [Cu(CHsCN)4]PFs,
CUuAAC-AMT rotaxane formation was performed in CH,Cl, with bis-iodoalkyne 2.20I (4 eqv.)
and stoppered azide 2.6 (8 eqv.), affording rotaxane 2.38 in 34% isolated yield after
chromatographic purification (Scheme 2.18). Due to the rotation barrier caused by the bulky
tert-butyl group of Boc,* the methylene proton NMR signals of the rotaxane axle component
exhibited slow exchange on the NMR timescale, making the signals broader than expected
(Figure 2.19(a)). The 'H-'H ROESY spectrum proved the interlocked nature of rotaxane
2.38, evident from the through-space interactions between hydroquinone protons on the
macrocycle and stopper aromatic protons on the axle (Figure 2.19(b)). The target XB
rotaxane 2.39 was then produced by N-Boc-deprotection of the axle component of rotaxane
2.38 using TFA (Scheme 2.19). An anthracene appended rotaxane host 2.40 with the
potential of sensing guest binding via a fluorescence response was also prepared through

the reaction of rotaxane 2.36 with 9-(chloromethyl)anthracene under basic conditions.
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Anthracene appended acyclic receptors 2.411 and 2.41H were also prepared for comparison

of anion binding properties to the interlocked structures (Scheme 2.19).

[Cu(CH3CN)4]PFg,
CH,Cl,, 48 hrs

34%

Lo od e FOFO

2.6

Scheme 2.18. Synthesis of rotaxane 2.38.
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Figure 2.19. () "H NMR spectrum of rotaxane 2.38 in dg-acetone (T = 298 K); (b) 'H-'H ROESY
NMR spectrum of rotaxane 2.38. The through-space interactions between macrocycle hydroquinone
and stopper aromatic protons are circled (de-acetone, T = 298K).
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96



CHAPTER 2

2.4.2 Guest Binding Properties of Neutral Rotaxanes
2.4.3.1 Anion Binding Studies

The anion binding properties of interlocked and acyclic compounds were first studied
by 'H NMR titration experiments, where increasing quantities of anions, as their
tetrabutylammonium (TBA) salts, were added to separate dg-acetone solutions of 2.39, 2.40
and 2.411/H. As shown in Figure 2.20(a), upon addition of CI', downfield shifts of signals
arising from H, and Hy as well as significant upfield shifts of H., H;, and H, of rotaxane 2.39
were observed. Notably, the perturbations of these signals, arising from protons flanking the
interlocked binding cavity containing the iodotriazole units, reveal that CI" was binding in its
vicinity. At the same time, the shifts of hydroquinone proton signals of the macrocycle
component and those from the proximal stopper protons Hy of the axle suggest that anion
binding resulted in conformational changes to the rotaxane framework. In contrast, negligible
perturbations were exhibited in the analogous NOj' titration indicating no obvious association
between 2.39 and NOjs. With rotaxane 2.40, upon CI" addition, the '"H NMR spectrum
changed considerably (Figure 2.20(b)), most notably the downfield shift of H, of the
macrocycle’s anthracene unit and a large upfield shift of axle proton Hy, suggesting that CI
was binding just above the interlocked cavity. Analogous titrations with Br™ elicited similar
signal perturbations of smaller magnitude while no significant perturbations occurred when
adding I, NO3;” and ReQ,. In the case of the acyclic compounds, the addition of Cl" caused
the downfield shift of H, on the anthracene component of 2.411 while the signals of triazole
protons Hs of 2.41H exhibited obvious downfield shifts due to the HB interactions with
anions. However, addition of other anions such as Br’, I, NO3; and ReO,4 caused negligible
influence to the proton signals of 2.411 and 2.41H. WIinEQNMR2? analysis of the 'H NMR
titration data, monitoring the shifts of protons H, of rotaxane 2.39, H, of rotaxane 2.40, H, of
2.411 and He of 2.41H (Figure 2.21) respectively as a function of anion concentration,
determined 1:1 host-guest stoichiometric association constants (K./M™) summarised in

Table 2.3.
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Figure 2.20. Partial "H NMR spectra of neutral rotaxanes (a) 2.39 and (b) 2.40 in the presence of 0.0,
1.0 and 10.0 equivalents of CI" ; (c) 2.41l and (d) 2.41H in the presence of 0.0, 1.0 and 20.0

equivalents of CI in dg-acetone ([host] = 1.0 mM, T = 298 K).
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Figure 2.21. Binding isotherms showing the changes in the chemical shift of proton (a) H, in rotaxane
2.39; (b) H, in rotaxane 2.40; (c) H, in 2.41l; (d) Hg in 2.41H with increasing equivalents of anions
added in pure dg-acetone ([host] = 1.0 mM, T = 298 K).

Table 2.3. Association constants (K, _[M'l]) of halide[gl with neutral rotaxanes 2.39 and 2.40, as well
as acyclic receptors 2.411 and 2.41H in ds-acetone.

Rotaxane 2.39 Rotaxane 2.40 Receptor 2.411 Receptor 2.41H
cr 800(5) 823(3) 72(3) 15(0.5)
Br A 342(12) b b

*Values of K, are calculated by the WiInEQNMR2® software using a 1:1 host-guest stoichiometric
binding model. Errors (%) are Jnl\Parentheses (<10%). No binding observed for NOj to rotaxane
2.39. No binding observed for I, NO;” and ReO, to 2.40, 2.411 and 2.42H.

® No binding.
“Not conducted.

From Table 2.3, both rotaxanes 2.39 and 2.40 show comparable affinities for CI in
de-acetone despite the greater number of XB-donor iodotriazole units of the former. This

may be a consequence of rotaxane 2.40’s more preorganised cavity due to a lower number
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of conformationally-flexible methylene units, and the bulky anthracene unit favouring endo-
orientation of the XB donor iodine atoms on the macrocycle component for convergent anion
coordination. Compared with CI', rotaxane 2.40 forms a weaker association with Br’, likely
arising from its lower charge density. Interestingly, no significant interactions of rotaxane
2.40 with I, NO3; and ReO, were observed, presumably due to their poor shape/size-
complementarity with the rotaxane’s binding cavity. Similarly, rotaxane 2.39 did not show
any binding to NO3". Nonetheless, both rotaxanes were found to bind CI" with K, values more
than an order-of-magnitude larger than acyclic receptor 2.41l, which highlights the
importance of the preorganised rotaxane interlocked cavity and convergent XB interactions
for anion binding. Furthermore, compared to the acyclic HB receptor analogue 2.41H, the
greatly enhanced CI affinity of 2.411 emphasises the superiority of XB over HB for anion
binding. When the *H NMR titration experiments of rotaxanes 2.39 and 2.40 with CI" were
repeated in the more competitive solvent mixture of CDCIs/CD;0OD (1:1 v/v), no evidence of

anion binding was found.

Utilising the anthracene reporter group, the anion binding properties of rotaxane 2.40
were also investigated via fluorescence spectroscopy. In CH3;CN, rotaxane 2.40 exhibits
typical anthracene fluorescence emission between 370 and 530 nm (Figure 2.22).%" In the
presence of CI, significant fluorescence enhancement was observed, likely due to
rigidification of the rotaxane framework upon anion binding which reduces the likelihood of
non-radiative decay pathways.'*®*%* Similar enhancement of fluorescence intensity was

observed for acyclic receptors 2.411 and 2.41H upon chloride addition in acetonitrile.
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Figure 2.22. Fluorescence spectra of rotaxane 2.40 in the presence of 200 equivalents of ClI" ([host] =
5 uM, T =293 K, solvent = CH3;CN, A, = 368 nm).

2.4.3.2 Metal Cation Binding Studies

Having demonstrated the anion binding abilities of rotaxane 2.39 and 2.40, the
possibility of using the rotaxanes as multidentate ligands for metal cation guest binding was
investigated. The complexation reaction of 2.39 with Zn** was performed under ambient
conditions by stirring a solution of the neutral rotaxane with equimolar Zn(ClO,),-6H,0 in
CH,CI,/CH;OH (1:1 v/v) to afford the Zn?'-bound rotaxane in quantitative yield. A
comparison of the *H NMR spectra of free rotaxane 2.39 and its Zn** complex revealed clear
evidence of metal cation coordination (Figure 2.23)." Signals from protons H,, Ha, H. and Hyq
displayed large downfield shifts, while those of the polyether portion of the macrocycle
component (Hs, Hs, He) exhibited very small perturbations, indicating that Zn?* was
coordinating in the rotaxane cavity flanked by the two tridentate triazole-secondary amine N-
donors of the MIM’s axle and macrocycle components, and not interacting with the polyether
group of the macrocycle. Simultaneously, increased splitting of the macrocycle component’s

hydroquinone signals revealed that Zn?* coordination further amplified the differences

"Due to their paramagnetic nature, binding of Ni** and Cu®" to rotaxane 2.39 could not be investigated using *H
NMR spectroscopy.
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between both hydroquinone proton environments as a result of its interlocked cavity binding
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Figure 2.23. 'H NMR spectra of free rotaxane 2.39 and its zn* complex in dg-acetone showing the
effects of cation association ([rotaxane 2.39] = 2 mM, T = 298 K).

To confirm the participation of the iodotriazole N-donors in Zn** coordination, a
gualitative UV-Vis experiment was performed. One equivalent of Zn(ClO,),-6H,0O was added
to an acetonitrile solution of rotaxane 2.39, resulting in an intensity decrease of the 290 nm
absorbance peak (Figure 2.24(a)). These observations are consistent with those observed
during triazole N-coordination to transition metal cations such as Cu***** and zZn** ** due to
perturbations of the energy levels of the heterocycle’s frontier molecular orbitals. Further
evidence of Zn*" coordination within the rotaxane structure was obtained from high-
resolution electrospray ionisation mass spectrometry (Figure 2.24(b)). It is noteworthy that
the presence of methanol in the CH,CI,/CH3;OH (1:1 v/v) solvent mixture used to prepare the

zinc(ll) complex with 2.39, was found to negate the rotaxane’s ability to bind anions (vide
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supra), demonstrating that the neutral interlocked host 2.39 favours metal cation binding
over anions.
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Figure 2.24. (a) UV spectrum of rotaxane 2.39-Zn(ClQO,),. (concentration = 0.1 mM, solvent =
CH3CN); (b) high-resolution ESI mass spectrum of rotaxane 2.39-Zn(ClOy,),.

The metal cation guest binding properties of rotaxane 2.40 were explored via
fluorescence titrations upon addition of transition metal cations, as their perchlorate salts, in
CH3CN. The binding of closed-shell Zn?* resulted in a dramatic increase in the rotaxane’s
fluorescence intensity (Figure 2.25(a)), which was likely primarily due to metal coordination
of the Lewis basic lone pair on the macrocycle component’s tertiary amine functionality
responsible for photoinduced electron transfer (PET) quenching of the anthracene’s
fluorescence.*®“® In stark contrast, the binding of redox-active Cu®" and Ni?* to rotaxane 2.40
elicited significant fluorescence quenching (Figure 2.25(b) and (c)) which probably results
from an electron transfer quenching mechanism from the photoexcited anthracene moiety to

the respective transition metal centre.***
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Figure 2.25. Fluorescence spectra of rotaxane 2.40 before and after addition of (a) zn*; (b) cu®"; (©
Ni“*. ([host] = 5 uM, T = 293 K, solvent = CH3CN, A¢x = 368 nm)

2.4.3 Acid-triggered Regulations in Rotaxane’s Guest Binding Behaviour

After demonstrating the predisposition of the neutral binding cavities of both
rotaxanes 2.39 and 2.40 for metal cation coordination over CI recognition in methanol-
containing solvent media, the regulation of their binding properties upon protonation was
investigated. The effects of protonation on the structure of the neutral [2]rotaxanes and the
anion binding properties of their protonated forms were initially investigated using *H NMR
spectroscopy. As shown in Figure 2.26, upon the addition of two equivalents of HBF, to a

solution of rotaxane 2.39 in CDCIls/CD3;0D/D,0O (45:45:10 v/viv), the largest downfield shift
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was observed for the signal arising from proton H,, which was immediately adjacent to the
secondary amine moiety on the macrocycle (Ad = +0.4 ppm). This observation was
consistent with increased electron-deficiency arising from protonation of the adjacent amine
unit, indicating that despite the presence of Lewis basic nitrogen atoms on the iodotriazoles,
the amine unit is preferentially protonated. At the same time, perturbations of the signals
arising from the macrocycle component’s polyether unit (Hs;, Hs, Hg) may stem from HB
interactions between the protonated ammonium moiety on the axle and the oxygen atoms.
This is also likely to restrict the rotational freedom of the macrocycle unit around the axle,
resulting in observed greater desymmetrisation of the macrocycle hydroquinone protons.
Notable conformational changes of the rotaxane framework occur upon protonation as well,
as evident from the dramatic upfield signal shift of axle proton Hy (Ad = -0.2 ppm), possibly
as a result of increased shielding from the macrocycle hydroquinone motifs. These structural
changes, as well as being in close proximity to a dicationic bis-protonated rotaxane cavity,

result in significant deshielding and downfield shifts of axle proton signals Hy,, H. and He.

Compared to neutral rotaxane 2.39, the dicationic binding cavity of rotaxane
[2.39-:2H"](BF4), was now expected to bind anions strongly in competitive solvent media.
Indeed, upon CI addition in the competitive organic-agueous solvent mixture
CDCI,/CD;0D/D,0 (45:45:10 v/v/v), numerous changes to the *H NMR spectrum of
rotaxane [2.39-2H"](BF,), were observed (Figure 2.26) . The most noteworthy perturbations
were the downfield shifts of Hy and Hy, likely arising from anion binding in close vicinity to the
interlocked cavity which results in further structural changes to the rotaxane. Analogous Br
and NOj titrations exhibited relatively smaller Adppm changes to the proton signals of

[2.39-2H](BF,), while addition of I and ReO, showed negligible perturbations.
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Figure 2.26. Partial "H NMR spectra of neutral rotaxane 2.39 and doubly-protonated [2.39-2H](BF.),
in the presence of 0.0 and 10 equivalents of TBACI ([host] = 1.0 mM, CDCI3/CDs;0OD/D,0O (45:45:10
viviv), T = 298 K).

Compared to rotaxane 2.39, the changes upon addition of one equivalent of HBF, to
rotaxane 2.40’s *H NMR spectrum in CDCIls/CD;OD (1:1 v/v) are more modest, owing to its
single tertiary amine moiety available for protonation (Figure 2.27). Notably however, the
largest downfield shift was also observed for the anthracene methylene protons Hg adjacent
to the ammonium unit (Ad = +0.4 ppm), with the axle protons next to the iodotriazole moiety
showing much smaller shifts. Signals arising from methylene protons H;, also exhibited a
slight downfield shift, which were also seen in the case of acyclic motifs 2.411 and 2.41H with
addition of one equivalent of HBF,. For singly-protonated rotaxane [2.40-H*|BF,, an upfield
shift was observed for the signal of macrocycle methylene protons H,q after addition of CI in
CDCI5/CD;0D (1:1 v/v), indicative of HB interactions between CI" and the protonated tertiary

ammonium unit. By contrast no significant changes were seen during the Br titration.
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Addition of CI" to a CDCIs/CDsOD (1:1 v/v) solution of [2.411-H"|BF, and [2.41H-H"|BF, also
caused perturbations of the methylene protons Hg or Hy respectively while other protons

scarcely moved (Figure 2.28).
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Figure 2.27. Partial '"H NMR spectra of neutral rotaxane 2.40 and singly-protonated [2.40-H"|BF, in
the presence of 0.0 and 10 equivalents of TBACI ([host] = 1.0 mM, CDCls/ CD;0D (1:1 v/v), T = 298
K).
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Figure 2.28. Partial '"H NMR spectra showing the perturbations of the signals of compound (a)
[2.411-H']BF, and (b) [2.41H-H"]BF, in the presence of 0.0 and 10 equivalents of TBACI. ([host]= 1.0
mM, CDCIs/CD3OD (1:1 viv), T =298 K).

Further evidence of amine protonation was gained by fluorescence experiments,
where HBF, addition to rotaxane 2.40 led to a large turn-on fluorescence response from the
anthracene fluorophore due to the loss of PET fluorescence quenching pathways upon
amine protonation (Figure 2.29(a)).*******" However, as shown in Figure 2.29(b), addition of
80 equivalents of CI to rotaxane [2.40-H"|BF, in CH3CN resulted in an approximately 60 %
reduction in fluorescence intensity, attributable to strong ammonium-CI" HB interactions
which partially restores the PET quenching properties of the macrocycle’s amine moiety. A
considerably smaller fluorescence ‘turn-off quenching response was recorded in the more
competitive solvent mixture of CHCIz/CHsOH (1:1 v/v) after adding the same amount of CI
anion (Figure 2.29(c)), consistent with greater competition from the protic solvent mixture for

HB interactions with the highly charge-dense CI.
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Figure 2.29. (a) Fluorescence spectra of neutral rota+xane 2.40 and [2.40-H"]BF,. (Red line: neutral
rotaxane 2.40; blue line: cationic rotaxane [2.40-H]BF,); (b) fluorescence spectri':l shpwing the_
changes in anthracene fluorescence intensity of singly-protonated rotaxane [2.40-H|BF, upon CI
addition in acetonitrile and (c) in CHCI;/CH3OH (1:1 v/v). ([host] =5 uM, T = 298 K, Aex = 368 nm).
Given that the neutral rotaxanes 2.39 and 2.40 showed no evidence of interactions
with anions in competitive methanolic solvent media, the corresponding cationic rotaxanes
are now capable of recognising anions in protic media upon protonation. By monitoring the
'H NMR shifts of protons Hy, of the protonated rotaxanes [2.39-2H"](BF,), and
[2.40H-H']BF, as a function of anion concentration (Figure 2.30), 1:1 host-guest
stoichiometric association constants were determined using the WinEQNMR228 software,
and compared with those of acyclic protonated receptors [2.411-H'|BF, and [2.41H-H'|BF,
(Table 2.4). Both protonated XB rotaxane hosts display notable affinities for CI" in the
competitive protic solvent medium. Importantly, for [2.39-2H"](BF4), an anti-Hofmeister

binding trend was observed for the anions tested, with the less strongly-hydrated anions Br

and NO3; more weakly bound than CI". No appreciable binding was observed for I and ReO,
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, which may stem from their poor size/geometric complementarity to the preorganised
rotaxane cavity. Considering the inherent preference of XB donor host molecules to bind to
the heavier and ‘softer’ halides in aqueous solvents due to their greater ease of

40,48-50

dehydration, this result is especially notable since it is the first example of a XB
rotaxane preferentially binding the most strongly-hydrated CI' in the presence of water, and
only the second XB receptor known to display an anti-Hofmeister binding bias.>* While
rotaxane [2.39-2H"](BF,), displays stronger CI affinity compared to [2.40-H*]BF,, which is
likely to be a consequence of its dicationic character, [2.40-H"|BF, displayed rare exclusive
CI" selectivity. The importance of XB interactions for anion binding, even with the contribution
of HB interactions from the ammonium group(s), can be seen from the significantly stronger
CI' binding affinities of protonated XB acyclic receptor [2.41I-H']|BF, compared with
[2.41H-H']BF,. Hence the observed CI selectivity for both rotaxanes is likely to result from a
combination of favourable ammonium HB- and XB-chloride interactions together with a

preorganised interlocked binding cavity which is of complementary shape and size to the

halide guest species.
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Figure 2.30. Binding isotherms showing the changes in the chemical shift of proton (a) H,4 in rotaxane
[2.39-2H"](BF,), in CDCIl3/CD;0D/D,0 (45:45:10 V/viv); (b) Hyo in rotaxane [2.40-H']BF,; (c) Hg in
[2.411-H"]BFy; (d) Hg in [2.41H-H"]BF, in CHCIs/CH;OH (1:1 v/v) with increasing equivalents of anions

added ([host] = 1.0 mM, 500 MHz, T = 298 K).

Table 2.4. Association constants (K, [M’ ]
[2.40-H']BF,, as well as acyclic receptors

of anigns with cationic rotaxaneﬁ {2.39-2H+](BF4')2 and
2.411'‘H"IBF, and [2.41H-H'|BF,.

[2.39-2H"](BF,), ™ [2.40-H"|BF, [2.411'H"|BF,“ [2.41H-H'IBF, @
cr 812(4) 662(7) 488(38) 102(3)
Br 476(47) _d [e] el
NO3 584(35) _d [e] e

[l values of K, are calculated by the WInEQNMR2*® software using a 1:1 host-guest stoichiometric
binding model. Errors () are in parentheses (<10%). No binding observed for I' and ReO, with
both [2.39-2H"](BF,), and [2.40-H"|BF,;

! performed in CDCly/ CD;0D/ D,0 (45:45:10, VIVIV);

I performed in CDCly/ CD;OD (1:1 V/V);

' No binding;

INot conducted.
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In contrast to anion binding, as expected addition of acid proved highly detrimental to
the rotaxanes’ inherent metal cation affinity. Upon addition of two equivalents of HBF, to a
solution of Zn**-complexed rotaxane 2.39 in ds-acetone, considerable broadening of its *H
NMR spectrum was observed, accompanied by the appearance of multiple additional peaks
(Figure 2.31), revealing Zn*" displacement from the rotaxane’s binding cavity due to the
protonation of the amine units. This hypothesis was also supported by fluorescence
spectroscopy, where the addition of one equivalent of HBF, to separate CH3CN solutions of
Zn**, Cu* and Ni**-bound complexes of rotaxane 2.40 resulted in significant fluorescence
‘turn-on’ responses. This observation suggested the respective metal cation’s displacement
from the rotaxane cavity by protonation of the macrocycle component’s tertiary amine unit

(Figure 2.32).

— M\\mwwxvﬂ/\d“uﬁﬁ_~w—~ﬁ*»NJ«“\N,//V\XMM/A~/\fJMKWw~ Zn-Rotaxane +

HBF,

,J LM // JML Zn-Rotaxane
L WL B B S /i DL B LA BN BN B
7.0 6.5 5.0 4.5 4.0

T
. 3.5
Chemical Shift (ppm)

Figure 2.31. Partial 'H NMR spectra of rotaxane 2.39-Zn(ClQ,), before and after addition of two
equivalents of HBF, (solvent = dg-acetone).
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Figure 2.32. Fluorescence response of rotaxane 2.40 after addition of one equivalent of (a) zn*; (b)
Cu®"; (c) Ni** and subsequent addition of one equivalent of HBF,.
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2.5 Towards XB Catenanes Capable of Acid-regulated Switching of Metal Cation and

Anion Guest Binding

2.5.1 Design of Target Catenanes

Compared to rotaxanes, catenanes have special three-dimensional cavities
potentially leading to different guest binding affinities and selectivities. After the successful
construction of rotaxanes capable of acid-regulated switching of metal cation and anion
guests, the attempted synthesis of corresponding XB catenanes were undertaken (Figure

2.33) via active and passive metal templation.

Figure 2.33. Target XB catenane for acid-regulated metal cation and anion guest binding.

2.5.2 Active Metal Templation

Given the success of AMT rotaxane synthesis, the attempted synthesis of the target
catenane was initially performed by CuAAC-AMT reaction using similar protocols following
previously reported procedures.® Three equivalents of bis-iodoalkyne 2.201 and bis-azide

2.33 were added to an equimolar CH,Cl, room temperature mixture of macrocycle 2.35 and
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[Cu(CH3CN),]PFs (Scheme 2.20). However, after monitoring the reaction mixture by ESI-MS
for a week, no evidence of catenane 2.42 formation was observed while only the macrocycle
was detected. Repeating the reaction at 40°C did not improve the outcome. Considering the
comparable ease of synthesising rotaxane 2.39 under similar AMT conditions, the
unsuccessful formation of the target catenane may arise from the more sterically demanding
endotopic geometry that is required for the interlocked CUuAAC ring-closure reaction

(Scheme 2.20).°%°3

3 eqv. geometrically and sterically demanding

\
,, N NS |
NEDY,
N N 2.201

| I -
L j [Cu(CH3CN),4]PFg

0 o, N Boc,
E CH,Cl,
3 eqv.
- A
N

)
ol o0 © RGN

o 0
—N-Np 0 o NNy
S | ) TFA, CH,Cl, \ |
C HN oot C HN o
0 Ly 0 0 IR N2
e Y M Y
[e) (6] O
N N. N
2.43 2.42

Scheme 2.20. Attempted synthesis of target catenane 2.43 via AMT synthesis.

2.5.3 Passive Metal Templation

Passive metal templates such as Ni**, Cu** and Zn** have been successfully utilised
in constructing interlocked structures (as introduced in Section 1.3). Taking into account the
ability of the bis-iodotriazole-amine motif to bind metal cations (Ni**, Cu®*, zZn*), as

demonstrated in Section 2.4, the synthesis of the target catenane was then attempted via a
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passive metal template approach (Scheme 2.21). Catenane synthesis was attempted by
stirring one equivalent of 2.26 with 0.5 equivalents of the perchlorate salts of transition metal
(Ni?*, Cu®, Zn?") in CH,CI, for 5 mins respectively, followed by addition of 10% (by weight)
Grubbs’ [l RCM catalyst. With Cu®* and Zn*, as evidenced by ESI-MS after 48 hrs, no ring-
closure reactions had occurred. However, when using Ni** all the starting materials had been
consumed, and two products were separated by preparative TLC (Scheme 2.22). High-
resolution mass spectrometry analysis revealed one to be the ring-closed macrocycle 2.44
(m/z = 844, [M+H"], yield = 41%) and the other (compound 2.45) as either the desired homo-
catenane or a macrocycle dimer (m/z = 1687, [M+H"], yield = 39%, Figure 2.34(a)). By
comparing the 'H NMR spectra of 2.44 and 2.45, no obvious signal differences were
observed. In particular, negligible perturbations of the hydroquinone protons were evident,
indicating that 2.45 was not an interlocked catenane structure and was more likely to be the
macrocycle dimer (Figure 2.34(b)). The preferential formation of the macrocycle dimer may
stem from the bis-tridentate ligated geometry of the Ni*-complex template assembly

facilitating the synthesis of the non-interlocked species (Scheme 2.23).

Cyclisation

et Qof""\? o

X % l, 020 (1)Grubbs Il cat. ?f ]//NQ
SR 9 ~ @ @j@ )
e 4 Jw @Q

2.26 bv Q

Cyclisation

Scheme 2.21. Attempt synthesis of target catenane via passive metal templation.
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Figure 2.34. (a) High resolution mass spectrometry and (b) partial ‘H NMR spectra of macrocycle
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2.6 Conclusion and Future Work

In conclusion, a series of XB interlocked rotaxanes were constructed using
bifunctional bis-iodotriazole derivatives. Their Lewis basic N-donor atoms were able to
perform metal complexation, which could facilitate active metal templation rotaxane
synthesis, while polarised H/I atoms were capable of anion binding via HB/XB interactions.
For instance, by coordinating to Re(l), anion affinity and selectivity of XB rotaxanes could be
manipulated and tuned. In addition, by virtue of the antagonistic Lewis basic triazole-
secondary amine and Lewis acidic XB bis-iodotriazole functional motifs, novel XB rotaxanes
were demonstrated to be capable of acid-triggered switching of metal cation and anion guest

binding behaviour.

Future work could focus on the synthesis of XB catenanes using hydrogen bonding
templation (Scheme 2.24). By utilising the HB interactions between the macrocycle polyether
groups and a protonated secondary ammonium XB motif functionalised with vinyl groups, a
RCM reaction would produce the target XB catenane host for metal cation and anion guest

recognition applications.
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Scheme 2.24. Target XB catenane synthesis via HB templation.
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CHAPTER 3

Chapter 3: Halogen Bonding Cryptands and Cryptand-based

Interlocked Structures for Anion Recognition

3.1 Introduction

A cryptand refers to a bicyclic host molecule which is able to bind guests in a crypt-
like structure, interring them as in a burial. This term was first introduced by Lehn, Dietrich
and Sauvage in 1968," for these macrobicyclic molecules, as three-dimensional analogues
of crown ethers, with better selectivity and strength when complexing alkali metal cations
(see Chapter 1, section 1). Studies of cryptand host systems launched a novel flourishing
field of supramolecular host-guest chemistry, in particular for anion receptor design. This
introduction will focus mainly on anion cryptand host systems and the synthesis of cryptand-
based interlocked structures whose unique three-dimensional cavities can provide potentially

new possibilities for anion recognition.
3.1.1 Cryptands for Anion Recognition

The first examples of cryptands for anion recognition, known as katapinands, were
reported by Park and Simmons in 1968.%2 The protonated forms of these hosts were able to
bind halides (CI, Br and I') in their cavities in 50% deuteriotrifluoroacetic acid aqueous
solvent (Figure 3.1(a)). After this pioneering work, a range of polyammonium cryptands for
binding various anions such as halides* and azide® was developed by Lehn and co-workers.”
For example, in acidic aqueous media the hexa-protonated octa-aza macrobicyclic
polyammonium cryptand (Figure 3.1(b)) was able to bind F via a quasi-trigonal prismatic
array of six F---HN* hydrogen bonds® while a more recent furan-containing cryptand
developed by Nelson and co-workers could, after hexa-protonation, form a inclusion complex

with SO, (Figure 3.1(c)).°
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Figure 3.1. (a) An inclusion complex formed by a katapinand and cr?? (b) Lehn’s hexa-protonated
aza-cryptand binding F’;* (c) Nelson’s sulphate binding hexa-protonated aza-cryptand and its crystal
structure.

Besides pH-dependent protonated secondary ammoniums, other HB-donating
functionalities such as amide, thioamide, urea, thiourea and pyrrole have also been
employed in cryptand hosts for anion recognition.” For example, a cryptand bearing six
amide functional groups, developed by Bowman-James and co-workers, was able to
selectively bind F~ over other halides (CI" and Br) and oxoanions (AcO’, H,PO,*, NO; and
HSO.,) in de-DMSO.® The fluoride-complexed solid state structure shows the F is centred in
the cryptand cavity, forming hydrogen bonds to all six amide protons (Figure 3.2(a)). A more
recent example is Sessler’s naphthobipyrrole-strapped calix[4]pyrrole which is capable of
binding N5~ in CDCl; (Figure 3.2(b)).° In addition, heteroditopic cryptand hosts bearing both
cation and anion binding sites exhibit enhanced anion binding affinities in the presence of
co-bound metal cations. For example, a pyrrole-containing cryptand developed by Gale and
co-workers formed a stronger association with CI" in the presence of K* or Na*in dg-DMSO.*°
The crystal structure of the NaCl-complexed cryptand revealed the halide hydrogen bonding
with protons from two amides and pyrrole functional groups as well as a direct contact ion-

pair interaction with the aza-crown ether complexed Na* (Figure 3.2(c)).
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Figure 3.2. (a) Bowman-James’ F~ selective binding cryptand and its crystal structure;® (b) Sessler's
azide-complexed strapped calix[4]pyrro|e;9 (c) Gale’s pyrrole-based cryptand with NaCl ion-pair and
its crystal structure.™

3.1.2 Cryptand-based Interlocked Structures

Cryptands have also been utilised in the construction of interlocked structures.
Inspired by the supramolecular complexes formed by dibenzo-crown ethers with N,N’-
dimethyl-4,4’-bipyridinium salts (paraquats), crown ether-based cryptands have been used
as wheel components to generate pseudorotaxanes with such dicationic derivatives. For
example, an interpenetrated complex, studied by Gibson and co-workers, was formed by a
crown ether-based cryptand and a paraquat via HB and aromatic donor-acceptor charge-
transfer interactions (Figure 3.3).' Interlocked rotaxane and catenane analogues can be
synthesised by stoppering or clipping approaches (Figure 3.4).>*® More recently, cryptand-
based rotaxanes were synthesised using active metal templation by Leigh and co-workers. A
pyridine-containing cryptand was able to facilitate active metal template one-pot synthesis of
various [2]- and [3]rotaxanes, where the cryptand acted as a ligand for the Cu(l) catalyst to

mediate triazole mechanical bond formation (Figure 3.5).*°
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Figure 3.4. Synthesis of cryptand-based (a) rotaxanes and (b) catenanes.*?*°

127



CHAPTER 3

Figure 3.5. Synthesis of cryptand-based [2] and [3]rotaxanes via active metal templation.19

3.1.3 Chapter Aims

In spite of the well-established HB cryptand host systems in the field of anion
supramolecular chemistry, XB cryptands for anion recognition are unprecedented. Also, the
unique three-dimensional cavities of cryptand-based interlocked structures have remained
overlooked for anion recognition. This chapter is concerned with the synthesis and anion
binding studies of XB cryptands as well as attempts to construct cryptand-based interlocked

anion hosts (Figure 3.6).
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(@) (b)

Figure 3.6. Target (a) XB cryptand and (b) XB cryptand-based interlocked structures for anion
recognition.
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3.2 Halogen Bonding Cryptands for Anion Recognition
3.2.1 Tripodal Capping Synthesis and Anion Binding Properties of XB Cryptands

XB cryptands were initially prepared through tripodal capping Cu(l)-catalysed CuAAC
iodo-click reactions. XB cryptands 3.5 and 3.8 were synthesised following the procedure
summarised in Scheme 3.1. Commercially available 2-(2-(2-chloroethoxy)ethoxy)ethan-1-ol
was reacted with NaN; to afford azide 3.1 in quantitative yield,? followed by reaction with 4-
toluenesulfonyl chloride (TsCl) in CH,CI, to give azide-tosylate precursor 3.2 in 94% yield.”
Tris-azide 3.3 was prepared by reacting three equivalents of 3.2 with 1,3,5-
trinydroxybenzene (phloroglucinol) under basic conditions in DMF. A tris-CuAAC reaction
under high dilution conditions between an equimolar mixture of 3.3 and tris-iodoalkyne
amine 3.4, which was synthesised by iodination of tripropargyl amine using N-
iodomorpholine,? afforded the target XB cryptand 3.5 in 12% isolated yield after preparative
TLC purification. Tris-azide 3.7 was synthesised by reaction of NaN; with the tris-tosylate
3.6, which was prepared in 81% vyield by reacting tris-iodoalkyne amine 3.4 with three
equivalents of tosyl azide 3.2 under CuAAC reaction conditions. The target XB cryptand 3.8
was prepared in 10% vyield by reacting tris-azide 3.7 with equimolar quantities of 3.4 in THF
under high dilution CuUAAC conditions and preparative TLC purification. Both XB cryptands
3.5 and 3.8 were characterised by 'H and *C NMR and high resolution ESI mass

spectrometry.

Cryptand 3.5 exhibited good solubility in a variety of organic solvents (CH,Cl,, CHCIs,
acetone, THF, DMSO, DMF) and modest solubility in pure water while cryptand 3.8 only
showed good solubility in DMSO and DMF. In the *H NMR spectra of cryptand 3.5 in CDCl,
and D,O (Figure 3.7(a) and (b)), the signals of the polyether protons from each bridging
linker appeared identical due to Cs;, symmetry of the cryptand 3.5 while the *H NMR

spectrum of cryptand 3.8 (Figure 3.7(c)) was consistent with its D3, symmetry.
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Scheme 3.1. Synthesis of target XB cryptands 3.5 and 3.8.

The anion binding properties of cryptand 3.5 were studied by *H NMR titrations in de-
acetone, by adding increasing quantities of TBACI or TBABr. However, no significant proton
signal shifts from the *H NMR spectra were observed, possibly due to the fact that no HB-

donor protons around the binding site were available for monitoring the anion binding event.
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The poor solubility of cryptand 3.8 in common organic solvents negated analogous *H NMR

anion binding studies being performed.
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Figure 3.7. (a) Partial 'H NMR spectra of cryptand 3.5 in CDClI; and (b) in D,O; (c) partial 'H NMR
spectrum of cryptand 3.8 in CDCls.

3.2.2 Macrocyclic Bridging Synthesis and Anion Binding Properties of XB Cryptands

The drawbacks encountered with XB cryptands 3.5 and 3.8 led to the incorporation of
rigid, fluorescent naphthalene motifs into the cryptand structural host framework, which could
potentially enhance the solubility in organic solvents and sense anion binding. Additionally,
in order to improve the synthetic yields and afford a series of cryptands with different anion
binding cavities, the preparation of the target cryptands was achieved by a macrocyclic
bridging synthetic approach, where a XB diaza-macrocycle was reacted with a variety of XB

bridging linkers (Figure 3.8).

132



CHAPTER 3

N
H ‘
N=NC N NN base >=§|' 'l):<
)
T N ;
-
() T

Figure 3.8. Macrocyclic bridging synthesis of a XB cryptand by reacting a XB macrocycle with a XB
bridging linker.

3.2.2.1 Synthesis of Target XB Macrocycle

XB macrocycle 3.12 was synthesised following the procedure summarised in
Scheme 3.2. N-Boc-protected macrocycle 3.11 was prepared in 22% vyield through a ‘2+2’
one step high dilution CuAAC macrocyclisation reaction between 2,7-
bis(azidomethyl)naphthalene 3.9 with equimolar quantities of N-Boc-protected bis-
iodoalkyne 2.201 under CuAAC conditions in THF. In order to improve the yield, 3.11 was
also prepared in a stepwise manner. Bis-azide 3.10, synthesised in 62% yield by reacting
2.201 with twenty equivalents of 3.9, was reacted with 2.20l under high-dilution CuAAC
conditions to afford macrocycle 3.11 in 50% vyield (31% overall yield over two steps).
Quantitative N-Boc-deprotection using trifluoroacetic acid in CH,ClI, afforded XB macrocycle

3.12.
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Scheme 3.2. Synthesis of XB macrocycle 3.12.

3.2.2.2 Synthesis of XB Bridges

Having prepared the XB macrocycle, a variety of bis-chloro methylene-iodotriazole

containing bridges with varying spacer groups were synthesised (Scheme 3.3). Bis-azide 3.9

was reacted with propargyl alcohol using a ‘one-pot’ iodo-click reaction to afford 3.13 in 72%

yield. Chlorination of 3.13 was achieved by reacting with SOCI, in refluxing CHCI;, affording

the naphthalene-based XB bridge 3.14 in quantitative yield (Scheme 3.3(a)). A

hydroquinone-based XB spacer derivative 3.19 bearing alkyl chains for improved solubility in

organic solvents, was also synthesised (Scheme 3.3(b)). Compound 3.15, prepared in 86%

yield by the reaction between hydroquinone with a branched alkyl bromide under basic

conditions in DMF, was reacted with paraformaldehyde to afford bis-bromo compound 3.16

in 96% vyield.** By reacting 3.16 with NaN; in DMF, compound 3.17 was prepared in

guantitative yield and reacted with propargyl alcohol to afford 3.18 in 81% vyield. XB bridge

3.19 was prepared quantitatively by reacting 3.18 and SOCI, in refluxing CHCl;. Also, XB
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bridging linkers 3.24 and 3.26 were synthesised using analogous procedures (Scheme

3.3(c)-(d)).
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Scheme 3.3. Synthesis of various potential XB bridging derivatives.
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3.2.2.3 Synthesis of Target XB Cryptands

A series of XB cryptands 3.27 - 3.20 were synthesised by reacting XB macrocycle
3.12 with equimolar quantities of the respective XB bridge derivatives in refluxing CHCl;
using K,CO3 as base and one equivalent of TBAI (Scheme 3.4). The XB cryptands were
isolated in a range of yields after preparative TLC purification. The low 10% isolated yield of
3.27 may stem from its poor solubility in common organic solvents (CH,Cl,, CHCIs, acetone,
THF, acetonitrile). It is noteworthy that in the reaction of the bridging linker 3.26 and
macrocycle 3.12, the isolated yield of cryptand 3.30 was reduced significantly from 25% to
5% when the reaction was repeated in the absence of TBAI. This suggests that I is

potentially acting in a dual role as both a catalyst and as a template.

I CHCl3,
reflux,5 days

H
N _
N:N '{l N:N N \ N / N
N\/X‘/ \’%\/N CI/\$\,I\‘I K,CO3, TBAI, N )\N \
|
SRR

/IS/\ | | ! )'
Y N el
||\I=N E N:l\,l cl / [\\j l\/l \ ’ NI /N’:l

3.12

§ o™ 383 §

Cryptand 3.27 3.28 3.29 3.30

Yield 10% 24% 20% 25%

Scheme 3.4. Synthesis of XB cryptands.

All the cryptands were characterised by 'H NMR and high-resolution ESI mass
spectrometry. The *H NMR spectra of cryptands 3.27 in ds-DMSO and 3.28 in both ds-DMSO

and CDCI; at 298K were too broad to be assigned, indicative of conformational isomers.
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Indeed at higher temperatures, assignable sharp proton signals for both cryptands 3.27 and
3.28 were observed in the *H NMR spectra (Figure 3.9(a)-(b)). It is envisaged that the slow
exchange on the NMR timescale between conformational isomers at room temperature may
be related to the rigid bridging linkers. In contrast, cryptands 3.29 and 3.30 containing
relatively longer and more flexible bridging linkers exhibited sharp and assignable proton

signals in their "H NMR spectra at room temperature (Figure 3.9(c)-(d)).
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Figure 3.9. (a) Partial "H NMR spectra of cryptand 3.27 at 298 K, 353 K and 373 K in d-DMSO; (b)
partial "H NMR spectrum of cryptand 3.28 at 298 K, 328 K and 348 K in ds-DMSO; (c) partial ‘H NMR
spectra of cryptand (c) 3.29 and (d) 3.30 at 298 K in CDCls.
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3.2.2.4 Anion Binding Studies of XB Cryptands

The *H NMR anion binding studies of cryptand 3.30 were performed in dg-acetone. In
the case of CI titration, the naphthalene proton signals arising from H, and H. moved upfield
while naphthalene proton H, signal moved downfield (Figure 3.10). Significant downfield
shifts of methylene protons H; and Hy, concomitant with upfield shifts of Hy, H, and H, as well
as a coalescence of hydroguinone protons Hy and He were also seen. Negligible shifts of the
polyether protons H;, H; and H,, were noted. These observations indicated that CI" was being
encapsulated within the cryptand cavity stabilised by a combination of six XB iodotriazoles
and HB C-H naphthalene interactions. Analogous proton perturbations upon addition of Br’,
NO,", OAc” and N3 occurred, but were of smaller magnitude, whilst no significant shifts were
observed with NO;” and HSO,  indicative of no binding. Addition of I" caused similar proton
perturbations as observed with Br however a precipitate was formed after adding five

equivalents of TBAI, so quantitative data could not be obtained.

de f «
) | .
10.0eqvaLJ,\ L\ \ “A A A |
5.0 eqv o A \ . | |
1.0eqv~.M ‘/VL JUW J\L J,K },‘ A )
0.0eqv M L_,J/l I J A A A
s 0 T es 0 55 s0 a5 40

Chemical Shift (ppm)

Figure 3.10. Partial 'H NMR spectra of cryptand 3.30 in presence of 0.0, 1.0, 5.0, 10.0 equivalents of
CI ([cryptand 3.30] = 1mM, T = 298K, solvent = dg-acetone). Proton labels seen in Figure 3.9(d).

By monitoring the methylene proton Hy, which is proximal to the cryptand binding site,
as a function of anion concentration (Figure 3.11), WInEQNMR2* analysis of the titration
data determined 1:1 stoichiometric association constants which are summarised in Table

3.1. In dg-acetone, XB cryptand 3.30 forms the strongest association with the halides CI" >
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Br due to the higher charge-density of CI, followed by OAc™ > N3 > NO, > NOj, HSOy,
suggesting the XB cryptand cavity is of complementary shape and size for spherical anion
guest species. Analogous titrations with CI" and Br” were undertaken in 1% water by volume
in dg-acetone. A significant reduction in halide binding strength of cryptand 3.30 occurs
(Table 3.1) especially for the more hydrated CI', which is in agreement with the Hofmeister

bias anion binding trend in aqueous media.
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Figure 3.11. Binding isotherms of anion titrations for cryptand 3.30 with different anions in (a) ds-
acetone and (b) dg-acetone/ D,O 99:1 v/v. The chemical shifts of H; were plotted as a function of
equivalents of TBA salts added (T = 298 K, [host] = 1.0 mM).

Table 3.1. Association constants, K, (M™%, for cryptand 3.30 with various anions®

cr Br OAc NFY NO,
ds-acetone 2264(157) 718(40) 548(35) 371(25) 174(14)
ds-acetone/D,0 99:1 109(1) 142(5) -° P b
viv

% Anions added as their TBA salts, T = 298 K. The errors associated with each (< 10%) are quoted in
Earentheses. No binding was observed for NO3 and HSO4,'.
Not conducted.

Further evidence of the anion binding capability of cryptand 3.30 was obtained via
preliminary fluorescence titration experiments. These experiments were undertaken in THF
instead of acetone due to the fact that the excitation wavelength of naphthalene overlaps
with the absorption of acetone (< 330 nm). Cryptand 3.30 exhibited a broad naphthalene
emission band, with Apna = 304 nm (THF, [3.30] = 2.0 x 10° M, Ay, = 280 nm) attributed to the

monomer emission of the integrated naphthalene moiety.” Upon addition of TBACI to a THF
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solution of 3.30, a significant emission band enhancement was observed (Figure 3.12), likely

due to rigidification of the cryptand framework upon anion binding which reduces the

28-30

likelihood of non-radiative decay pathways.
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Figure 3.12. Fluorescence spectra of cryptand 3.30 in the presence of increasing concentration of CI’
([3.30] = 20 uM, T = 293 K, solvent = THF, Ag, = 280 nm).

The poor solubility of cryptand 3.29 and the conformation isomers observed in the
room temperature *H NMR spectra of cryptand 3.27 and 3.28, negated anion binding studies

of these cryptands being undertaken.
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3.3 Towards Halogen Bonding Cryptand-based Interlocked Structures for Anion

Recognition

Having prepared a series of XB cryptands, the synthesis of the corresponding
cryptand-based XB interlocked rotaxane structures containing unique three-dimensional

cavities for anion recognition, was attempted by active metal and HB template methods.
3.3.1 Attempted Synthesis via Active Metal Templation

Initial attempts to prepare a XB cryptand-based rotaxane were performed using
cryptand 3.5 via active metal templation. The ability of tris-triazolylmethyl-amine derivatives
to coordinate Cu(l) is well known. Indeed such tripodal ligands are used to stabilise the Cu(l)
catalyst in CuAAC reactions.*! Nonetheless, a *H NMR titration experiment with cryptand 3.5
with an increasing amount of [Cu(CH3;CN),4]PFs in CD,Cl, was undertaken (Figure 3.13). The
addition of Cu(l) led to cryptand proton peak broadening with methylene proton Hy,, which is
covalently linked to the iodotriazoles, moving downfield significantly indicative of Cu(l)
complexation with the N-donor atoms of the iodotriazole motifs. Thus, attempts to synthesise
cryptand-based interlocked structures were performed by stirring an equimolar amount of
cryptand 3.5 and [Cu(CH3CN),]PFs in CH,CI,, followed by addition of (a) three equivalents of
stopper alkyne and three equivalents of stopper azide (Scheme 3.5(a)); or (b) three
equivalents of pyridine-bis-iodoalkyne and six equivalents of stopper azide (Scheme 3.5(b))
respectively. After 72 hours in both cases, even though ESI-MS revealed the formation of
target interlocked rotaxanes, only the cryptand 3.5 and the corresponding axle products
were isolated from the respective reaction mixtures after preparative TLC, indicating a very
low yield of rotaxane. The failure of AMT rotaxane formation may arise from the steric
constraints of the cryptand’s cavity, preventing the CuAAC reaction from occurring

endotopically inside the cavity.
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Figure 3.13. Partial '"H NMR spectra of cryptand 3.5 in the presence of different amounts of
[Cu(CH5CN)4]PFs ([3.5] = 1.0 mM, CD,Cl,, T = 298K).
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Scheme 3.5. Attempted synthesis of cryptand-based interlocked structures using the AMT strategy.
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3.3.2 Attempted Synthesis via HB Templation

The attempted synthesis of a cryptand-based rotaxane structure was also performed
via HB templation. As cryptand 3.5 contains three polyether groups, a dialkylammonium
thread could potentially form an interpenetrated assembly via HB interactions.* Qualitative
'H NMR pseudo rotaxane studies were undertaken by mixing equimolar amounts of
cryptand 3.5 and dibenzylammonium thread (kindly donated by Dr. Jason Lim) in CD,Cl,
(Figure 3.14). Promisingly, the resulting *"H NMR spectrum revealed perturbations of both
proton signals of the thread and cryptand. In particular, signals arising from proton Hi, Hs
and Hs on the cryptand and H, on the thread moved upfield in conjunction with a downfield
shift of H, and H.. Encouraged by these observations, an attempted synthesis of the target
interlocked structure was performed by adding one equivalent of a Cu(l)-acetylide complex
(kindly donated by Dr. Jason Lim) to a mixture of one equivalent of the cryptand 3.5 and the
azide functionalised thread in dry CH,CI, (Scheme 3.6). After 18 hours, even though ESI-MS
revealed evidence of rotaxane formation, only the corresponding axle and starting cryptand

were isolated after preparative TLC.
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Figure 3.14. Partial '"H NMR spectrum of cryptand 3.5, the dibenzylammonium thread and their
mixture. (Solvent = CD,Cl,, T = 298 K).

*

ZO

N N

CTE:

PF | |1| °
(.

) ) CH,Cl,
(0] (@) + — =
H\N,+H Ns l rt, 18 hrs
Cu
©)
OQ )

(@)

Scheme 3.6. Attempted synthesis of cryptand-based interlocked structures using HB templation.
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3.4 Conclusions and Future Work

In conclusion, a series of XB cryptands bearing multiple iodotriazoles were
constructed using tripodal capping and macrocyclic bridging synthetic approaches. By
utilising a variety of bridging spacers, these XB cryptands exhibited varying solubilities and
molecular conformations at room temperature. The anion binding properties of a
naphthalene-containing XB cryptand were studied via 'H NMR titrations in de-acetone,
revealing its selectivity for spherical halides. The cryptand was also demonstrated to display
a ‘turn-on’ fluorescence response upon chloride binding in THF. Attempts to prepare XB
cryptand-based interlocked structures were undertaken via active metal and HB template
methods. Even though ESI-MS provided evidence for rotaxane formation, no target

rotaxanes were isolated likely due to the low yield.

Future work could focus on the synthesis of XB cryptands designed to function in
aqueous solvent media. This could be achieved by incorporating polyether and cyclodextrin
based appendages (Figure 3.15). Such hosts in an aqueous environment may adopt a
conformation whereby the lipophilic XB donor iodotriazole motifs are arranged in a
preorganised convergent fashion favourable for anion binding.
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Figure 3.15. Structures of target water-soluble XB cryptands.
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CHAPTER 4

Chapter 4. Novel Rotaxane Ligands for Lanthanide Complexation

4.1 Introduction
4.1.1 Fundamental Properties of Lanthanides

The lanthanides are a series of chemical elements with atomic numbers 57-71, from
lanthanum to lutetium in the Periodic Table. The +3 oxidation state dominates their
coordination complexes (Ln*"), acting as classic hard Lewis acids.'® Lanthanide complexes
are ionic in nature, hence geometric constraint is minimal, resulting in a range of
coordination numbers of up to 12 and kinetic lability.* Lanthanides have unique photo-
physical properties displaying sharp emission bands and long micro-second scale lifetimes,
which facilitate the elimination of the background fluorescence from organic chromophores
providing special applications in imaging and sensing.> As a consequence of Laporte
forbidden f-f transitions, the direct excitation of lanthanides results in weak emission. To
overcome this, sensitiser groups, usually termed ‘antenna’, are incorporated to aid the
indirect excitation of the Ln*" (Figure 4.1(a)). The antenna absorbs photons to produce a
singlet excited state S” where intersystem crossing (ISC) to an excited triplet state T~ and
subsequent energy transfer produces the excited lanthanide centre (Figure 4.1(b)).%’

(a) (b)

Excitation Ligand
environment

SDO

hv

Emission

Fluorescence
o™
m
-

Emission g == F,
Antenna

Figure 4.1. (a) Schematic illustration of luminescence from a lanthanide complex incorporating an
excitable antenna; (b) energy level diagram depicting the photo-physical processes involved in
sensitised Eu**emission. Adapted from reference 6.
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4.1.2 Lanthanide-containing Interlocked Structures

A plethora of hard basic oxygen and nitrogen donor based ligands such as
carboxylates, crown ethers and acetylacetone (acac) derivatives for lanthanide complexation
have been synthesised and studied over many years. Polyaminocarboxylate-based
macrocyclic ligands in particular such as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) offer kinetic inerthess and thermodynamic stability in lanthanide
complexation. DOTA consists of a central 12-membered tetra-azacyclodecane macrocycle
(known as cyclen) with the four secondary amine groups functionalised with -CH,CO,H
groups. For example, the solid state structure of a Eu-DOTA complex (Figure 4.2) reveals
Eu®* is coordinated by four nitrogen atoms and four carboxyl oxygen atoms on the DOTA
ligand as well as by one water molecule.® Compared to the acyclic analogue EDTA
(ethylenediaminetetraacetic acid), lanthanide DOTA complexes are several orders of

magnitude more stable.®

H,0
O?/O 2/
/ (@]
W
L eo
o
SNOAN
o —\
O
0

Figure 4.2. The chemical structure (left) and solid state structure (right) of Eu-DOTA-H,O complex.8

In spite of the existence of numerous lanthanide complexes, examples of lanthanide-
containing interlocked molecules are rare.® Pioneering work for incorporating lanthanides
into [2]rotaxanes was performed by Beer and co-workers. For instance, a Eu-DO3A
appended [2]rotaxane, prepared by the CuAAC reaction between a Eu-containing propargyl
DO3A complex with a ‘rotaxane’ azide, exhibited CI responsive luminescence behaviour

(Figure 4.3(a)).®® Also, via a ‘stoppering’ methodology, lanthanide rotaxanes were
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synthesised by first forming pseudo-rotaxanes using lanthanide cation-pyridine N-oxide

templation (Figure 4.3(b))™* and nitrite anion templation (Figure 4.3(c))*.

Ln%*= Lu®*/Eudt

Ln3*= Lu3*/Eudt

Figure 4.3. Lanthanide-containing rotaxanes.

Besides DO3A derivatives, 2,6-pyridinedicarboxamide motifs have also been
exploited to synthesise interlocked lanthanide complexes. For example, a series of trefoil
knots were prepared by Leigh and co-workers utilising interactions between Ln** cations and

13-15

three 2,6-pyridine-dicarboxamide ligands (Figure 4.4(a)). Similarly, mechanically

interlocked [2]- and [3]catenanes were synthesised by Gunnlaugsson and co-workers using
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ring-closing metathesis reactions of a Eu(lll) templated pyridine-dicarboxamide bis-vinyl

functionalised motif (Figure 4.4(b)).*

(b) O\

Figure 4.4. (a) Leigh’s Eu-containing knots;'* (b) Gunnlaugsson’s Eu-templated [3]catenane.®

4.1.3 Chapter Aims

The DOTA type ligand has been extensively used for lanthanide complexation, with a
wide range of coordinating amide, ester, phosphate based arms and macrocycle size
variation. All these modifications however are restricted to using covalent bonds to arrange
multiple donor ligands on a cyclen cyclic framework, while exploiting the mechanical bond to
achieve this has not been investigated. The aim of the project described in this chapter was
to construct a novel type of interlocked host for lanthanides where the covalent bonds of the
cyclen cycle in DOTA are replaced by mechanical bonds resulting in a [2]rotaxane ligand
(Figure 4.5). The target rotaxane cavity is flanked by multiple nitrogen donor atoms
functionalised with carboxylates, which are able to encapsulate the lanthanide metal cation.
Also, by varying the numbers of NCH,CO; ligands and the size of macrocycle, the strength

of lanthanide cation association can be modulated.
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%«/
o~ 4\
v

O

Figure 4.5. The cartoon illustration of the idea of novel rotaxane ligands for lanthanide complexation

152



CHAPTER 4

4.2 Synthesis and Characterisation of Rotaxane Ligands
4.2.1 Synthesis of Macrocycle Components

The synthesis of the target rotaxane ligands utilised the bis-triazole-amine motif
containing macrocycles to facilitate AMT mechanical bond formation. Macrocycles 4.4 and
4.5 were prepared according to Scheme 4.1. 4-Hydroxybenzyl alcohol was reacted with
triethylene bis-tosylate'” in CH;CN under basic conditions to afford compound 4.1 in 76%
yield.*® Chlorination using thionyl chloride gave 4.2 in 83% yield," which was converted to
azide 4.3 in quantitative yield using NaN3.%*° Reacting dipropargylamine and 4.3 under high-
dilution CuAAC reaction conditions, followed by chromatographic purification gave
macrocycle 4.4 in 32% vyield (Scheme 4.1(a)). Similarly, synthesis of macrocycle 4.5 in 30%
yield was achieved by CuAAC reaction with dipropargylamine and bis azide 2.33 under high

dilution conditions (Scheme 4.1(b)).
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HO OH HO Cl (¢]]
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\> Q/O O\>
&Ouo N2
41 4.2
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DMSO
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quantitative
N"N]/\N/\[N“N
\N H N dipropargylamine, N3 N3
[Cu(CH3CN),]PFg, TBTA,
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32%
O (@)
0 ° &o O\>
Q/Ovoj
4.3
4.4

o) [Cu(CH3CN)4PFg], TBTA, CH,Cl,,

30%

high dilution, 48 hrs

dipropargylamine w

2.33

Scheme 4.1. Synthesis of macrocycle (a) 4.4 and (b) 4.5.

4.2.2 Synthesis of Axle Components

o o

0 0

K/O\_/O\)
4.5

Bis-alkyne polyamine N-Boc protected axle precursors were prepared as shown in

Scheme 4.2. Ethylenediamine was reacted with Boc anhydride ((Boc),O) to afford

compound 4.6 in quantitative yield.”* Reaction of 4.6 with two equivalents of propargyl

bromide in CH3;CN under basic conditions gave N-Boc-protected bis-alkyne 4.7 in 43%

yield.? Similarly, synthesis of N-Boc-protected bis-alkyne 4.9 involved N-Boc-protection of
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diethylenetriamine? and subsequent reaction with two equivalents of propargyl bromide in

the presence of base.

2 eqv. propargyl bromide,

: =/ \/
HZN\/\NH NH,SO3H, neat (Boc),0 BOCHN\/\NHBOC K'BuO, TBAI, CH3CN 'Tj [Tj
2 quantitative 43% Boc Boc
4.6 4.7
H (B06),0, MeOH I|300 2 eqv. propargyl bromide, =/ \/\
20, N
N~ >N, - BocHN™ ™>"""NHBoc NaH, DME N NN
88% 39% Boc Boc Boc
4.8
4.9

Scheme 4.2. Synthesis of bis-alkyne 4.7 and 4.9.

4.2.3 Synthesis and Characterisation of Rotaxanes

Rotaxanes were prepared through AMT synthesis. As shown in Scheme 4.3, N-Boc
protected rotaxane 4.10 was prepared in 22% isolated yield by reacting one equivalent of
macrocycle 4.5, three equivalents of bis alkyne 4.7 and six equivalents of stopper azide 2.6
in CH,ClI, followed by preparative TLC purification. Rotaxane 4.10 was characterised by *H
and *C NMR and high resolution ESI mass spectrometry. By comparing the 'H NMR
spectra of macrocycle 4.5, rotaxane 4.10 and the corresponding free axle component which
was isolated as a by-product from the AMT rotaxane forming reaction, the interlocked nature
of 4.10 was evidenced from the upfield shifts of macrocycle component hydroquinone proton
signals, arising from the aromatic 1- ™ donor-acceptor interactions with the electron-deficient
triazole motifs on the axle (Figure 4.6). In addition, the interlocked nature of 4.10 was further
confirmed by 'H-"H ROESY NMR spectroscopy. Quantitative removal of N-Boc groups using
TFA followed by reaction with three equivalents of tert-butyl bromoacetate in the presence of

base afforded the rotaxane 4.12 in 72% yield.
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Scheme 4.3. Synthesis of Rotaxane 4.12.
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Figure 4.6. '"H NMR comparison of macrocycle 4.5, rotaxane 4.10 and corresponding axle in CDCls (T
= 298 K).
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A comparison of the '"H NMR spectra of rotaxanes 4.10, 4.11 and 4.12 is shown in
Figure 4.7. After removal of N-Boc-protecting groups, the proton signals become quite sharp
and display assignable coupling patterns due to the elimination of the slow exchange N-CO
bond rotation process of the N-Boc moieties. However, the appendage of three methylene
tert-butyl acetate groups resulted in the rotaxane adopting an unsymmetric co-conformation
as evidenced from the signal splitting in the *H NMR spectrum of 4.12. Signals arising from
triazole protons H, and H,, stopper phenol protons H, and Hy, axle alkyl protons Hy and Hgy
show obvious differences while proton signals on the macrocycle component (e.g. triazole
H; and hydroquinone protons) do not exhibit any doubling of signals. Also, the alkyl proton
signals in the region between 3.0 — 4.5 ppm become more complicated and difficult to
interpret compared to rotaxane 4.11. These observations indicate that the macrocycle is
stationed on one side of the axle and cannot shuttle along the axle freely, presumably

because of steric hindrance from the axle’s tert-butyl acetate functionalities.

412

4.11

4.10

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0
Chemical Shift (ppm)

Figure 4.7. '"H NMR comparison between rotaxanes 4.10, 4.11, 4.12 in CDCl3 (T = 298 K).
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A similar synthetic protocol (AMT rotaxane synthesis — deprotection — post-rotaxane
functionalisation) was adopted to prepare rotaxanes 4.17 and 4.18 (Scheme 4.4). It is
noteworthy that employing the smaller macrocycle 4.4 improved the rotaxane yields up to
49%. This observation is in agreement with previously reported results that smaller sized
2,2’-bipyridine containing macrocycles gave higher rotaxane yields using the AMT synthetic
protocol.?* Rotaxanes 4.17 and 4.18 were characterised by 'H, *C and 'H-'H ROESY NMR
and high resolution ESI mass spectrum. As expected, both rotaxanes 4.17 and 4.18
containing the smaller sized macrocycle component exhibit unsymmetric *H NMR spectra

suggesting the macrocycle for steric reasons cannot shuttle along the respective axle

(Figure 4.8).
6 eqv.
N3/\/\O'R
N N N, nN N
N‘I]/\H/\[ N N[ H
N N 2.6 N =
[CuCHiCN)PFs, O - Ney ©
+ 3 eqv. CH,Cl,, 96 hrs ! N
A= T R
= - n=1 33%
o] 0 l}l N n n=2 49% (0) Boc @®Boc
Q/o\_/oj Boc  Boc <,o n=1 4.13
n=2 414
n=1 4.7
44 n=2 4.9 TFA,
overnight
n = 0/1 quantitative
o)
/LOX
N o) N
B N . N
N f 3eqv. /—4 N fH
N / Br O'Bu N -
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Scheme 4.4. Synthesis of rotaxanes 4.17 and 4.18.
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Figure 4.8. "H NMR spectrum of rotaxane (a) 4.17 and (b) 4.18 in CDCl; (T = 298 K).

Removal of the tert-butyl protecting groups using TFA followed by washing with
saturated NaHCO; aqueous solution produced the corresponding rotaxane sodium salts

4.19, 4.20, 4.21 (Scheme 4.5). For example, "H NMR spectrum of 4.21 (Figure 4.9) shows
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the disappearance of the tert-butyl signals and ESI mass spectrometry also confirmed the

removal of all the protecting groups.

(a)

(b)

(1) TFA, CH,Cly; (2) NaHCO;

quantitative

O
O\é
O-2

" { N F&N (1) TFA, CH,Cly; (2) NaHCOs
l:llr\} KN no quantitative
N\

pd

N
N,

)

—

N 'H
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Scheme 4.5. Synthesis of rotaxane ligands (a) 4.19 (b) 4.20 and 4.21.
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Figure 4.9. "H NMR of 4.21 in CD;0D (T = 298 K).
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4.3 Lanthanide Binding Studies’
4.3.1 Preliminary Qualitative Complexation Studies

Preliminary qualitative lanthanide complexation experiments were initially performed
by adding one equivalent of Eu(TfO); or Th(TfO); to methanolic solutions of rotaxane ligand

4.19 (Scheme 4.6) and monitoring the luminescence properties of the resulting mixture.

‘ R
o N=N N 0 1 eqv. Ln(TfO); N\ N\\\‘;// \‘/ )
NV N T Lo
NN MeOH ’
(6] K(O
O

Ln = Eu/Tb

Scheme 4.6. Preliminary Eu®"/Tb** complexation with rotaxane 4.19.

Upon the addition of Eu**, the excitation spectrum of the resulting complex 4.19Eu
showed a broad ligand-metal charge transfer (LMCT) band with a sharp peak at 315 nm
(Figure 4.10(a)). Importantly, the corresponding emission spectrum (excited at 315 nm)
reveals low intensity luminescence, suggesting the emission of the Eu-containing systems
was quenched by the LMCT process. It was hypothesised that the acyl-triazole chromophore
was unable to sensitise Eu®** effectively due to a dislocation between the lowest triplet state
in the triazole motif and excited state of Eu**, favouring back energy transfer from the excited

state of Eu®" to the triazoles. Though further investigation is required before verifying these

*These experiments were undertaken in collaboration with Mr. Xuejian Zhang in Professor Stephen Faulkner’s
group.
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hypotheses, it was clear that Eu®" was not a suitable candidate for studying lanthanide
cation complexation to the rotaxane ligands. By contrast, 4.19Tb displayed stronger
excitation and emission intensities, suggesting that Tb** luminescence was less strongly
affected by LMCT processes due to the higher energy of its excited states (Figure 4.10(b)).
The complex displayed classic terbium-centred emission, with four bands corresponding to
°D,~>Fe, °D4>'Fs, °D,>F4 and °D,~>'F; transitions. The moderate luminescence intensity
observed may result from intramolecular energy transfer from the antenna chromophore
triazole motifs to the Tb** centre. Similar luminescence spectra were noted with the in-situ

formed Tb*" complexes of 4.20 and 4.21.
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Figure 4.10. (a) Excitation spectrum (red line, Ay, = 615 nm) and emission spectrum of 4.19Eu (blue
line, Aex = 315 nm); (b) excitation spectrum (red line, A, = 475 Nnm) and emission spectrum of 4.19Tb
(blue line, Aex = 298 nm). The intensity scales are normalised respectively. Concentration = 5 x 10° M,
solvent = MeOH.

Further evidence for Tb*" complexation was obtained by high-resolution ESI mass
spectrometry and *H NMR spectroscopy. High resolution ESI mass spectrometry confirmed
the successful complexation between all three rotaxane ligands and Th* ions (e.g. observed
m/z = 2208.07099, assigned as [4.19Tb+H]", CixH14901:N:5Th, theoretical calculated
2208.06900). Also, 4.21Tb displayed a paramagnetic shift in the 'H NMR spectrum.

Compared to the free ligand 4.21, 4.21Tb (Figure 4.11) showed a *H NMR spectral range of
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over 100 ppm with line broadening arising from the paramagnetic nature of the rotaxane

complexed Tb**.

| \
S
““Ww/ \-’\/\m—«/ \.MMWU Vj \me

80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50
Chemical Shift (ppm)

Figure 4.11. 'H NMR spectra of 4.21Th in CD30OD.

To further elucidated the nature of the local coordination environment of the
lanthanide ions, the hydration number (gx.0), which indicates the number of water molecules

coordinating to the lanthanide centre, was determined for the lanthanide rotaxane complexes

4.19Tb and 4.21Tb. By measuring the lifetime T in deuterated and non- deuterated

methanol, gu.o can be calculated via the Horrocks equation:

1 1

qH0 = 2 % A( B)

TMeOH TMeOD

where A is a parameter which is specific to each lanthanide and B is the correction factor.?®
The curve was fitted with single exponential luminescence decays in MeOH and d;-MeOD
with the parameters of Beeby et al. (A = 5.0, B = 0.06),% affording an average hydration
number of 2.2 for 4.21Tb (Figure 4.12). Compared to 4.21Tb, the hydration number of the
complex 4.19Tb is much larger (around 5), reflecting the availability of more coordination
sites as a result of the lower denticity of the rotaxane ligand 4.19. This implies the cavity of
ligand 4.21 has more coordinating donors to complex the lanthanide, in particular one more
NCH,CO, on the axle. Multi-exponential fitting attempts were unsuccessful, indicating that

no free Th* ions were present in solution for both 4.19 and 4.21.
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Figure 4.12. Lifetimes and hydration states for 4.19Tb and 4.21Tb. (Fitted curved: red, observed
curve: black)

Preliminary computational studies were performed to provide further insights into the
structure of 4.21Tb. MOPAC 2016, a quantum chemistry program designed to study
lanthanide complexes on the basis of Dewar and Thiel's NDDO approximation, implemented
with Sparkle Model parameters with RM1 (a semi-empirical molecular orbital model) was
exploited to predict the geometry of 4.21Tb.?” Compared to conventional DFT method,

MOPAC has certain advantages such as low computational cost and relative high accuracy.

Throughout the MOPAC optimization, 4.21Tb presents a non-linear axle with
distorted macrocyclic components (Figure 4.13). The rotaxane coordinates to the Th*" centre
via four direct electrostatic interactions between carboxylate arms and the lanthanide cation.
The optimised structure demonstrates the binding event does not occur within the cavity of

the macrocyclic ring, which can be rationalised by steric effects arising from the bulky nature
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of the interlocked ligand. The average bond length between Tb*' and the coordinate
carboxylate oxygen atoms is 2.23 A which is relatively close to the Th-oxygen distance (2.35

A) observed in Tb-DOTA systems.?®

Figure 4.13. Calculated structure of 4.21Tb, optimized using MOPAC2016. red atom: oxygen; grey
atom: terbium cation.

4.3.2 Association Constant Determination

After performing qualitative Th®*" complexation studies with rotaxane ligands 4.19,
4.20 and 4.21, the complex stoichiometries and association constants between the rotaxane
ligands and Tb*" in methanol were determined by luminescence titrations, which were
undertaken by adding an increasing amount of Tb(TfO); into methanol solutions of the
interlocked ligands. The addition of Th** resulted in greatly increased emission intensity
(Figure 4.14) while a control experiment showed that no emission was observed on addition
of Tb®" into pure methanol. Moreover, by plotting the integrated luminescence intensities
(J = - 2 or J = -1) against the concentration of Th* cation and analyzing the resulting titration

curves using Dynafit*® (Figure 4.15), 1:1 stoichiometric association constants were obtained
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(Table 4.1). It is envisaged that the bulky and encapsulating nature of the rotaxane ligands

prevents the formation of higher order complexes with greater host/guest ratios.

5 -

Intensity/a.u.

450
Wavelength/nm

Figure 4.14. Phosphorescence spectra: titration of free Th®" cation into a MeOH solution of the
rotaxane ligand 4.19 (excitation at 298 nm, exit slit = 5 nm, gated time = 0.1 ms, [4.19] =5 X 10° M).

Figure 4.15. Binding curve fitting (AJ = -2 (left) and AJ = -1 (right)). Vertical axis: integrated
luminescence intensity; horizontal axis: concentration of Th*" cation.
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Table 4.1. Association constants for formation of 1:1 complexes between of different
rotaxane ligands with Tb*" and rotaxane ligands 4.19, 4.20 and 4.21.

-Iha
Ligand T Log (K/M™) S
4.19 5.04 £ 0.09 5.12 £ 0.07
4.20 5.30 £ 0.08 5.37 £ 0.09
4.21 6.17 £ 0.04 6.08 £ 0.05
#Solvent = CH3OH, T = 293 K.

Both rotaxanes 4.19 and 4.20 have three carboxylic acid functionalities with the latter
containing a smaller macrocycle component. The greater affinity between Tb*" and 4.20
illustrates that the smaller macrocycle size results in greater complex stability, likely due to
the increased preorganisation and fewer degrees of conformational freedom associated with
the smaller macrocycle component. Comparing the Th®" association constant values of
rotaxane ligands 4.20 and 4.21, both of which have the same macrocycle component, 4.21
forms the strongest complex as a consequence of having an additional NCH,CO,

carboxylate coordinate donor incorporated into the rotaxane’s axle component.
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4.4 Conclusions and Future Work

A series of novel rotaxane ligands capable of lanthanide complexation were prepared
via AMT rotaxane synthesis followed by post-functionalisation. Quantitative lanthanide
complexation experiments proved the successful binding of Tb®* cations to the three
rotaxane ligands, which was demonstrated by luminescence experiments, *H NMR
spectroscopy and high resolution mass spectrometry. Further understanding of the
environment of the interlocked ligand complexed lanthanide centre was obtained by
calculating the hydration numbers of Tbh® complexes, as well as by performing
computational modelling studies. Association constants for 1:1 stoichiometric rotaxane:Th**
binding were determined by luminescent spectroscopic titrations. The large association
constant values not only proved the successful formation of stable complexes between the
rotaxane ligands and Tb**, but also indicated that complex stability was enhanced with
increasing the number of NCH,CO,coordinate donor groups on the rotaxanes’ axle
component, and with increasing preorganisaton of the interlocked host through contraction of

the macrocycle component.

Future work will focus on incorporating other sensitisers such as ferrocene
derivatives into the rotaxane ligand framework (Figure 4.16). The ferrocene motif will
potentially act as an efficient antenna for other lanthanide guest metal cations such as Eu®*
leading to unique photo-physical properties. Importantly, a redox addressable antenna can
also allow the resulting lanthanide complex to switch sensitised emission

electrochemically.*
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Figure 4.16. A ferrocene-containing interlocked lanthanide complex potentially capable of
electrochemical switching of luminescence.
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Chapter 5: Conclusions

The work in this thesis highlights the application of interlocked host structures for
anion recognition and lanthanide complexation. In the case of interlocked structures as anion
hosts, the utility of halogen bonding as an intermolecular interaction has been established,
demonstrating that the unique three dimensional cavities of interlocked structures flanked
with multiple XB iodotriazole motifs facilitate anion binding affinity and selectivity. The
arrangement of NCH,CO, donor groups integrated into the macrocycle and axle

components of [2]rotaxanes leads to a novel type of host molecule for lanthanide cations.

Chapter 2 underscored the bifunctional properties of XB bis-iodotriazole derivatives
where their Lewis basic N-donors are used for metal coordination and Lewis acidic XB C-l
donors are used for anion recognition. Using AMT methodology, a series of XB rotaxane
hosts were prepared. Coordinating a Re(l) functionality to a cationic XB rotaxane resulted in
enhanced affinity and selectivity for spherical halide anions in competitive aqueous solvent
media. Furthermore, incorporating a XB bis-iodotrizole-amine motif into rotaxane frameworks
generated XB rotaxanes capable of acid-regulated switching of metal cation and anion guest
binding (Figure 5.1). When neutral, the rotaxanes were able to bind transition metals strongly
and exhibited relatively weaker anion binding affinity. Addition of acid producing the
protonated rotaxane analogue greatly enhanced the strength of anion binding and switched
off metal cation binding. Importantly, the protonated XB rotaxane host displayed a rare anti-

Hofmeister anion binding bias, CI" > Br' > NO3™ with no binding of I’ and ReOy,.

172



CHAPTER 5

Figure 5.1. Cartoon illustration of a bis-iodotriazole-amine motif containing XB rotaxane capable of
acid-regulated switching of metal cation and anion guest binding.

In Chapter 3 XB cryptand hosts bearing multiple iodotriazole groups for anion
recognition were prepared using tripodal capping and macrocyclic bridging synthetic
approaches. It was established that incorporating a variety of bridging covalently linked
spacer groups into such cryptand frameworks had a significant influence on cryptand
solubility and molecular conformation. A naphthalene-containing XB cryptand (Figure 5.2)
was demonstrated to act as a selective chloride anion host and fluorescent sensor. Efforts to
prepare unprecedented XB cryptand-based interlocked anion hosts were undertaken via
AMT and HB template approaches. Although evidence of formation of the target hosts was

observed by ESI-MS, no interlocked products could be isolated.
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Figure 5.2. A multiple XB iodotriazole functional groups containing cryptand capable of selective
spherical CI recognition and sensing.

Chapter 4 described a series of novel interlocked ligands for lanthanide complexation
(Figure 5.3). These rotaxane ligands were prepared via AMT mechanical bond synthesis
followed by post-rotaxane functionalisation. The successful formation of stable complexes
between the rotaxane ligands and Th*" was observed as evidenced from photo-physical
investigations. In addition, increasing the number of NCH,CO, donor groups on the
rotaxanes’ axle component together with preorganisaton of the interlocked host through
contraction of the macrocycle component was demonstrated to enhance the stability of the
Tb* complex. Further modification of the rotaxane ligand framework by altering the
arrangement of the NCH,CO, donor groups and incorporating a variety of antennas such as
ferrocene motifs will produce lanthanide complexes with potential applications in sensing

and imaging
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Figure 5.3. Cartoon illustration of a new class of novel rotaxane ligand for lanthanide complexation.

In summary, the results described in this thesis demonstrate that interlocked
molecules, prepared by AMT methodologies, can act as unique hosts for anions and
lanthanides. Furthermore, elaborate modification of such interlocked host molecules has

proven to be an efficient approach to tune their guest binding affinity and selectivity.
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Chapter 6: Experimental

6.1 General Considerations
6.1.1 Instrumentation

NMR spectra were recorded on Bruker Avance IlI 400 HD nanobay NMR
spectrometers equipped with 9.4T magnets, or Bruker Avance 500 machines equipped with
11.75T magnets. All chemical shifts are noted in parts per million (ppm) (nearest 0.01 ppm
for *"H NMR and nearest 0.1 for *C NMR). Signal splitings are denoted as singlet (s),
doublet (d), triplet (t), quartet (quart.), quintet (quint.), septet (sep.) and multiplet (m). 2D
techniques such as COSY and ROESY are used to assign proton signals in some cases.
Spectra are recorded relative to the residual solvent peak (for *H and **C), or the solvent
with greatest number of deuterium atoms in the case of mixed solvent systems. Low and
high resolution ESI mass spectra were carried out on Waters LCT premier and Bruker
microTOF spectrometers respectively. Fluorescence and UV-Vis spectra were recorded on a
Horiba Fluorolog 3, T60U (PG Instruments Ltd) spectrophotometer and Applied
Photophysics Chirascan instrument respectively. Terbium luminescence spectra were

collected in phosphorescence mode exciting at 298 nm using a flash delay of 0.1 ms.
6.1.2 'H NMR Titration Protocols

All deuterated solvents and tetrabutylammonium (TBA) salts used were purchased
from chemical suppliers. All TBA salts need to be stored in vacuum dessicators at room
temperature in the presence of P,Os dessicant for at least a week. In a typical titration
experiment, the initial sample volumes were 0.5 mL, at a concentration of 1.0 mM of host
where a solution of the anion of interest as its tetrabutylammonium (TBA) salt was added to
the host solution. The resulting chemical shifts of the appropriate protons were monitored for
at least 17 data points. The observed chemical shift values at each guest concentration were
entered into the WinEQNMR2 software’ for every titration point. Estimates for the binding

constant and limiting chemical shifts were performed. The parameters were refined using
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non-linear squares analysis under a host-guest 1:1 binding model to obtain the best fit
between the observed and calculated chemical shifts during convergence of the best-fit

binding constant values and their errors.
6.1.3 Luminescence Titration Protocols

Luminescence spectroscopy was performed on a HORIBA Fluorolog. In each case,
spectra were recorded at 293 K using standard 3 mL quartz cuvettes with sample volumes of
2.5 mL and path length of 1 cm. In order to maintain the receptor concentration, the guest
species of interest (anions or lanthanide cations) was dissolved in the same receptor
solution. In a typical experiment, an aliquot of the guest species solution was added to the
receptor solution in the cuvette and the mixture was thoroughly mixed using a pipette before

the luminescence spectra were recorded.
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6.2 Synthetic Procedures
6.2.1 Solvents and Reagents

All solvents and reagents were purchased from commercial suppliers and used as
received. Dry organic solvents were degassed with nitrogen and then dehydrated by passing
through an MBraun MPSP-800 column. De-ionised water was obtained using a Milli-Qr
Millipore machine. Triethylamine was distilled from potassium hydroxide and stored over the
same base at ambient conditions while TBTA was synthesised as described.? Brine refers to
a saturated aqueous solution of NaCl and basic EDTA solution is a 0.02 M aqueous solution
of EDTA in a 1 % NHs solution. 0.1 M HBF, solution was prepared by dissolving HBF4Et,O
complex in CDCIl; and the solution was stored in fridge. Thin layer chromatography (TLC)
analysis was undertaken using Merck silica Kieselgel 60 F,s4 0.25 mm with spots visualised
under UV light (254 or 365 nm) or staining with KMnO, solution. Purification of compounds
were performed using silica gel column chromatography (particle size 40-63 uM) or
preparative TLC plates (20 x 20 cm with 1 mm silica thickness). Microwave-assisted
reactions were undertaken in sealed standard Biotage pyrex-glass microwave vials with a

Biotage® Initiator 2.0 reactor.

178



CHAPTER 6

6.2.2 Synthesis of Novel Compounds from Chapter 2

Rotaxane 2.7H

-N
o ’:" n
N/
3
a 4 ' d
e C X g i ¢ b

To a solution of macrocycle 2.3 (44 mg, 0.054 mmol) in dry CH,CI, (5 mL) under N,
was added [Cu(CH3CN)4]PFgs (20 mg,0.054 mmol) and stirred for 5 min. Stopper-azide 2.6
(126 mg, 0.216 mmol) and stopper-alkyne 2.5 (117 mg, 0.216 mmol) were then added and
the solution was left to stir at room temperature for 48 hrs. The reaction mixture was diluted
with CH,Cl, (20 mL), washed with an EDTA solution (3 x 5 mL), water (2 x 5 mL) and then
dried over MgS0O,. The rotaxane was purified using preparative TLC chromatography (97:3
CH,CI,/CH;OH) to afford the rotaxane 2.7H as a white solid (21 mg, yield = 20%). *H NMR
(500 MHz, CDCls) & (ppm): 7.80 (1H, s, H,), 7.25-7.08 (28H, m, H,-H,), 6.80 (2H, d, *J = 8.9
Hz, Hy), 6.60 (2H, d, J = 8.9 Hz, H)), 6.55-6.38 (8H, m, H; + H,), 4.95 (2H, s, H)), 4.79 (4H,
m, Hs), 4.32 (4H, t, 3J = 5.1 Hz, Hy), 3.99 (2H, t, 3J = 7.5 Hz, H,), 3.59-3.47 (18H, m, Hs—Hg+
H), 1.85 (2H, quin, 3J = 7 Hz, H,), 1.31(27H, s, H,), 1.30 (27H, s, H,); *C NMR (125 MHz,
CDCl,) 5 (ppm): 156.3, 156.2, 153.1, 151.9, 148.3, 144.2, 142.9, 142.6, 139.9, 139.7, 132.2,
132.1, 130.7, 124.1, 115.9, 115.2, 113.3, 113.1, 70.7, 69.5, 67.5, 64.3, 63.1, 61.5, 49.7,
47.1, 34.3, 31.4, 31.4, 29.7, 29.5; HRMS (ESI +ve) m/z= 1949.79245 ([M+H]",

Cio0sH130l2NgQg, calc. 194979525)
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Rotaxane 2.9

To a solution of macrocycle 2.3 (20 mg, 0.024 mmol) in dry CH,Cl, (2.4 mL) under N,
was added [Cu(CH3CN)4]PFgs (18 mg, 0.048 mmol) and stirred for 5 min. Stopper azide 2.6
(112 mg, 0.192 mmol) and 3,5-bis-iodoalkyne pyridine 2.8 (36 mg, 0.096 mmol) were added
and the solution was left to stir at room temperature for 96 hrs. The reaction mixture was
diluted with CHCI; (20 mL), washed with an EDTA solution (10mL x 2), water (5 mL) and
then dried with MgSO,. After preparative TLC chromatography (97:3 CH,CIl,/CH;OH), the
rotaxane 2.9 was gained as a white solid (14 mg, 24% vyield). '"H NMR (500 MHz, CDCl;) &
(ppm): 9.23 (2H, s, H.), 8.77 (1H, s, Hp), 7.26-7.24 (12H, d, 3J = 9.0 Hz, H,), 7.13-7.11 (16H,
d,%J = 9.0, Hy + He), 6.68 (4H, d, %3 = 8.7 Hz, Hy), 6.37 (4H, d, %J = 9.0 Hz, H,), 6.33 (4H, d,
3 = 9.0 Hz, H,), 4.86 (4H, t, %) = 4.2 Hz, Hs), 4.24 (4H, t, %) = 4.2 Hz, H,), 4.17 (4H, t, %) =
5.9 Hz, Hy), 3.78-3.63 (20H, m, Hs-Hg + Hp), 2.02 (4H, quintet, ®J = 5.9 Hz, H)), 1.32 (54H, s,
H); *C NMR (125 MHz, CDCl;) & (ppm) 156.3, 153.0, 151.8, 148.3, 144.2, 141.9, 139.8,
132.3,132.2,130.7, 124.1, 114.9, 114.9, 113.1, 79.3, 70.7, 70.6, 69.5, 67.6 67.3, 64.0, 63.1,
50.2, 47.9, 34.3, 31.4, 29.7, 29.4, 22.7, 14.1; HRMS (ESI +ve) m/z = 2373.6608 ([M+H]",

C]_]_7H13409N13|4, calc. 23736634)
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a 2PFg
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Compound 2.13 (184mg, 0.3 mmol) was dissolved in dry CH,Cl, (5 mL) before

[Me3O]BF, (93.2 mg, 0.63 mmol) was added. The mixture was stirred for two days under N,.

A drop of CH;OH was added to quench reaction and the solvent was removed under

vacuum to give a light yellow solid which was then purified by preparative TLC

chromatography (9:1 CH,CI,/CH3;OH). Anion exchange to the PFgs salt was achieved by

washing a CHCI; solution (20 mL) of the product with a 0.1 M NH4PFs agueous solution (20

mL x 10). The solution was dried over MgSO, and the solvent was removed under vacuum

to afford the compound 2.14 as an off-white solid (168 mg, 60% vyield). *"H NMR (400 MHz,

CD5CN) & (ppm): 4.64 (4H, t, 3 = 6.0 Hz, Hy), 4.19 (6H, s, Hp), 2.06 (4H, quin, 3J = 5.8 Hz,

Ho), 1.50-1.31 (20H, m, Hq - Hy), 0.91 (6H, t, 3 = 5.5 Hz, H)); °F NMR (376 MHz, CD;CN) &

(ppm): -72.4 (d, *Jep = 712 Hz); P NMR (142 MHz, CD;CN) & (ppm): -144.8 (sep., Jrp =

712 Hz); MS (ESI +ve) m/z= 321.1 ([M — 2PF¢]*, CasHaoNgl», calc. 321.1).

Compound 2.15

o o)
" ]
O Oo— ¢
AN
hoip N

Macrocycle 2.3 (10mg, 0.0122 mmol) was dissolved in dry CH;CN (5 mL) in a

microwave vial before [Me;O]BF; (7.2 mg, 0.0488 mmol) was added. The mixture was

181



CHAPTER 6

stirred at 80 °C for seven days. A drop of CH;OH was added to quench reaction and the
solvent was removed under vacuum to give a light yellow solid which was then purified by
preparative TLC chromatography (9:1 CH,CI,/CH;0OH) to afford an off-white solid. Anion
exchange of the product to the PF4 salt was achieved by washing a CHCI; solution (20 mL)
of the product with a 0.1 M NH4PFs aqueous solution (20 mL x 10). The solution was dried
over MgSO, and the solvent was removed under vacuum to afford the compound 2.15 as an
off-white solid (11.2 mg, 94% yield). *H NMR (400 MHz, CDCl;) & (ppm): 6.87-6.62 (8H, m,
Ha + Hy +Hy + Hp), 5.04 (2H, t, 33 = 4.3 Hz, H,), 4.88 (2H, t, 3J = 4.3 Hz, H.), 4.62 (2H, t,%J =
4.3 Hz, Hg), 4.54(2H, t, % = 4.54 Hz, Hy), 4.23 (3H, s, He), 4.08 (2H, t, °J = 4.5Hz, Hy), 4.01
(2H, t, *J = 4.5 Hz, Hr), 3.78 (4H, m, Hy + Hy), 3.65 (8H, m, H, + Hy + H, + H;); *C NMR
(100 MHz, CDCl3) & (ppm): 153.0, 152.6, 151.0, 149.8, 137.6, 134.4, 115.4, 114.8, 114.6,
69.8, 69.6, 68.7, 68.6, 67.4, 67.0, 66.1, 64.3, 53.0, 52.4, 50.3, 39.0, 28.7; *F NMR (376
MHz, CDCl3) & (ppm): -72.4 (d, *Jep = 712 Hz); *'P NMR (142 MHz, CDCl;) & (ppm): -144.8

(sep., 2Jep = 712 Hz); MS (ESI +ve) m/z = 833.1 ([M—PFg]", CagH350:Ngl,, calc. 833.1).

Rotaxane 2.16l

To a solution of neutral rotaxane 2.71 (8 mg, 0.004mmol) in 1 mL of CHCI; was
added CHgsl (30 mg, 0.21 mmol) and stirred at 30°C until all the starting material was
consumed. The solvent was removed to afford a light yellow solid which was then purified

through preparative TLC chromatography (95:5 CH,CIl,/CH3;OH). Anion exchange of the
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purified product to the PF4 salt was achieved by washing a CHCI; solution (20 mL) of the
product with a 0.1 M NH,PFs aqueous solution (20 mL x 10). The solvent was removed
under vacuum to afford the product as a white solid (6.4 mg, 80% yield). *"H NMR (500 MHz,
CDCl3) & (ppm): 7.26-7.22 (12H, m, Ha + Hy), 7.18-7.11 (16H, m, He- Hy), 6.77 (2H, d, 3J =
8.7 Hz, Hy), 6.66 (2H, d, *J = 8.7 Hz, Hy), 6.37 (4H, d, ®J = 9.2 Hz, H;), 6.35 (4H, d, *J = 9.2
Hz, H,), 4.89 (4H, m, Hs), 4.47 (2H, s, Hj), 4.26 (4H, m, Hy,), 3.95 (3H, s, H;), 3.82-3.40 (20H,
m, Hs—Hg + Hy + H)), 1.80 (4H, quintet, 3J = 6.8 Hz, Hy), 1.32 (27H, s, Hy), 1.31 (27H, s, Ho);
3C NMR (125 MHz, CDCl3) & (ppm): 156.1, 154.5, 152.7, 151.8, 148.3, 144.1, 144.0, 141.7,
140.1, 130.6, 124.2, 124.1, 115.0, 114.9, 113.2, 88.9, 78.5, 70.6, 70.0, 67.7, 67.1, 63.1,
57.9, 51.5, 50.2, 39.3, 34.3, 31.4, 29.7, 27.7; °F NMR (376 MHz, CDCl3) & (ppm): -72.4 (d,
YJep = 712 Hz); *'P NMR (142 MHz, CDCl;) & (ppm): -144.8 (sep., ‘Jep = 712 Hz); HRMS

(ESI +Ve) m/z = 2089.6969 ([M—PF6]+, C109H12909N9|3, calc. 20897075)

Rotaxane 2.16H

To a solution of neutral rotaxane 2.7H (8 mg, 0.004mmol) in 1 mL of CHCI; was
added CHgsl (30 mg, 0.21 mmol) and stirred at 30°C until all the starting material was
consumed. The solvent was removed to afford a light yellow solid which was purified through
preparative TLC chromatography (95:5 CH,Cl,/CH;OH). Anion exchange of the purified
product to the PF¢ salt was achieved by washing a CHCI; solution (20 mL) of the product

with a 0.1 M NH4PFs aqueous solution (20 mL x 10). The solvent was removed under
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vacuum to afford the rotaxane 2.16H as a white solid (6.0 mg, 75% yield). 'H NMR (400
MHz, CDCl3) & (ppm): 8.74 (1H, s, Ha), 7.26-7.10 (28H, m, H,— H,), 6.81 (2H, d, *J = 8.9 Hz,
Hp), 6.67 (2H, d, 3J = 8.9 Hz, H)), 6.48 (4H, d, 3J = 9.0 Hz, H,), 6.40 (4H, d, 3J = 9.0 Hz, H,),
5.12 (2H, s, H)), 4.81 (4H, t, °J = 5.1 Hz, H3), 4.41(2H, t, °J = 7.7 Hz, H,), 4.34 (4H, 1, =5.1
Hz, Hy), 3.77 (3H, s, H), 3.75 (2H, t, 3] = 5.8 Hz, H,), 3.67 — 3.54 (16H, m, Hs — Hg), 2.12
(2H, quintet, °J = 6.4 Hz, H,), 1.31 (54H, s, H,+ H,); °C NMR (125 MHz, CDCls) & (ppm):
157.9, 154.5, 152.7, 151.8, 144.2, 144.1, 141.7, 140.1, 130.6, 130.2, 124.1, 115.2, 114.0,
112.1, 88.9, 78.5, 70.6, 70.0, 67.7, 67.1, 63.2, 52.1, 51.6, 50.2, 39.3, 34.3, 31.4, 30.1, 27.9;
F NMR (376 MHz, CDCl3) & (ppm): -72.4 (d, *Jep = 712 Hz); *'P NMR (142 MHz, CDCl;)
(ppm): -144.8 (sep., 'Jep = 712 Hz); MS (ESI +ve) m/z = 1963.8 ([M — PFg]", C10oH13005Nsl>,

calc.1963.8).

Rotaxane 2.17

To a solution of rotaxane 2.9 (10 mg, 0.004 mmol) in dry CH,Cl, (1 mL) was added
CHsl (3 mg, 0.02 mmol). The reaction mixture was stirred overnight. The solvent was
removed to afford the rotaxane I" salt. Anion exchange of the product to the PF¢ salt was
achieved by washing a CHCI; solution (20 mL) of the product with a 0.1 M NH4PFs aqueous
solution (20 mL x 10). The solvent was removed under vacuum to afford the rotaxane 2.17

as a white solid. (7 mg, 70% yield). '"H NMR (500 MHz, CDCl;) & (ppm): 9.35 (2H, s, H,),
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8.29 (1H, s, Hp), 7.21 (12H, d, 33 = 8.7, H.), 7.15 (4H, d, 33 = 8.7, Hy), 7.08 (12H, d, %3 = 8.7,
He), 6.88 (4H, d, 3J = 8.7 Hz, Hy), 6.26 (4H, d, *J = 9.0 Hz, H,), 5.95 (4H, d, 3J = 9.0 Hz, H,),
A4.77 (4H, t, %3 = 4.4 Hz, H3), 4.65 (3H, s, Hy), 4.61 (4H, t, %3 = 7.1 Hz, Hy), 4.11 (8H, m, H, +
H), 3.73-3.45 (16H, m, Hs—Hs), 2.49 (4H, quintet, *J = 6.2 Hz, H), 1.31 (54H, s, Hy); **C NMR
(125 MHz, CDCl;) & (ppm): 156.4, 152.6, 152.0, 148.4, 144.1, 142.3, 142.2, 141.7, 140.2,
133.5, 132.4, 130.7, 130.5, 124.1, 116.2, 115.2, 114.4, 113.2, 81.3, 79.9, 70.9, 69.9, 67.6,
67.4, 64.1, 63.1, 50.3, 49.0, 48.3, 41.0, 34.3, 31.9, 31.4, 29.7, 22.7, 14.1; F NMR (376
MHz, CDCl3) & (ppm): -72.4 (d, *Jep = 712 Hz); *'P NMR (142 MHz, CDCl;) & (ppm): -144.8
(sep., Jrp = 712 Hz); HRMS (ESI +ve) m/z = 2387.6802 ([M - PFg]*, C11sH13609N13l4, calc.

2387.6790).

Rotaxane 2.18

Re(CO)sCl (1.7 mg, 0.0048 mmol) was heated under reflux in dry CH;CN (4 mL) for 3
hrs, before the solvent was removed under vacuum and the residue was redissolved in dry
CH,CI, (2 mL). This solution was added to a solution of rotaxane 2.16l (9 mg, 0.0043 mmol)
in dry CH,Cl, (2 mL) and stirred at room temperature under N, for 16 hrs. The solvent was
removed under vacuum and the cationic Re(l)-rotaxane 2.18 was isolated as a white solid (7
mg, 75% yield) after purification by preparative TLC chromatography (97:3 CH,CI,/CH;OH).

'H NMR (500 MHz, CDCls) & (ppm): 7.26-7.20 (12H, m, Ha+ Hp), 7.16-7.13 (16H, m, He-Hy),
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6.92 (2H, d, ®J = 8.3 Hz, H,), 6.86 (2H, d, °J = 8.3 Hz, Hy), 6.69 (4H, d, °J = 8.6 Hz, H,), 6.33
(4H, d, %3 = 8.6 Hz, H,), 5.04-4.89 (4H, m, Hs), 4.73 (2H, s, H)), 4.41 (3H, s, H), 4.29 (4H, m,
H.), 3.94-3.04 (20H, m, Hs—Hg + H, + H)), 2.59 (2H, m, Hy), 1.32 (27H, s, H,), 1.31 (27H, s,
Ho); *C NMR (125 MHz, CDCl5) & (ppm): 195.2, 156.2, 155.0, 152.7, 152.0, 148.4, 145.2,
144.1, 142.3, 141.6, 140.9, 132.9, 132.3, 130.7, 130.6, 124.2, 115.7, 114.7, 113.3, 70.9,
70.6, 70.1, 68.5, 67.1, 63.2, 57.3, 52.0, 39.6, 34.3, 31.4, 29.7, 26.7; *°F NMR (376 MHz,
CDCl3) d (ppm): -72.4 (d, *Jep = 712 Hz); **P NMR (142 MHz, CDCl;) & (ppm): -144.8 (sep.,
YJep = 712 Hz); HRMS (ESI +ve) m/z = 2395.6064 ([M—PFs]", Ci12H12601:NsClIsRe, calc.

2395.6169).

Compound 2.20I

o]

A

Compound 2.20H (100mg, 0.52mmol) was dissolved in 2 mL of CH3;OH. 0.5 mL of
KOH (146mg, 2.6mmol) aqueous solution was added at 0 °C and the mixture was stirred for
10 min. lodine (290mg, 1.14mmol) was added in one portion. The solution was warmed to
room temperature and left to stir overnight. Subsequently, the solution was poured into water
(20 mL) and extracted with Et,O (20 ml x 3). The organic layers were combined, washed
with saturated Na,S,0; solution (20 mL), brine (20 mL) and then dried with MgSO,. The
solvent was removed under vacuum to afford the product 2.20l1 as a light yellow solid
(230mg, quantitative yield). *"H NMR (400 MHz, CDCl;) & (ppm): 4.30 (4H, s, H,), 1.48 (9H, s,
Hy); *C NMR (100 MHz, CDCl3) 8 (ppm): 154.0, 89.3, 81.3, 37.2, 28.3; HRMS (ESI +ve) m/z

= 467.89269 (M + NaJ*, C1;H13l,NO,Na, calc. 467.89279).
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Compound 2.211

Compound 2.20I (100 mg, 0.225 mmol), octyl azide 2.12 (77 mg, 0.495 mmol) and
TBTA (12 mg, 0.023 mmol) were dissolved in 2 mL of dry degassed THF before
[Cu(CH3CN),]PFs (21 mg, 0.056 mmol) was added in one portion. The reaction mixture was
stirred under N, at room temperature for 2 days. The solvent was removed under vacuum
before 20 mL of CHCI; was added. The solution was washed with an EDTA solution (10 mL
X 2), brine (20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum
to afford a yellow oil. Purification of the compound was achieved by silica gel column
chromatography (97:3 CH,CI,/CH;0OH) to give the product 2.211 as an off-white solid (130
mg, 78% vyield). '"H NMR (400 MHz, CDCls) & (ppm): 4.65 (4H, s, H1), 4.35 (4H, t, °J = 5.5 Hz,
H,), 1.88 (4H, quin, ®J = 5.5 Hz, H3), 1.45 (9H, s, Boc), 1.35-1.20 (20H, m, Hy-Hg), 0.88 (6H,
t, °J = 5.5 Hz, Hy); **C NMR (100 MHz, CDCl;) & (ppm): 155.5, 148.1, 51.0, 31.5, 30.0, 28.7,
28.5, 26.2, 23.7, 14.0; HRMS (ESI +ve) m/z = 756.19485 ([M + H]", C,/Hasl,N;O,, calc.

756.19534).

Compound 2.21H
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Compound 2.20H (130 mg, 0.67 mmol), octyl azide 2.12 (208 mg, 1.34 mmol) and
TBTA (18 mg, 0.03 mmol) were dissolved in 2 mL of dry degassed CH,Cl, before
[Cu(CH3CN),4]PFs (25 mg, 0.067 mmol) was added in one portion. The reaction mixture was
stirred under N, at room temperature for 2 days. The solvent was removed under vacuum
before 20 mL of CHCI; was added. The organic solution was washed with an EDTA solution
(10 mL x 2), brine (20 mL x 2) and then dried with MgS0O,. The solvent was removed under
vacuum to afford a yellow oil. Purification of the compound was achieved by silica gel
column chromatography (97:3 CH,CI,/CH3OH) to give the product 2.21H as an off-white
solid (287mg, 85% yield). '"H NMR (400 MHz, CDCl5) & (ppm): 7.49 (1H, s, H,), 7.37 (1H, s,
Hy), 4.47 (4H, s, H,), 4.24 (4H, t,°] = 5.5 Hz, Hs), 1.81 (4H, quin, *J = 5.5 Hz, Hy), 1.38 (9H,
s, Boc), 1.23-1.18 (20H, m, Hs-Hg), 0.80 (6H, t, *J = 5.5 Hz, Hy,); *C NMR (100 MHz,
CDCl3) & (ppm): 155.2, 144.8, 122.6, 121.8, 80.3, 50.2, 42.2, 41.5, 31.6, 30.2, 28.9, 28.3,
26.4, 22.5, 14.0; HRMS (ESI +ve) m/z = 504.40168 (IM + H]*, CasHael,N;O,, calc.

504.40205).

Compound 2.221

To a solution of compound 2.211 (30 mg, 0.04 mmoal) in dry CH,CI, (2 mL) was added
trifluoroacetic acid (0.06 mL, 91 mg, 0.8 mmol) and then left to stir overnight. The reaction
mixture was diluted with 10 mL of CHCI; and washed with a 1 M NaHCO; aqueous solution
(10 mL x 2), brine (10 mL x 2) and then dried with MgSO,. The solvent was removed under

vacuum to afford the product 2.22I as a light yellow solid (27 mg, quantitative yield). *H NMR
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(400 MHz, CDCl5) d (ppm): 4.35 (4H, t, 3J = 5.5 Hz, H,), 3.90 (4H, s, H.), 1.88 (4H, quin,3J =
5.5 Hz, Hs), 1.35-1.20 (20H, m, Ha-Hg), 0.88 (6H, t, *J = 5.5 Hz, Ho); *C NMR (100 MHz,
CDCl;) & (ppm): 148.1, 51.0, 44.0, 31.5, 30.0, 28.7, 28.5, 26.2, 23.7, 14.0; HRMS (ESI +ve)

m/z = 656.14279 ([M + H]+, C22H4o|2N7, calc. 65614291)

Compound 2.22H

To a solution of compound 2.21H (20 mg, 0.04 mmol) in dry CH,Cl, (2 mL) was
added trifluoroacetic acid (0.06 mL, 91 mg, 0.8 mmol) and then left to stir overnight. The
reaction mixture was diluted with 10 mL of CHCI; and washed with a 1 M NaHCO3; aqueous
solution (10 mL x 2), brine (10 mL x 2) and then dried with MgSO,. The solvent was
removed under vacuum to afford the product 2.22H as a light yellow solid (16 mg,
quantitative yield). *"H NMR (400 MHz, CDCl;) & (ppm): 7.44 (1H, s, H,), 4.25 (4H, 1, =55
Hz, H,), 3.87 (4H, s, Hs), 1.81 (4H, quin, 3J = 5.5 Hz, H,), 1.23-1.18 (20H, m, Hs-Hy), 0.80
(6H, t, 3J = 5.5 Hz, Hyo); *C NMR (100 MHz, CDCl;) & (ppm): 145.0, 120.7, 49.3, 42.7, 30.7,
29.3, 28.0, 27.9, 25.5, 25.3, 21.6, 13.1; HRMS (ESI +ve) m/z = 404.34970 (M + HJ,

szH42N7, calc. 40434962)

Compound 2.23I
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Bis-iodotriazole-amine 2.221 (36 mg, 0.054 mmol) and Re[(CO)3(H.0);]Br (22 mg,
0.054 mmol) were suspended in 0.5 mL of CH;OH in a microwave vial and then the reaction
mixture was heated at 100 °C for 5 min under microwave reaction conditions. The reaction
mixture was diluted using 1 mL of CH;OH and stirred with NH,PFs powder (8.8 mg, 0.054
mmol) at 0 °C for 30 min. Subsequently, 10 mL of saturated NH,PFg aqueous solution was
added in one portion. The resulting white precipitate was collected by filtration, washed with
H,O (2 x 5 mL) and then dried with high vacuum to afford the product 2.23l as a white solid
(40 mg, 68%).'H NMR (400 MHz, CD;OD) & (ppm): 4.54 (2H, d, 2J = 16.6 Hz, H,), 4.40 (4H,
t, °J = 6.8 Hz, H,), 4.34 (2H, d, % = 16.6 Hz, H3), 1.86 (4H, quin, 3J = 7.2 Hz, H,), 1.34-1.22
(20H, m, Hs-Ho), 0.91 (6H, t, 3J = 7.1 Hz, Ho); *C NMR (100 MHz, CD;0D) & (ppm): 153.7,
78.5, 52.9, 51.7, 31.5, 29.3, 29.0, 28.8, 28.4, 25.7, 22.3, 13.0; *°F NMR (376 MHz, CD;0D)
S (ppm): -74.0 (d, *Je» = 752 Hz); **P NMR (162 MHz, CD;0D) & (ppm): -144.6 (sep., *Jrp =

752 Hz); HRMS (ESI +ve) m/z = 926.07493 ([M — PF4]*, CasHas0sN-1,Re, calc. 926.07558).

Compound 2.23H
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Bis-triazole-amine 2.22H (20 mg, 0.0496 mmol) and Re[(CO);(H,0);]Br (20 mg,
0.0495 mmol) were suspended in 0.5 mL of CH;OH in a microwave vial and then the
reaction mixture was heated at 100 °C for 5 min under microwave reaction conditions. The
reaction was diluted using 1 mL of CH;OH and stirred with NH,PFs powder (8.1 mg, 0.0496
mmol) at 0 °C for 30 min. Subsequently, 10 mL of saturated NH4PFg aqueous solution was
added in one portion. The resulting white precipitate was collected by filtration, washed with
H,O (2 x 5 mL) and then dried with high vacuum to afford the product 2.23H as a white solid

(28 mg, 70%). *H NMR (400 MHz, CDCl;) d (ppm): 7.65 (2H, s, H,), 5.83 (1H, s, H,), 4.48
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(4H, m, Hs+ Hy), 4.33-4.20 (4H, m, Hs), 1.85 (4H, quin, 3] =6.1 Hz, Hs), 1.29-1.28 (20H, m,
H,—H.), 0.89 (6H, t, 3J = 7.1 Hz, Hy,); *C NMR (125 MHz, CDCl;) d (ppm):194.5, 147.9,
122.7, 53.1, 52.1, 31.7, 29.7, 29.0, 28.8, 26.2, 22.6, 14.1; *°F NMR (376 MHz, CDCl;) &
(ppm): -71.4 (d, *Jep = 757 Hz); *P NMR (162 MHz, CDCl;) & (ppm): -144.3 (sep., "Jep =

757 Hz); HRMS (ESI +ve) m/z = 674.28189 (M — PF¢]", CxsH4103N;Re, calc. 674.28229).

Compound 2.25
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Compound 2.201 (200 mg, 0.45 mmol), vinyl azide 2.24 (237 mg, 0.9 mmol) and
TBTA (13 mg, 0.025 mmol) were dissolved in 2 mL of dry degassed THF before
[Cu(CH3CN),]PFs (19 mg, 0.05 mmol) was added in one portion. The reaction mixture was
stirred under N, at room temperature for 2 days. The solvent was removed under vacuum
before 20 mL of CHCI; was added. The organic solution was washed with an EDTA solution
(20 mL x 2), brine (20 mL x 2) and then dried with MgSO,. The solvent was removed under
vacuum to afford a yellow oil. Purification of the compound was achieved by silica gel
column chromatography (98:2 CH,Cl,/CH3;OH) to give the product 2.25 as a white solid (362
mg, 83% yield). *H NMR (400 MHz, CDCls) & (ppm): 6.83-6.76 (8H, m, H; + H,), 5.96-5.89
(2H, m, Hs), 5.31-5.18 (4H, m, Hy + Hs), 4.70 (4H, t, 3J = 4.5 Hz, H), 4.64-4.56 (4H, m, H;),
4.34 (4H, t,3J = 4.5 Hz, Hg), 4.09-4.05 (8H, m, Hy + Hso), 3.76 (4H, t, *J = 3.8 Hz, Hy,), 1.44

(9H, s, Boc); *C NMR (100 MHz, CDCls) & (ppm): 155.1, 153.5, 152.1, 148.0, 134.6, 117.4,
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115.7, 80.5, 72.4, 68.6, 68.1, 66.7, 49.6, 28.5; HRMS (ESI +ve) m/z = 994.14621 (M + Na]",

C37H47|2N708Na, calc. 99414677)

Compound 2.26

AR
LA

To a solution of compound 2.25 (200 mg, 0.206 mmol) in dry CH,Cl, was added
trifluoroacetic acid (0.12 mL, 182 mg, 1.6 mmol) and then left to stir overnight. The reaction
mixture was diluted with 10 mL of CHCI; and washed with a 1 M NaHCO3; aqueous solution
(10 mL x 2), brine (10 mL x 2) and then dried with MgSQO,. The solvent was removed under
vacuum to afford the product 2.26 as a light yellow solid (179 mg, quantitative yield). '"H NMR
(400 MHz, CDCl3) & (ppm): 6.84—6.78 (8H, m, H; + H,), 5.97-5.89 (2H, m, Hs), 5.31-5.19
(4H, m, Hy + Hs), 4.71 (4H, t, %3 = 4.5 Hz, He), 4.34 (4H, t,%J = 4.5 Hz, H;), 4.08-4.05 (8H, m,
Hs + Hg), 3.89 (4H, s, Hig), 3.76 (4H, t, 3J = 3.8 Hz, Hyy); *C NMR (100 MHz, CDCl;) &
(ppm): 152.5, 151.1, 148.6, 133.5, 116.3, 114.6, 114.5, 79.3, 71.3, 67.6, 67.0, 65.7, 48.6,

43.0; HRMS (ESI +ve) m/z = 872.11190 ([M + HJ*, Ca,HsslaN-Og, calc. 872.11239).
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Compound 2.26 (20 mg, 0.023 mmol) and Re[(CO)3(H,0);]Br (9.3 mg, 0.023 mmol)

was suspended in 0.5 mL of CH;OH in a microwave vial and the reaction mixture was

heated at 100 °C for 5 min under microwave reaction conditions. The reaction was added 5

mL of H,O and the resulting white precipitate was collected by filtration, washed with H,O (2

x 5 mL) and then dried with high vacuum to afford the product 2.27 as a white solid (16 mg,

57%). 'H NMR (400 MHz, CD;0D) & (ppm): 6.88—6.71 (8H, m, H; + H,), 5.97-5.88 (2H, m,

Ha), 5.32-5.15 (4H, m, H, + Hs), 4.52-4.48 (6H, m, Hs+ H;), 4.33 (2H, d, 2] = 16.5 Hz, Hg),

4.27-4.19 (4H, m, Hg), 4.07—4.05 (8H, m, Hyo + Hyy), 3.76 (4H, t, 33 = 4.5 Hz, Hy,); *C NMR

(100 MHz, CD;0OD) & (ppm): 194.4, 153.7, 153.4, 152.0, 134.5, 116.1,115.4, 80.5, 71.8,

68.5, 67.8, 66.3, 52.8, 50.9; HRMS (ESI +ve) m/z = 1142.04310 ([M — Br]", CssH3909N-I2Re,

calc. 1142.04506).

Macrocycle 2.34
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Compound 2.201 (30 mg, 0.068 mmol), bis-azide 2.33 (32 mg, 0.068 mmol) and
TBTA (9 mg, 0.017mmol) were dissolved in 20 mL of dry degassed THF before
[Cu(CH3CN),4]PFs (13mg, 0.034mmol) was added in one portion. The reaction was stirred
under N, at room temperature for 2 days. The solvent was removed under vacuum before 20
mL of CHCI; was added. The organic solution was washed with an EDTA solution (10 mL x
2), brine (20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to
afford a yellow oil. Purification of the compound was achieved by preparative TLC
chromatography (97:3 CH,CI,/CH;0OH) to give the product 2.34 as an off-white solid (60%
yield). *H NMR (400 MHz, CDCl3) & (ppm): 6.82-6.72 (8H, m, H, + H,), 4.66 (4H, t, °J = 5.6
Hz, Hs), 4.58 (4H, s, Ha), 4.31 (4H, t, °J = 5.6 Hz, Hs), 4.02 (4H, t, %J = 4.8 Hz, Hg), 3.80 (4H,
t, 3J = 4.8 Hz, H;), 3.71 (4H, s, Hg), 1.51 (9H, s, Boc); *C NMR (100 MHz, CDCl5) & (ppm):
154 .3, 152.6, 151.1, 146.4, 115.1, 114.5, 79.6, 69.9, 68.8, 67.4, 65.8, 48.4, 27.5; HRMS

(ESI +ve) m/z = 918.11515 ([M + H]", CasHa2l,N;Og, calc. 918.11787).

Macrocycle 2.35
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To a solution of macrocycle compound 2.34 (15 mg, 0.016 mmol) in dry CH,Cl, (2
mL) was added trifluoroacetic acid (0.024 mL, 36 mg, 0.32 mmol) and then left to stir
overnight. The reaction mixture was diluted with 10 mL of CHCIl; and washed with a 1 M
NaHCO; aqueous solution (10 mL x 2), brine (10 mL x 2) and then dried with MgSO,. The

solvent was removed under vacuum to afford the macrocycle 2.35 as a white solid (13 mg,
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quantitative yield). *"H NMR (400 MHz, CDCl;) & (ppm): 6.81-6.70 (8H, m, H, + H,), 4.69 (4H,
t, ) = 5.1 Hz, Ha), ), 4.31 (4H, t, J = 5.1 Hz, H,), 4.03 (4H, t, *J = 4.8 Hz, Hs), 3.86 (4H, s,
He), 3.79 (4H, t, 3J = 4.8 Hz, H;), 3.69 (4H, s, Hg); *C NMR (100 MHz, CDCl;) & (ppm):
152.9, 151.1, 148.5, 115.0, 114.5, 79.7, 69.9, 68.8, 67.4, 66.0, 48.6, 42.6, 28.7; HRMS (ESI

+ve) m/z = 818.06490 ([M + H]*, CpsHa4l,N;Og, calc. 818.06544).

Rotaxane 2.36

Macrocycle 2.35 (15 mg, 0.018 mmol) and [Cu(CH3;CN)4]PFs (6.8 mg, 0.018 mmol)
were dissolved in 2 mL of dry degassed CH,CI, and left to stir for 5 min. Stopper azide 2.6
(53 mg, 0.09 mmol) and stopper iodo-alkyne 2.4 (60 mg, 0.09 mmol) were added to the
solution. The reaction was stirred under N, at room temperature for 2 days. The reaction
mixture was diluted with 20 mL of CHCI;, washed with an EDTA solution (10 mL x 2), brine
(20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to afford a
yellow solid. Purification of the compound was achieved by preparative TLC chromatography
(97:3 CH,Cl,/CH;OH) to give the product 2.36 as a cream solid (11 mg, 30% yield). *"H NMR
(400 MHz, CDCl;) & (ppm): 7.18-7.00 (28H, m, H. - H;), 6.81 (2H, d, %J = 8.4 Hz, Hg), 6.50
(2H, d, 3J = 8.4 Hz, Hy), 6.32-6.22 (8H, m, H, + H,), 4.80 (2H, s, H), 4.55 (4H, m, Hy), 3.95-
3.55 (22H, m, H,—Hsg + H), 3.31 (2H, m, H,), 1.38 (2H, m, H)), 1.23 (27H, s, Hy), 1.22 (27H,
s, Hy); *C NMR (100 MHz, CDCl3) & (ppm): 155.3, 155.1, 152.0, 150.6, 148.1, 147.2, 145.4,
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143.2, 138.6, 131.2, 129.7, 123.1, 115.1, 113.7, 112.4, 112.1, 69.7, 68.6, 66.6, 65.7, 62.0,
332, 304, 287, 131, HRMS (ESI +Ve) m/z = 2074.70543 ([M + H]+, ClonggglgNloog, calc.

2074.70787).

Rotaxane 2.38

Macrocycle 2.35 (10 mg, 0.0122 mmol) and [Cu(CHsCN)4]PF¢ (4.5 mg, 0.0122 mmol)
were dissolved in 1 mL of dry degassed CH,Cl, and left to stir for 5 min. Stopper azide 2.6
(57 mg, 0.0976 mmol) and bis-iodoalkyne 2.201 (22 mg, 0.0488 mmol) were added into the
solution. The reaction was stirred under N, at room temperature for 2 days. The reaction
mixture was diluted with 20 mL of CHCI,;, washed with an EDTA solution (10 mL x 2), brine
(20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to afford a
yellow solid. Purification of the compound was achieved by preparative TLC chromatography
(97:3 CH,CI,/CH;OH) to give the product 2.38 as a white solid (10 mg, 34% yield). '"H NMR
(400 MHz, ds-acetone) & (ppm): 7.32-7.26 (28H, m, H, + Hy, + H.), 7.07 (4H, d, 3J = 6.8 Hz,
Hq), 6.47 - 6.42 (8H, m, Hy + Hy), 4.72 (4H, t, °J = 3.7 Hz, Hs), 4.48 (4H, m, H,), 4.14 (4H, t,
3J = 3.7 Hz, Hy), 3.91-3.60 (24H, m, H,—Hg + H; + H,), 2.87 (4H, m Hy), 1.48 (9H, s, Boc),

1.30 (54H, s, H); *C NMR (100 MHz, de-acetone) & (ppm): 154.9, 153.1, 152.1, 149.5,
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148.2, 144.5, 131.8, 130.6, 124.2, 116.0, 115.3, 114.8, 113.3, 81.2, 79.5, 70.4, 69.3, 67.7,
66.9, 64.2, 63.1, 49.8, 44.9, 34.0, 30.8; HRMS (ESI +ve) m/z = 2438.73642 (M + HJ",

C119H145|4N14010, calc. 243874749)

Rotaxane 2.39

To a solution of rotaxane 2.38 (10 mg, 0.004 mmol) in dry CH,CI, (2 mL) was added
trifluoroacetic acid (0.008 mL, 9 mg, 0.08 mmol) and then left to stir overnight. The reaction
mixture was diluted with 10 mL of CHCI; and washed with a 1 M NaHCO3; aqueous solution
(10 mL x 2), brine (10 mL x 2) and dried with MgSO,4. The solvent was removed under
vacuum to afford the product 2.39 as a white solid (13 mg, 95% yield). *H NMR (400 MHz,
de-acetone) & (ppm): 7.34-7.14 (24H, m, H, + Hy), 7.08 (4H, d, 3J = 7.1 Hz, H,), 6.71 (4H, d,
83 = 7.1 Hz, Hg), 6.48-6.41 (8H, m, H, + H,), 4.72 (4H, t,%J = 4.0 Hz, H,), 4.18-4.12 (8H, m
Ha + He), 3.95 (4H, t, °J = 4.0 Hz, Hs), 3.90 (4H, s, He), 3.75-3.65 (12H, m , H; + Hy + Hy),
3.60 (4H, s, Hg), 2.02 (4H, m, Hyp), 1.27 (54H, s, H); *C NMR (100 MHz, ds-acetone) &
(ppm): 156.6, 153.0, 152.1, 148.2, 144.5, 139.4, 131.2, 130.6, 124.2, 115.2, 114.8, 113.3,
78.3, 70.5, 69.3, 67.7, 67.2, 66.9, 64.2, 63.1, 49.8, 47.2, 44.7, 43.9, 34.0, 30.8; HRMS (ESI

+Ve) m/z = 2338.68266 ([M + H]+, Cll4H137|4N1408, calc. 233869506)
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Rotaxane 2.40

To a solution of rotaxane 2.36 (8 mg, 0.004 mmol) in CHCIs/CH3CN (1 mL/ 1 mL)
was added 9-chloromethyl-anthracene (3 mg, 0.012 mmol) and K,CO; (8 mg, 0.06 mmol).
The reaction was left to stir at room temperature for 2 days. The reaction mixture was diluted
with 10 mL of CHCls, washed with water (10 mL x 2), brine (10 mL x 2) and then dried with
MgSO,. The solvent was removed under vacuum to afford a light yellow solid. Purification of
the compound was achieved by preparative TLC chromatography (98:2 CH,CI,/CH3;OH) to
give the product 2.40 as a white solid (5.2 mg, 60% vyield). 'H NMR (400 MHz, CDCl;) &
(ppm): 7.34-7.33 (3H, m, Hy + H,), 7.86 (2H, d,%J = 6.0 Hz, H3), 7.30-7.25 (4H, m ,H,+ Hs),
7.21-7.00 (24H, m, Ha-Hg), 6.98 (2H, d, %3 = 7.1 Hz, H.), 6.93 (2H, d, 3J = 7.1 Hz, Hy), 6.77
(2H, d, %) = 7.1 Hz, Hy), 6.38-6.33 (10H, m, Hg + H; + Hy), 4.80 (2H, s, Hg), 4.66 (2H, s, H)),
4.52 (4H, t, ,%] = 4.6 Hz, Ho), 4.09 (4H, m ,Hy), 3.94 (2H, t, ,%J = 5.5 Hz, H;), 3.79 (4H, m,
Hi), 3.66 (4H, s, Hip), 3,52 (4H, t, 33 = 3.6 Hz, His), 3.44 (4H, m , Hys), 3.34 (2H, t, *J = 5.0
Hz, Hy), 1.71 (2H, m, H)), 1.16 (27H, s, Hy), 1.16 (27H, s, H,). **C NMR (100 MHz, CDCl;) &
(ppm): 207.3, 156.2, 153.1, 151.7, 148.3, 146.9, 144.3, 144.1, 140.1, 139.6, 132.2, 131.4,
130.7, 128.8, 124.2, 115.6, 115.2, 113.5, 113.2, 70.8, 69.7, 67.5, 66.6, 64.0, 63.1, 50.1,
34.3, 31.4, 30.2; HRMS (ESI +ve) m/z = 2264.77740 (M + H]*, CixsH13slsN1Os, calc.

2264.78612).
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Compound 2.411
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To a solution of compound 2.221 (30 mg, 0.046 mmol) in CHCIz/CHsCN (1 mL /1 mL)
was added 9-chloromethyl-anthracene (12 mg, 0.055 mmol) and K,CO; (32 mg, 0.23 mmaol).
The mixture was left to stir 2 days. The reaction mixture was diluted with 10 mL of CHCl;,
washed with water (10 mL x 2), brine (10 mL x 2) and then dried with MgSO,. The solvent
was removed under vacuum to afford a light yellow solid. Purification of the compound was
achieved by silica gel column chromatography (99:1 CH,CI,/CH;OH) to give the product
2.411 as an off-white solid (26 mg, 68% yield). 'H NMR (400 MHz, CDCl;) & (ppm): 8.33 (1H,
s, H,), 8.15 (2H, d, 33 = 6.7 Hz, H.), 7.88 (2H, d, %J = 6.1 Hz, Hs), 7.35-7.30 (4H, m, H, + Hs),
4.60 (2H, s, He), 4.22 (4H, t, °J = 5.8 Hz, H;), 3.71 (4H, s, Hg), 1.77 (4H, quin, %J = 5.4 Hz,
Ho), 1.24-1.16 (20H, m, Hio-H14), 0.78 (6H, t, 3J =5.2 Hz, H;s); *C NMR (100 MHz, CDCl;) &
(ppm): 147.5,133.1, 130.7, 130.4, 128.8, 127.8, 126.5, 124.5, 124.4, 123.7, 79.2, 49.6, 48.8,
47.7, 30.6, 29.0, 28.0, 25.3, 21.6, 13.0; HRMS (ESI +ve) m/z = 846.22112 ([M + HJ,

C37H50|2N7, calc. 8462116)
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Compound 2.41H
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To a solution of compound 2.22H (19 mg, 0.046 mmol) in CHCI3/CHsCN (1 mL / 1
mL) was added 9-chloromethyl-anthracene (12 mg, 0.055 mmol) and K,CO;3; (32 mg, 0.23
mmol). The mixture was left to stir 2 days. The reaction mixture was diluted with 10 mL of
CHC I3, washed with water (10 mL x 2), brine (10 mL x 2) and then dried with MgSO,4. The
solvent was removed under vacuum to afford a light yellow solid. Purification of the
compound was achieved by silica gel chromatography column (99:1 CH,CI,/CH3;OH) to give
the product as an off-white solid (19 mg, 70% yield). '"H NMR (400 MHz, CDCl;) & (ppm):
8.33 (3H, m, H; + Hy), 7.90 (2H, d, %J = 7.2 Hz, H,), 7.41-7.36 (4H, m, Hy + Hs), 7.32 (2H, s,
He), 4.62 (2H, s, H;), 4.22 (4H, t, 3] = 5.8 Hz, Hg), 3.77 (4H, s, H), 1.78 (4H, quin, 3J =55
Hz, Hy) 1.22-1.16 (20H, m, Hy;-His), 0.78 (6H, t, 3J = 5.4 Hz, Hye); *C NMR (100 MHz,
CDCl;) & (ppm): 144.7, 131.4, 128.9,127.6, 125.6, 125.1, 124.9, 123.2, 50.5, 50.3, 47.4,
31.7, 30.3, 29.0, 28.9, 26.5, 22.6, 14.1; HRMS (ESI +ve) m/z = 594.42744 (M + HJ",

C37H52N7, calc. 59442787)
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Rotaxane 2.39-Zn(CIlQO,),

Rotaxane 2.39 (5 mg, 0.002 mmol) and Zn(ClO,),-6H,0 (0.83 mg, 0.002 mmol) were
dissolved in CH,CI,/CHsOH (0.5 mL / 0.5 mL). The reaction mixture was left to stir for 30 min
at room temperature. The solvent was removed under vacuum to give the product as a white
solid (5.8 mg, quantitative yield). *"H NMR (400 MHz, ds-acetone) & (ppm): 7.37-7.15 (30H,
m, stopper-ArH), 6.76 (2H, d, °J =7 Hz, H,), 7.67-7.51 (8H, m, hydroquinone-H), 4.72 (4H, t,
3] = 4 Hz, Hy), 4.39-4.36 (16H, m H, + Hs + Hy + H), 4.03 (4H, m, H,), 3.90 (4H, m, Hy),
3.72 (4H, m, Hs), 3.66 (4H, s, He), 2.11 (4H, m, H.), 1.32 (54H, s, stopper-'BuH); *C NMR
(100 MHz, ds-acetone) & (ppm): 156.4, 153.3, 152.2, 148.9, 148.3, 144.4, 139.7, 131.9,
130.5, 124.5, 115.2, 113.3, 80.4, 79.4, 70.8, 69.7, 66.3, 64.0, 63.1, 51.4, 48.7, 44.4, 34.0,
30.8; HRMS (ESI +ve) m/z = 1200.80437 (M - 2CIO4']2+, C114H13512N1405Zn, calc.

1200.80792).
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Compound 2.44 and 2.45
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Bis-iodotriazole-amine-vinyl 2.26 (5.10 mg, 5.86 x 10° mmol) was dissolved in
degassed CH,Cl, (1.5 mL) followed by addition of Ni(ClO4),6H,0 (1.07 mg, 2.93 x 10°
mmol). The mixture was stirred for 5 min and then 0.5 mg of Stewart-Grubbs’ Catalyst was
added. The reaction was left to stir at room temperature for 2 days before it was diluted
using 20 mL of CHCI;, washed with an EDTA solution (10 mL x 4), brine (20 mL x 2) and
then dried with MgSO,. The solvent was removed under vacuum to afford a light yellow
solid. Purification of the compound was achieved by preparative TLC chromatography (96:4

CH,CI,/CH3;OH) to give the product as a white solid.

Compound 2.44: 2.1 mg, 41 % yield. *"H NMR (400 MHz, CDCl;) & (ppm): 6.83-6.72 (8H, m,
H, + H,), 5.82 (2H, m, Hy), 4.72 (4H, t, 3J = 5.1 Hz, H,), 4.32 (4H, t, 3J = 5.1 Hz, Hs), 4.06—
4.04 (8H, m, Hg + H-), 3.88 (4H, s, Hg), 3.74 (t, %) = 4.6 Hz, Ho); HRMS (ESI +ve) m/z =

844.08118 ([M + H]", C30H3s06N5l,, calc. 844.08109).

Compound 2.45: 2.0 mg (39 % yield)."H NMR (400 MHz, CDCl3) & (ppm): 6.83-6.74 (8H, m,
Hi + Hy), 5.84 (2H, m, Hs), 4.71 (4H, t, 3J = 5.1 Hz, H,), 4.34 (4H, t, 3J = 5.1 Hz, Hs), 4.07
(4H, m, Hg), 4.05 (4H, t, 3J = 4.6 Hz, H;), 3.89(4H, s, Hg), 3.75 (t, 3J = 4.6 Hz, Ho); HRMS

(ESI +ve) m/z = 1687.15112 (M + H]", CgoH71012N14ls, calc. 1687.15491).
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6.2.3 Synthesis of Novel Compounds from Chapter 3
Cryptand 3.5
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Tris-azide 3.3 (75 mg, 0.126 mmol), tris-iodoalkyne 3.4 (64 mg, 0.126 mmol) and
TBTA (6.9 mg, 0.013 mmol) were dissolved in 20 mL of dry degassed THF before Cul (2.5
mg, 0.013 mmol) was added in one portion. The reaction was stirred under N, at 60 °C for 5
days. The solvent was removed under vacuum and 20 mL of CHCI; was added. The organic
solution was washed with an EDTA solution (10 mL x 3), brine (20 mL x 2) and then dried
with MgSO,. The solvent was removed under vacuum to afford a yellow solid. Purification of
the compound was achieved by preparative TLC chromatography (97:3 CH,CI,/CH3;OH) to
give the product as an off-white solid (17 mg, 12% yield). *"H NMR (400 MHz, CDCl;) &
(ppm): 6.15 (3H, s, Ha), 4.40 (6H, t, 3J = 5.4 Hz, Hy), 4.11 (6H, t, % = 4.2 Hz, H.), 3.94 (6H, t,
%) = 5.4 Hz, Hy), 3.83 (6H, t, ®J = 4.2 Hz, H,), 3.68-3.65 (18H, m, H; + Hy + Hy); *C NMR
(100 MHz, CDCl3) 6 (ppm): 160.7, 148.8, 94.5, 82.9, 70.9, 70.3, 69.7, 69.4, 67.3, 49.9, 48.1;

HRMS (ESI +ve) m/z = 1107.05803 ([M + H'] = Ca3Has00N1ols, calculated 1107.05888).
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Compound 3.6
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Azide-tosylate 3.2 (520 mg, 1.58 mmol), tris-iodoalkyne 3.4 (243 mg, 0.0478 mmol)
and TBTA (25 mg, 0.048 mmol) were dissolved in 10 mL of dry degassed THF before Cul
(9.1 mg, 0.048 mmol) was added in one portion. The reaction was stirred under N, at room
temperature overnight. The solvent was removed under vacuum and 20 mL of CHCI; was
added. The organic solution was washed with an EDTA solution (10 mL x 3), brine (20 mL x
2) and then dried with MgSO,. The solvent was removed under vacuum to afford an off-
yellow solid. Purification of the compound was achieved by silica gel column
chromatography (98:2 CH,Cl,/CH3;0OH) to give the product as an off-white solid (580 mg,
81% yield). '"H NMR (400 MHz, CDCl5) & (ppm): 7.79 (6H, d, %J = 8.2 Hz, H,), 7.35 (6H, d, 3J
= 8.1 Hz, Hy), 4.48 (6H, t, *J = 5.0 Hz, H.), 4.15 (6H, t, *J = 4.8 Hz, Hy), 3.94 (6H, t, °J = 5.0
Hz, He), 3.75 (6H, s, Hy), 3.66 (6H, t, % = 4.8 Hz, Hy), 3.60-3.55 (12H, m, Hy, + H)), 2.44 (9H,
s, H); *C NMR (100 MHz, CDCls) & (ppm): 149.2, 145.0, 132.9, 129.9, 127.9, 83.0, 70.7,
70.0, 69.2, 69.1, 68.7, 49.6, 47.8, 21.7; HRMS (ESI +ve) m/z = 1519.07033 ([M + Na]* =

C4sHe3l3N10015S3Na, calculated 151906627)

204



CHAPTER 6

Compound 3.7
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To a solution of compound 3.7 (580 mg, 0.388 mmol) in dry DMF (10 mL) was added
NaN; (83 mg, 1.28 mmol) and left to stir overnight at 60 °C. The reaction mixture was diluted
with 50 mL of EtOAc, washed with H,O (10 mL x 2), brine (10 mL x 2) and then dried with
MgSO,. The solvent was removed under vacuum to afford the product as a white solid (430
mg, quantitative yield). '"H NMR (400 MHz, CDCl;) & (ppm): 4.50 (6H, t, 3J = 5.4 Hz, H,), 3.99
(6H, t, ®J = 5.4 Hz, Hy), 3.77 (6H, s, H,), 3.68-3.61 (18H, m, Hyq + He + Hy), 3.39 (6H, t, °J =
4.8 Hz, Hy); *C NMR (100 MHz, CDCls) & (ppm): 149.2, 82.8, 70.6, 70.2, 70.1, 69.1, 50.7,
49.7, 47.8; HRMS (ESI +ve) m/z = 1132.06109 ([M + Na]" = C,;H4lsN1s0¢Na, calculated

1132.06158).

Cryptand 3.8
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Compound 3.7 (100 mg, 0.09 mmol), tris-iodoalkyne 3.4 (45 mg, 0.09 mmol) and
TBTA (4.8 mg, 0.009 mmol) were dissolved in 15 mL of dry degassed THF before Cul (34
mg, 0.18 mmol) was added in one portion. The reaction was stirred under N, at 60 °C for 5
days. The solvent was removed under vacuum and 100 mL of CHCIl; was added. The
organic solution was washed with an EDTA solution (20 mL x 3), brine (20 mL x 2) and then
dried with MgSO,. The solvent was removed under vacuum to afford a yellow solid.
Purification of the compound was achieved by preparative TLC chromatography (97:3
CH,CI,/CH5;0OH) to give the product as an off-white solid (14.7 mg, 10% yield). 'H NMR (400
MHz, CDCls) & (ppm): 4.52 (12H, t, 3J = 5.6 Hz, Hy), 3.97 (12H, t, 3J = 5.6 Hz, H,), 3.77 (12H,
s, Hs), 3.64 (12H, s, H.); *C NMR (100 MHz, CDCl;) & (ppm): 149.2, 83.0, 70.6, 70.1, 69.2,
49.6, 47.8; HRMS (ESI +ve) m/z = 1640.82486 (M + H'] = CagHa7OsNyls, calculated

1640.82500).

Compound 3.10

Bis-azide 3.9 (428 mg, 1.8 mmol), [Cu(CH3;CN)4]PFs (17 mg, 0.045 mmol) and TBTA
(12 mg, 0.023 mmol) were dissolved in dry degassed THF (5 mL) before a degassed
solution of N-Boc-protected bis-alkyne (40 mg, 0.09 mmol) in THF (2 mL) was added
dropwise in 4 hrs. The reaction mixture was left to stir at room temperature under N, for 2
days before all the solvent was removed under vacuum. The residue was dissolved in CHCl;
(50 mL), washed with an EDTA solution (20 mL x 3), H,O (3 x 30 mL) and then dried over
MgSO,. The solvent was removed under vacuum to afford a yellow solid. Purification of the

product was achieved by silica gel column chromatography (98:2 CHCIs/CHsOH) to afford
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the product as a white solid (51 mg, 62% yield). *"H NMR (400 MHz, CDCl;) & (ppm): 7.85
(2H, d, J = 8.8 Hz, H.), 7.83 (2H, d, 3J = 9.0 Hz, Hy), 7.75 (2H, s, H.), 7.68 (2H, s, Hy), 7.45
(2H, d, 3] = 8.8 Hz, H), 7.40 (2H, d, ®J = 9.0 Hz, Hy), 5.70 (4H, s, Hy), 4.67 (4H, br., Hy), 4.50
(4H, s, H), 1.42 (9H, s, Boc); **C NMR (125 MHz, CDCl;) & (ppm): 154.1, 147.6, 132.7,
132.0, 131.7, 131.4, 127.7, 127.6, 126.2, 126.1, 125.5, 124.7, 79.5, 53.8, 53.1, 49.8, 41.0,
40.7, 27.4; HRMS (ESI +ve) m/z = 944.08604, (M + Na]*, CssHasl,0,Ni3Na, calculated

944.08617).

Macrocycle 3.11
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Entry 1: Compound 3.9 (428 mg, 1.8 mmol), bis-iodoalkyne 2.201 (800 mg, 1.8 mmol)
and TBTA (120 mg, 0.23 mmol) were dissolved in dry degassed THF (300 mL) before
[Cu(CH3CN),4]PFs (170 mg, 0.45 mmol) was added in one portion. The reaction mixture was
left to stir at room temperature under N, for 2 days before all the solvent was removed under
vacuum. The residue was dissolved in CHCI; (50 mL), washed with an EDTA solution (20
mL x 3), H,O (3 x 30 mL) and then dried over MgSO,. The solvent was removed under
vacuum to afford a yellow solid. Purification of the compound was achieved by silica gel
column chromatography (98:2 CHCIs/CH3;OH) to afford the product as a white solid (270 mg,

22% yield).

Entry 2: Compound 3.10 (200 mg, 0.22 mmol), bis-iodoalkyne 2.20l (98 mg, 0.22
mmol) and TBTA (27 mg, 0.05 mmol) were dissolved in degassed THF (50 mL) before

[Cu(CH3CN),JPFs (37 mg, 0.1 mmol). The reaction mixture was left to stir at room
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temperature under N, for 2 days before all the solvent was removed under vacuum. The
residue was dissolved in CHCI; (50 mL), washed with an EDTA solution (20 mL x 3), H,O (3
x 30 mL) and then dried over MgSQO,. The solvent was removed under vacuum to afford a
yellow solid. Purification of the compound was achieved by silica gel column
chromatography (98:2 CHCIs/CH;0H) to afford the product as a white solid (150 mg, 50%

yield).

'H NMR (500 MHz, ds-DMSO) & (ppm):7.92 (4H, d, J = 8.6 Hz, H,), 7.53 (4H, d, 3J
=8.4 Hz, H,), 7.23 (4H, br., Hs), 5.73 (8H, s, H,), 4.43 (8H, m, Hs), 1.38 (18H, s, He); *°C
NMR (125 MHz, ds-DMSO) & (ppm): 154.9, 134.1, 133.1, 132.2, 128.6, 126.4, 80.0, 68.7,
53.5, 28.5, 26.4; HRMS (ESI +ve) m/z = 1388.99101, (M + Na]*, CusHaselsOsN1sNa,

calculated 1388.98974).

Macrocycle 3.12
N
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Compound 3.11 (200 mg, 0.146 mmol) was suspended in dry CH,CI, (2 mL) before
trifluoroacetic acid (0.06 mL, 90 mg, 0.8 mmol) was added in one portion. The reaction was
left to stir at room temperature overnight before it was diluted with 10 mL of CHCI;. The
organic solution was washed with a 1 M NaHCO; aqueous solution (10 mL x 2), brine (10
mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to afford the
product as a white solid (170 mg, 100% yield). 'H NMR (500 MHz, de-DMSO) & (ppm): 7.90
(4H, d, °J = 8.6 Hz, H,), 7.53 (4H, s, H,), 7.41 (4H, d, %J = 8.7 Hz, H3), 5.75 (8H, s, Ha), 3.66

(8H, s, Hs); ®*C NMR (125 MHz, ds-DMSO) & (ppm): 150.0, 134.1, 132.9, 132.3, 128.8,

208



CHAPTER 6

126.6, 126.2, 84.1, 53.7, 43.7; MS (ESI +ve) m/z = 1166.90, (M + HJ*, CasHa1l4Na, calculated

1166.90).

Compound 3.17

To a solution of compound 3.16 (100 mg, 0.19 mmol) in dry DMF (3 mL) was added
NaN; (123 mg, 1.9 mmol). The reaction mixture was left to stir for 2 days at room
temperature before it was diluted with 50 mL of EtOAc, washed with H,O (10 mL x 2), brine
(20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to afford
the product as a white solid (84 mg, 100% vyield). *"H NMR (500 MHz, CDCl;) & (ppm): 6.87
(2H, s, H,), 4.40 (4H, s, Hp), 3.88 (4H, d, 3] = 5.2 Hz, H.), 1.77 (2H, sep, 3J = 6.1 Hz, Hy),
1.56-1.34 (16H, m, He-Hp), 0.97-0.93 (12H, m, H; + H;); *C NMR (125 MHz, CDCl;) &

(ppm): 150.8, 124.6, 113.2, 71.1, 49.9, 39.6, 30.6, 29.1, 24.0, 23.1, 14.1, 11.2.

General protocol for synthesis of bis-OH compounds 3.13, 3.18, 3.23 and 3.25:

To a bis-azide (0.25 mmol) solution in THF (3 mL), Nal (290 mg, 2.0 mmol),
Cu(ClOy),6H,0 (370 mg, 1.0 mmol) and TBTA (6.6 mg, 0.013 mmol) were added and the
resulting mixture was left to stir for 5 min in the dark. Subsequently, an CH3;CN solution (3
mL) of DBU (76 mg, 0.5 mmol) was added to the reaction mixture followed by addition of
propargyl alcohol (28 mg, 0.5 mmol). The reaction was left to stir at room temperature in the
dark for 18 hrs. The mixture was diluted with 30 mL of CHCI;, washed with an EDTA solution

(20 mL x 3), H,O (3 x 30 mL) and then dried over MgSO,. The solvent was removed under
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vacuum to afford an off-white solid. Purification of the compound was achieved by silica gel

column chromatography (98:2 CHCI:/CH3;OH) to afford the product as a white solid.

Compound 3.13

Prepared from bis-azide 3.9, 108 mg, 72% yield. *H NMR (500 MHz, de-DMSO) &
(ppm): 7.93 (2H, d, 3J = 8.4 Hz, H,), 7.68 (2H, s, Hy), 7.34 (2H, d, 3] = 8.4 Hz, H,), 5.79 (4H,
s, Hy), 5.17 (2H, t, 3] = 5.5 Hz, He), 4.44 (4H, d, ®J = 5.5 Hz, H); *C NMR (125 MHz, d-
DMSO) & (ppm): 151.7, 134.2, 132.9, 128.9, 126.8, 126.1, 84.4, 55.3, 53.7; HRMS (ESI +ve)

m/z = 624.93128, (M + Na]", C1gH16l,0,NgNa, calculated 624.93163).

Compound 3.18

Prepared from bis-azide 3.17, 164 mg, 81%, yield. ‘H NMR (500 MHz, d-DMSO) &
(ppm): 6.61 (2H, s, H.), 5.48 (4H, s, Hp), 5.15 (2H, t, *J = 5.5 Hz, H.), 4.43 (4H,d, %) =55
Hz, Hg), 3.70 (4H, d, ®J = 5.7 Hz, H.),1.60 (2H, sep, °J = 6.2 Hz, Hy), 1.37-1.20 (16H, m, Hy—

H;), 0.87-0.81 (12H, m, H, + H)); **C NMR (125 MHz, CDCl3) & (ppm): 151.3, 150.3, 124.3,
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113.9, 84.3, 71.2, 55.3, 49.2, 30.3, 28.9, 23.7, 23.0, 14.4, 11.4, HRMS (ESI +ve) m/z =

809.17410, (M + HJ*, CaoHa71,04Ns, calculated 809.17427).

Compound 3.23

0N\ /\g\/OH
N

z-z

Prepared from bis-azide 3.22, 154 mg, 70% yield. *H NMR (500 MHz, ds-DMSO) &

(ppm): 7.29 (4H, 1,33 = 7.9 Hz, Hy), 7.19 (2H, t, 3 = 7.3 Hz, Hyp), 7.11 (4H, d, 33 = 7.3 Hz, H,),

6.99 (4H, d, %J = 8.9 Hz, Hy), 6.86 (4H, d, 3J = 8.9 Hz, H,), 5.15 (4H, t, 3J = 5.5 Hz, Hy), 4.51

(4H, t, %3 = 7.0 Hz, Hy), 4.42 (4H, d, °J = 5.5 Hz, Hy), 3.96 (4H, t, °J = 6.0 Hz, H)), 2.25 (4H,

quin, ®J = 6.3 Hz, H); *C NMR (125 MHz, CDCl;) & (ppm): 156.6, 151.2, 147.4, 139.2,

132.0, 130.9, 128.1, 126.3, 113.9, 83.9, 64.5, 63.6, 55.3, 47.5, 29.7; HRMS (ESI +ve) m/z =

883.09624, (M + HJ*, Ca7H371,0.4Ns, calculated 883.09602).

Compound 3.25
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Prepared from bis-azide 2.33, 155 mg, 74% yield. '"H NMR (400 MHz, CDCl;)
(ppm): 6.85-6.80 (8H, m, H, + Hy), 5.16 (2H, br., H), 4.70 (4H, t, %3 = 5.1 Hz, Hy), 4.43 (4H,
br., He), 4.34 (4H, t, °J = 5.1 Hz, Hy), 3.99 (4H, t, °J = 4.6 Hz, Hy), 3.70 (4H, t, *J = 4.6 Hz,
Hn), 3.58 (4H, s, H); *C NMR (100 MHz, CDCl;) & (ppm): 153.3, 152.3, 151.1, 115.9, 115.8,
84.8, 70.4, 69.5, 68.0, 57.1, 55.3, 49.8; HRMS (ESI +ve) m/z = 837.05970, (M + HJ*,

C23H35|208N5, calculated 83706002)

General protocol for synthesis of bis-Cl compounds 3.14, 3.19 and 3.24:

Bis-OH compound (0.20 mmol) was suspended in 3 mL of CHCI; before 0.1 mL of
SOCI, (excess) was added. The reaction was heated under reflux for 8 hrs. The reaction was
diluted with 20 mL of CHCIs;, washed with a saturated NaHCO; aqueous solution (20 mL),
H,O (20 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to

afford the product as a light yellow solid.

Compound 3.14

Prepared from compound 3.13, 127 mg, quantitative yield. *H NMR (400 MHz,
CDCl;) & (ppm): 7.84 (2H, d, 3J = 8.4 Hz, H.), 7.67 (2H, s, Hy), 7.44 (2H, d, %J = 8.4 Hz, H,),
5.75 (4H, s, Hy), 4.68 (4H, s, Ho); *C NMR (125 MHz, ds-DMSO) & (ppm): 148.7, 132.9,
128.9, 127.3, 125.9, 54.5, 36.1, 30.9; HRMS (ESI +ve) m/z = 638.88159, (M + H]",

C18H15|2C|2N6, calculated 63888191)
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Compound 3.19

Prepared from compound 3.18, 168 mg, quantitative yield. '"H NMR (500 MHz, de-
DMSO) & (ppm): 6.62 (2H, s, Ha), 5.50 (4H, s, Hy), 4.76 (4H, s, Hc), 3.69 (4H, d, J = 5.4 Hz,
Hq), 1.59 (2H, sep, 3J = 6.2 Hz, H), 1.35-1.17 (16H, m, H; — H)), 0.87—0.80 (12H, m, H; + H,);
13C NMR (125 MHz, CDCl;) & (ppm): 150.4, 148.0, 124.0, 113.9, 86.6, 71.4, 49.8, 30.2, 28.8,
23.7, 23.0, 14.4, 11.4; HRMS (ESI +ve) m/z = 845.10670, ([M + H]", CsoHss1204N6Cls,

calculated 845.10649).

Compound 3.24

Prepared from compound 3.23, 184 mg, quantitative yield. *"H NMR (500 MHz, de-
DMSO) & (ppm): 7.29 (4H, t, 3J = 7.7 Hz, H.), 7.19 (2H, t, ) = 7.2 Hz, Hy), 7.11 (4H, d, 3] =
7.7 Hz, H,), 7.00 (4H, d, 3J = 8.9 Hz, Hy), 6.83 (4H, d, %J = 8.9 Hz, H.), 4.75 (4H, s, Hy), 4.53
(4H, t, 3] = 6.7 Hz, Hy), 3.97 (4H, t, °J = 5.7 Hz, Hy), 2.26 (4H, quin, ®J = 6.3 Hz, H); *°C
NMR (125 MHz, CDCl) & (ppm): 156.6, 147.8, 147.3, 139.2, 132.0, 130.9, 128.1, 126.3,
113.9, 86.3, 64.6, 58.9, 48.0, 29.5, 15.6; HRMS (ESI +ve) m/z = 919.02878, (M + H]",

C37H35|202N5C|2, calculated 91902824)
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Compound 3.26
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Compound 3.25 (100 mg, 0.12 mmol) was suspended in 3 mL of dry CH,ClI, before
EtsN (51 mg, 0.50 mmol) was added. The mixture was cooled down to 0 °C and left to stir for
5 min. Subsequently, a CH,Cl, solution (3 mL) of MsCl (33 mg, 0.29 mmol) was added
dropwise in 30 min. The reaction was warmed to room temperature and left to stir overnight.
The mixture was diluted with 30 mL of CHCI3, washed with H,O (20 mL x 2) and then dried
with MgSO,. The solvent was removed under vacuum to afford a yellow solid. The
purification of the compound was achieved by silica gel column chromatography (98:2
CH,CI,/CH;0OH) to give the product as a white solid (68 mg, 63%). *H NMR (400 MHz,
CDCls) 5 (ppm): 6.85-6.75 (8H, m, Ha + Hy), 4.75 (4H, t, 3J = 5.5 Hz, H,), 4.68 (4H, s, Hy),
4.37 (4H, t, 3 = 5.5 Hz, He), 4.06 (4H, t, ®J = 5.0 Hz, Hy), 3.83 (4H, t, °J = 5.0 Hz, H,), 3.74
(4H, s, Hp); **C NMR (100 MHz, ds-DMSO) & (ppm): 153.3, 152.3, 147.7, 116.0, 115.8, 87.2,
70.4, 69.5, 68.0, 67.0, 50.2, 37.6; HRMS (ESI +ve) m/z = 894.97412, (M + Na],

ngngIzOﬁNsCIzNa, calculated 89497420)

General protocol for synthesis of cryptands 3.27 — 3.30:

Macrocycle 3.12 (23 mg, 0.02 mmol), bis-Cl compound (0.02 mmol), TBAI (6.4 mg,
0.02 mmol) and K,CO3; (13.8 mg, 0.1 mmol) were dissolved in 2 mL of CHCI; and the
reaction was stirred under reflux for 5 days. The reaction mixture was diluted with 20 mL of

CHCI;, washed with H,O (20 mL x 3), brine (20 mL x 2) and then dried with MgSO,. The
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solvent was removed under vacuum to afford a yellow solid. Purification of the compound
was achieved by preparative TLC chromatography (97:3 CH,CIl,/CH;OH) to give the product

as an off-white solid.

Cryptand 3.27

Prepared from compound 3.14, 3.5 mg, 10% vyield. '"H NMR (400 MHz, CDCl;) &
(ppm): 7.88 (6H, d, 3J = 7.8 Hz, H,), 7.53 (6H, t, 3J = 7.8 Hz, Hy), 5.75 (4H, s, Hy), 3.56 (4H,

s, He); HRMS (ESI +ve) m/z = 1732.82314, (M + HJ*, CssHaslsN2o, calculated 1732.82422).

Cryptand 3.28

Prepared from compound 3.19, 9.3 mg, 24% yield. "H NMR signals are too broad to
be identified at 298 K; HRMS (ESI +ve) m/z = 1939.04766, ([M + H]", CgsH7302l6N20,

calculated 1939.04880).
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Cryptand 3.29

Non

éz-
O

N c
| | ] i Kk e d
SO A O §§
9 ’ ;
e J O
'«“&N‘)/N & 0

Prepared from compound 3.24, 8.0 mg, 20% yield. *"H NMR (500 MHz, CDCl;) &
(ppm): 7.75 (4H, d, 3J = 8.5 Hz, H,), 7.42 (4H, s, Hy), 7.30-7.27 (6H, m, H, + Hg), 7.20 (4H,
d, 33 =7.0 Hz, He), 7.14 (4H, d, ] = 7.2 Hz, Hy), 6.93 (4H, d, °J = 8.8 Hz, H,), 6.56 (4H, d, °J
= 8.8 Hz, Hy), 5.64 (4H, s, H), 4.42 (4H, d, *J = 6.7 Hz, H)), 3.94 (4H, d, *J = 5.7 Hz, H,), 3.80
(8H, s, H), 3.73 (4H, s, Hy), 2.42 (4H, quin, *J = 6.5 Hz, H,); *C NMR (125 MHz, CDCl;) &
(ppm): 156.4, 149.1, 148.6, 146.9, 139.6, 133.0, 132.6, 131.1, 129.8, 127.6, 126.3, 125.4,
113.1, 96.1, 82.8, 81.7, 63.6, 63.2, 54.0, 48.8, 46.7, 39.6, 31.9, 31.0, 29.7, 29.4, 28.9, 22.7,

14.1; HRMS (ES' +VE) m/z = 2012.97075, ([M + H]+, C73H5302|6N20, calculated 201297055)

Cryptand 3.30

Prepared from compound 3.26, 9.8 mg, 25% yield. '"H NMR (500 MHz, CDCl;) &
(ppm): 7.74 (4H, d, ®J = 8.4 Hz, H,), 7.52 (4H, s, Hp), 7.39 (4H, d, °J = 8.4 Hz, H.), 6.78 (4H,
d, 3J = 9.2 Hz, Hy), 6.66 (4H, d, 3J = 9.1 Hz, H), 5.62 (4H, s, H;), 4.69 (4H, d, °J = 4.9 Hz,

Hg), 4.30 (4H, d, °J = 4.9 Hz, Hy), 4.07 (4H, d, ®J = 4.8 Hz, H)), 3.83 (4H, d, °J = 4.8 Hz, H),
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3.74-3.73 (16H, m, Hy+ H, +H,)) ;**C NMR (125 MHz, CDCl;) & (ppm): 149.2, 148.7, 132.9,
132.5, 128.6, 126.8, 125.9, 115.9, 115.6, 96.1, 70.8, 69.8, 68.1, 67.1, 53.9, 49.9, 48.4, 30.7,
29.7, 17.4; HRMS (ESI +ve) m/z = 1988.89782, (M + Na]*, CgsHeoOslsN2o, calculated

1988.91650).

6.2.4 Synthesis of Novel Compounds from Chapter 4

Macrocycle 4.4
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To a solution of dipropargylamine (49 mg, 0.53 mmol), bis-azide 4.3 (220 mg, 0.53
mmol) and TBTA (26 mg, 0.05 mmol) in dry degassed CH,Cl, (150 mL) was added
[Cu(CH3CN),]PFs (37 mg, 0.10 mmol) in one portion. The reaction mixture was stirred at
room temperature for 48 hrs. Subsequently, the mixture was washed with an EDTA solution
(20 mL x 3), H,0O (3 x 30 mL) and then dried over MgSO,. The solvent was removed under
vacuum to afford a light yellow solid. Purification of the compound was achieved by
preparative TLC chromatography (95:5 CHCIs/CH3;OH) to afford the product as a beige solid
(86 mg, 32% vyield). *"H NMR (500 MHz, CDCl;) & (ppm): 7.24 (2H, s, Hy), 7.20 (4H, d, 3J =
8.0 Hz, Hy), 6.87 (4H, d, °J = 8.0 Hz, H,), 5.38 (4H, s, Hy), 4.09 (4H, t, 3J = 3.8 Hz, H,), 3.90
(4H, s, Hy), 3.84 (4H, t, °J = 3.8 Hz, Hy), 3.71 (4H, s, Hy); °C NMR (125 MHz, CDCls) &
(ppm): 159.2, 146.8, 130.0, 126.7, 121.1, 115.1, 70.9, 69.6, 67.7, 53.8, 44.8, 30.9; HRMS

(ES' + Ve) m/z = 506.25162 ([M + H]+, C26H32N704, calculated 50625103)
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Macrocycle 4.5
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To a solution of dipropargylamine (17 mg, 0.18 mmol), bis-azide 2.33 (85 mg, 0.18
mmol) and TBTA (4.8 mg, 0.009 mmol) in dry CH,Cl, (60 mL) was added [Cu(CH3;CN)4]PFs
(6.7 mg, 0.018 mmol) in one portion. The reaction mixture was stirred at room temperature
for 48 hrs before it was washed with an EDTA solution (20 mL x 3), H,O (3 x 30 mL) and
then dried over MgSQO,. The solvent was removed under vacuum to give a light yellow solid.
The purification of the compound was achieved by preparative TLC chromatography (95:5
CH,CI,/CH;OH) to afford the product as a beige solid (31 mg, 30% yield). *H NMR (400
MHz, CDCls) & (ppm): 7.70 (2H, s, H,), 6.80 - 6.71 (8H, m, Hy, + H.), 4.71 (4H, t, %J = 4.6 Hz,
Ha), 4.26 (4H, t, °J = 4.6 Hz, H,), 4.02 (4H, t, °J = 4.9 Hz, Hy), 3.94 (4H, s, Hy), 3.80 (4H, t, %J
=4.9 Hz, Hyp), 3.70 (4H, s, H); **C NMR (125 MHz, CDCl;) & (ppm): 153.8, 152.1, 146.3,
130.1, 124.1, 123.1, 115.9, 115.6, 70.9, 68.3, 67.2, 49.9, 43.9, 34.3, 31.4, 29.7; HRMS (ESI

+ve) m/z = 566.27197, ([M+H]", C,gH3s06N-, calculated 566.27216).

Compound 4.9

Compound 4.8 (400 mg, 1 mmol) was dissolved in 3 mL of dry DMF, followed by
portionwise addition of NaH (88 mg, 2.2 mmol, 60% in minerals). The resulting mixture was

left to stir at room temperature for 30 min before propargyl bromide (262 mg, 2.2 mmol) was
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added dropwised. The reaction mixture was left to stir at room temperature overnight and
then 50 mL of H,O was added. The aqueous solution was extracted by Et,O (30 mL x 3) and
the combined organic layers were dried over MgSQO,. The solvent was removed under
vacuum to give a dark brown oil which was then purified by silica gel column
chromatography (hexane/EtOAc = 1/9) to afford the product as a light yellow oil (186 mg,
39% yield). *H NMR (400MHz) & (ppm): 4.07-3.98 (4H, broad, H.), 3.43-3.33 (8H, m, H, +
H.), 2.20 (2H, s, Hy), 1.44 (18H, s, Boc), 1.43 (9H, s, Boc); 13C NMR & (ppm): 155.2, 154.8,
80.5, 80.3, 79.8, 79.5, 71.8, 71.4, 71.2, 45.2, 44.6, 44.0, 37.1, 36.1, 28.4; HRMS (ESI +ve)

m/z = 502.28863, ([M+Na]”*, C,sH4106N3Na, calculated 502.28876).

Rotaxane 4.10

_ ) Nxp o]
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To a solution of macrocycle 4.5 (26 mg, 0.046 mmol) in dry CH,CI, (4 mL) was added
[Cu(CH3CN),]PFs (17 mg, 0.046 mmol) and the mixture was left to stir at room temperature
for 5 min under N,. Stopper azide 2.6 (166 mg, 0.276 mmol) and bis-alkyne 4.7 (46 mg,
0.138 mmol) were added and the solution was left to stir at room temperature for 96 hours.
The reaction mixture was diluted with CHCI; (20 mL), washed with an EDTA solution (10mL
x 2), water (5 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum
to afford a light yellow solid. Purification of the compound was achieved by preparative TLC
chromatography (96:4 CHCI3;/CH3;OH) to afford the product as a white solid (21 mg, 22%

yield). *H NMR (500 MHz, CDCls) & (ppm): 7.63 (4H, m, H; + H,), 7.25-6.75 (32H, m, Hy-Hs),
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6.54-6.45 (8H, m, H, + Hj), 4.57-3.45 (40H, m, H-H;, H—Ho), 2.37 (4H, m, H) 1.49-1.43
(18H, m, Boc), 1.31 (27H, s, stopper-Bu); **C NMR (125 MHz, CDCl;) & (ppm): 156.2,
153.2, 151.8, 148.3, 144.2, 139.9, 132.2, 130.7, 124.1, 123.1, 115.4, 113.0, 70.8, 69.7, 67.9,
66.7, 64.1, 63.1, 49.6, 47.1, 46.9, 44.8, 44.3, 41.6, 34.3, 31.4, 28.5; HRMS (ESI +ve) m/z =

2078.25351 ([M + HJ*, C126H16:01,N1s, calculated 2078.2555).

Rotaxane 4.11

To a solution of rotaxane 4.10 (20 mg, 0.00963 mmol) in dry CH,Cl, (2 mL), TFA (0.1
mL, excess) was added. The reaction mixture was left to stir overnight at room temperature
before it was diluted with 20 mL of CHCI;. The solution was washed with a saturated
NaHCO; solution (20 mL), H,O (20 mL x 2) and then dried with MgSO,. The solvent was
removed under vacuum to give the product as a light yellow solid (18 mg, quantitative yield).
'H NMR (500 MHz, CDCl;) & (ppm): 8.05 (2H, s, H;), 7.56 (2H, s, H,), 7.24-7.07 (28H, m, H,
+ Hc + Hg), 6.78 (4H, d, 3J = 9.0 Hz, H,), 6.68-6.63 (8H, m, H, + H3), 4.66 (4H, t, °J = 4.8 Hz,
H.), 4.47 (4H, t, 33 = 7.1 Hz, H;), 4.33 (4H, t, 3J = 4.8 Hz, Hs), 3.97 (4H, t, 3J = 4.9 Hz, Ho),
3.93 (4H, t, %3 = 5.9 Hz, Hy), 3.80 (4H, t, °J = 4.9 Hz, H;), 3.74 (4H, s, Hg), 3.70 (4H, s, Hy),
3.47 (4H, s, Hy), 2.39 (4H, s, H)), 2.30 (4H, quin, *J = 6.3 Hz, H)), 1.30 (54, s, Hy); *C NMR
(125 MHz, CDCl;) & (ppm): 156.3, 153.4, 152.0, 148.3, 144.1, 142.3, 140.1, 132.3, 130.7,

124.1, 115.6, 115.3, 113.0, 70.8, 69.7, 68.2, 66.7, 64.0, 63.1, 50.1, 47.3, 46.0, 44.1, 42.7,
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34.3, 31.4, 29.7, 22.7, 14.1; HRMS (ESI + ve) m/z = 1878.14633 ([M+H]", Ci16H14608Ns,

calculated1878.15069).

Rotaxane 4.12

Rotaxane 4.11 (25 mg, 0.0133 mmol) and tert-butyl-2-bromoacetate (11 mg, 0.04
mmol) were dissolved in dry CHsCN (2 mL) before Na,CO; (28 mg, 0.26 mmol) was added
in one portion. The reaction was left to stir at room temperature for 3 days. The mixture was
diluted with 20 mL of CHClI;, washed with H,O (20 mL x 2), brine (20 mL) and then dried with
MgSO,. The solvent was removed under vacuum to afford a light yellow solid. Purification of
the compound was achieved by preparative TLC chromatography (96:4 CHCIs/CH;OH) to
afford the product as an off-white solid (18 mg, 72% yield). '"H NMR (400 MHz, CDCl;) &
(ppm): 7.67 (3H, m, Hy + Hy), 7.35 (1H, s, Hy), 7.26-7.03 (28H, m, H, + H. + Hq + Hy + He +
Hq), 6.76 (2H, d, 3J = 8.3 Hz, H), 6.50-6.44 (8H, m, H, + H3), 6.36 (4H, d, °J = 8.7 Hz, He),
4.61-4.52 (8H, m, Hy + H; + Hy), 4.15-4.08 (4H, m, Hs), 3.98-3.96 (4H, m, Hy + Hy), 3.90-3.29
(26H, m, Hg - Hig, Hp + Hy, Hi +H;), 3.14 (2H, m, H)), 2.37 (2H, m, H;), 2.18 (4H, m, H, + Hy),
1.44-1.43 (27H, m, acetate-'Bu), 1.30 (54H, s, stopper-'Bu); **C NMR (125 MHz, CDCl;) &
(ppm): 153.2, 151.8, 148.3, 144.3, 144.1, 132.3, 130.7, 130.6, 124.2, 124.1, 115.9, 115.6,
115.3, 113.0, 70.7, 69.7, 67.8, 66.8, 63.1, 49.5, 48.2, 34.3, 33.2, 31.9, 31.4, 31.4, 29.7, 29.4,
28.2, 22.7, 17.5, 17.4, 14.2, 10.9; HRMS (ESI + ve) m/z = 2220.35289 ([M+H]",
C134H176N15014, calculated 2220.35493).
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Rotaxane 4.13

To a solution of macrocycle 4.4 (10 mg, 0.0198 mmol) in dry CH,Cl, (2 mL) was
added [Cu(CH3;CN)4]PFs (7.5 mg, 0.0198 mmol) and the mixture was left to stir at room
temperature for 5 min under N,. Stopper azide 2.6 (70 mg, 0.1188 mmol) and bis-alkyne 4.7
(20 mg, 0.0594 mmol) were added and the solution was left to stir at room temperature for
96 hrs. The reaction mixture was diluted with CHCI; (20 mL), washed with an EDTA solution
(10 mL x 2), water (5 mL x 2) and then dried with MgSO,. The solvent was removed under
vacuum to afford a light yellow solid. Purification of the compound was achieved by
preparative TLC chromatography (95:5 CHCIz/CHsOH) to afford the product as a white solid
(13 mg, 33% yield). *H NMR (500 MHz, CDCl;) & (ppm): 7.63-7.36 (4H, m, H, + H,), 7.25-
7.07 (28H, m, H, + Hc + Hg), 6.94 (4H, d, 23 = 7.9 Hz, H,), 6.76 (4H, d, 3J = 9.0 Hz, H,), 6.50
(4H, d, %3 = 7.9 Hz, Hs), 6.27-6.26 (4H, m, Hy), 4.57-4.40 (4H, m, Hy), 3.98-3.92 (8H, m, Hs +
Hy), 3.78-3.47 (20H, m, He + H; + Hg + Hy + H), 2.38 (4H, m, H;), 1.50 (18H, m, Boc), 1.31
(54H, s, stopper-'Bu); *C NMR (125 MHz, CDCl;) & (ppm): 158.6, 156.2, 156.0, 155.5,
155.4, 148.4, 148.3, 144.3, 144.1, 140.1, 139.9, 132.4, 130.7, 130.6, 129.8, 126.7, 124.2,
124.1, 114.6, 113.1, 112.9, 80.2, 70.9, 69.6, 67.5, 64.0, 63.1, 53.6, 47.3, 46.7, 45.0, 44.9,
34.3, 34.3, 31.4, 30.1, 28.6; HRMS (ESI + ve) m/z = 2018.23710, ([M + H]", C124H15sN15010,

calculated 2018.23442).
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Rotaxane 4.14
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To a solution of macrocycle 4.4 (25 mg, 0.05 mmol) in dry CH,CI, (2 mL) was added
[Cu(CH3CN),4]PFs (19 mg, 0.05 mmol) and the mixture was left to stir at room temperature for
5 min under N,. Stopper azide 2.6 (176 mg, 0.3 mmol) and bis-alkyne 4.9 (72 mg, 0.15
mmol) were added and the solution was left to stir at room temperature for 96 hrs. The
reaction mixture was diluted with CHCI; (20 mL), washed with an EDTA solution (10 mL x 2),
water (5 mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to
afford a light yellow solid. Purification of the compound was achieved by preparative TLC
chromatography (95:5 CHCIs/CH3;0H) to afford the product as a white solid (52 mg, 49%
yield). *H NMR (500 MHz, CDCl3) & (ppm): 7.61-7.39 (4H, m, H, + H,), 7.25-7.07, 6.75 (32H,
m, Hp-He), 6.93 (4H, d, %J = 8.5 Hz, H,), 6.50 (4H, m, H3), 5.27-5.26 (4H, m, H,), 4.60-4.41
(4H, m, Hy), 4.09-3.43 (36H, m, Hs—Hg, Hg-H), 2.38 (4H, m, H,), 1.50 (27H, m, Boc), 1.30
(54H, s, stopper-Bu); *C NMR (125 MHz, CDCl;) & (ppm): 158.5, 156.2, 155.4, 155.3,
148.4, 148.3, 144.3, 144.1, 140.1, 139.9, 132.4, 132.0, 130.7, 130.6, 129.8, 126.7, 124.2,
124.1, 114.6, 114.5, 113.1, 112.9, 80.2, 70.9, 69.6, 67.5, 64.0, 63.1, 63.0, 53.6, 53.5, 47.3,
46.7, 45.0, 34.3, 31.4, 30.1, 28.6; HRMS (ESI| + ve) m/z = 1081.16878, (M + 2H]*,

C131H172N16012, calculated 1081. 16816)
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Rotaxane 4.15

To a solution of rotaxane 4.13 (20 mg, 0.0099 mmol) in dry CH,Cl, (2 mL), TFA (0.1
mL, excess) was added. The reaction was left to stir overnight at room temperature before it
was diluted with 20 mL of CHCI;. The solution was washed with a saturated NaHCO;
solution (20 mL), H,O (20 mL x 2) and then dried with MgSO,. The solvent was removed
under vacuum to give the product as a light yellow solid (18 mg, quantitative yield). *H NMR
(500 MHz, CDCl5) & (ppm): 7.62 (2H, s, Ha), 7.44 (2H, s, Hy), 7.23 - 7.08 (32H, Hy-He), 6.77
(4H, d, 3J = 8.8 Hz, H,), 6.61 (4H, d, %) = 8.8 Hz, Hs), 5.36 (4H, s, H,), 4.42 (4H, t, ) = 6.8
Hz, Hy), 3.91 (8H, m, Hy + Hs), 3.77 (4H, t, %)= 4.0 Hz, Hs), 3.70 (4H, s, Hy), 3.66 (4H, s, Hg),
3.42 (4H, s, Hy), 2.57 (4H, s, H), 2.28 (4H, quin, ®J = 5.9 Hz, H;), 1.30 (54H, s, stopper-'Bu);
*C NMR (125 MHz, CDCl;) & (ppm): 158.7, 156.3, 148.3, 144.1, 140.1, 132.3, 130.7, 130.2,
127.8, 124.1, 122.4, 114.4, 113.0, 70.8, 69.6, 67.7, 64.1, 63.1, 53.5, 47.2, 44.5, 42.8, 34.3,
31.4, 31.0, 29.8; HRMS (ESI + ve) m/z = 1818.13129 ([M+H]*, C114H:142N1506, calculated

1818.12956).
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Rotaxane 4.16

To a solution of rotaxane 4.14 (50 mg, 0.023 mmol) in dry CH,Cl, (2 mL), TFA (0.1
mL, excess) was added. The reaction mixture was left to stir overnight at room temperature
before it was diluted with 20 mL of CHCIl;. The solution was washed with a saturated
NaHCO; solution (20 mL), H,O (20 mL x 2) and then dried with MgSO,. The solvent was
removed under vacuum to give the product as a light yellow solid (43 mg, quantitative yield).
'H NMR (400 MHz) & (ppm): 7.93 (2H, s, H1), 7.48 (2H, s, H.), 7.29 (2H, d, 3J = 8.3 Hz, H,),
7.22-7.07 (28H, m, Hp, + H¢ + Hg), 6.76 (4H, d, 3J = 8.7 Hz, He), 6.68 (4H, d, 3J = 8.3 Hz, Hy),
5.35 (4H, s, Hy), 4.45 (4H, t, °J = 6.6 Hz, Hy), 3.95 (4H, br, Hs), 3.90 (4H, t, 3 = 5.2 Hz, Hy),
3.78 (4H, br, He), 3.73 - 3.69 (8H, m, H; + Hg), 3.45 (4H, s, Hy), 2.43 (8H, s, H; + H), 2.28
(4H, quin, 3J = 5.8 Hz, H,), 1.29 (54H, s, H); *C NMR (400 MHz) & (ppm): 157.8, 155.3,
147.3, 144.2, 143.0, 139.0, 131.3, 129.7, 129.3, 126.6, 123.0, 121.8, 113.6, 111.9, 69.8,
68.5, 66.7, 63.0, 62.0, 52.5, 46.1, 45.7, 44.7, 43.5, 42.0, 33.3, 30.6, 28.9; HRMS (ESI +ve)

m/z = 1861.17954 (M + H]", C116H14706N16, calculated 1861.17176).
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Rotaxane 4.17

Rotaxane 4.15 (17 mg, 0.00936 mmol) and tert-butyl-2-bromoacetate (6 mg, 0.028
mmol) were dissolved in CHCIs/CH3;CN (1 mL/1 mL) before Na,CO; (20 mg, 0.187 mmol)
was added in one portion. The reaction mixture was left to stir at room temperature for 3
days before it was diluted with 20 mL of CHCI;. The solution was washed with H,O (20 mL x
2), brine (20 mL) and then dried with MgSO,. The solvent was removed under vacuum to
afford a light yellow solid. Purification of the compound was achieved by preparative TLC
chromatography (96:4 CHCI,/CH;OH) to afford the product as an off-white solid (14 mg, 70%
yield). *H NMR (500 MHz, CDCl3) & (ppm): 7.66 (1H, s, H.), 7.49 (1H, s, Ha), 7.31 (2H, s,
H,), 7.25-7.03 (28H, m, Hp + He + Hg + Hy + He + Hg), 6.91 (4H, d, 3J = 8.4 Hz, H,), 6.76 (2H,
d, 33 = 9.0 Hz, H.), 6.46 (4H, d, 3J = 8.4 Hz, H3), 6.34 (2H, d, %J = 8.9 Hz, H), 5.26 (4H, s,
Hs), 4.55 (2H, t, % = 7.1 Hz, Hy), 3.99-2.84 (36H, m, Hy + Hy, + H, + Hj + H + Hg + Hy + H; +
H; + Hs-Hg), 2.38 (2H, quin, 3J = 6.5 Hz, Hy), 1.45 (9H, s, Boc), 1.44 (9H, s, Boc), 1.42 (9H,
s, Boc), 1.31 (27H, s, stopper-'Bu), 1.30 (27H, s, stopper-Bu); **C NMR (125 MHz, CDCl;) &
(ppm): 170.7, 170.6, 170.2, 158.5, 156.3, 155.9, 148.3, 148.2, 145.2, 145.1, 144.3, 144.1,
140.0, 139.6, 132.3, 131.8, 130.7, 130.6, 129.7, 126.6, 124.2, 124.1, 123.4, 123.3, 122.6,
114.6, 113.1, 113.0, 80.9, 80.8, 70.9, 69.6, 67.4, 64.1, 63.9, 63.1, 63.1, 55.8, 55.7, 54.3,
53.6, 51.9, 51.9, 49.2, 49.1, 47.2, 46.8, 34.3, 31.4, 31.4, 30.2, 29.8, 29.1, 28.2, 22.8, 17.5,
17.4, 14.1; HRMS (ESI +ve) m/z = 1080.67127, ([M+2H]**, CisH173N1sO01z,

requires1080.67054).
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Rotaxane 4.18

Rotaxane 4.16 (50mg, 0.027 mmol) and tert-butyl-2-bromoacetate (16 mg, 0.081
mmol) were dissolved in CHCIs/CH;CN (1 mL/1 mL) before Na,CO3 (57 mg, 0.54 mmol) was
added in one portion. The reaction mixture was left to stir at room temperature for 3 days
before it was diluted with 20 mL of CHCls. The solution was washed with H,O (20 mL x 2),
brine (20 mL) and then dried with MgSO,. The solvent was removed under vacuum to afford
a light yellow solid. Purification of the compound was achieved by preparative TLC
chromatography (95:5 CHCI,/CH;0OH) to afford the product as an off-white solid (41 mg, 65%
yield). *H NMR (500 MHz, CDCl3) & (ppm): 7.65 (1H, s, Ha), 7.51 (1H, s, Hy), 7.30 (2H, s,
H,), 7.25 - 7.02 (28H, m, Hy + He + Hg + Hy + He + Hg), 6.91 (4H, d, 3] = 7.8 Hz, H,), 6.76
(2H, d, 3J = 7.9 Hz, H.), 6.45 (4H, d, J = 7.8 Hz, H3), 6.33 (2H, d, J = 7.9 Hz, H), 5.26 (4H,
s, Hg), 4.55 (2H, t, % = 7.0 Hz, Hy), 3.99-2.78 (40H, m, Hy — Hy, Hy — Hy, Hs -Hg), 2.37 (2H,
quin, *J = 6.5 Hz, Hy,), 1.45-1.41 (36H, m, Boc), 1.30 (54H, s, stopper-'Bu); **C NMR (125
MHz, CDCl3) & (ppm): 169.1, 157.5, 155.3, 154.8, 147.3, 147.2, 144.1, 144.3, 143.0, 140.0,
138.5, 132.3, 131.3, 129.7, 128.6, 125.5, 123.1, 123.0, 121.6, 111.9, 79.8, 80.8, 69.8, 68.5,
66.3, 63.9, 62.9, 62.0, 62.0, 54.7, 52.5, 48.2, 46.2, 45.8, 33.3, 30.4, 29.1, 28.0, 27.2; HRMS

(ESI +ve) m/z = 2317.43487, (IM + H]", Cra0H17N 16014, calculated 2317.44408).
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General protocol for synthesis of rotaxane 4.19, 4.20 and 4.21.:

To a solution of rotaxane (0.005 mmol) in dry CH,CI, (2 mL), TFA (0.1 mL, excess)
was added. The reaction mixture was left to stir overnight at room temperature before it was
diluted with 20 mL of CHCI;. The solution was washed with a saturated NaHCO3 solution (20
mL x 2) and then dried with MgSO,. The solvent was removed under vacuum to give the
product as a yellow solid (quantitative yield). Even though significant evidence of removal of
tert-butyl groups are revealed from 'H NMR spectra of rotaxane 4.19, 4.20 and 4.21, the

proton signals are very broad and hard to assign.

Rotaxane 4.20

'H NMR (500 MHz, ds,-methanol) & (ppm): 7.73-7.27 (4H, m, H; + H, + Hy), 7.18-
6.48 (40H, m, stopper- ArH + H, + Hj), 4.56-2.90 (46H, m, CH,), 1.20 (54H, s, stopper-

'‘BuH).

Rotaxane 4.21

N
SUTRNNS C
: '
T,
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'H NMR (500 MHz, d,-methanol) & (ppm): 7.53-7.36 (4H, m, H, + H, + Hy), 7.16—
6.78 (36H, m, stopper- ArH + H,), 6.67 (2H, br., Hy), 6.37 (4H, d, J = 8.6 Hz, Hs), 6.06 (2H,
br., Hy), 5.22 (4H, s, H,), 4.44-3.00 (48H, m, CH,), 1.20 (54H, s, stopper-BuH); MS (ESI

+ve) m/z = 2093.282, ([M-3Na+4H]", C1.4H154N16014, calculated 2093.193).

229



CHAPTER 6

6.3 References

1 M. J. Hynes, J. Chem. Soc. Dalton Trans., 1993, 0, 311-312.

2 Tetrahedron Lett., 2006, 47, 5105-5109.

230



APPENDICES

Appendix A: Crystallographic Data
Data collection

Single crystal X-ray diffraction data for compounds 2.14 and 2.23| were collected
using synchrotron radiation at 100(2) K at Diamond Light Source (DLS), Beamline 119" using
a Cryostream N, open-flow cooling device on the diffractometer®. Cell parameters and
intensity data (including inter-frame scaling) were processed using CrysAlis Pro (CrysAlis
Pro, Agilent Technologies, 2010). Subsequently, the structure was solved using charge-
flipping methods using SUPERFLIP,® and refined using full-matrix least-squares on F? within
the CRYSTALS suite*® by Dr. Jason Lim. For macrocycle 2.34, the data was collected using
the Supernova diffractometer at the University of Oxford with Cu radiation at 150 K and
solved by Dr. Antonio Martinez-Martinez. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Where appropriate, disordered portions were
modelled using refined partial occupancies, and geometric and vibrational restraints were
applied to ensure that the models were physically reasonable. The majority of the hydrogen
atoms were located from the difference map, while those which were not visible were
repositioned geometrically. The H atoms were initially refined with soft restraints on the bond
lengths and angles to regularise their geometry and Uso(H), after which the positions were

refined with riding constraints.®

Following the construction of a stable and physically-plausible model, the weights
were optimised using the Chebyshev F? weighting scheme,” anomalous reflections were
omitted and for poorly-diffracting samples (e.g. Compound 2), the absent high-angle data
were pruned using the Wilson plot. This approach generally led to refinement convergence

to give the final structure.
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Compound 2.14

Crystals suitable for X-ray diffraction structural analysis were obtained leaving a PF¢/

CI" salt of compound 2.14 to slowly crystallise from CDCIl; in an NMR tube at room

temperature. Due to the small size of the crystals, synchrotron radiation was necessary.

Figure Al. X-ray crystal structure of the major component of dicationic compound 2.14 as a salt of chloride and
PFs". Thermal ellipsoids are displayed at the 50 % probability level.

Table Al. Crystal structure data and refinement details for compound 2.14 as its chloride

salt.

Experimental details

Chemical formula

M, 822.82

Crystal system, space group Monoclinic, P2;/n

Temperature/ K 100(2)

a, b, c/A 8.0369 (10), 32.4865 (10), 12.3971 (10)
Bg1° 91.849 (10)

Unit cell volume/ A® 3235.1 (5)

Z 4

u/ mm™ 2.13

Crystal size/ mm

0.03 x 0.03 x 0.02

No. of measured, independent and
observed [I > 2.00(1)] reflections

69387, 15549, 5909

Rint 0.057
(sin 8/N)max / A 0.847
Refinement

R[F* > 20(F%)], wR(F°), S

0.044, 0.120, 0.92

No. of reflections 6668
No. of parameters 343
DPrmax; APmin (€ A7) 2.23,-1.03
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Complex 2.23I

Small and poorly-diffracting crystals of complex 2.231 were obtained by slow evaporation of
solvent from a solution of the PFg salt of Re(l) complex 2.231 in methanol. Despite using
synchrotron radiation, relatively low quality data were obtained due to crystal damage
sustained from the X-ray beam during data collection. Nevertheless, the structure of the
complex and position of the counteranion could be unambiguously determined. Some
disorder of the counteranion were observed, which was successfully modelled as partially
occupied PFg (85 %) and iodide (10 and 5 % split over two sites). Due to poor data quality,
the ellipsoids of the octyl chains on the receptor were rather large, and thus restraints to
bond lengths and angles, as well as thermal and vibrational ellipsoid parameters had to be
applied for the refinement to be chemically sensible. All the H atoms except that on the
central bridging N atom (triazole-CH,-NH-CH,-triazole) could be located on the difference

map, and thus that on the pertinent N atom was repositioned geometrically.

Figure A2. X-ray crystal structure of the major component of complex 2.23l as its PFs adduct. Thermal ellipsoids
are displayed at the 50 % probability level.
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Table A2. Crystal structure data and refinement details for complex 2.23I as its PF salt.

Experimental details

Chemical formula CosHagF6loN;O3PRe
M, 1067.89

Crystal system, space group Triclinic, P-1
Temperature/ K 100(2)

a, b, c/A 7.5074 (6), 11.6898 (2), 21.0344 (8)
a, B yl’ 98.809 (2), 96.736 (6), 90.006 (4)
Unit cell volume/ A® 1811.31 (17)

z 2

pl mm™ 5.29

Crystal size/ mm

0.02x0.02 x 0.01

No. of measured, independent and
observed [I > 2.00(1)] reflections

35524, 16111, 10389

Rint 0153
(Sin B/A\)max / A7 0.855
Refinement

R[F? > 20(F?)], wR(F?), S

0.112, 0.354, 0.95

No. of reflections 16071

No. of parameters 424

No. of restraints 27

DPrmax, Apmin (€ A7) 9.25, ~7.40

Macrocycle 2.34

Crystals of macrocycle 2.34 were obtained by slow evaporation of dichloromethane from a

saturated solution of the compound in a mixture of dichloromethane and hexane (ratio 1:1).

Nonetheless, the crystal was still amenable for data collection in-house with Cu radiation.

Although significant disorder was present, the connectivity of the atoms could be

unambiguously determined. A molecule of dichloromethane was also encapsulated within

the macrocycle cavity (c.a. 50 % occupancy).
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Table A3. Crystal structure data and refinement details for macrocycle 2.34.

Experimental details

Chemical formula

C33H41|2N7Og'0.5(CH2C|2)

M, 959.99
Crystal system, space group Triclinic, P-1
Temperature/ K 150

a, b, c/A 7.22638 (19), 14.1639 (6), 22.0908 (6)
a By’ 72.292 (3), 88.764 (2), 89.135 (3)

Unit cell volume/ A® 2153.35(12)

z 2

wl mm™ 12.48

Crystal size/ mm

0.12x 0.10 x 0.04

No. of measured, independent and
observed [I > 2.00(1)] reflections

20407, 8168, 7083

Rint 0.036
(Sin B/A\)max / A7 0.610
Refinement

R[F? > 20(F?)], wR(F?), S

0.053, 0.162, 1.04

No. of reflections 8168

No. of parameters 899

No. of restraints 2005
DPrmax, Apmin (€ A7) 1.79,-1.01

Figure A3. X-ray crystal structure of the major component of macrocycle 2.34 with a molecule of
dichloromethane. Thermal ellipsoids are displayed at the 50 % probability level.

235




APPENDICES

Appendix B: Computational Studies

The optimised geometry of 4.21Tb (Figure A4) was calculated using MOPAC 2016 and

the work was conducted by Mr. Xuejian Zhang from Professor Stephen Faulkner’s group.®

Some aspects of the calculation are shown in Table A4. A document containing more details

is included in the disk.

Figure A4. Optimised geometry of 4.21Tb using MOPAC2016

Table A4. Some computational details of MOPAC geometry optimisation of 4.21Tb.

SUMMARY OF AM1 CALCULATION, Site No: 26763
MOPAC2016 (Version: 17.270W)

AM1 SPARKLE CHARGE=-1 BFGS GNORM=0.25 XYZ AUX

THE LINE MINIMIZATION FAILED TWICE IN A ROW. SCF FIELD WAS ACHIEVED

HEAT OF FORMATION

1069.51035 KJ/MOL

TOTAL ENERGY

-25158.94111 EV

ELECTRONIC ENERGY

-564704.86057 EV

CORE-CORE REPULSION

539545.91946 EV

GRADIENT NORM 88.82460
DIPOLE 23.22488 DEBYE POINT GROUP: C1
NO. OF FILLED LEVELS 392
CHARGE ON SYSTEM -1
IONIZATION POTENTIAL 4.079163 EV
HOMO LUMO ENERGIES (EV) -4.079 -2.381
MOLECULAR WEIGHT 2201.3773

COSMO AREA 1459.64 SQUARE ANGSTROMS
COSMO VOLUME 2598.41 CUBIC ANGSTROMS
SCF CALCULATIONS 356
WALL-CLOCK TIME 11 HOURS 32 MINUTES AND 24.519
SECONDS
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Appendix C: Terbium Titrations Spectra
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Figure A5. Phosphorescence spectra: titration of free Th*" cation into a MeOH solution of the rotaxane ligand (a)
4.20 5and (b) 4.21 (from 0.0 to 5.0 eqv. Tb*", excitation at 298 nm, exit slit = 5 nm, gated time = 0.1 ms, [host] =5
x10” M).
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