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Abstract

A key pillar of supramolecular chemistry is located in the field of mechanically
interlocked molecules. Interlocked systems, such as rotaxanes and catenanes, offer
bespoke and desirable properties due to the architecture arising from the mechanical
bond. This thesis explores the design, synthesis, and properties of such systems for a
host of supramolecular chemistry applications.

Chapter 1 provides an introduction into the field of mechanically interlocked molecules,
exploring routes to their synthesis through directed self-assembly. A review of the main
properties and applications such systems possess are also discussed and the potential

routes of further investigation are considered.

Chapter 2 begins with the development of a rapid hydrogen bond templated synthesis
towards novel [2]catenanes and [2]rotaxanes, with several high yielding catenane
substrates being subsequently isolated. Their characterisation is then discussed.
Further investigations into the improved templated synthesis of single amide-
containing [2]rotaxanes is then explored by incorporating PNO and thioamide motifs.
In the final part of the chapter, the application of rapidly synthesised PNO-[2]catenane
which demonstrated moderate binding selectivity towards lithium cations is detailed.

Chapter 3 explores the hydrogen bond templated synthesis developed in Chapter 2
for the synthesis of exotic interlocked architectures. In the first instance, the successful
synthesis of two handcuff [2]rotaxanes are discussed and their characterisation is
detailed. Following on from this, efforts to incorporate 1,3-substituted cubanes as a
structural isostere in interlocked architecture is explored. This led to the isolation and

characterisation of the first examples of cubane containing interlocked molecules.

Chapter 4 describes the synthesis and study of Raman-active [2]rotaxanes with the
intent of applying them for in vivo applications. An overview of the synthesis describing
the means of incorporating specific Raman-active functional groups (tags) is presented
and, following this, four potential [2]rotaxane candidates were successful prepared and
characterised. Initial Raman spectroscopy studies, which showed detection of the
expected tag signals, and fluorescence interference arising from the most promising

rotaxane candidate are then presented.

Chapter 5 details efforts towards the successive ring expansion of [2]catenanes
through the SuRE and CARE methodologies. Investigations utilising the novel
[2]catenanes synthesised from Chapter 2 were first explored, however, acylation

attempts under the literature and modified conditions were sadly unsuccessful. In the
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second half, the synthesis and attempted ring expansion of a novel single amide
containing [2]catenane is presented. Following a moderate redesign, isolation of the
[2]catenane was achieved in high yield, however, follow-up ring expansion studies

were unsuccessful due to failed acylation attempts.

Chapter 6 focus on the synthesis of hydrogen bond and chloride anion templated
mechanically chiral interlocked systems. Initially, investigations focused on the
separation of the enantiomers via separation of the corresponding diastereomeric salts
or via chiral-HPLC for both the hydrogen bond and chloride anion templated
[2]catenanes system. Whilst their synthesis and characterisation in a racemic form was
successful, subsequent attempts to separate the enantiomers came to no avail. With
minimal success, investigation turned towards the synthesis and separation of the
enantiomers of a chloride anion templated mechanically chiral [2]rotaxane. In this
instance, synthesis of the [2]rotaxane and subsequent separation of its enantiomers
via chiral-HPLC was successful and has opened a new avenue of investigation into

this style of rotaxane architecture.

Chapter 7 provides a discussion of the overall conclusions from this thesis with
reflection on the outlook and contextualisation of the research. This highlighted the
importance and application of the rapid hydrogen bonded templated methodologies
and designs developed in this thesis. Further work and future avenues of investigation

are also suggested.

Chapter 8 provides the synthetic procedures and characterisation details for the

compounds listed in this thesis broken down by chapter.
Bibliography contains all the citations referenced in this thesis.

Appendix reports the supplementary experimental information for titration protocols

and X-ray crystal structure data.
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Chapter 1: Introduction

1.1Mechanically Interlocked Molecules

A key pillar of supramolecular chemistry is found in the field of mechanically interlocked
molecules (MIMs). Such species are defined as consisting of molecular entities that
are connected physically through space as a result of their architecture, but not directly
via (e.g) a covalent bond and cannot become disconnected without the breaking of a
covalent bond that would compromise the physical connectivity of the structure.!

Connectivity of this sort on the molecular scale is referred to as the mechanical bond.?

Classes of mechanically interlocked architecture include catenanes® (interlocked
macrocyclic rings, Figure 1a), rotaxanes* (macrocyclic ring(s) trapped onto stoppered
axle(s), Figure 1b), molecular knots® (Figure 1c) and molecular Borromean rings® (three
macrocycles interlocked in such a way where the breaking of any ring allows the others
to dissociate, Figure 1d). The potential importance of catenanes and rotaxanes as
molecular machines was highlighted by the awarding of the Nobel Prize in Chemistry
to Sauvage, Stoddart and Feringa.” Both types of interlocked architecture have also
been used in a wide range of applications including three-dimensional hosts for the
binding of ionic or small molecular guests®, (asymmetric) catalysis®, and steric

protection of a guest or chemically reactive group.'°

(a) (b)

. ’ {e\
S &

Figure 1: Schematic representation of: (a) [2]Catenane, (b) [2]Rotaxane, (c) Trefoil

knot and (d) Borromean rings.
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1.2 Synthetic Strategies for the Synthesis of Rotaxanes and Catenanes

1.2.1 Overview

The concept of molecules being interlocked together through space is often easy to
visualise, but in practice much harder to achieve. A number of synthetic pathways for
the rapid construction of interlocked molecules have been developed since such
species were first reported.!! Catenanes may be prepared by preforming a ring-closing
reaction of one macrocyclic ring around the other (Figure 2ai), or by closing both rings
around each other simultaneously (Figure 2aii) known as clipping or double clipping
respectively. In a similar fashion, rotaxanes can be prepared by clipping of the
macrocyclic ring around a stoppered axle (Figure 2bi) or by stoppering a
pseudorotaxane species (Figure 2bii). They can also be made via the slippage of the
axle unit through a suitably sized macrocycle (Figure 2biii) or by snapping two parts of

the axle together through the macrocyclic ring (Figure 2iv).1?

(a)
ii) Double
i) Clipping Clipping
— -

(b) ii) Stoppering

iii) Slippage
(\b

i) CIIW ‘%Snapping

Figure 2: Strategies for the synthesis of (a) catenanes and (b) rotaxanes.

Although these methods seem simple and easy to apply, there is a challenge to
overcome the entropically disfavoured arrangement of components prior to the critical
covalent capture step to form the interlocked molecule. The first reported examples of
mechanically interlocked molecules relied on a statistical approach to the synthesis
with little to no attractive force between the units, thus relying on the reaction coming
to completion by chance of the two components threading through one another.! This

would often result in a small to negligible yield of the final interlocked product.
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Subsequent developments focused on directed covalent synthetic pathways where the
synthesis was designed to have a key mechanical bond forming step. Much of this
approach was pioneered by Schill through the 1960s and 1970s.1** His earliest
example involving the synthesis of a [2]catenane 3 (NB: the [2] refers to the number of
individual components which comprise the interlocked structure) was prepared through
such an approach (Scheme 1).1% Careful design of the overall synthesis led to the
formation of intermediate 1. Upon a two-fold Finkelstein substitution and subsequent
cleavage of the acetal group, the [2]catenane precursor 2 was generated. Formation
of [2]catenane 3 was finally achieved through oxidative hydrolysis by treatment with

ferrous sulfate and H2SOa.

(1) Nal, K2003

Y

(2) HBr, HOAc

Fex(S04)s,
H,SO,

3-HSO,

Scheme 1: Partial synthesis route of Schilld sriginal [2]catenane 3-HSO,.*%

Although an impressive and well-thought-out route, the final [2]catenane 3 was isolated
in an overall yield of 4.9% (considerably impressive at the time compared to other
examples)'*“d over a 27-step synthesis.** Whilst directed covalent synthesis provides
a means to access interlocked architecture, the sheer number of synthetic steps often
required necessitated development of more efficient and rapid methodologies for the

construction of mechanically interlocked molecules.
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1.2.2 Preorganisation and Templation
For the rapid construction of mechanically interlocked molecules, supramolecular
systems need to possess a degree of organised design. With that comes the concepts

of preorganisation and templation.

Preorganisation is key in influencing the strength of inter/intramolecular interactions
within the supramolecular system. The preorganisation of a macrocycle, or any
component, that will go on to form a catenane or rotaxane which improves the stability
of the pseudo or pre-interlocked complex (by adopting a favourable conformation prior
to the two substrates coming together) will aid in the efficient self-assembly of the pre-

interlocked components.

Whilst preorganisation is an important factor in mechanical bond formation, the
greatest difficulty comes from promoting the directed self-assembly needed to form the
interlocked architecture. The second key feature for the rapid construction of catenanes

and rotaxanes is, therefore, templation.

Templates are abundant throughout nature. Proteins are synthesised by an RNA
template®, and the replication of DNA proceeds via a templated pathway.’® One
chemical definition of a template is something that directs the formation of a specific
product over other reaction pathways without playing a role in the intrinsic chemistry of

the reaction.162

When referring to a template used in facilitating the formation of mechanically
interlocked molecules, a template is a species and/or set of intermolecular interactions
which provides directionality for the components to come together in an orthogonal
manner such that the architecture is suitably arranged to form the mechanical bond.

This is accomplished through a range of complementary molecular interactions

between the components and/or the templating species, such asst acki

hydrogen bonding interactions.®°

The vast majority of catenanes and rotaxanes are prepared through a templated
synthesis as it often allows for a much shorter, higher yielding, streamlined synthetic
route. Several classic types of templates are abundant in the literature which are used
for the synthesis of rotaxanes and catenanes.'®® Once the template directs the self-
assembly of the pre-interlocked components, mechanical bond formation is
subsequently achieved through a chemical reaction for example, click chemistry, Schiff

base formation or metal coordination etc.6d
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1.2.3 Metal Cation Templation

The first examples of using metal cations as templates to assemble interlocked

architecture was disclosed by Sauvage and co-workers who harnessed the known

tetrahedral coordination geometry preferred by Cu' cations to direct the formation of a

[2]catenane 5 (Scheme 2).!7 It was found the Cu' cation template, present after

mechanical bond formation, coul d be removed wusing TBACN t

[2]catenane 6.

Cs,CO;, DMF

27%

TBACN
CH30H/H,0

Scheme 2: Copper cation templated synthesis of S a u v a [Pleafesane 6.’

In a more recent example, Leigh and co-workers disclosed the application of a gold

cation template for the rapid construction of [2]catenanes and [2]rotaxanes (Scheme
3)8Much | ike Sauvageds catenane, the gold ca
synthesis as it forms a strong linear complex with 2,6-dialkylpyridine motifs. To

assemble the catenane system, the gold coordinated pyridine component 7-Au was

complexed with a second equivalent of hon-coordinated macrocyclic precursor 7 to

form the desired linear complex. Double clipping to form the interlocked macrocycles

was achieved through successful cross-metath
generation catalyst. This afforded the target [2]catenane gold complex 8 in a yield of

41%.
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Additionally, the analogous rotaxane system could be generated by using an
appropriate pyridine containing axle unit 9. Complexation of the axle component 9 and
macrocyclic precursor 7-Au also generated a linear complex which, following
successful cross metathesis, afforded the [2]rotaxane gold complex 10 in a yield of
26%. The gold cation templated could then be removed in both cases by washing a

dichloromethane solution of the gold complex with a 1M HCI aqueous solution.

X

Pz
N

Grubbs' 15t Generation, CH,Cl,

7-Au

RO | N OR

Scheme3:Lei ghodés gold templated synthes s

1.2.4 Anion Templation

Anions, in particular halide anions, have been used as templates for the synthesis of
rotaxanes and catenanes.'® Early examples of anion templates for supramolecular
assembly in general involved a certain level of serendipity in the synthesis, usually
when anions of differing sizes and shapes were shown to compliment the formation of
the supramolecular scaffold. However, through careful rationale, anions been applied

widely and effectively in the synthesis of mechanically interlocked molecules.
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An example of an anion templated synthesis was disclosed by Beer and co-workers
reporting on the double cyclisation pathway for preparing a doubly charged [2]catenane

12. Two equivalents of methylpyridinium precursor are templated around one
equivalent of a chloride anion as the amide Ni H serve to satisfy the coordination

sphere of the anion complex. The synthesis employs the use of two identical anion
recognition sites which favour the interweaving of the two precursors around the
chloride anion, so the pseudo-tetrahedral amide hydrogen bonding complex 11 is
formed. Ring closing metathesis, mediated by Grubbs 6% géneration catalyst( Gr ub b s 6
), afforded the final [2]catenane 12 in a yield of 78% (Scheme 4).2°

/ / \_/ \
O O © 0
7 — O 0

N7 N

=N
0 0 o—~< o}
\\_/\_/\_/_@_
Grubbs |
(10 wt%)
CH,Cl,

Scheme4:Beer 6 s synt he s iladwitlhoa chidridelamioa teraptate bye

double ring closing metathesis of methylpyridinium precursors.?

Beer and co-workers recently employed a chloride anion template in conjunction with
halogen bond donating groups for the synthesis of [2]rotaxane 14 (Scheme 5).2! The
mechanical bond formation occurs through anintermo | ecul ar 6cl i pping6 r
macrocycle around the axle component where the halogen atoms and amide NiH
complex the chloride anion through hydrogen and halogen bonding interactions. The
final rotaxane 14 was isolated in a moderate yield of 37%. This example is of particular
interest in this case as there is no electrostatic interaction to support the hydrogen and
halogen bonding. Furthermore, the halogen bonding provided by the triazole iodine

atoms were found to be critical in the formation of the rotaxane.
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M

o) -
F c F HN
HN S M\ S NH Et;N, CH,Cl, .
N © 37%
R R

R
13 14

Scheme5:Beer 6s chloride anion tempd®ated

Both metal cations and halide anions have been shown to be suitable candidates as
templates to direct the self-assembly of interlocked architecture having been applied

widely in the literature.

1.2.5 Active Metal Templation

In examples illustrated so far, the ion acts solely as a template and plays little overall
role (excluding electrostatic interactions which hold components together) in the actual
chemical reaction to form the mechanical bond, i.e. i t i s a o6pa3snx008
Leigh and co-workersreportedontheu s e of an O6active met a
of rotaxanes.?? They defined an active metal template as a species that is able to direct
the self-assembly and crucially form interlocked architecture in a theoretically catalytic
manner such that only a substoichiometric amount of the template is needed.? The
only requirement is a coordination site which is endotopically situated inside the
macrocyclic cavity for the template to bind (as an exotopic site will fail to generated the
mechanical bond). The template becomes activated towards mechanical bond
formation when bound to the coordination site and promotes covalent bond formation

but is semi-labile before/after the critical mechanical bond forming step is complete.

I n Lei gh § the astiveanmetallteenplate strategy utilises the highly yielding Cu-
mediated alkyne azide cycloaddition (CUAAC) click reaction, with the Cu' cation acting
as the template for the catalytic synthesis of [2]rotaxane 16 (Scheme 6). The
Cu(CH3CN)4PFs complex was chosen as the source of copper to avoid ligands that
might compete too strongly for the metal with macrocycle 15 and other reagents used
in the reaction. When the copper is added, it can bind within the coordination site in the

macrocycle through the pyridine ether bridge. The copper then directs the formation of

20

e o

syntt

tem

t emp



the triazole unit through the macrocycle that allows for the mechanical bond to be
formed. Demetallation by the addition of KCN removes the copper from the macrocyclic

cavity | eaving tI1I6eamdl% yeekl and fe@eherating thexcatalyest.

| N | Ny PFg
N/ N/

0 0 o0+l _o

N cu” N
N
&
Y \‘Y/ 7,
| I N
o) o) o} o}
\ / (-2L) \ / (-HPFg) 0 Clu/O\n
(CHa)yg (CHa)ig ¢t £x
N\
15 IT+PF6 Ib\ /f)'
Cu T
N LUl
| ot 0 o
N N
0 0 KCN (CH2)10
N (+L3)
N=NA
RO N A N, PFg N RO "N,
- N LY | | P
T N’ . N
O\ /0 © +cl 05 —© Clu/o\
(CHalig N Mo GHPRO N
RO = N 3 N\ A
\/\ \ / hi \ ﬂ
Lo U oY
16, 82% 3 ¥
1 1
0] (o) (0] (0]
R = Stopper Groups /
\(CHz)m/ \(CH2)10
Scheme6:Lei ghbés active metal template strategy

requiring a substoichiometric amount of metal template.?

Leigh and co-workers have subsequently reported on the synthesis of [2]catenanes?
in addition to higher order systems such as the analogous [3]rotaxane using this active

metal template approach.?®

Buil ding on the faotvenntk@lttemplate appfoach, @ndgrdoid and
co-workers demonstrated its application as a key part in the construction of a
remarkable [4]catenane 19 by passive templation (Scheme 7)?5; an example of another
type of higher order interlocked structure. In the first instance, [2]rotaxane 17,
consisting of a butadiyne linked porphyrins threaded through a phenanthroline
containing macrocycle was prepared by the active metal template synthesis utilising a
copper catalysed Glaser coupling. Deprotection of the silyl protecting units on the
terminal alkyne ends of the zinc metalloporphyrin stoppers, followed by a second
cyclised Glaser coupling (with the use of a palladium(ll) catalyst) around a passive

hexa-pyridine organic template 18 afforded the final [4]catenane 19 in a yield of 62%.
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18

62% PdCl,(PPh3),, Cu, ’Pr2NH
1,4-benzoquinone

Scheme 7: The passive templateds ynt hesi s of Ande9foomands [ 4] ¢

active metal templated [2]rotaxane 17.2°

Active metal templation provides a key synthetic pathway for accessing catenanes and
rotaxanes in higher yields to other passive template approaches as long as one or

more of the components is suitability design to encapsulate the external template so
the mechanical bond can be formed.
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It is, however, possible to design the components themselves to include appropriate

templating architecture to assemble interlocked structures.

1.2.6 Aromatic Donor-Acceptor Interactions
The use of an internal structural template for the assembly of catenanes and rotaxanes
was pioneered and has subsequently been exploited by Stoddart and co-workers which

utilised the nature of donor-acceptor interactions in aromatic systems.?’a

For the synthesis of interlocked architecture utilising this approach, the pairing of an
electron-rich macrocycle or thread with the corresponding electron-deficient species
forms a host-g u e s t compl ex. The compl ex-" i st aekidngt o
interactions between complementary aromatic units. The mechanical bond is then

formed via a further chemical reaction.

I n one of Stoddartdés most n oftaRbatepanep2QWwasi cat i o
achieved through such an approach (Scheme 8).2¢ It was found the pseudorotaxane
formation via the threading of a glycol-appended naphthalene thread through a
charged cyclobis(paraquat-p-phenylene) cyclophane (CBPQT#) was kinetically
favourabl e, stabildtseadkitnigr oiurgptheracti ons. Th
synthesis was achieved by an Eglinton alkyne-alkyne coupling using Cu(OAc)2, which

afforded the [2]catenane 20 in an excellent yield of 97%.

Whilst aromatic charged systems are known to afford higher yields, due to
complementary charged interactions generating a more kinetically stable host-guest
complex, it is important to highlight that catenanes and rotaxanes may also be prepared

by neutral, rather than charged aromatic donor-acceptor interactions.

Sander and co-workers were the first to demonstrate this concept. Their [2]catenane
23 was synthesised via the Glaser double-coupling of two acetylene terminated
electron-poor diimide units 21, threaded through an electron-rich naphthalene crown
ether macrocycle 22 (Scheme 9).2¢ The final [2]catenane 23 was generated in a yield

ranging from 25%-33% depending on the conditions used.
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Cu(OAc),

P CH4CN, RT
Cw
97%

Scheme 8: St o d dchargedaomatic donor-accepter templated synthesis of a
[2]catenane 20.%°

Sanders6 [ 2] ¢ 23 provesnirgerlocked structures can be formed wusin
stacking interactions alone, however, the yields can often be improved by including

charged aromatic donor-accepter interactions.

Aromatic donor-acceptor interactions avoid the use of external templates to access
interlocked architecture. However, intentional design to include the appropriate
electron rich/poor units to direct the self-assembly can prove problematic further down
the line with heavy aromatic character influencing properties like solubility and

photostability.?®

O o} O
. ¢ D
0 0 0
OO ‘O CUCl CUC|2 02
+

A\

0=\~ =0 0 0
/ & J 25% - 33%
O O O
Z A/
21 22 23

Scheme9:Sander 6s synthesi s of-aceeptor Rleatenand ar omat
23.%8
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1.2.7 Hydrogen Bonding Templation

Hydrogen bonding motifs as internal structural templates have gained wide attention
as a means to assemble interlocked architecture.*® Hydrogen bonding networks are
found in many critical aspects of cellular biology for the assembly of macro and
supramolecular structures. The specific arrangements of hydrogen bond donor and
acceptor groups play a fundamental role in the binding pockets of proteins®, ion
channels® and the formation of Watson-Crick base pairs between adenine and
thymine, and guanine with cytosine to construct the double-helix structure of DNA
(Figure 3).%3

N HN—H||||||O N QimH—NH
e ¢ -
‘Z&/N\g_fN“””'H_N \ %Z/N \ /N—H||||||||N/ \
N—7 )N N— )N
o b\,\f HN—H|||||||O (‘\NJ
Adenine:Thymine Guanine:Cytosine

Figure 3: Hydrogen bonding motif in Watson-Crick base pairs.*

In general, hydrogen bonds are weaker than that of covalent bonds and charged
interactions, usually resulting in hydrogen bond templates comprising of several key
donor and acceptor sites to direct a strong complexation of the interlocked
components. For many hydrogen bond templates, a rigid molecular framework
(preorganisation of the system) is key to providing firm juxtapositioning of the binding

motif which will direct the self-assembly.

As a result of their relative rigidity and suitable selection of donor and acceptor atoms,
many amide nitrogens, ether oxygens, as well as carbonyls and hydroxyl groups are
often incorporated into hydrogen bond templated interlocked molecules as they

naturally satisfy these requirements.

The first key examples of a hydrogen bond templated pathway for the construction of
[2]catenanes were serendipitously discovered by Hunter®* and Vogtle® in 1992. In
Hunt erds finding, when -isophthelamue maocrocycle ondegpr epar e
high-dilution conditions, isolation of the corresponding [2]catenane 24 was observed.
Immediately after this publication, Vogtle and co-workers reported on the isolation of
the analogous [2]catenane 25 (Figure 4), using similar conditions, although in lower
yield, which may be attributed to the greater number of components that had to come

together during the cyclisation and mechanical bond forming steps. Both authors
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proposed [2]catenane 24 or 25 is formed through the hydrogen bond association of the

isophthaloyl unit through the centre of the newly synthesised macrocyclic cavity.

) R=H, 24, 34%34
R = OMe, 25, 8%°3°

Figure 4: Hydrogen bond templated [2]catenanes 24 and 25 isolated by Hunter®* and

Vogtle* respectively.

In a similar fashion, work for preparing hydrogen bond templated rotaxanes was
reported on shortly afterwards by Leigh and co-workers.*¢ The groups investigation
into the synthesis of rotaxanes through the templated formation of a macrocyclic unit
around a hydrogen bond acceptor axle allowed for the isolation of [2]rotaxane 27 in an
impressive 97% vyield (Scheme 10). Using four equivalents of p-xylylenendiamine and
isophthaloyl chloride added dropwise to a solution of fumaramide functionalised axle
26 under high-dilution conditions, the key mechanical bond forming step is achieved
as the cyclising macrocyclic component is templated around the suitably positioned
carbonyl groups of axle 26 through Ni H hydrogen bond acceptors, in part, due to the

preorganised geometry of the central E alkene.

Cl Cl

(@] H Ph
0] 0]
Ph N
Y\NM \)\Ph
H
Ph (0]
26

EtsN

NH» CHCI3/CH4CN (9:1)
0,
NH/ < > 97%

2

Scheme10:Lei ghdés synt hesi s tainig [2frotakane®?Z.¥ a mi d e
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Building on the idea of using hydrogen bond acceptors on the axle to achieve
mechanical bond formation, research by Stoddart and co-workers reported on the use
of alkyl-ammonium centres for the assembly of crown-ether containing pseudo and
stoppered [2]rotaxanes.®’*® Due the strong binding affinity of 18-crown-6 and 24-
crown-8 with primary and secondary alkyl-ammonium ions (through an array of N*-
Hé O hydrogen bonds), Stoddart and co-workers synthesised [2]rotaxane 31 by
employing a threading-followed-by-stoppering approach by templating dibenzo-24-
crown-8 (DB24C8) around an ammonium-PFg axle motif 28 (Scheme 11).%° Stoppering
of the pseudorotaxane species 29 was achieved at high temperatures through the 1,3-
dipolar cycloaddition with alkyne 30 and the terminal azide units of 29. In follow up
examples, axle motifs containing multiple alkyl-ammonium centres have been used to

assemble the analogous [3]rotaxane and higher order structures.*°

'\
(‘o o™
)
O O
DBZ4C8 + N
TN 49
N3 0 2 o] N3
)
Lo o

(’o o\
— OBu
CHCly, A | BUO_ZF

NN /\N N=N
O'Bu
o 31%

OBu

31'PF6
Scheme 11: Stoddarté alkyl-ammonium synthesis of crown-ether [2]rotaxane 31.%°

Very recently, the Leigh group have reported upon the assembly of crown-ether
containing rotaxanes by hydrogen bond templated transition state stabilisation. In this
approach, the accelerated reaction of primary amines with electrophiles inside the

cavities of crown ethers is exploited.*

In a notable case, electron-deficient activated esters were used to assemble a range
of rotaxanes at room temperature. For example, the ability of the 24-crown-8

macrocycle (24C8) to stabilize the zwitterionic intermediate, when amine 32 is reacted
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with activated ester 33 resulted in formation of [2]rotaxane 34 in an impressive yield of
84% (Scheme 12). The reaction was found to be remarkably biased towards rotaxane

formation over the analogous free axle (>100:1 selectivity).

FoC NH, — -
mn
\E;A {O\O ( AN
32 ~0 04 R
CF, < 2 o) o Rgr
24C8 _\\/H\.H 0 F4C [/\NMR
+ 9:\/’11\&?{ o H o)
Toulene K o) 84% 1)
o0 O \I:::l\ ‘;o 0.
O,N CFs Y\
Cit &
o)

MR - - 34

33 R = p-PhCl

Scheme 12: Leigh® crown-ether accelerated approach to [2]rotaxane 34.*

In a follow-up publication, the group reported on using such an approach for the
construction of crown-ether containing rotaxanes via SyAr N-arylation.*? In this case,
electron-deficient aryl fluoride 35 can undergo an aromatic substitution reaction with
amine 32 in the presence of EtsN at room temperature. The reaction again, is
accelerated dramatically by the presence of the 24-crown-8 macrocycle, favouring
rotaxane formation over the thread. The final aniline [2]rotaxane 36 was isolated as the
neutral amine rather than as the corresponding ammonium salt in an impressive yield
of 85% (Scheme 13).

F.C
3 NH,

CFs 32 24C8

+ ; H
Et;N, Toluene
F CF; 36

35

Scheme 13:Lei ghds sy nt-btlees[2]retaxané 36wia d-avyhation.*?

Significant progress in the development of hydrogen bond templated methods for the
assembly of rotaxanes and catenanes has led to several notable motifs become
regularly employed in their synthesis. It is, however, possible to construct interlocked

architecture from very simple hydrogen bonding motifs.
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Philp and co-workers demonstrated it was possible to synthesise rotaxanes in modest
yields using a single amide templating motif on the axle component.** The templation
was found to be more effective for smaller macrocycles. An example of the group®
work utilised amide containing azide 38 (Scheme 14). Macrocycle 37 was able to form
a pseudorotaxane complex with 38 by templating around the amide motif. Stoppering

of the axle by an aza-Wittig reaction afforded the final [2]rotaxane 39.

B .
O Pz O
N N
NH HN H
+
58 ®
N3
(1) PPh
0 0 s
K/O\) (2) oHc CF;
37 CHCl,, 25% ;
CF

3
©)
Et0,C CO,Et
® J'\/I
0 AQ N
H

Scheme14:Phi |l p6s single amide templ&ted

Several other simple hydrogen bonding motifs have also been explored as templates
other than amides. For example, Chiu and co-workers have reported on the synthesis
of rotaxanes using urea.** In their work, a pseudorotaxane complex is stabilised
through NiH® O hydrogen bonds between the 2,6-pyridinediamide bridge of
macrocycle 37 and the urea carbonyl oxygen, and, additionally with the urea amide
protons with the diethylene glycol oxygens. Stoppering of axle 40 to afford the final
[2]rotaxane 41 was achievedina20%yieldby t he reaction of t

with 3,5-di-(tert)-butyl-phenylisocyanate (Scheme 15).
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Scheme 15: Chiu and co-worker® synthesis of a urea containing [2]rotaxane 41.%

In a similar manner, Leigh and co-workers have demonstrated the application of single
squaramide motifs for the construction of [2]rotaxanes.* In their example, 2.35
equivalent of macrocycle 43 and 2.6 equivalents of amine stopper 44 were reacted with
1 equivalent of axle precursor 42 (Scheme 16). Much like in C h i wuréas[2]rotaxane,
complexation of the macrocycle around the axle precursor is achieved through several
hydrogen bond donor and acceptor units on both components. After stoppering of the
axle, the final [2]rotaxane 45 was isolated in a 47% yield, which is striking when
considering a relatively polar solvent system (CH»CIl,/THF/CHsCN, 60:35:5) was used

to solubilise all the components.
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Scheme16:Lei gh6s synthesis of a squwi¥amide col

It is important to highlight that whilst there are many templated methodologies to
choose from, construction of the components and the templates themselves are often
not rapid (i.e. multiple synthetic steps are required). Efforts into their practical,

streamlined synthesis are an ongoing development in the field.
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1.3 Properties and Applications of Rotaxanes and Catenanes

During early developments in the field of mechanically interlocked molecules,
supramolecular chemists have been satisfied in finding new and effective ways for the
formation of interlocked architecture, with many impressive templated strategies
reported (vide supra, Section 1.2). However, more recently, greater focus has been
shifted on the creation of rotaxanes and catenanes which incorporate some useful

functionality, with the ambition of employing them as molecular devices.’

Often careful design of the final interlocked structure is chosen to express the desired
properties under investigation. Building particular functional groups into the
architecture can act to modify or modulate the properties arising from the mechanical
bond when treated with a stimulus. An overview of the main categories of functionalised

rotaxanes and catenanes is discussed in the next part of this chapter.

1.3.1 Molecular Motion

Arguably the most celebrated function of mechanically interlocked molecules is their
molecular machine-like behaviour, where the addition of macroscopic stimuli
introduces motion at the molecular scale. This particular property has already seen
potential uses in nanotechnological applications such as molecular switches?,
sensors*’ and ratchets*® and was the reason for the awarding of the 2016 Nobel Prize

in Chemistry to Sauvage and Stoddart (alongside Feringa).’

The design of interlocked architecture can be manipulated such that one (or several)
component(s) is capable of translational or rotational motion relative to another
component. Molecular motion in catenanes may occur by one or both macrocyclic rings
rotating with respect to one another (Figure 5a), or in rotaxanes, where either the
macrocyclic ring can toanh atermative siteoalongdthe @xle

component (Figure 5b).

(a) (b)

Figure 5: Schematic representation of molecular motion in: (a) [2]catenanes and (b)

[2]rotaxanes.
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Examples of molecular motion are abundant in nature. The synthesis of RNA from DNA
through RNA polymerase proceeds by the DNA structure moving in a machine-like
fashion through a molecule of the DNA template.*® Other motor protein examples
include kinesin® and myosin®!. In biological systems, the stimulus to initiate this
movement comes from the chemical energy transferred from the hydrolysis of ATP
molecules. However, synthetic mechanically interlocked structures benefit from being
affected by a significantly bigger range of stimuli. Molecular motion in catenanes and
rotaxanes has been shown to occur with several types of external stimuli including
electrochemical, heat, light and the addition of a chemical species, either to perform a

chemical reaction or complex with a specific part of the interlocked system.>?

One of the first examples of controlled molecular motion in catenanes was disclosed
by Sauvage and co-workers. The authors were able to demonstrate the pirouetting
motion in [2]catenane 46 by exploiting the redox properties displayed by the copper
cation template using electrochemical stimuli (Scheme 17).% By changing the oxidation
state of the Cu' cation to Cu', the bistable catenane 46 could readily rotate one
macrocyclic ring by 180° to adopt a more stable coordination geometry as the terpyridyl
group can stabilise the more positively charged Cu?* cation by the donation of electron
density through their lone pairs. In a follow up paper, a homo-[2]catenane with ring
containing both phenanthroline and terpyridine units was found to undergo faster
rotation from a 4-coordinate Cu' species to a 6-coordinate Cu" species via a 5-

coordinate intermediate.>

Schemel7:Sauvageods electrochemicall y46¥nduced

Following on in a similar fashion, the Stoddart group have prepared electrochemically
induced redox switchable [2]catenanes which allow for the control positioning of a
smaller macrocyclic ring over a set of stations in a larger macrocycle.®® In a notable

example, [2]catenane 47 was prepared by clipping of the CBPQT**macrocycle around

the electron rich naphgthadleineg uinn tt el8)&fdntoiuagrs
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the ground state, the CBPQT** ring resides over the naphthalene motif, however upon
reduction of the CBPQT** macrocycle and the bipyridinium motif to their respective
radical cations, shuttling of the CBPQT** unit occurs so that it becomes stationed over
the bipyridinium radical cation. This motion was found to be reversible, where upon re-

oxidation to the ground state, the CBPQT** ring shuttles back over to the naphthalene

N

\

unit.

N

Reduction
_
-

\Ng
o)

g Oxidation
:))

Scheme18: St oddart 6s el ectrochemicabln®y i

The Leigh group later built upon their hydrogen bond templated methodology for
assembling fumaramide containing [2]rotaxanes (vide supra, Section 1.2.7) to include
different hydrogen bonding motifs which could allow for the controlled positioning of
the macrocyclic ring over distinct stations on the axle using heat/light> or
electrochemical stimuli.®® In an example of their work, the molecular motion of a
fluorescent [2]rotaxane switch 48 is presented (Scheme 19).°° When the alkene
geometry sits as the E isomer (the fumaric motif), the macrocycle resides over that
station instead of the glyclglycine motif due to the stronger hydrogen bonding
interactions between the two components. Upon photoisomerisation of the alkene to
the Z isomer (the maleic motif), creation of a new intra-component hydrogen bond
interrupts the inter-component hydrogen bonding. As such, stronger inter-component
hydrogen bonding is possible with the macrocycle and the glyclglycine motif, thus the
macrocycle shuttles over to that station. Quenching of the fluorescence from the
anthracene stopper occurs when the macrocycle sits over the glyclglycine station,
which can be observed spectroscopically. The fluorescence can be restored by

photoisomerization (or treatment with piperidine) of the alkene back to the E isomer.
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Scheme 19: Leigh6 #uorescent [2]rotaxane switch 48.%°

Building on this concept, the group later prepared catenanes which display machine-
like behaviour by performing controlled unidirectional motion.®%%1 In a notable example
involving the synthesis of a [3]catenane 49, the two smaller macrocyclic rings could be
shown to precess in a directional manner around the larger macrocycle which
consisted of four stations. Intentional photoisomerization of the alkene C=C bonds
disrupts the hydrogen bonding inter-component interactions between the larger
macrocycle and the individual smaller ones, driving the motion of the smaller rings to
reside over stronger hydrogen bonding stations. After photoisomerization of the
alkenes three times, the two smaller macrocycles have switched sites. If a further three

photoisomerizations then occur, the [3]catenane returns to its original state (Figure 6).52

In both examples, the Leigh group have demonstrated the application of a
photochemical stimulus to induce controlled molecular motion in rotaxanes and

catenanes.
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Figure6: Mot i on odnidileaiong [8]oasenane 49 induced by photostimuli.®?

Corra and co-workers have prepared a two station [2]rotaxane switch 50 comprised of
weak ring recognition sites, such that the position of the macrocycle could be controlled
by the polarity of the solvent medium alone (Scheme 20).%® Due to the small energy
difference between the two stations, changes in the solvent polarity were able to highly
influence which station the macrocycle resides over. In a low polarity solvent (such as
CH,CIl,) the macrocycle was found to encircle the ammonium station in a 95:5 ratio of
co-conformers. However, upon moving to a more polar solvent system, like acetone,
significant perturbations in the *H NMR spectra indicated the macrocycle had shuttled
to reside over the triazolium station. This is most likely due to the acetone associating

more strongly with the ammonium station than the macrocycle, causing it to shuttle to
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the next station. Returning to a less polar solvent restores the initial state of the system

with the macrocycle stationed over the ammonium centre.
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Scheme20:Corradés solvent pol ar i3y dri

An alternative approach to induce molecular motion is to deploy a chemical stimulus.
It is advantageous to use the addition of a chemical species which has a known
reactivity profile to undergo an unambiguous chemical reaction with only a specific part
of the interlocked system that would thus create motion of the components. There are
two ways to achieve this. Firstly, a chemical species can be added to perform a
chemical reaction with the interlocked system itself, changing the functionality of the
system so molecular motion is induced. Examples of this include protecting group
cleavage®, proton/de-protonation of functional groups,®® or chemically induced

intramolecular rearrangements.®®

In an example of such an approach, Leigh and co-workers used the variations of
oxidised sulfur to induce molecular motion in a [2]rotaxane 51 (Scheme
21).%” Controlled oxidation using 1 equivalent of meta-chloropreoxybenzoic acid (m-
CPBA) was able to selectivity generate sulfoxide rotaxane 52 causing the macrocycle

to translate to the sulfur station. With a further addition of 1 equivalent of m-CPBA, the
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sulfone rotaxane 53 could be generated forcing the macrocycle back to reside over the
succinic station. In both cases, the oxidation step could be reversed with the addition
of Ph,CHCH,CH,SNa, undergoing a Micheal-retro-Micheal substitution at the b-carbon

to regenerate rotaxane 51.
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Scheme 21: L e i g h 6 sucanimidé motecular switch.®’

In the second approach, a chemical stimulus, which does not undergo a chemical
reaction with the system, can be added to complex with specific motifs which form a
stronger coordination together than the interlocked components. The obstructing of a
station forces motion in the system as the components move to form stronger

stabilising interactions with other units. The groups of Beer® and Chui®® have
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demonstrated controlled molecular motion in rotaxanes with the addition of anions and
cations. Chui 6s urea hydr og# fvidebsopnag Sectienmp | at e c
1.2.7) was found to undergo a shuttling motion with the addition of acetate (which
suitably binds to the urea motif). In an impressive example, Smith and co-workers,
utilised the addition of a chloride anion to a squaraine-dye based [2]rotaxane 54 to
induce translational motion in the macrocyclic component away from the dye motif,
such that a concomitant modulation in fluorescence could be observed (Scheme 22).7°
With a drastic change in the fluorescence intensity when the chloride anion was
added/removed, the system has found a promising application functioning as a

reversable optical chloride sensor.

RO

R= p-PhC(Ph); Bu 54

NaB[3,5-(CF3),CeHals | | TBACI
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Scheme 22: Smi t h 6 s anidn bensing [@]®taxane 54.”
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1.3.2 Steric Protection

The mechanical bond can also play a significant role in the steric protection or kinetic
reduction in reaction activity of many functional groups or motifs in the components
which make up the interlocked system. Depending on how the components reside,
reactivity of potentially sensitive groups can be deterred, and reactivity shifted to a

more exposed part of the structure in a semi-regioselective manner.

Exemplified by Vogtle and co-workers, the hydrogenation of a carbon-carbon double
bond in [2]rotaxane 55 was found to be significantly retarded compared to the non-
interlocked axle (Scheme 23).”* The macrocycle serves to encapsulate the alkene,
hindering its susceptibility to hydrogenation. After 18 hours the authors found a 6%
yield of the hydrogenated rotaxane 56 compared to a 91% vyield of the hydrogenated
axle over the same period.

H, Pd/C i
h Benzene o
¢ - = (\_,///__ XX N
6% (18 h) v @ el
91% for Ph,
corresponding Ph
axle Ph
55 56

Scheme 23: Effect of the mechanical bond on the hydrogenation of alkenes.”

In a similar fashion, Leigh and co-workers found that the reduction of a nitrone
containing [2]rotaxane 57 was significantly thwarted by the stability of non-covalent
interactions through the macrocyclic component when small reducing agents, like
NaBH., were employed (Scheme 24).7? After undergoing reaction for 12 hours the
rotaxane was recovered unchanged, whilst the corresponding axle had undergone
complete reduction in just 30 minutes under the same conditions. It is understood that
the macrocycle prevents the boron from coordinating with the nitrone oxygen atom thus

preventing reduction.
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Scheme 24: Sterically deactivated reduction of nitrone rotaxane 57.72

In an impressive illustration, Leigh, in collaboration with Aucagne and Papot, designed
and synthesised a [2]rotaxane-based bioactive peptide 59 containing a met-enkephalin
motif within the axle (Scheme 25).” This specific peptide sequence has shown promise
as a potential therapeutic because it possesses both anti-cancer and pain influencing
properties.”* However, its stability in vivo is often poor, making it a challenge to develop
an effective method of substrate delivery without the body naturally breaking it down
before it is able to reach its specific target. The presence of macrocycle 60, wrapped
round the pentapeptide motif was shown to prevent degradation of met-enkephalin by
peptidases and kept it held in a non-bioactive state. Cleavage of the nitro-phenol
stopper by the b-galactosidase enzyme was able to initiate the de-threading of

macrocycle 60 releasing the free met-enkephalin thread.
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Scheme 25: Met-enkephalin enzymatically induced release from [2]rotaxane 59.73
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1.3.3 Three-Dimensional Structure

Aside from molecular motion and steric protection, one of the most celebrated
properties mechanically interlocked molecules possess are their unique topology and
rich three-dimensional (3D) architecture, which arises from the mechanical bond.
These innate 3D structural features, which rotaxanes and catenanes display, may be

exploited in host-guest chemistry and (asymmetric) catalysis.

Often the most exploited use of this bespoke 3D architecture is found in the field of
host-guest chemistry for the selective binding of ions and small organic molecules. The

field of host-guest recognition is a key pillar in supramolecular chemistry. The concept

was f i rst proposed by Emil Hypothdsise where a okt cah i

selectivity bind a suitable guest molecule in an orthogonal manner using a three-
dimensional array of points that suitably compliment the guest& size, shape, and

charge character.”™

Host-guest chemistry has many applications in the sensing and transportation of
biologically useful ions. The cystic fibrosis transmembrane regulator (CFTR) chloride
transport channel found in the membrane of cells is a classic example where a 3D
hydrogen bonding array is used to direct a chloride anion along a channel (Figure 7a).”®
Natural systems like this, which show exceptional selectivity for both anions and
cations, have always been a goal for supramolecular chemists to recreate artificially.
One of the first examples was demonstrated by Park and Simmons in 1968 which
utilised the electrostatic and hydrogen bonding interactions of a cryptand cage

structure 61 to bind chloride anions (Figure 7b).”"

oy

o~
o) 61

(a)

)—NH

/,/II

RN

and (b) Park

artificial chloride anion binding cage 61.”’

Figure 7: (a) CFTR chloride anion transport channe
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Well-designed catenanes and rotaxanes may demonstrate useful guest selectivity for
ionic species compared to their non-interlocked counterparts. Such systems possess
suitable binding cavities that upon ion addition produce a strong complementary
recognition for the guest due to the lower entropic cost of association.’® There are
many examples in the literature.”®* A notable publication from Goldup and co-workers
expanded the area of cation recognition using a Cu-mediated alkyne-azide
cycloaddition (CUAAC) active-template for the synthesis of [2]rotaxane 62 which

possessed N-donor groups capable of cation coordination (Scheme 26).7°

Scheme 26:Go | dup 6s [62 forrmetal aatiom guest recognition.”

Binding studies of the metal cations, Co?*, Ni**, Cu?* and Zn?* highlighted that the
mechanical bonding of [2]rotaxane 62 greatly enhanced the strength of cation binding
compared to the non-interlocked counterpart. Interestingly, X-ray crystallography and
'H NMR data found that the Co?**and Ni?* cations displayed highly unusual five-bound
coordination geometries in both the solution and solid state. This was likely due to the
absence of additional binding ligands usually found in the non-interlocked equivalents

which increase the steric bulk around the coordinating cation.

It is also possible for interlocked architecture to simultaneously bind both cations and
anions into their structures, so called ion pair binding mechanically interlocked
molecules.® Their frameworks are fashioned in a way so that they are selective for the
target ionic pair or zwitterionic guest. However, this selectivity presents a synthetic
challenge. This area is currently underpopulated with a few successful examples due
to the synthetic challenge to design such structures that can overcome the electrostatic
attraction between the constituent cation and anion from its counterpart.8! Early
examples from Smith and co-workers studied several ion pair binding rotaxanes which
showed small to moderate binding affinities with selected alkali chloride salts, partly
due to the competitive solvent mixes the studies were conducted in.82 More recently,
the Beer group have produced several notable examples of ion-pair binding

mechanically interlocked systems.®384 |In one such example, Knighton and Beer
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reported on the crystal structure of a calix[4]diquinone containing [2]catenane 63 which
could simultaneously bind both a sodium cation and a chloride anion (Figure 8).8° From
analysis of the crystal structure, it could be observed that that chloride was suitably
bound within a convergent hydrogen bonding cavity, whilst the sodium cation was
coordinated within the calix[4]diquinone and pyridine-N-oxide motif adopting a @inched

conedconformation.

63-NaCl

Figure8: Kni ght on and Beer s i o6é3exnbitinganmnpaidi ng [ 2]
separated structure in the solid state.?®

In a combination of utilising molecular motion and ion binding properties, Goldup and
co-workers were able to design a [2]rotaxane sensor 64 which could be turned on or
off with the addition of ion pairs (Scheme 27).8¢ Under neutral conditions it was found
that the anticipated binding of anions at the urea motif did not occur. However, it was
later discovered that the anion binding properties of rotaxane 64 could be activated
allosterically by protonation of the triazole unit (using HBF,), leading to a structure that
acts as a ditopic host for protonic ion pairs. During the protonation event, the
macrocycle shuttles and stations itself over the triazole unit, freeing up the urea motif,

which can go onto participate in anion binding.

The ditopic binding can be utilised as a molecular anion sensor as a clear fluorescence
response is observed upon anion coordination. The rotaxane showed strong
recognition for a range of anions including CI- (104 M), Br (4660 M) and MsO- (2660
M) in 1[1 CDCIs/CDsOD at 295 K, with the selectivity determined by the strength of

the hydrogen bond interactions between the host and anion.
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Scheme27:Gol dupds i on pai r64baseddniamrgaaklenotif.dt ax ane

Whilst the exceptional host-guest binding properties of mechanically interlocked
molecules is discussed readily throughout the literature, it is not the only application
the bespoke three-dimensional architecture can be used for. Recently, focus has been

drawn on the idea of using rotaxanes and catenanes in (asymmetric) catalysis.8’2

In rotaxanes and catenanes, the components themselves usually feature specific
functional groups that are well-suited and spatially arranged for organocatalysis. Often
these groups stem from the templated synthesis of the molecule, but they can also be
easily functionalised to furnish catalytic activity. Furthermore, the molecular motion
properties of such systems can easily be exploited to expose or conceal catalytic sites,

favouring one catalytic pathway over another.8”

In a notable example of using such an approach, Leung and co-workers reported on a
switchable [2]rotaxane catalyst 65 in which the translocation of the macrocycle
between two catalytic sites allows different activation mechanisms based on which site
was exposed or conceal (Scheme 28).28 In the protonated formation of the rotaxane
(65-H"), the macrocycle resides over the ammonium centre and the thiourea motif is
exposed. As such, the exposed unit promotes hydrogen bond donor catalysis of the
nitroolefin over the iminium leading to an 81% conversion to product B. In contrast, the
deprotonated catalyst 65, where the amine centre is exposed, promotes catalysis of

the iminium reaction pathway leading to a 50% conversion to product A. It is also
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important to highlight that both the protonated and deprotonated forms of the non-
interlocked thread proceeded with only moderate conversion through the iminium
reaction pathway. Only the catalytic pathway which lead to reaction of the nitroolefin
could be achieved using the protonated rotaxane 65-H*. Additionally, a specific feature
of Leungds system which makes presencenofrthe

fluorescent anthracene unit, which signals the current switching state of the catalyst.

(a) Catalyst E (b) Micheal Addition
. O O
0 0" ; PN
O d\ CF3 E /MO + Ph/\/Noz
+ |
\[/\N S
(Ao o Ay Oy A
kﬂ‘ Y O/\(\IN \/\N N CF, ! _
. 0 0O N=N H H Catalyst (15 mol%),

NaOAc (20 mol%)

65H" CH,Cly, r.t.

G . o o o o
AcOH ‘ J NaOH 7\ é
- CF | Ph
0 O™\ 3 i N NO
O ( 5 A O B -

)
*eas! Ste!
O/\(\N/\/O\/[\NJJ\N/‘
N=N

O J CF3 | Catalyst Conv (%)
= oH Ho : A B
k \) i thread'H* 42 trace

65 O 0OV E 65H* trace 81
thread 52 trace
65 50 trace

Scheme?28:Leungds switchabl eb65forthiesetettimedvicmael

addition of acetylacetone with either nitroolefin or iminium substrates.®®

An early example of employing interlocked architecture for processive catalytic
reactions was disclosed by Nolte and co-workers. A processive catalyst is able to
perform several rounds of catalysis before dissociating from the substrate to halt the
reaction pathway randomly proceeding further. The Nolte group demonstrated a
processive catalytic substrate for the epoxidation of polybutadienes utilising rotaxane
architecture (66) employing a catalytically active manganese porphyrin-containing
macrocycle stoppered onto a polybutadiene axle (Figure 9).%° In the presence of PhlO
as an oxidising agent, the Mn centre promotes the epoxidation of the butadiene units
along the axle. The rotaxane structure was found to be critical in achieving specific
stereoselectivity (20:80 cis/trans), as when a non-interlocked Mn-containing porphyrin
catalyst was used (such as Jacobsenods

observed (80:20 cis/trans), emphasising the steric control the mechanical bond has on

the stereoselective outcome of the reaction.
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Nature often employs rotaxane-like systems to control processivity. The threaded
structure promotes a step wise process and (often) directionality on the molecular
scale. The ribosome of DNA polymerases and exonucleases are both examples of
using this rotaxane-like structure for processive biological activites.®® This makes the
development of an artificial processive rotaxane catalyst significant, as it can be seen

to mimic a biological system.

66

Figure 9:No |l t e 6 s [ 6B forthe pracessive eatalytic epoxidation of

polybutadienes.%

Using rotaxanes and catenanes in catalysis has become significantly more attractive
in recent years due to the bespoke structures and 3D-scafolds the mechanical bond
can access. However, it is only recently, focus has shifted in designing interlocked

systems which possess a catalytic and asymmetric function.

In a detailed example, Niemeyer and co-workers investigated the application of a chiral
functionalised [2]rotaxane for asymmetric catalysis (Scheme 29).° The researchers
found that using a rotaxane which incorporated a Brgnsted-acidic phosphate
macrocycl e, c o nt a tbmaphhyl-ph@sphoartt i acicx imotif,1 and &
Brgnsted-basic axle with a secondary amine centre, the [2]rotaxanes 67a-d were
shown to effectively catalyse the Micheal addition of diethyl malonate with
cinnamaldehyde after being activated with LiOH. Although no change in the reaction
outcome was seen upon varying the length of the axle unit, increased enantioselectivity
was observed when bulkier substituents on the macrocycle (67c/d) were introduced.
When comparing the rotaxanes to their non-interlocked counterparts (which gave lower

conversions and enantioselectivities, 76/78% conversion, 9/7% ee), the bulkier
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substituted rotaxanes (67c/d) showed higher stereoinduction associated with high
%Dermsity funational itheony, (DFB)3/ 37 %

calculations also highlighted that the close cooperative binding of the Li-phosphate and

reaction rates (88/87

the amine/ammonium group is critical, cementing the importance of the mechanical

bond in the catalytic activity and selectivity of the reaction.

(a) Catalyst

Ar%o

Catalyst (2 mol%)

67a (forn=1:R=H)
67b (f
67c

(
(

orn=0:R=H)
forn=1:R="Pr)
67d (forn=0:R ='Pr)

| (0] 0] LiOH (2.2 mol%) EtO
R Y
EtO OEt THF-dg, r.t.
Catalyst Conversion (%) ee (%)
67a 91 14
67b 92 14
67c 88 53
67d 87 37
macrocycle (R = H) + thread a 45 22
macrocycle (R = H) + thread b 35 23
macrocycle (R = Pr) + thread a 76
macrocycle (R = Pr) + thread b 78

Scheme29:Ni emeyer 6s bi f unct icataysts 67&chfor tha |

asymmetric Michael addition of diethyl malonate with cinnamaldehyde.®*

Similarly, Goldup and co-workers have also reported on a mechanically chiral
[2]rotaxane 68 possessing a phosphate ligating group on the axle component. The
(mechanical) chirality evolves here not through classic centres or planes of chirality
within the rotaxane, but through the underlying asymmetry of the achiral components
and the restriction that the mechanical bond places on their relative orientations and/or

topology. Upon the addition of gold to one specific enantiomer, catalytic activity was
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generated and the rotaxane was able to act as an enantioselective catalyst for the

cyclopropanation of alkyne esters with styrene (Scheme 30).%

Scheme 30:Gol dupds predicated cat al6gforithe cycl e

enantioselective synthesis of cyclopropane derivative 69.%

Initially, the Au-rotaxane complex 68 undergoes coordination with a suitable alkyne
through a metal-" interaction. DFT modelling then suggested this complex undergoes
a Au-mediated [3+3] sigmatropic rearrangement to afford a gold carbene complex.
Subsequent addition of styrene is believed to generate a carbocation intermediate. A
ring closing pathway then gives rise to the final cyclopropane product 69. It is during
the final step it is believed the chiral information of the rotaxane is transfered to the
cyclopropane product through a transition state with elements of the macrocycle and

axle stabilising the carbocation.

Using the rotaxane complex, the Goldup group were able to generate a series of
substituted cyclopropane compounds with %eed snging between 44% and 77% and
cis/trans ratios up to 95:5. Importantly, when using the opposite enantiomer of the
rotaxane, the same %eed snd cis/trans ratios were observed for the corresponding

opposite cyclopropane stereoisomers.
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1.4 Conclusions and Outlook

The field of mechanically interlocked molecules has grown steadily over the last several

decades. Owing to recent advancements in a number of successful templated

strategies, including metal cation, halide ani on-;, &t acking and hydr oge
templation, the scope and complexity of rotaxane and catenane structures able to be

accessed has seen focused shifted from their synthesis to their usefulness in more

sophisticated applications.

The mechanical bond may generate both large amplitude controlled molecular motion
and unique three-dimensional structural properties which, until recently, in part due to
the awarding of the 2016 Nobel prize in chemistry, has seen rotaxanes and catenanes
utilised as switches, sensors and catalysts in molecular devices. Unsurprisingly, it is

only through the mechanical bond such systems can be employed in such manners.

Although a range of synthetic pathways for their synthesis have been developed, it is
clear careful design is needed to (a) direct the self-assembly of the interlocked
architecture and (b) incorporate the necessary motifs and functional units which display
the properties of interest. Therefore, whilst templated pathways may be able to
generate efficient mechanical bond formation, the number of synthetic steps needed
to afford the non-interlocked precursors is often not rapid and requires several steps,

making the overall synthesis to the final interlocked product much longer.

For the field to continue to grow, more emphasis on developing rapid synthetic
pathways based on readily available, modular building blocks is desirable.
Methodologies which utilise simple templating motifs offering a quicker route to the final
interlocked structure should be seen as a key focal point during this development, as

they are often easier and quicker to incorporate into pre-interlocked components.

When such methodologies are established, it should enable the field to expand, by
applying them for generating more complex interlocked systems in a much shorter
synthetic period. Modularity should allow for the rapid synthesis of functionally
desirable interlocked structures which can then be applied to new and emerging

applications in the field.
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1.5 Project Aims and Objectives
The overall aim of this thesis is to develop rapid, high yielding syntheses of rotaxanes
and catenanes, and deploy these to prepare examples of mechanically interlocked

molecules capable of useful functional applications.

Previous work in the Evans group has already unveiled several key building blocks for
the rapid construction of hydrogen bond templated rotaxanes, including single-amide
(Figure 10a)%® and pyridine-N-oxide® type structures (Figure 10b). However, whilst
rapid, the lower than ideal yield for these templated synthesise requires further
investigation. In addition, the synthesis of the corresponding catenane structures with
non-trivial topologies has yet to be fully investigated. The initial aims of this thesis,
therefore, will be to investigate avenues of improving the synthesis of such systems
and target a high yielding framework to hydrogen bond templated catenanes. This

forms Chapter 2.

(@) (b)
o} 0 O, 0

Ph N Ph

70 71

Figure 10: Evans style hydrogen bond templated [2]rotaxanes utilising (a) a single

amide motif, (b) a pyridine-N-oxide motif.

With successful methodologies and substrates established, the second overall aim of
this thesis will be to utilise them in the synthesis and study of functionalised rotaxanes
and catenanes for supramolecular chemistry applications. Research will initially focus
on developing a hydrogen bond templated [2]catenane based on our groups previous
work on pyridine-N-oxides motifs for the selective and reversible binding of alkali

cations, a system surprisingly underpopulated in the literature.

A natural extension of the research in Chapter 2 will then be employed in the synthesis
of exotic higher-order interlocked structures (interlocked architecture consisting as
anything greater than the traditional two component interlocked system) as a
demonstration that such systems may be afforded through a rapid and modular

methodology. This concept is detailed in Chapter 3.
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Following this, Chapter 4 will explore the synthesis of Raman-active rotaxanes using
the designs developed in the Evans group to build in specific functional tags that
produce a strong Raman response when analysed for the tracking of such structures

in a cellular environment (Figure 11).

Figure 11: Schematic representation of Raman-active tagged [2]rotaxanes.

It has been established that further substrate modifications after the mechanical bond
forming step is inherently challenging due to the steric hindrance and structural rigidity
the mechanical bond imposes.”* Chapter 5 will, therefore, investigate the potential of
post-interlocked modifications on catenane scaffolds by looking to ring expand the
macrocyclic component(s) using established literature methodologies to include useful

amino-acid motifs into the backbone of the interlocked structure.

In the final part of this thesis, Chapter 6 will focus on employing methodologies from
both literature and the Evans group to prepare dnechanically chiral6catenanes (Figure
12a) and rotaxanes (Figure 12b), similar to those reported by Goldup.®? Once such
structures have been isolated, investigation will focus on separation of the enantiomers

so that the chiral properties of the enantiomers can be investigated.

(a)

(b)

Figure 12: Schematic representation of (a) mechanically chiral [2]catenanes and (b)

mechanically chiral [2]rotaxanes.
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Chapter 2: Hydrogen Bond Templated Catenanes & Rotaxanes

2.1 Introduction

It has already been established that rotaxanes and catenanes may be prepared from
a large library of successful templating strategies including metal cations® (including
active metal templation?®) and halide anions®. In particular, hydrogen bond templation
has seen significant focus as it allows for many different types of functional groups and
motifs to be incorporated into the final interlocked structure much more readily

compared to other templated synthetic pathways.*°

Suitable components which contain appropriate hydrogen bond donor and acceptor
groups can, if designed correctly, facilitate the self-assembly of the supramolecular
complex by satisfying hydrogen bonding requirements intermolecularly through
complementary donor/acceptor motifs. However, a major issue comes from designing
motifs which afford a strong enough hydrogen bonding array that supports the self-

assembly of the individual components.

In recent years, research has highlighted several motifs which have been shown to
readily afford interlocked architecture through an elegant array of hydrogen bonding
frameworks. Ammonium centres, isophthalamide and fumaramide groups are among
such examples.®”*° Although such motifs are found in a wide range of rotaxanes and
catenanes, it is often difficult to design a synthetic pathway which does not focus on
installing this critical architecture over other desirable (functional) motifs targeted for
specific applications. Therefore, it becomes advantageous to utilise simple hydrogen
bonding ornamentations, which can be easily installed at an unambiguous stage of the
synthesis so focus can shift to including more useful functional motifs into the
interlocked structure. Examples by Philp*3, Chui** and Leigh*® (vide supra, Section
1.2.7) have already shown single amides, urea or squaramide units are suitable at
directing the self-assembly of components for mechanical bond formation. Therefore,
it is clear that motifs such as these should be a key focus in designing rapid synthetic

methodologies to mechanically interlocked molecules.

Recently, the Evans group have reported upon a number of routes for the rapid
synthesis of rotaxane architecture®1% utilising a single amide hydrogen bonding motif.
In such examples, rotaxane architecture could be prepared through rapid,
straightforward reaction sequences employing a highly yielding CUAAC click chemistry
amide thread 73 (Scheme 31). Hydrogen bonding interactions between macrocycle 72

and thread 73 facilitate pseudorotaxane formation. Addition of a (near) stoichiometric
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amount of alkyne 74 or 75 in the presence of catalytic (CuCHsCN)4BF,4 afforded the
final rotaxanes 70 and 76 in moderate yield (32% and 47% respectively).

o o
NH HN 0
FsC
3 N/\/\NS
. H
CFs
o 73
o/
72
0
Ph | Cu(CH.CN)BF, | FaC 0
=z oY TBTA, DIEPA N
Ph CH,Cl,
74 CF; 75
o\ o) o\ 0
NH_ HN NH_HN
F C Ph C
3 N/Y\O/Y Fs \[\? /Y\
%r oy
I I
o’ 70 (32%) 76 (47%)
Scheme3l:Evansés rapid synthesis of 6c¢cli®ko rot :

The Evans group has also reported upon the serendipitous synthesis of a hydrogen
bond templated [2]catenane 78. [2]Catenane 78 was isolated in a low yield of 12%

during the high-dilution synthesis of macrocycle 72 from bis-amine 77 (Scheme 32).1%

O O
O O

%a@ 3

CH,Cl,
o} 0
o/

77

78 (12%) 72 (12%)

Scheme32:Evansds serendipitous78%Ynthesis of
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2.1.1 Chapter Objectives

With the low yield resulting from the serendipitous catenane synthesis, renewed efforts
are needed to develop rapid, higher yielding synthetic sequences to catenane
architecture. With that in mind, this chapter will first investigate the synthesis of
catenane structures by developing similar motifs to the Evans style azide hydrogen
bond template 73 for rotaxane systems. An intramolecular click reaction with an alkyne
tethered to the azide unit, instead of an intermolecular click reaction with an external

alkyne, should afford the corresponding catenane structures (Figure 13).

O _0 (6] 0O
NH and NH HN @Y
OY Pz O OY %% O
HN , HN
L E / ; N
) 3 ) N

Intramolecular

N Click e

Figure 13: Proposed synthesis of catenane structures.

Whilst the Evans group have shown rotaxane architecture can be prepared rapidly
through a CuAAC click reaction, the yields are still moderate and require further
investigation to develop new designs and methodologies which may afford such
systems in yields greater than currently reported. In the next section of this chapter,
attention will focus on methodical and component re-designs to improve
pseudorotaxane formation at the critical covalent capture step to increase the yield of
the final rotaxane compounds. It is important to also consider any new developments

should still offer rapid, straightforward synthesis to the final interlocked structures.

Finally, implementing the findings in the previous section, investigation will look to
utilise the rapid synthesis of Evans style systems to generate catenanes and rotaxanes
that display desirable supramolecular properties, like those discussed in Chapter 1
(vide supra, Section 1.3). With the current modular methodologies developed in the
group, and in the first half of this chapter, simple design switches should allow for the

introduction of functional motifs which will display properties of interest.

Sections 2.2.1 through to 2.2.4 from this chapter has been published in Org. Biomol.
Chem., 2023, 21, 402-414.
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2.2 Hydrogen Bond Templated Catenanes

It is clear that methodological developments are needed to access catenane structures
from simple hydrogen bond templating architecture. With the Evans group
methodology regarding the CuAAC click synthesis of [2]rotaxanes in mind, it is
hypothesised that design modifications should afford the possibility to prepare
[2]catenane structures in higher yields than the serendipitous catenane 78. Indeed,
preliminary work carried out by Dr Nicholas Evans has already shown this is possible.
However, the synthetic route used to prepare the molecular precursors was bespoke

and did not lend itself to modular substitution.

2.2.1 Catenane Precursor Synthesis

To begin, it is important that sufficient quantities of macrocycle 72 can be synthesised
so that the synthesis of the target [2]catenanes is not limited. Our group has already
reported that macrocycle 72 can be made rapidly in a three-step synthesis via high
dilution (< 8 mM), however, this approach was found to be low yielding.*° In addition,
the synthesis affords the corresponding homo-[2]catenane 78, consuming precious
macrocyclic material. A higher yielding route to macrocycle 72 was therefore carried

out.

Beer and co-workers have reported on the use of a methyl-pyridinium template 81-Cl
in directing the formation of macrocyclic compounds.2°? The template has been shown
to increase the yield of the macrocycle and mitigate the formation of the [2]catenane
by-product. The Evans group has shown the same template may be used to increase
the yield of formation of macrocycle 72, while allowing for a higher concentration (> 40

mM) thus reducing volume of solvent used.%

Bis amine 77 was first prepared according to previous literature procedures by reacting
diethylene glycol with two equivalents of 4-(bromomethyl)benzonitrile in the presence
of excess sodium hydride to afford bis-nitrile 79. Subsequent reduction of the nitrile
groups using excess BH3 as a reducing agent afforded bis-amine 77 in yields of up to

90% over two steps. (Scheme 33a).1%*

Template 81-Cl was also prepared according to previous literature procedures by
reaction of 3,5-pyridinedicarbonyl chloride with two equivalents of hexylamine in the
presence of excess EtsN to afford compound 80. The pyridine group was subsequently
alkylated with iodomethane to afford 81:1. Counterion exchange to chloride to afford
the final template 81-Cl was achieved by repeatedly washing a solution of the template

complex in CH,Cl, with a saturated aqueous solution of NH4Cl (Scheme 33b).10?
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Scheme 33: (a) synthesis of bis-amine 77'°! and (b) synthesis of methyl-pyridinium
template 81-Cl.1%2

To afford macrocycle 72, bis-amine 77 and the methyl-pyridinium template 81-Cl were
first dissolved in CH.Cl,in a semi-high dilution volume (> 40 mM). After stirring for 10
minutes to allow for complexation, EtsN was added, followed by slow addition of a
solution of isophthaloyl chloride in CH2Cl. so that the macrocyclisation reaction could
occur (Scheme 34). Following aqueous work-up, the macrocyclic product and template
81-Cl could be separated through simple column chromatography. This allowed for the
isolation of macrocycle 72 in yields ranging from 261 32%. With suitable quantities of
the macrocycle in hand, attention then turned to the synthesis of the azide containing

isophthalic acid unit.

O
o

Isophthaloyl Chloride

0 0 > 0 0
K/OJ EtsN, CH,Cl, o/
. 26-32% 72

Scheme 34: Synthesis of macrocycle 72 using methyl-pyridinium template 81-ClI.

Previously reported isophthalic acid 85' was identified as a suitable candidate for

catenane synthesis as it possessed the amide-azide motif shown to direct the self-
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assembly of rotaxane architecture and a carboxylic acid unit which could be used to
append the necessary alkyne group to facilitate an intramolecular click reaction. In an
adapted synthesis of 85, commercially available mono-methyl ester 82 was converted
to its corresponding acid chloride and reacted with 3-bromopropylamine to afford the
bromide containing isophthalate 83, this could then be converted to azide 84 through
a substitution reaction with NaNs in DMF. Ester hydrolysis of 84 with KOH afforded the

desired isophthalic acid derivative 85 in a yield of 80% over two steps (Scheme 35).

(1) Oxalyl chloride, CH,Cl,
2
O}/@\(O @) N> B¢ HBr OY@\(O
_0 OH - _0 HN. _~_Br

82 EtsN, CH,Cl, 83
89% over 2 steps

DMF

Oz vy

OH HN _~_Ns CH4OH HN\/\/N3
85 95%

85% ‘ NaN3

Scheme 35: Synthesis of isophthalic acid derivative 85.1%

With isophthalic acid 85 containing a carboxylic acid unit, it is possible to append
different alkyne containing motifs through standard amide coupling reactions so that a
series of [2]catenanes can be generated. This modular approach should allow for

different geometrical and functional motifs to be built into the final catenane structure.

In the first instance, alkynes 86!%, 871% and 881% were synthesised according to
previous literature and coupled with commercially available 4-(Boc-amino)benzylamine
through a N,N&Dicyclohexylcarbodiimide (DCC)/ N-Hydroxysuccinimide (NHS)-
mediated amide coupling to afford Boc-amines 89, 90 and 91. These were
subsequently deprotected using trifluoracetic acid (TFA), with removal of the Boc group

in quantitative yield, confirmed by *H NMR spectroscopy.

The desired alkyne-azide precursor targets 95, 96 and 97 were then
synthesised via the coupling of the amine trifluoroacetate salts 92, 93 and 94 with
isophthalic acid derivative 85, again using a DCC/NHS-mediated amide coupling
(Scheme 36). Following an aqueous work-up and purification by column
chromatography, 95-97 were isolated in reasonable yields (51-64%). The successful
preparation of novel compounds 95-97 was confirmed by NMR spectroscopy and high-

resolution mass spectrometry.
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Scheme 36: Synthesis of alkyne-azide precursors via DCC/NHS amide couplings.

It is important to highlight that the precursors were able to be synthesised in a relatively
short number of synthetic steps in reasonable yields through standard amide coupling
conditions. This is in line with the modular approach set out in the chapter objectives.

2.2.2 Catenane Synthesis and Characterisation

With ample quantities of the alkyne-azide precursors in hand, attention was turned
towards the synthesis of the novel [2]catenanes. To avoid undesirable polymerisation
of the alkyne-azide component when treated with catalytic copper, the catenanation
reactions were ran at a dilution 20 times greater than for what was reported with the
Evans rotaxanes systems. This was the concentration factor used by Dr Nicholas
Evans in his preliminary investigations to prepare [2]catenane 98, having prepared the
precursor 95 via a different synthetic pathway.

Mechanical bond formation was accomplished via the threading and cyclisation of
alkyne-azides 95-97 through previously synthesised macrocycle 72. In each case, to a
solution of 72 in dry CH.Cl;, 1.0 equivalents of 95-97 was added and allowed to stir for
15 minutes to allow for complete solubility (Scheme 37). Then, -catalytic
Cu(CHsCN)sBFs and TBTA (tris((1-benzyl-4-triazolyl)methyl)amine), and 1.2
equivalents of N,Né&diisopropylamine were added. The reactions were stirred overnight
at room temperature under an inert atmosphere, and then washed with a 0.02 M
solution of EDTA to remove any catalytic copper. The catenanes could be easily

purified by column chromatography. Pleasingly, the novel heterocircuit [2]catenanes
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98-100 were isolated in great yields (591 70%). In all cases, after purification, only the
[2]catenane and unreacted macrocycle 72 were recovered with no evidence of the
macrocyclic product arising from the cyclisation of the alkyne-azide precursor
component. The [2]catenanes 98-100 were characterised by H & *C NMR, IR
spectroscopy and high-resolution mass spectrometry to confirm their isolation.

O
HN _~_Ns
95-97
O O
NH HN
0.2 eq Cu(CH3CN),BF,
0.2 eq TBTA
2.2 eq DIPEA
CH,Cl,
(0] (0]
o J
72

98, 59% 99, 60% 100, 70%

Scheme 37: Synthesis of novel heterocircuit [2]catenanes 98, 99 and 100.

Catenane formation is evident upon comparison of the *H NMR spectra of precursor
97, macrocycle 72 and [2]catenane 100 (Figure 14). The upfield shift and splitting of
aromatic protons 14/15 and h/i in catenane 100 compared to 97 and 72 is consistent
with the intercalation of aromatic rings within the interlocked structure. The downfield

shift of internal isophthalamide proton d is indicative of interactions with a hydrogen
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bond acceptor on the cyclised thread. Another notable characteristic of the *H NMR
spectra of catenanes 98-100 is the splitting of certain protons (e.g. f and k) due to the
two faces of the rotationally symmetric macrocycle becoming inequivalent due to the

directionality of the newly formed rotationally asymmetric macrocyclic ring.

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

Figure 14: Stacked 'H NMR spectra of (a) alkyne-azide 97, (b) [2]catenane 100 and
(c) macrocycle 72 (1:1 CDCI3:CDs0OD, 400 MHz, 298 K).

Further evidence of the interlocked nature of the macrocyclic rings is provided by a
molecular ion peak being identifiable by positive ion electrospray mass spectrometry
for each catenane compound generated. In addition, for each catenane there is the
appearance of multiple through-space correlations in the *Hi *H ROESY NMR spectra
between resonances arising from protons in the two interlocked macrocycles (for
example, Figure 15). Inspection of the entire spectrum in each case reveals sufficient

intercomponent correlations to indicate the macrocyclic rings of the catenane are
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switching between multiple co-conformations in 1:1 CDCls:CD3OD at 298 K. This
suggests the intermolecular hydrogen bonding network used to direct mechanical bond
formation is unable to prevent free rotation of the macrocyclic rings under these
conditions, leaving no single part of one macrocycle permanently residing within the

cavity of the other macrocycle on the timescale of the NMR experiment.
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Figure 15: Section of the *H i *"H ROESY NMR spectrum of [2]catenane 100 with
intercomponent through-space correlations highlighted (1:1 CDCI;:CDsOD, 400 MHz,

298 K) and postulated co-conformations arising from such correlations.

It is also worth noting that the meta vs para substitution of the alkyne unit in alkyne-
azides 95 and 96 does not affect the yield of catenane formation. This may be

suggesting that the threading of the component through macrocycle 72 is more likely
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to be occurring through the isophthalamide motif instead of the amide close to the
alkyne unit. It is also tentatively suggested that the more flexible glycol chain in
[2]catenane 100 is likely to afford the greatest yield as the alkyne bearing chain can
conform to a more suitable conformation to facilitate efficient mechanical bond

formation.

2.2.3 Rotaxane Precursor Synthesis

With the high yields afforded from the catenane synthesis, it is postulated that if
modified appropriately, isophthalic acid derivative 85 could be a suitable precursor to
afford pre-axle components that will lead to higher yields of rotaxane compared to what
has been previously reported (vide supra, Section 2.1).°® To achieve this, the azido-
functionalised isophthalic acid derivative 85 may be derivatised with bulky stoppers to
generate half axle components. Utilising the half axles with macrocycle 72 to facilitate
pseudorotaxane formation, in conjunction with an external alkyne (also containing a

bulky stopper group), rotaxane architecture may be generated.

To investigate this hypothesis, novel half-axle components 101 and 102 were first
prepared in good vyield (68% and 51% respectively) by reaction of 3,5-
bis(trifluoromethyl)benzylamine and 3,5-bis(trifluoromethyl)-aniline with isophthalic
acid derivative 85, activated using a DCC/NHS-mediated amide coupled reaction
(Scheme 38). The amide stopper groups are anticipated to have significantly different
pKa values, with the aniline containing-half axle 101 being notably more acidic than the
benzylamine derived half-axle. The aniline half-axle should, therefore, afford a stronger
hydrogen bonding array during pseudorotaxane formation, leading to a higher yield of

the final rotaxane product.

FsC NH,
o 0
CF, FsC NH HN_~_N;
CF 101 (51%)
o) o) DCC/NHS 3 °
— EtsN
OH AN~ N3 CH,Cl, oF
85 3 o o
. fc NH HN .~ _N;
3
NH,
102 (68%)
CFs

Scheme 38: Synthesis of novel half-axles 101 and 102.
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2.2.4 Rotaxane Synthesis and Characterisation

With the synthesis of half-axles 101 and 102 complete, rotaxane synthesis could begin.
To prepare the corresponding [2]rotaxanes 103 and 104, 1.1 equivalents of 101 or 102
and previously reported alkyne 74° were added to a solution of macrocycle 72 in dry
CH.Cl,, followed by catalytic Cu(CH3sCN)4BF. and TBTA, and 1.2 equivalents of N,NG
diisopropylamine (Scheme 39). This time, rotaxane formation was carried out at a high
concentration (50 mM), unlike the previous catenane reactions, as there was no
polymerisation side pathway to mitigate. A higher concentration will also favour
pseudorotaxane formation. Following aqueous work-up and purification of the crude
material by preparative TLC, [2]rotaxanes 103 and 104 were isolated in a 29% and
40% vyield respectively. By analogous reactions (in the absence of macrocycle 72),
non-interlocked axles 105 and 106 were also prepared, in an 80% and 79% vyield
respectively. While the isolated yields of the rotaxanes are reasonable, it should be
noted the actual yields of rotaxane formation are almost certainly higher based off
crude *H NMR analysis. Isolation of pure rotaxane was hindered in both cases by

incomplete separation of product bands during chromatographic purification.

o) 2

72 ‘

CF, o) o)
o o) Cu(CHsCN),BF,
TBTA, DIEPA FsC NH AN~ N3
NH HN_ _~_Ns CH,Cl,
FsC
102 101
CF,
Y
0 0 0 0
NH HN NH HN
N N

Gl

Al .
? N=N Ph i N=N Ph

B\ xS Q T AT

(o) o’ (o) o)
l\(o\) 103 (29%) CF; k’o\) 104 (40%)

Ss.
HN
)

Scheme 39: Synthesis of [2]rotaxanes 103 and 104.
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Successful formation of the [2]rotaxanes was confirmed by analysis of NMR spectra
and detection of molecular ion peaks in high resolution mass spectrometry. The H
NMR spectrum of rotaxane 103, along with that of non-interlocked macrocycle 72 and
axle 105 for comparison is shown in Figure 16. Once again, the upfield shift and
splitting of aromatic protons handiin the rotaxane compared to non-interlocked
macrocycle 72 is consistent with the presence of the second component (here an axle)
between the aromatic rings of the macrocycle. The downfield shift of proton d and the
amide protons U of the macrocycle in the rotaxane are indicative of interactions with a

hydrogen bond acceptor on the axle.
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Figure 16: Stacked *H NMR spectra of (a) axle 105, (b) [2]rotaxane 103 and (c)
macrocycle 72 (CDCls, 400 MHz, 298 K).

In the *Hi'H ROESY NMR spectra of both rotaxanes there are through-space

correlations between resonances arising from protons in the two interlocked
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components. For rotaxane 103, the multiple observed intercomponent correlations
strongly support the primary location of the macrocyclic component as being in the
vicinity of the axle isophthalamide Ni Hb in CDCls. Meanwhile for rotaxane 104 there
is evidence the macrocyclic ring preferentially resides over the isophthalamide amide
Ni Ho due to the observable correlations being between stopper proton 22 and ring

protons i and | (Figure 17), possibly due the more acidic nature of the amide proton.

104

Figure 17: Postulated conformations of (a) [2]rotaxane 103 and (b) [2]rotaxane 104

in CDClz at 298 K arising from observed *H -*H ROESY through space correlations.

Using precursors prepared from isophthalic acid derivative 85, it has been
demonstrated that it is possible to prepare hydrogen bond templated [2]catenanes and
[2]rotaxanes. Despite using only stoichiometric quantities of precursors, yields of up to
70% for the crucial covalent capture step are possible for the catenane synthesis. This
work demonstrates synthetic methodologies that have the potential to incorporate a

range of functionality into the ring of a catenane in a modular approach in good yield.

However, the rotaxane yields using isophthalic acid derivative 85 are still moderate
(below 50%) and are in line with what the Evans group has previously reported using
single amide containing azide 73. Further investigation is therefore required to improve

the synthesis of such rotaxanes.
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2.3 Development of Hydrogen Bond Templated Rotaxanes

Whilst the high yields obtained from the catenane synthesis were pleasing, the low
yields for the corresponding rotaxanes were disappointing. A key requirement of
generating rotaxanes in high yield is facilitating efficient pseudorotaxane formation
before mechanical bond formation. Therefore, optimisation to aid the directed self-

assembly of this complex should afford a higher rotaxane yield.

2.3.1 Pyridine-N-Oxide Containing Rotaxanes

Investigations began by focusing on preparing a pyridine-N-oxide (PNO) containing
macrocycle to facilitate more efficient pseudorotaxane formation. Pyridine-N-oxide
motifs are hydrogen bond acceptors and been shown to template the formation of
rotaxanes and catenanes.°”1%° The formal negative charge of the oxygen atom should
complement the Ni H bond of an amide motif and, therefore, aid the directed self-

assembly of the necessary pseudorotaxane complex.

To prepare a PNO macrocycle replacement of the central CH>OCH, unit of the glycol
chain for a 2,6-pyridyl unit was first investigated. Initially, bis-amine 108 was
synthesised by reducing previously reported bis-nitrile 107'1° in accordance with
previous literature procedures using BHs THF. Following this, the target macrocycle
109 was generated in a modest 7% yield under semi-high dilution (> 40 mM) conditions
using isophthaloyl chloride in the presence of stoichiometric template 81-Cl (Scheme
40). The low yield was attributed to difficulties during purification of the crude

macrocyclic material.

o NH HN
Cl
|3|-|3 THF Template 81-Cl
Et;N, CH,Cl, o o
/ | 98% | \ 7% N
X = | ~
=
107 108 109

Scheme 40: Synthesis of pyridyl-macrocycle 109.

Disappointingly, the small amount of isolated macrocyclic material was found to be
insoluble in common solvents such as THF, toluene, acetonitrile and EtOAc. Solvents
such as CH.Cl, and chloroform, which the analogous glycol macrocycle 72 was soluble

in, could only sparsely solubilise the macrocycle. Attempts to oxidise the sparsely
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soluble macrocycle using m-CPBA and Oxone to generate the target PNO macrocycle
were unsuccessful and afforded the starting macrocycle 109 in both cases. In response
to this setback, it was decided additional solvating groups needed to be installed to

increase the solubility of the macrocycle.

Previous work regarding the synthesis of a tert-butyl appended bis-amine by
undergraduate David Tomkinson was identified as a suitable starting point to afford a
more soluble macrocycle. To begin, previously reported tert-butyl diester 110! was
prepared and then reduced to the corresponding tert-butyl diol 111 with NaBH4. 111
was then reacted with 4-(bromomethyl)benzonitrile in the presence of NaH to afford
bis-nitrile 112. Reduction of the nitrile groups with BHs flourished the target bis-amine
113 in a 96% vyield (Scheme 41).

\O O/
N
(e} | N (6]
Pz
110 CN CN NH, HoN
NaBH,
Acetone 96%
CN
OH OH \/O/ (e} (0) (0] @)
N Br N BH THF N
| N | N » | AN
= NaH, THF Pz THF Pz
69% 96%
111 112 113

Scheme 41: Synthesis of tert-butyl appended bis-amine 113.

Following the isolation of this bis-amine precursor, macrocyclisation was achieved by
reaction of bis-amine 113 with isophthaloyl chloride (Scheme 42). This was carried out
in the presence of excess EtsN and a stoichiometric amount of methyl-pyridinium
template 81-Cl in dry CH>Cl, under semi-high dilution conditions (> 40 mM). Following
acidic work-up, the crude material was subject to column chromatography where
removal of the pyridinium template proved facile and the target macrocycle 114 being
isolated in a pleasing yield of 57%. Characterisation of the novel macrocycle was
confirmed through *H and *C NMR spectroscopy in addition to confirmation via X-ray
crystallography using crystals grown from a chloroform solution. Structural

determination was carried out by Dr Nathan Halcovitch.
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Scheme 42: Synthesis of macrocycle 114 and solved X-ray structure. Hydrogen
atoms (except Ni Hs) are omitted for clarity.

Macrocycle 114 adopts a chair-like structure in the solid state with the amide Ni Hs on
the isophthalamide motif being syn-syn to each other. The diameter of the central cavity
was calculated to be 11.341 + 0.001 A making it sufficiently large enough to allow the
threading of azide 73 during mechanical bond formation. Pleasingly, the newly
synthesised macrocycle 114 was found to be more soluble in a great range of solvents

compared to macrocycle 72, including toluene, benzene, THF, EtOAc and acetonitrile.

Owing to the improved solubility, it was found that macrocycle 114 could be easily
oxidised to the target pyridine-N-oxide macrocycle 115 using a slight excess of m-
CPBA (Scheme 43). This afforded PNO macrocycle 115 in a 60% vyield with one
equivalent of methanol bound in the central cavity following purification (determined by

relative integrations in the *H and *C NMR spectra).

(@] (@] (@] (0]
NH HN NH HN
m-CPBA
CH.Cl,

o] o] 60% 0 0o O
N N
B |
= =
114 115

Scheme 43: Oxidisation of macrocycle 114 to PNO macrocycle 115 using m-CPBA.
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Rotaxane synthesis was then attempted by first dissolving PNO macrocycle 115 and
azide 73 in CHCl,. After allowing this to stir for 15 minutes to facilitate pseudorotaxane

formation, alkyne 74 was added, followed by Cu(CHsCN).BF4 and TBTA, and DIPEA

to initiate the CuAAC click reaction (Scheme 44). After aqueous work-up and

purification of the crude material, [2]rotaxane 116 was isolated in a disappointing yield
of 15%. Confirmation of the rotaxane was confirmed by *H and *C NMR, along with

detection of the corresponding molecular ion peak from HRMS analysis.
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Figure 18: Stacked *H NMR spectra of (a) axle 117, (b) [2]rotaxane 116 and (c) PNO

macrocycle 115 (CDCls, 400 MHz, 298 K).
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Comparison of the 'H NMR spectra of PNO macrocycle 115 and axle 117 with
[2]rotaxane 116 not only provided evidence of successful rotaxane formation, but also
evidence of the intramolecular hydrogen bonding character between the two
components as a result of the PNO motif (Figure 18). The upfield shift and splitting of
aromatic protons e and f in the rotaxane compared to macrocycle 115 is consistent
with presence of the axle component between the aromatic rings. The downfield shift
of proton ¢ and the amide protons U of the macrocycle in the rotaxane are indicative of
interactions with a hydrogen bond acceptor on the axle. The influence of the PNO
character can be observed regarding the significant downfield shift of the axle amide
proton b due to the intramolecular hydrogen bonding event thought to occur between

the ax| edld amd dtehe&N PNO6és formally negative o0X

It is perplexing why the rotaxane yield was considerably low. Unfavourable interactions
in the transition state (despite evidence of a strong hydrogen bond between the axle
amide and PNO motif) might be the cause. Additionally, the PNO unit might be
interfering with the copper catalyst used to achieve mechanical bond formation by

undergoing irreversible complexation.

To investigate if this was indeed the cause, rotaxane formation using the original
macrocycle 114 was studied. To begin, 1.2 equivalents of azide 73 and alkyne 74 were
added to a solution of macrocycle 114 in dry CH.Cl,, followed by catalytic
Cu(CHsCN)sBF4 and TBTA, and 1.2 equivalents of N,N&diisopropylamine (Scheme
45). Following aqueous work-up and purification by careful column chromatography,
[2]rotaxane 118 was isolated in a modest yield of 26%. Intriguingly, the improved yield
of [2]rotaxane 118 over PNO [2]rotaxane 116 is tentative evidence the PNO motif is in

fact negativity affecting the formation of the critical pseudorotaxane complex.

(0] (0] (ON O
Azide 73
NH HN
Alkyne 74
CU(CH3CN)4BF4
TBTA, DIPEA
CH,Cl,
(0] (0] 26%
N
| N
=
114

Scheme 45: Synthesis of [2]rotaxane 118 using pyridyl macrocycle 114.
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With both macrocycle 114 and PNO macrocycle 115 affording rotaxane yields
considerably lower than the original macrocycle 72, focus was shifted on to improving

the hydrogen bond templating character of this component.

2.3.2 Thioamide Containing Rotaxanes

An alternative approach to improve the yield of rotaxane formation could be to increase
the acidity of the macrocycle NiH hydrogen bond donors. Conversion of the
isophthalamide to the corresponding thioamide should accomplish this. The use of
thioamides in place of amides is to be found extensively in hydrogen bond receptors
for anions!? and therefore could be applied in this instance to efficiently assemble

pseudorotaxane architecture.

Conversion of macrocycle 72 to the corresponding thioamide macrocycle 119 was
achi eved usi nrgagehtdSelemes 46)n Fusfication of the product proved
facile affording macrocycle 119 in an 88% yield. As thioamides are more reactive with
both nucleophiles and electrophiles than amides, it is important to verify the isolation
of macrocycle 119 to confirm no further reactivity had occurred. *H NMR spectroscopy
highlighted a board thioamide singlet at 8.22 ppm, indicative of the increased acidity
from the C=S bond. Similarly, in the 3C NMR, a significant downfield shift in the
thiocarbonyl signal can be observed. Definitive proof of the isolation of macrocycle 119
was provided by X-ray structure determination using crystals grown from a
chloroform/methanol solution with structure determination being carried out by Dr
Nathan Halcovitch. The solid-state structure indicated no further reactivity had
occurred. Thioamide NiHs in this case sit syn-syn to one another forming

intermolecular hydrogen bonds to other macrocycle molecules in the crystal lattice.

Lawesson's Reagent

\i

Toluene :
88% o o :
O O .
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' MeO*@*ﬁ—S . ' Solid state structure
1 S : """""""""""""

Scheme 46: Synthesis of thioamide macrocycle 119 and solved X-ray structure.

Hydrogen atoms (except Ni Hs) are omitted for clarity.
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Following this, macrocycle 119 and azide 73 (1.2 equivalents) were set up for
pseudorotaxane formation. Alkyne 74 (1.2 equivalents) was added, followed by
Cu(CHsCN)4BF4 and TBTA, and DIPEA to initiate the CuAAC click reaction (Scheme
47). After aqueous work-up and purification of the crude material by column

chromatography and preparative TLC, [2]rotaxane 120 was isolated in an extremely
pleasing yield of 82%.
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Scheme 47: Synthesis for [2]rotaxane 120 using thioamide macrocycle 119.
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Figure 19: Stacked '*H NMR spectra of (a) axle 117, (b) [2]rotaxane 120 and (c)
thioamide macrocycle 119 (CDCls, 400 MHz, 298 K).
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Evidence of the thioamide character can be seen in the final interlocked structure upon
comparison of the *H NMR spectra of macrocycle 119, rotaxane 120 and axle 117
(Figure 19). A significant downfield shift can be seen for the macrocycle amide protons
Uwhich are indicative of interactions with a hydrogen bond acceptor on the axle. The
axle amide proton b also experiences an upfield shift due to this hydrogen bonding

character as electron density is shifted onto the amide axle motif.

With the excellent yield afforded using thioamide macrocycle 119, investigation then
focused on whether it was possible to use this macrocycle to prepare rotaxanes without

needing the electron withdrawing trifluoromethyl groups on the axle component.

Leigh and co-workers have already reported on the use of simple dipeptide
(glycylglycine) structures for the directed self-assembly of rotaxanes in 62% vyield.!3
Numerous further studies have confirmed this motif in particular to be effective at
providing strong complementary hydrogen bonding interactions with macrocycles that
bear isophthalamide groups.'*41® Therefore, the rapid synthesis of a simple
glycylglycine containing axle, without the presence of the traditional trifluoromethyl
stoppers would be the target. The half-axle should also contain either the azide or

alkyne functional group needed for mechanical bond formation.

To begin, Boc-glycine was reacted with 2-propargylamine via an EDC/HOBt-mediated
amide formation to afford Boc-alkyne 121 in a 76% yield. This was subsequently
deprotected using TFA, with removal of the Boc group afforded in quantitative yield
and confirmed by *H NMR spectroscopy. Formation of the desired glycylglycine half-
axle 123 was achieved in a moderate 37% yield via the coupling of the amine

trifluoroacetate salt 122 with 3,5-dimethylbenzoyl chloride (Scheme 48).

EDCHCI ’
OH HOBt gz
BocHN EE——— BOCHNWN/
o] CH,Cl, o
76%
121
0 TFA
Quant.
cl
0
N < TFAHN Y
H 5 EtsN, CH,Cl, o
37%
123 122

Scheme 48: Synthesis of novel glycylglycine half-axle 123.
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With half-axle 123 in hand, it is possible to assemble the target rotaxane. Using
thioamide macrocycle 119, in conjunction with half-axle 123 and previously reported
azide 1247, rotaxane synthesis was undertaken via the CUAAC click reaction using
Cu(CHsCN)4BF4. After initially allowing a solution of 119 and 123 to stir for 15 minutes
to facilitate pseudorotaxane formation, azide 124, Cu(CHsCN).BF4, TBTA and DIPEA
were added to commence the click reaction (Scheme 49).

After allowing the reaction to occur, an aqueous work-up was preformed followed by
purification of the crude material by column chromatography. However,
disappointingly, [2]rotaxane 125 was only isolated in a low yield of 7% with the
corresponding free axle and unreacted macrocycle being recovered.

S S
Ns3__Ph

o Cu(CHZCN),BF, O
CH,Cl,

123 TBTA, DIPEA
7% k,o \) 125

Scheme 49: Synthesis for [2]rotaxane 125 using half-axle 123.
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Itis likely the strongly electron withdrawing trifluoromethyl (-CFs3) stopper groups, which
feature in all previous rotaxane investigations, are necessary for achieving efficient
pseudorotaxane formation in these systems. The electron withdrawing nature is likely
to increase the acidity of the amide(s) on the axle, assisting the threading of the axle
through the macrocyclic component. Therefore, the analogous bis-(trifluoromethyl)

containing half axle should be the starting point in any further studies.
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2.4 A Pyridine-N-Oxide Catenane for Cation Binding
Sections 2.4.1 through to 2.4.2 from this chapter has been published in Org. Biomol.
Chem., 2024, 22, 3001-3008.

Following the research above, attention was directed at applying the original Evans
catenane synthesis!®* to develop mechanically interlocked receptors for the selective

recognition of small cationic guests.

In particular the development of a molecular receptor capable of the selective binding
and/or sensing lithium cations!!8 is of societal relevance due to the increased extraction
of lithium to support lithium ion-battery technology; activity which risks mobilising toxic
levels of lithium salts into the environment.**® Only a handful of interlocked systems
have been prepared by lithium cation templation'?® or shown to bind lithium cations.?*
Itis, therefore, important to rapidly prepare interlocked systems which may achieve this

goal in a selective manner.

It has already been shown that pyridine-N-oxides (PNOs) are hydrogen bond acceptors
and have been used in the synthesis of rotaxanes and catenanes.°”10° The PNO motif
may also offer the potential of protonation??? and/or critically, metal ion coordination.'??
Therefore, it is proposed that including this motif into the Evans style catenane system
78 (vide supra, Section 2.1) should furnish a [2]catenane with the correct size, shape

and geometry to bind small cationic guests.

2.4.1 Synthesis and Characterisation of the PNO Catenane

To prepare the PNO [2]catenane, the catenane analogues of the pyridyl macrocycle
109 system (vide supra, Section 2.3.1) was first synthesised utilising the original high
dilution synthesis described by Evans without the presence of methyl pyridinium
template 81-Cl.2% This will also generate macrocycle 109 in a small quantity. However,
the macrocyclic by-product can easily be removed during the aqueous work-up phase
thanks to its extremely poor solubility in CH2Cl.. Following isolation of the pyridyl

[2]catenane, oxidation of pyridyl groups would then furnish the target PNO [2]catenane.

The pyridyl [2]catenane 126 was thus prepared according to Scheme 50. Simultaneous
addition of bis-amine 108 and commercially available isophthaloyl chloride into a
solution of EtsN in CH2Cl» under high dilution conditions (< 10 mM) led to the formation
of the desired pyridyl [2]catenane 126 and non-interlocked macrocycle 109. Upon
aqueous workup and purification by column chromatography, [2]catenane 126 was
isolated in a 15% yield. The novel [2]catenane was characterised by H and 3*C NMR

spectroscopy and high-resolution mass spectrometry.
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Scheme 50: High-dilution synthesis of [2]catenane 126 and macrocycle 109.

The PNO [2]catenane 127 was then synthesised by reacting [2]catenane 126 with an
excess of m-chloroperoxybenzoic acid (m-CPBA) to achieve oxidation of the two
pyridine units within the catenane (Scheme 51). Initially, Oxone® was trialled in an
attempt to oxidise the pyridine units. However, poor solubility of [2]catenane 126 under
the reaction conditions meant the synthesis of PNO [2]catenane 127 via that approach
was unsuccessful. After aqueous work-up and column chromatography, PNO
[2]catenane 127 was afforded in a pleasing 82% vyield, and again, characterised by H

and *C NMR spectroscopy and high-resolution mass spectrometry.
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Scheme 51: Synthesis of the target PNO [2]catenane 127.

Evidence for the interlocked structures of [2]catenanes 126 and 127 may be found by
comparison of their 'H NMR spectra with macrocycle 109 (Figure 20). Large downfield

shifts in amide protons U and internal isophthalamide proton 13 for [2]catenane 126
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compared to macrocycle 109 is indicative of inter-ring hydrogen bonding in the
catenane. The upfield shift of protons 7 and 8 are consistent with the threading of one
macrocyclic ring through the other. Upon oxidation to PNO [2]catenane 127, there is a

further downfield shift in the amide protons U, attributed to hydrogen bonding now being
possible with the negatively charged oxygen atom of the PNO.
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Figure 20: *"H NMR spectra of (a) macrocycle 109, (b) [2]catenane 126 and (c) PNO
[2]catenane 127 (CDCls, 400 MHz, 298 K).

Inspection of the 'H-'H ROESY NMR spectrum reveals further through-space

correlations which support the anticipated co-conformation as depicted in Figure 21.
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Figure 21: Partial *H i *"H ROESY NMR spectrum of PNO [2]catenane 127 (CDCls,
400 MHz, 298K).

Several key through-space correlations, such as those of protons 1Y 7, and protons 4
Y 15, are unlikely to be observed if the single PNO macrocycle was isolated. Only the
interlocked structure of two identical macrocycles could give rise to the observed

intercomponent correlations.

Unequivocal evidence for the interlocked structures of both pyridyl [2]catenane 126
and PNO [2]catenane 127 were provided by X-ray structure determination using single
crystals grown by slow evaporation of separate chloroform solutions. Structure
determination was carried out by Dr Nathan Halcovitch. As depicted in Figure 22a, the
amide NiHs of the left-hand macrocycle of [2]catenane 126 are participating in
hydrogen bonds with the carbonyl oxygen of the right-hand macrocycle (Ni HE O=C
distances: 2.15(3) A and 2.28(6) A). When oxidised to PNO [2]catenane 127 (Figure
22b), these hydrogen bonding events are retained (Ni HE O=C distances: 2.14(2) A
and 2.35(6) A), and in addition the pyridine-N-oxide oxygen of the macrocycle on the
left-hand ring participates in intramolecular hydrogen bonding events with the
isophthalamide Ni Hs of the right-hand macrocycle (Ni HE ‘O-N* distances: 2.06(0) A
and 2.24(6) A).
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Figure 22: X-ray crystal structure of (a) pyridyl [2]catenane 126 and (b) PNO
[2]catenane 127. Hydrogen atoms (except Ni Hs) are omitted for clarity.

2.4.2 Cation Binding Studies

The host properties of the novel PNO [2]catenane were next investigated. It was
hypothesised that a cationic guest may bind within the central cavity of [2]catenane
127 via complexation with both pyridine-N-oxide units. This is accomplished by the
180° pirouetting of the interlocked macrocycle rings (Scheme 52). To study the nature
of the host-guest system, 'H NMR titration studies were undertaken in conjunction with

BindFit'?* modelling to determine association constants.

An initial titration study was undertaken with aliquots of trifluoroacetic acid (TFA) being
added to PNO [2]catenane 127 in CDClIs (Figure 23). Several perturbations in the
aromatic protons are observed, suggesting the coordination of the cationic proton by
PNO [2]catenane 127. For example, proton 13 experiences an upfield shift, consistent
with reduction in hydrogen bonding arising from protonation inducing pirouetting of the
catenane rings. Several other perturbations in the *H NMR spectra also support this

assumption.
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Figure 23: Partial 'H NMR spectra and highlighted chemical shifts of diagnostic
proton resonances of PNO [2]catenane 127 with set equivalent additions of TFA
followed by reversal with the addition of stochiometric base (CDClsz, 400 MHz, 298 K).
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Furthermore, the protonation event could be reversed upon addition of base (ds-
pyridine) resulting in a restoration of the initial proton signal shifts in the *H NMR

spectrum.

An initial binding constant for the protonation event was calculated (Figure 24). Fitting
the titration data firstly to a 1:1 binding isotherm gave an association constant of 326 +
26 M* (Figure 24a). However, a more suitable fitting was found when using a 2:1
binding isotherm, suggesting there are in fact two simultaneous protonation events
occurring. Possibly this is the protonation of both PNO -O-N* units, particularly as more
equivalents of TFA are added. The calculated association constant for this system was
found to be 480 + 134 M for the first binding mode and a smaller value of 40 + 2 M
for the second binding mode (Figure 24b). This suggests the system is initially
behaving like as a 1:1 host-guest complex (as depicted in Scheme 52). However, past

one equivalent of guest, a second weaker binding mode begins to occur.
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Figure 24: Globally fitted data using change in peak positions against a ratio of initial
TFA and catenane 127 concentrations for a (a) 1:1 binding isotherm (by Bindfit)'*
and (b) a 2:1 binding isotherm (by Bindfit).*?°

Following this, investigation focused on whether PNO [2]catenane 127 could act as a
host for small alkali metal cations. LiClIO4 was used as the source of Li* and NaBArF
as the source of Na*. Different non-coordinating counter-anions were used due to
issues with maintaining solubility for appropriate solvent systems for the determination
of association constant data. Due to the poor solubility of alkali metal salts in neat
CDCls, a solvent system of 4:1 CDCIs/CD3sCN was used in the titration studies. Upon
addition of LiClO4 to [2]catenane 127, shifts in several resonances are observed
(Figure 25). The most obvious is the upfield shift for isophthalamide proton 13, which

is consistent with coordination of the Li* cation to the PNO oxygen atom once again
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disrupting inter-ring hydrogen bonding. Beyond three equivalents, there is a reverse in
shift direction, implying a second binding mode occurring. This is unsurprising given
the observed 2:1 binding event occurring in the proton (TFA) titration. Since Li*and H*
are both of the same charge and have approximately similar cationic radius (0.49 A
and 0.38 A respectively) it is not unsurprising their binding behaviour would be similar.
BindFit analysis of non-overlapping resonances of catenane protons H?, H% H’, H®
and H*, determined 2:1 stochiometric host-guest association constants of Ki.; = 980
M and K21 = 23 M respectively (Figure 27a).
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Figure 25: Partial *H NMR spectra and highlighted chemical shifts of diagnostic
proton resonances of PNO [2]catenane 127 with set equivalent additions of LiCIO4
(4:1 CDCI3:CDsCN, 400 MHz, 298 K)

In contrast, the addition of NaBArF to a fresh sample of [2]catenane 127 showed
smaller perturbations of the diagnostic protons (Figure 26). Furthermore, there is no
evidence of a second bhinding event upon addition of excess NaBArF. The observed

differences in binding of Li* and Na® may be attributed to the higher charge density of
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the Li* cation compared to that of the Na* cation and better size complementarity with
regards to their relative cationic radii (0.49 A and 0.99 A respectively) with the small

cavity available within PNO [2]catenane 127.
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Figure 26: Partial *"H NMR spectra and highlighted chemical shifts of diagnostic
proton resonances of PNO [2]catenane 127 with set equivalent additions of NaBArF
(4:1 CDCI3:CDsCN, 400 MHz, 298 K).

BindFit analysis afforded a 1:1 stochiometric association constant for Na* of Ki.1 = 79
M- (Figure 27b) highlighting that the larger sodium cation is not as efficiently bound
compared to the lithium cation. In this sense, PNO [2]catenane 127 may be seen to be

moderately selective for smaller cationic guests.

Efforts to obtain crystal structures for both the lithium and sodium host-guest
complexes were sadly unsuccessful. It is, therefore, difficult to postulate the exact
nature of the binding motif occurring in both catenane complexes from just the NMR

titration data alone and further analysis should be carried out to determine this.
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Figure 27: Globally fitted data using change in peak positions against a ratio of initial
cation and [2]catenane 127 concentrations for a (a) 2:1 binding isotherm (by
Bindfit)*?” with lithium and (b) a 1:1 binding isotherm (by Bindfit)*?® with sodium.

2.5 Conclusions

This chapter has explored new methodological developments into the rapid assembly
of hydrogen bond templated [2]catenanes and [2]rotaxanes. Whilst it has been possible
to develop a modular synthesis for [2]catenanes which can be generated in high yields,
the synthesis of the analogue [2]rotaxanes was not as highly yielding and thus required

further improvement.

Attention focused towards modifying the macrocyclic component to improve its
hydrogen bonding character. Pyridyl-N-oxide and thioamide containing macrocycles
were investigated with promising initial results afforded for the latter. With several
successes resulting from these investigations, the findings in this chapter will be
advantageous as focus moves towards utilising the properties interlocked systems

offer.

Finally, in the latter half of this chapter, the rapid synthesis approaches that have been
developed in the Evans group were used to construct a PNO [2]catenane which begins
to show the desirable properties many other interlocked systems (assembled via
lengthier synthetic routes) possess. Notably, in this first quantitative study of alkali
metal cation binding by a PNO [2]catenane, stronger binding of lithium over sodium

was observed.

Moving forward, further work could entail detailed investigations into exploring a
modular design for the PNO [2]catenane 127 detailed in Section 2.4, to improve the
selectivity of the host system so a cation binding [2]catenane is generated specifically

for each alkali metal cation.
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Chapter 3: Synthesis of Exotic Hydrogen Bond Templated

Mechanically Interlocked Architectures

3.1 Introduction

A natural extension of the research conducted in Chapter 2 would be in the
development of exotic and higher order interlocked structures. [2]Rotaxanes and
[2]catenanes are the most readily prepared interlocked structures populated in the
literature, due to their relatively straightforward synthesis. However, by incorporating
more interlocked components and/or installing covalent linkages between the

components, an exotic range of interlocked architecture exists.

Higher order interlocked structures may be viewed as anything greater than the
traditional  (non-covalently linked) two component interlocked system.
[n]Polyrotaxanes'?®, repeatedly threaded macrocyclic rings through a single axle
(Figure 28a) and [n]polycatenanes®®, repeating interlocked macrocycles (Figure 28b)

are among such examples. However, incorporation of covalent linkages between
components can also produce higher order st
handcuffso can be icatenane gnibrotaxane style iarohitecturd’® t h
Handcuff [2]rotaxanes consist of an axle which penetrates through two covalently
linked macrocycles (referred to as a bis-macrocycle) simultaneously (Figure 28c). In

the case of the handcuff [2]catenane®?132 a bis-macrocycle is threaded
simultaneously within a larger single macrocyclic molecule to form a tethered

connection (Figure 28d).
~ 7 (b) — ]
(c) E S (d)

Figure 28: Schematic representations of (a) [n]polyrotaxanes, (b) [n]polycatenanes,

(a)

(c) a handcuff [2]rotaxane and (d) a handcuff [2]catenane.
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There is currently an under representation of these molecular handcuffs in the
literature, primarily due to their taxing and lengthy synthesis. Further development into

streamlined routes for their synthesis is clearly required.

Alongside the development of molecular handcuffs, research has also begun to shift
towards the incorporation of unexplored motifs into existing interlocked structures in
efforts to tune their properties. Particularly, the inclusion of more saturated, sp*-rich
architecture has seen significant recent attention not just in mechanically interlocked
molecules but in synthetic chemistry in general as chemists seek to access new areas

of chemical space.'®

It is possible to replace many common, flat (often aromatic) structures in interlocked
molecules with new three-dimensional ones. The specific replacement of a group with
one that has broadly similar physical, chemical and biological properties is referred to
as a bioisostere.'* Bioisosteric replacements for benzene units which, are by far, one
of the most common motifs found in interlocked structures are highly desirable, as
properties such as solubility and fluorescence are heavily influenced by the degree of
aromatic character present. Several bioisosteres for benzene, including
bicyclo[1.1.1]pentane, bicyclo[2.2.2]octane and cubane are already known (Figure
29).1% However, there is currently very little research for incorporating these, or other

similar motifs into mechanically interlocked structures.®’

\

136

—_————— - -
|
Faa 2%
|

Figure 29: Common saturated bioisosteres of para-benzene.

3.1.1 Chapter Objectives

Utilising established and novel designs and methodologies, this chapter will first
investigate ways to rapidly prepare Evans style handcuff [2]rotaxane structures.
Careful design choice will need to be considered when exploring the synthetic
pathways for these molecules. Characterisation of the novel handcuff rotaxanes will

then be carried to confirm their successful preparation.

Furthermore, in collaboration with Dr Susannah Coote at the University of Bath, it is

proposed to utilise a scaled-up synthesis for 1,3-disubstituted cubanes to prepare
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cubane analogues of previously reported hydrogen bond templated [2]rotaxanes and
[2]catenanes from literature and Chapter 2. Efforts will then look to study the novel
cubane containing compounds by *H and *3C NMR as well as IR and HRMS to confirm

their isolation.

3.2 Hydrogen Bond Templated Handcuff Rotaxanes

Hydrogen bond templation has already been used to assemble handcuff rotaxane
structures. Chen and co-workers demonstrated it was possible to assemble a handcuff
[2]rotaxane 130 through a lengthy synthetic pathway utilising a charged ammonium
centre axle template 129, in conjunction with a bis-crown ether macrocycle 128
(Scheme 53).1% Furthermore, Vogtle and co-workers have prepared a handcuff
[2Jrotaxane 132, formed by the tethering of two individual macrocyclic rings of
[3]rotaxane 131 together using appropriate linkers via the formation of new sulfonamide
bonds (Scheme 54).13°
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Scheme 54: Synthesis of Vogtled bandcuff [2]rotaxane 132 from [3]rotaxane 131.1%°

Stoddart and co-workers have prepared an impressive handcuff [2]rotaxane 133 using
a tri-crown ether macrocycle and a symmetrical two station ammonium axle template
which when under acidic or basic conditions was able to function as a molecular
elevator (Figure 30).4° The position of the macrocycle could be operated by controlling
the acid and base inputs through electrochemical experiments preformed in
acetonitrile. Under acidic conditions the macrocycle is stationed over the ammonium
centres, however, when deprotonated the macrocycle shuttles to reside over the
BIPY?2* motif. This operation was found to be reversible over several cycles, highlighting
that the system could perform well-defined mechanical movement under the influence

of external stimuli over an extended period of time.
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Figure30:St oddart és acid/ base cditroll ed mol

Inspired by these designs, it was decided to applyt h e E v a n gapid symhesisd s
for hydrogen bond templated [2]rotaxane architecture (vide supra, Section 2.1) in these
systems. It was envisioned that employing such a methodology with an analogous bis-
macrocycle could afford handcuff [2]rotaxanes in a shorter synthetic pathway to what
has currently been reported. Such an approach would represent an example of the
rarely used strategy to prepare handcuff [2]rotaxanes, namely covalently linking

threads through each ring of a bis-macrocycle (Figure 31).
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Figure 31: Schematic representation for the handcuff [2]rotaxane synthesis.

3.2.1 Design and Synthesis of Rotaxane Precursors

The design of a suitable bis-macrocycle 135, consisting of two linked isophthalamide
macrocycles, is presented in Figure 32. Previous investigations in the Evans group had
indicated that the analogous glycol bis-macrocycle 134 (Figure 32a) was highly
insoluble and, therefore, would not be suitable for rotaxane formation.** However, the
recent report regarding the synthesis of diester 110!, which allowed for the
preparation of macrocycle 114 (vide supra, Section 2.3) has proven to be readily
soluble in an array of solvents. Encouraged by these results, it was hoped that
preparation of its corresponding bis-macrocycle 135 (Figure 32b) would prove to be

soluble under the conditions required for rotaxane formation.

Iopls e sgacy
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135

(@)

Figure 32: (a) Previously prepared glycol bis-macrocycle 134 and (b) proposed

design of novel bis-macrocycle 135.
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The initial target was to prepare bis-macrocycle 135by a -pfiootnobe doubl e cycl i
strategy using two equivalents of novel bis-amine precursor 113 with previously
reported tetra-acid chloride 1362 (Scheme 55). A solution containing equimolar
equivalents of bis-amine 113 (vide supra, Section 2.3) and methyl pyridinium template
81-Cl and excess EtsN in dry CH.Cl, was prepared. To this solution was added a
dropwise solution with 0.5 equivalents of tetra-acid chloride 136 in dry CH.Cl,. Upon
aqueous work-up, followed by lengthy purification of the crude material by silica gel
column chromatography and preparative TLC, the target bis-macrocycle 135 was

isolated in a very low 2% yield.

f% §> S

Et;N
81-Cl CH,Cl,
2%
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135

Scheme 55: Initial synthesis of bis-macrocycle 135.

A low yield is foreseeable given the nature of the two-fold macrocyclisation event
occurring during the synthesis. However, the extremely low yield was attributed in part
due to the formation of an additional bis-macrocyclic by-product 137, thought to be a
geometrical isomer of the targeted bis-macrocycle (based on 'H and *¥*C NMR
spectroscopy analysis) isolated under the reaction conditions. DOSY NMR analysis of
a mixture of both species provided their relative diffusion coefficients, which allowed
for calculation of their approximate sizes. Bis-macrocycle 135 was found to be

approximately 21 A in diameter, with the by-product 137 found to be smaller,
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possessing a diameter of approximately 17 A. These results further support the

asumption that the by-product 137 is the geometrical isomer of bis-macrocycle 135.

In several attempts to increase the yield of bis-macrocycle 135 and mitigate the
formation of the by-product, variations of the reaction conditions were screened with
very limited success. This is summarised in Figure 33. In the first instance, switching
from semi-high dilution (> 40 mM) to high dilution conditions (< 10 mM), with or without
the presence of methyl-pyridinium template 81-Cl was found to afford no improvement

in the yield of bis-macrocycle 135.
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. VARV YRRV
Entry Solvent Template High/ Semi-high (%) Yield (%) Yield

dilution 135 137
1 CHCl 81.-Cl Semi-high dilution 2 5
2 CHCl 81-Cl High dilution <2 3
3 CH.Cl, - High dilution - -
4 CHCls 81-Cl Semi-high dilution <2
5 CHCls 81-Cl High dilution <2
6 CHClIz - High dilution - -

Figure 33: Summary of variations in reaction conditions for the synthesis of bis-
macrocycle 135.
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Interestingly, without the presence of template 81-Cl (entries 3 and 6), neither the target
bis-macrocycle or the geometrical by-product could be isolated after purification of the
crude reaction material. Switching the solvent to CHCI; afforded similar results to what

was observed using CH,Cl..

Considering the extremely low yield for the final step of the previous synthesis,
difficulties in purification and the formation of an undesirable by-product, it was decided
that attention should turn towards an alternative synthesis of bis-macrocycle 135. To
begin, equimolar equivalents of bis-amine 113, methyl pyridinium template 81-Cl, with
excess EtsN were dissolved in dry CH2Cl,. To this solution was added dropwise a
solution of previously prepared TBDMS-protected 5-hydroxyisophthaloyl chloride
138 in dry CH2Cl.. Upon aqueous work-up and purification of the crude material by
silica gel column chromatography the TBDMS-protected macrocycle 139 was afforded
in a moderate 15% yield. Deprotection of the TBDMS group was performed by reacting
macrocycle 139 with excess TBAF, affording the deprotected phenol macrocycle 140

in an almost quantitative yield of 96% (Scheme 56).

OTBDMS

Yéis Y©Y Y©Y
81-Cl TBAF
i Et;N E i E
CH,Cl, 96% N
\ \
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=

13

Scheme 56: Synthesis of phenol macrocycle 140 via deprotection of TBDMS-

protected macrocycle 139.

With phenol macrocycle 140 in hand, attempts at the synthesis of the bis-macrocycle
135 were undertaken. A simple di-alkylation reaction with two equivalents of
macrocycle reacting with one equivalent of a linker should afford the target bis-
macrocycle 135. To that end, phenol macrocycle 140, 1,3-dibromopropane and K.COs3
were added to dry DMF and heated to 80 °C for 16 hours. Following aqueous work-up
and purification by column chromatography it was found the reaction did not afford the

desired bis-macrocycle, but a 1:1 mixture of mono-alkylated product 141 and
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elimination product 142 (Scheme 57). This mixture proved impossible to separate by

standard chromatographic methods.

In an attempt to afford the target bis-macrocycle 135 from this mixture, re-alkylation of
the mono-alkylated product 141 with a further addition of phenol macrocycle 140 was
investigated. However, this failed to generate any of the desired product, and instead
led to an increase in the elimination product 142. This suggests that following initial
alkylation of the phenol macrocycle 140, an E2 elimination pathway is preferred over a

secondary alkylation.
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Inseparable mixture

Scheme 57: Failed synthesis of bis-macrocycle 135, affording mono-alkylated

macrocycle 141 and the analogous elimination product 142.

In response to this setback, a new bis-macrocycle 144 was targeted. A search of the
literature revealed Bodwell and co-workers had reported upon the tethering of phenol-
diester motifs using tosylated ethylene glycol linkers.*** Importantly, no elimination
material was observed using these linkers. Inspired by these results, it was decided to
prepare previously reported diethylene glycol di(p-toluenesulfonate) 1434 and use it

to link 2 equivalents of phenol macrocycle 140 together.

To that end, synthesis of the new bis-macrocycle target 144 was attempted (Scheme
58a). Phenol macrocycle 140, diethylene glycol di(p-toluenesulfonate) 143 and K,COs
were added to dry DMF. The reaction was stirred at 80 °C for 16 hours, then an
aqueous work-up undertaken to removed excess base and unreacted starting material.
Following this, purification of the crude material by column chromatography was
undertaken. This time, purification of the crude material proved facile and afforded the

target bis-macrocycle 144 in a pleasing yield of 67%.
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Unequivocal evidence for the isolation of the target bis-macrocycle 144 was provided
by X-ray structure determination using single crystals grown by slow evaporation of a
chloroform solution. Structure determination was carried out by Dr Nathan Halcovitch
(Scheme 58b). Both the macrocyclic rings adopt chair-like conformations within the
crystal lattice, similar to what was observed in the crystal structure of (the) (mono)-
macrocycle 114 (vide supra, Section 2.3.1). Each of the isophthalamide units preside
in an anti-anti conformation, forming intermolecular hydrogen bonds with other bis-

macrocycle molecules within the crystal lattice.

(a) <:> o
o HN
\_/N OH
0 : HN

Sy of Aoy
AN o) 144 o) N

Solid State Structure

F 4

Scheme 58: (a) Synthesis of novel bis-macrocycle 144 and (b) crystal structure of

bis-macrocycle 144 (hydrogen atoms, expect amide Ni Hs, are omitted for clarity).
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3.2.2 Handcuff Rotaxane Synthesis and Characterisation

With sufficient quantities of 135 (afforded in limited amounts from the multiple
macrocyclisation attempts) and 144 in hand, the synthesis of handcuff [2]rotaxanes
could be attempted (Scheme 59). This involved dissolving the bis-macrocycle with two
equivalents of azide 73 in dry CH2Cl; and allowing to stir for 10 minutes, so the
pseudorotaxane complex could form. Then, previously reported bis-alkyne 1456,
Cu(CHsCN)sBF4, TBTA and DIPEA were added, and after stirring overnight, an
aqueous work-up was undertaken. Purification of handcuff rotaxanes 146 and 147
firstly by column chromatography, then secondly by preparative TLC afforded isolated
yields of ~ 29% and 15% respectively. The ~ 29% yield for handcuff [2]rotaxane 146

should be considered only an approximation due to the small scale of the reaction.

0]

F5;C
3 N/\/\N3 .
H + Bis-Macrocycle 135/144

Linker:
=\ ST— CU(CH4CN),BF, 146 = 2 \"3%
o o TBTA, DIPEA o
CH,Cl, 147 = RIS ON
145
o o
o) o)

N- —N o
\ / \ /
o@o
146 (29%)
147 (15%)

Scheme 59: Synthesis of novel hydrogen bond templated handcuff [2]rotaxanes 146
and 147.

The novel handcuff rotaxanes were characterised by *H and *C NMR spectroscopy,
IR spectroscopy and mass spectrometry. As an example, the *H NMR spectra of

handcuff rotaxane 147, along with those of bis-macrocycle 144 and non-threaded axle
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148 for comparison are shown in Figure 34. Upon studying the stacked spectra,
evidence for the formation of handcuff rotaxane 147 is observed. The upfield shift and
splitting of aromatic protons e and f in the interlocked molecule compared to non-
interlocked bis-macrocycle 144 is consistent with the axle passing between the
aromatic rings of each macrocyclic ring. The downfield shift of proton h and the amide
protons U of the macrocycle in the rotaxane are indicative of interactions with a
hydrogen bond acceptor on the threaded axle. In addition, the splitting of protons c, d
and g arise from the desymmetrisation caused by the axle component threaded

through the two macrocyclic cavities.

1 (8]
(a) 1 FiC /\/\ PN CF3
N N/v o/\(/\‘N N
s Ay N=N

CF3

]

: : : : : —— —
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)

Figure 34: Stacked *H NMR spectra of (a) free axle 148, (b) handcuff
[2]rotaxane 147 and (c) bis-macrocycle 144 (CDCls, 400 MHz, 298 K).

The interlocked architecture of the handcuff [2]rotaxane 147 was further supported by
multiple through-space correlations between signals arising from protons in the two
components as observed in the 'H -'H ROESY NMR spectrum (Figure 35). Several
intercomponent interactions, such as those for protons UY 5/6,ef Y 7/8and 7Y U,
suggests the isophthalamide units of bis-macrocycle 144 reside as they are depicted
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in Scheme 59, stationing themselves over

correlations, it is most likely that the hydrogen bonding array used to direct the self-
assembly is still present intramolecularly within the handcuff [2]rotaxane. This would
explain the significant downfield shifts of amide protons U and b. Similar observations
and conclusions regarding the formation of handcuff [2]rotaxane 146 can also be seen

by comparing its spectra with its analogous bis-macrocycle 135 and axle 148.

Chemical Shift F2 (ppm)

T T
3.5 3.0 2.5 2.0 1.5 1.0 0.5

s Che?ﬁ?ca\ Sh‘i‘f‘tSFl (p?a‘r%)
Figure 35: 'H i *H ROESY NMR spectrum of handcuff [2]rotaxane 147 with key
intercomponent interaction highlighted (CDCls, 400 MHz, 298K).

A final point worth noting was the lack of evidence for the formation of other higher-
order structures such as the corresponding doubly threaded Janus [2]rotaxane!*’ or
the mono-threaded [2]rotaxane during the synthesis of handcuff [2]rotaxanes 146 and
148.

During this investigation, it has been shown that it is possible to successfully prepare
novel hydrogen bond templated handcuff [2]rotaxanes, building on the macrocyclic
designs developed in the Evans group, by a rare application of the strategy to
covalently link mono-stoppered threads through each ring of a bis-macrocycle. It is
envisioned that application of this rapid synthesis approach will allow for further
research into other forms of higher order interlocked structures. Investigation will now
turn towards the isosteric replacement of benzene units within interlocked structures.

This is described in the next section of this chapter.
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3.3 Cubane Containing Interlocked Molecules
This research was conducted in collaboration with Dr Susannah Coote at the University

of Bath. Cubane-1,3-dicarboxylic acid material was provided by Dr Susannah Coote.

3.3.1 Cubane as a Structural Isostere: Concept and Synthesis

It has already been alluded to that cubane motifs share an excellent geometric
correlation to benzene rings. As such, it has been hypothesised that cubanes may act
as bioisosteres for benzene rings in biologically active compounds.*® A cubane
analogue of a 1,4-benzene-dicarboxylic acid containing metal organic framework has
also been reported,'*® as has the cubane analogous versions of several licenced smalll
drug molecules.*® In a significantly recent development, MacMilian and co-workers
disclosed the synthesis of the analogous 1,3-cubane substituted system.®! In a follow-
up communication, Coote and co-workers have reported a practical, scaled-up

synthetic route to cubane-1,3-dicarboxylic acid derivative 149 (Scheme 60).152

Br

NH2NH2 OH Dess Martin
IRA- 402 (Cl) c:H2C;|2
EtOH
hv (300 nm)
acetone
HO,C
@\ (1) TFA, Reflux /%\ _ KOH (aq) Br
CO,H  (2) NaOH, Reflux

149
Scheme60:Coot eds pract i cal-13djcarbotyle acidd49t°0
Cubane-1,3-dicarboxamides may be considered as structural isosteres of

isophthalamides (Figure 36), a motif which has been proven in this thesis and in

literature to be regularly employed in the construction of interlocked molecules.

) ) @) @)
}¢£NH HN}{ }QNH HN?{
isophthalamide cubane-1,3-dicarboxamide

Figure 36: Comparison between isophthalamide and cubane-1,3-dicarboxamide

motifs.
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Many isophthalamide containing hydrogen bond templated rotaxanes and catenanes
have already been reported in the Evans group®°419 and many other groups, like
those of Vogtle®, Leigh® and Philp.*®

Itis, therefore, proposed that hydrogen bond templated interlocked molecules may be
synthesised and characterised where 1,3-substituted cubanes are replacing
isophthalic groups. These would be the first reported examples of cubane containing

interlocked molecules.

The inclusion of isophthalamide groups into interlocked structures usually occurs via
the diamide condensation of its corresponding diacid chloride intermediate. Given what
is currently reported, there are no examples of cubane-1,3-dicarboxamides formed via
this intermediate. Therefore, it is important to establish such an intermediate can be
made and reacted onwards without any unwanted routes of additional reactivity
occurring. To investigate this, cubane-1,3-dicarboxylic acid 149 was converted to the
corresponding cubane-1,3-acyl chloride 150 using excess oxalyl chloride in dry CHCls.
The acid chloride intermediate was then reacted with benzylamine in the presence of
EtsNin dry CH2Cl». This afforded the model cubane-1,3-dicarboxamide compound 151
in a yield of 78% (Scheme 61a). Confirmation of the model compoundd &olation was
provided by X-ray structure determination using crystals grown from slow evaporation
of a chloroform solution. Structure determination was carried out by Dr Nathan
Halcovitch (Scheme 61b).

(a)
Oxalyl
o o Chloride Chloride
OH OH CHZC'Z

Scheme 61: (a) Synthesis of model cubane-1,3-dicarboxamide 151, and (b) X-ray
structure of model cubane-1,3-dicarboxamide 151. Hydrogen atoms (expect Ni Hs)

are omitted for clarity.
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3.3.2 Cubane Containing Leigh Style Interlocked Systems

Firstly, it was decided exploration into the cubane containing versions of Leigh style

hydrogen bond templated interlocked systems would be investigated.®%°® The initial

target wa s to synthesise the cubane cont ai
serendipitous [2]catenane 152.1%% Leigh and co-workers first reported the isolation of

[2]catenane 152 in a yield of 20% in the high dilution reaction of isophthaloyl chloride

with p-xylylenediamine in the presence of EtsN in CHClz (Scheme 62). To allow the

comparison of yi el ds in confi dence,iswasfirsgrepeated.or i gi n:
Following this, the previously reported isophthalamide [2]catenane 152 was obtained

in a 17% yield.

+
NH, 17%2
/_@_/ 209%b NH NH
NH, O)‘\O/go 152

Scheme62:Synt hesi s of Lei gh a5 2sofatedyyield. dLlterafu2] c at e n
yield. '3

To prepare the cubane analogue, simultaneous dropwise addition of solutions of
cubane-1,3-diacyl chloride 150 and p-xylylenediamine in dry CHCI; to a solution of EtsN
in CHCI; occurred over a period of three hours and then the reaction was stirred for a
further 16 hours (Scheme 63).

150 oL ~|<" -~ o
Et;N N ‘==’ NH
+ —_—
CHClg >=NH NH=
o} o)
4% A

C NH; NH NH
NH, o%\ﬁ/go 153

Scheme 63: Synthesis of the analogous cubane containing Leigh style [2]catenane
153.
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After work-up, rather than being able to isolate a pure sample of the target [2]catenane
153 (like in the original Leigh synthesis), a crude mixture was obtained, which by
analytical silica TLC analysis indicated the presence of at least two cubane containing
species. This was perhaps to be expected given that the cubane motif should increase
the solubility of any macrocyclic or oligomeric products which would usually be
removed during the aqueous work-up phase. After a lengthy and difficult purification,
careful column chromatography allowed for partial separation of the two cubane

compounds.

The reaction itself was very low yielding and after column chromatography the partially
separated mixture of the cubane material gave a yield of 4%. While the appearance of
the 'H NMR spectrum (Figure 37) indicated isolation of [2]catenane 153 with the
observation of cubane protons 1, 2 and 3, further evidence was sought by submitting

a sample for HRMS analysis (Figure 38).

NH NH
5” 1L
07 \:;]L;v’ “0

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
76 74 72 7.0 68 66 64 6.2 6.0 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 3.2
Chemical Shift (ppm)

Figure 37: *H NMR spectrum of cubane [2]catenane 153 (1:1 CDCl3:CDsOD, 400

HMz, 298 K).
) 1169]4918
1 (IC72H64NBO8J+H)+

151
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Figure 38: Measured high-resolution mass spectrum for the partially pure isolated
sample of cubane [2]catenane 153 [M+H" - M+Na"] overlaid onto the predicted

theoretical isotope model.

103



The HRMS revealed an observed mass of 1169.4918 [M+H*] which is in good
agreement with the isotope model of [2]catenane 153 (1168.4848) providing strong
evidence for the successful formation of the catenane.

The second target was to prepare a cubane an
[2]rotaxane 27.% In the same manner as the isophthalamide [2]catenane 152, the

synthesis of the isophthalamide system was repeated. After synthesising the furamide

axle template 26%, synthesis of [2]rotaxane 27 was carried out using the published

literature procedure. Following this, the rotaxane was isolated in a 75% yield

(calculated from the *H NMR spectrum of the desired product material isolated with

free axle 26), slightly lower than the quoted literature yield (95%).

To prepare the cubane analogue [2]rotaxane 154, solutions of cubane-1,3-diacyl
chloride 150 and p-xylylenediamine in dry CHCI; were simultaneously added dropwise
to a solution of axle 26 and Et3N in a 9:1 mixture of dry CHCIs/CH3CN. Following this,
the reaction was stirred for a further 16 hours (Scheme 64). After aqueous work-up,
the crude material was then subjected to careful silica gel column chromatography,
which allowed for the isolation of the target cubane [2]rotaxane 154 in a moderate yield
of 35%.

150

oYég\’//o 0 H\)P\h
PhY\N)vWN Ph
o] o] N
Ph (0]
26

+
Et;N
NH, 1:9 CH3CN/CHCl,

NH, 35%

Scheme 64: Synthesis of analogous cubane containing Leigh style [2]rotaxane 154.

Rotaxane formation is evident upon comparison of the *H NMR spectra of the free axle
26 and the cubane [2]rotaxane 154 (Figure 39). There is a significant upfield shift in
the trans-alkene protons f upon mechanical bond formation. Such a shift is indicative
of presence of an electron rich macrocyclic ring stationed around the central axle. The
same conclusions can be drawn for the slight upfield shift of the axle amide protons b.
Although it was not possible to isolate the non-interlocked macrocycle for further
comparison, the presence of cubane protons 1, 2 and 3 with relative integrations in

agreement with the rotaxane structure are additional evidence of mechanical bond
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formation. Further evidence of rotaxane formation is provided by multiple through-

space correlations in the *Hi 'H ROESY NMR spectrum.
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Figure 39: Stacked *H NMR comparison spectra of (a) free axle 26 and (b) cubane
containing furamide [2]rotaxane 154 (ds-DMSO, 400 MHz, 298 K).

Definitive proof for the existence of cubane containing [2]rotaxane 154 was provided
by X-ray structure determination using single crystals grown by slow evaporation of a
chloroform/methanol solution with structure determination being carried out by Dr
Nathan Halcovitch (Figure 40).

(@) —~ (b)

Figure 40: X-ray structure of [2]rotaxane 154 presented from (a) the side view (b) the

front view (hydrogen atoms, except amide Ni Hs, are omitted for clarity).
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The solved crystal structure revealed that the cubane-1,3-dicarboxamides are syn-anti
with intramolecular hydrogen bonding of the axle amide oxygen atoms to a cubane
carboxamide Ni H (Ni HE O=C distances: 1.87(3) A), while the oxygen atom of the
other cubane carboxamides are hydrogen bonding to the amide Ni Hs (Ni HE O=C
distances: 2.08(2) A). The second outwards facing NiH and C=O bonds form
intermolecular hydrogen bonds with other rotaxane molecules in the crystal lattice. This
contrasts with all other crystal structures reported of isophthalamide-furamide

containing [2]rotaxanes, which possess a syn-syn conformation.®41%7

3.3.3 Cubane Containing Evans Style Interlocked Systems

Following the synthesis of the Leigh style systems, attention was turned to studying
the use of cubane-1,3-dicarboxamides in examples of Evans style interlocked systems.
To begin the analogue cubane macrocycle 155 of macrocycle 72 (vide supra, Section

2.2.1) needed to be prepared.

Firstly, bis-amine 77 and methyl pyridinium template 81-Cl were dissolved in dry
CH.CI,. EtsN was added followed by dropwise addition of a solution of cubane-1,3-
diacyl chloride 150. After allowing to react for 1 hour, an aqueous work-up was
undertaken. After purification of the crude material by column chromatography, the

cubane macrocycle 155 was isolated in a pleasing yield of 25% (Scheme 65).

Confirmati on of t he macrocycl X-6ag stricmre | at i on

determination with crystals grown by slow evaporation from a chloroform solution with
structure determination being carried out by Dr Nathan Halcovitch. The X-ray structure

revealed the cubane-1,3-dicarboxamides sit in a syn-syn conformation in the solid

state.
NH,  H,N Cl Cl NH HN
150

Template 81-ClI

Et;N, CH,Cl,
o) 0 25% o) o)
o L_o
77 155

Scheme 65: Synthesis of cubane containing macrocycle 155 and its solved X-ray

structure. Hydrogen atoms (expect Ni Hs) are omitted for clarity.
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Investigation for the inclusion of cubane macrocycle 155 in the synthesis of the
[2]catenanes developed in Chapter 2 (vide supra, Section 2.2.2), were first explored.
Specifically, pursuing the analogue of the highest yielding example (afforded in a yield
of 70%) to maximise the chance of success. Following the methodology detailed in
Chapter 2, cubane macrocycle 155 and alkyne-azide 97 were first dissolved in dry
CH.CI, and stirred for 15 minutes to facilitate formation of the pseudorotaxane
complex. Then, Cu(CHsCN)4sBFs, TBTA and DIPEA were added, and the reaction
stirred for 16 hours under an inert atmosphere to achieve mechanical bond formation.
After aqueous work-up, the crude material was purified by silica gel column
chromatography, followed by preparative TLC to afford the cubane containing
[2]catenane 156 in a modest yield of 23% (Scheme 66).

NH HN NH HN
Cu(CH5CN),BF,
TBTA, DIPEA
+
N3 CH,Cl,
o) o) NH o) 23%
o/ ;VOJ\
0

155 97

Scheme 66: Synthesis of the Evans style cubane containing [2]catenane 156.

Additionally, cubane [2]catenane 156 was found to be readily soluble in CDCls unlike
the original [2]catenane 100, which was analysed in 1:1 CDCIl3:CD3OD. This can be

attributed to a higher degree of saturation in the molecule thanks to the cubane motif.

The cubane [2]catenane 156 was characterised by *H and *C NMR spectroscopy, IR
spectroscopy and high-resolution mass spectrometry. Successful formation of the
interlocked structure is evidenced by detection of the predicted molecular ion peak
(1007.4658 m/z, [M+H"']) via mass spectrometry and by consideration of *H NMR

spectra when compared to the non-interlocked components (Figure 41).

The formation of the cubane [2]catenane 156 is evident when comparing the spectra.
An upfield shift in both sets of aromatic protons 5/6 and i/j is indicative with the
intercalation of aromatic systems within the newly formed interlocked structure. Further
evidence is given by the significant downfield shift in the amide protons U, b and U,
along with a significant upfield shift for the amide proton 2. All of which are evidence

for the formation of intramolecular hydrogen bonding events between the two
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interlocked macrocyclic components. A key notable characteristic is the
desymmetrisation of the cubane protons 1 and 3, which are now experiencing different
chemical environments due to the two faces of the rotationally symmetric cubane
macrocycle becoming inequivalent as a result of mechanical bond formation through

the directionality of the new rotationally asymmetric macrocyclic ring.

(a) i

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

Figure 41: Stacked *H NMR spectra of (a) alkyne-azide 97, (b) cubane [2]catenane
156 and (c) cubane macrocycle 155 (CDCls, 400 MHz, 298 K).

In addition, the desymmerisation event of proton signals 1 and 3 may also be observed
for their respective *C signals too, a phenomenon only possible in the event of
mechanical bond formation. On the other hand, cubane proton 2 does not experience
the desymmerisation in both the H and **C NMR spectra seen for protons 1 and 3 as
it lays within the plane of macrocycle 155 and thus is not affected by the presence of a

rotationally asymmetric macrocycle.

As a final example, it was decided to prepare an Evans style [2]rotaxane, specifically

a cubane analogue of the single amide containing axle [2]rotaxane 76 (vide supra,
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Section 2.1) previously isolated in a yield of 47%.% Once again following the published
methodology, a pseudorotaxane complex was first formed by stirring a solution of
cubane macrocycle 155 and azide 73 in dry CH:Cl for 15 minutes. Then, alkyne 75%
Cu(CHsCN)4BF4, TBTA and DIPEA were added, and the reaction stirred for 16 hours
under an inert atmosphere. The reaction was then submitted to aqueous work-up and
the crude material purified by silica gel column chromatography, followed by
preparative TLC, which afforded the cubane containing [2]rotaxane 157 in a modest
10% vyield (Scheme 67).

FsC AN
H Na o) 0
CF Macrocycle 155 NH HN\
313 Cu(CH5CN),BF, I R o
TBTA, DIPEA F3C > CF
+ s 3 NN S AN 3
SNy
|
CF J
=0 s 10% CFs'0 O CFy
/
Lo 157
CF3
75

Scheme67: Synt hesi s of Evands styl els@ubane

Again, isolation of cubane [2]rotaxane 157 was confirmed by characterisation of its
1H,3C and 'H -'H ROESY NMR spectra, along with detection of its corresponding
molecular ion peak (1137.3414 m/z, [M+H"]) using high-resolution mass spectrometry.

In both the Leigh and Evans examples detailed in this section, the yield of the
analogous cubane interlocked structure was lower compared to the original
isophthalamide example. This may be attributed to a combination of factors including
the amides being less optimally arranged spatially to support the hydrogen bonding
interactions required to create the necessary self-assembled complexes prior to
mechanical bond formation and, additionally, the cubane-1,3-dicarboxamides are
expected to possess a higher pK, value than the isophthalamides, making them

considerably less acidic.

Whilst generated in modest yields, the successful preparation of cubane containing
interlocked molecules has indeed been achieved. It has been demonstrated that
utilising Coot ebds p r a c-l,8-dicarboxylis yacid, Isidfisiénts
guantities of material can be generated to allow for the replacement of isophthalamide
units within hydrogen bond templated interlocked structures with its analogous cubane

isostere.
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3.4 Conclusions

This chapter began with the exploration of utilising the designs and methodologies
developed in Chapter 2 in the synthesis of handcuff [2]rotaxanes. Whilst the initial
synthesis of the bis-macrocycle was problematic, after a simple redesign of the
synthesis, handcuff rotaxanes were able to be generated through a rapid hydrogen
bond templated synthetic approach. It is envisioned, that with the groundwork in place,
these designs will allow for the synthesis of other higher order interlocked structures.

Future work could include preparation of the handcuff [2]catenane analogues.

I n the second half of this chapter, -Iy3ti
dicarboxylic acid, it has been shown that it is possible to use this motif as an isosteric
replacement for isophthalamide units in hydrogen bond templated interlocked
structures. Whilst the isolated yields of the final compounds were lower than the all-
isophthalamide original analogues, sufficient quantities of material isolated allowed us
to investigate the effect of inserting a cubane motif into mechanically interlocked
structures. The cubane structures displayed greater solubility compared the
isophthalamide analogues, particularly for the catenane systems, highlighting one key
benefit (amongst other) for introducing (a) cubane motif(s) into interlocked architecture.
In future work, investigations into incorporating cubanes into more sophisticated

interlocked molecules are anticipated.
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Chapter 4. Tagged [2]Rotaxanes for Raman Spectroscopic

Investigations

4.1 Introduction
With a large collection of templation strategies for the synthesis of mechanically
interlocked molecules established, increasingly research focuses on the exploitation of

mechanically interlocked molecules in useful applications.*®

One area, arguably in its infancy, is the application of mechanically interlocked
molecules for biological (in vivo) and medical usages. The motivation in exploring this
field is apparent considering how the mechanical bond is commonly present in many
natural systems such as protein knots'®®, circular DNA¥ and lasso peptides!®?,
carrying out a wide range of biological processes.'®? Already there are examples of
synthetic interlocked systems design for spec
peptide rotaxane 59 for drug delivery”™ (vide supra, Section 3.2), in addition to
rotaxanes designed as flexible membrane transporters!®316 amphiphiles for disease
diagnostics!®®1%7 and probes for the detection of biological targets.®-16° Although these
systems perform their specific function once they reach their intended target/site, a key
challenge, however, still remains in understanding and monitoring how such systems

are distributed and move within a biological environment.

One promising method to monitor the distribution of molecules within a cell is Raman
microspectroscopy, a relatively new technique able to detect and analyse 6 act i ved
molecules within a biological environment.}’® The technique is based on Raman
spectroscopy, which measures the exchange of energy with electromagnetic radiation
of a specific wavelength between the UV and mid-IR part of the electromagnetic
spectrum. This exchange results in a detectable Raman shift in wavelength that
contains chemical and structural information. The analysis of molecules in a biological
setting by Raman spectroscopy is advantageous over other analytical methods as
water has a very weak Raman scatter so it does not interfere with collection and

analysis of the data.

Although it is possibletouseRa man mi cr ospecftreos® otpy b tadbied s
i nfor mati on, researcher-actwoifvent agsdr pochtasod
nitriles into synthetic molecules to readily distinguish diagnostic Raman signals.'’*
Commonly used functional groups (tags) are summarised in Figure 42. Many of these

tags are included into synthetic molecules as they produce a strong Raman signal upon
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irradiation and/ or appear within the o6cellul

(1800-2800 cm'?) allowing for unambiguous tracking of molecules within a living cell.*"?

Functional Tag Raman Shift (cm™) Relative Intensity
R—————H 2110 Medium
Ar———~H 2100 Medium
Ar————R 2240 Strong
R————R 2230 Strong

Ar—=N 2230 Medium
Ar————=——R 2260 Strong
C—F 690 Strong

C-D 2120 Medium

Figure 42: Raman shift and relative Raman intensity of common functional tags.*"?

Successful examples of hon-interlocked molecules containing Raman-active tags used

for the identification and imaging of biological targets by Raman spectroscopy include

Tanabe and co-workers acetylene-tagged Hoechst molecule 158 for nucleic acid

targets (Figure 43a)!?, Sodeokads al k y59dortheangagirgaf npne o b e
immobilised small molecules in live cells (Figure 43b)!*and Zhangos tagged a

type molecule 160 for cancer cell imaging (Figure 43c)'’®, among other examples.
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Figure 43: Examples of Raman-active small molecules for biological imaging

application using Raman spectroscopy with the appropriate tag highlighted.
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Whilst in vivo imaging of rotaxanes and catenanes by fluorescence spectroscopy is
well-established 176177 the integration of a fluorophore is inescapable. The fluorophore
can often have a dominating effect on the cellular distribution of the interlocked
structure and interfere with its functional properties. In contrast, the inclusion of
functional Raman probes can be of a much smaller size and in many cases afford

sharper, more sensitive Raman spectra.’

Whilst there have been several investigations studying interlocked molecules by
Raman spectroscopy for non-biological applications!’®8! as of now, however, no
research of incorporating Raman-active tags for the purpose of live cell imaging has
been reported.

4.1.1 Chapter Objectives

If rotaxanes or catenanes are to be widely employed for in vivo applications, there first
needs to be a clear understanding of how they enter and are distributed within a cellular
environment. One potential way to achieve this is in the development of interlocked
systems possessi ngactve funotionaleags <o th& aheyamay be

monitored by Raman microspectroscopy inside a living cell.

It is, therefore, proposed that by adapting methodologies previously reported by the
Evans group regarding the rapid assembly of hydrogen bond templated
[2]rotaxanes®*®4, the inclusion of Raman-active tags within the molecule may be

achieved. Some possible locations for the tags are depicted below in Figure 44.

R = Raman-active tag

Figure 44: Prototype design of a Raman-active [2]rotaxane, with possible locations to

append functional tags highlighted.

A variety of easy to incorporate tags will be investigated. This will afford several
potential rotaxane candidates bearing a mixture of tags identified from the literature.

Additionally, when targeting systems which possess a terminal alkyne, care should be
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taken to protect this tag until after any CuAAC click reactions have occurred.
Furthermore, it is important to attach (a) tag(s) onto both components which make up
the rotaxane to make sure the interlocked structure does not disassemble when

exposed to a cellular environment (i.e. breaking of the mechanical bond).

After characterisation of the rotaxane targets by NMR spectroscopy, IR and mass
spectrometry, initial Raman spectra will be acquired to confirm the locations of

diagnostic spectral peaks, ideally within the cellular silent region of 1800-2800 cm™.

Once satisfied with the location of the diagnostic signals, attention should then turn
towards live cellular studies by monitoring the uptake of the tagged rotaxane systems

using Raman microspectroscopy.

4.2 Synthesis of Raman-Active [2]Rotaxanes

4.2.1 First Rotaxane Target: Tert-Butyl Alkyne

To begin, a series of [2]rotaxanes are required possessing a combination of suitably
identified Raman-active tags. As highlighted in the project objectives, there are several
l ocations to append these tags within
included onto both components to validate the structural rigidity of the mechanical
bond. The first target, depicted in Figure 45, will use the established Evans group axle
design, using the CFs; groups as an active tag, along with an alkyne appended
macrocycle. Subsequent targets will append nitrile, terminal alkyne and deuterium

tags.

l\/o \) 165

Figure 45: Initial Raman-active [2]rotaxane target (with functional tags highlighted).

To afford the target macrocycle, the alkyne appended isophthalic acid 162 first needed
to be synthesised. Utilising previous work by members of the Evans group, 3,3-

dimethyl-1-butyne was reacted with dimethyl 5-iodoisophthalate via a Sonogashira
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coupling using catalytic PdCI>(PPhs). in dry THF. The resulting diester 161, afforded in
a yield of 93%, was subsequently hydrolysed with KOH in CHs;OH. This afforded the
alkyne appended isophthalic acid 162 in a 91% yield (Scheme 68).

7= I [

PACI,(PPhs), KOH
e —— R
0 O CuEtN O O CHOH O 0
THF Reflux
0 O 0 O OH OH
93% 161 91% 162

Scheme 68: Synthesis of alkyne appended isophthalic acid 162.#

With 162 in hand, synthesis of the macrocycle was undertaken. Firstly, isophthalic acid
162 was converted to its corresponding diacyl chloride 163 with excess oxalyl chloride
and catalytic DMF. The macrocycle was then synthesised by reacting diacyl chloride
163 with bis-amine 77 in the presence of stoichiometric template 81-Cl and excess
EtsN in dry CH.CI, under semi-high dilution conditions. After agueous work-up and
purification of the crude material by column chromatography, followed by trituration

with EtOAc, macrocycle 164 was isolated in a modest yield of 10% (Scheme 69).

o o 0 0
NH,  H,N & o NH  HN
163
81-Cl
Et,N, CH,Cl,
0 o 0 0
l_o 10% Lo J
77 164

Scheme 69: Synthesis of alkyne appended macrocycle 164.

Although the macrocyclisation yield was low, sufficient quantities of material were
obtained to carry out the rotaxane formation. The synthesis of the rotaxane followed

the previously reported methodology using azide 73 and alkyne 74.%3

The synthesis began by dissolving azide 73 and macrocycle 164 in CH2Cl.. Alkyne 74
was then added, followed by Cu(CHsCN)4BF., TBTA, and DIPEA (Scheme 70). After
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16 hours the reaction mixture was submitted to an aqueous work-up. Purification of the
crude material by column chromatography afforded [2]rotaxane 165 in a 31% yield.
Isolation of the rotaxane was confirmed by *H and *C NMR spectroscopy analysis

along with detection of the corresponding molecular ion peak from HRMS analysis.

NH HN 74 PH ONH HN,
I
. Il PS
Azide 73 F,C N AN Ph
_ N

TN oY

Cu(CH3CN),BF, = “y77 N3N Ph
TBTA, DIPEA y
o o CH,Cl, CFs ™ 0o

319
164 % 165

Scheme 70: Synthesis of alkyne appended [2]rotaxane 165 target one.

4.2.2 Second Rotaxane Target: Nitrile
Following the isolation of rotaxane 165, the second target bearing nitrile functional tags
was prepared. In this instance, the tag will be installed on the axle component and

macrocycle 164 will be used to flourish the final rotaxane.

A literature search of commercial suppliers revealed that the dicyanobenzhydrol

version of the classic diphenyl stopper was readily available. Appending the alkyne unit

vama Williamson ether synthesis proved -to be
dicyanobenzhydrol is more susceptible to oxidation. After investigating a variety of
conditions, the best yield of alkyne 166 was afforded in 37% using propargyl bromide

with 1.2 equivalents of NaH in dry THF cooled to 0 °C (Scheme 71).

CN CN
C Z e C
—_—
HO NaH (1.2 eq) ///\o
THF, 0°C
CN CN
37% 166

Scheme 71: Synthesis of nitrile appended alkyne 166.
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With alkyne 166 in hand, the corresponding rotaxane target was synthesised in a 27%
yield using the previous methodology above (Scheme 72). Rotaxane 167 was

characterised by 'H, *C and HRMS to confirm its isolation.

NH HN 166
Azide 73 F,C
Cu(CH4CN),BF,
TBTA, DIPEA
0 0 CH,Cl,
L_o -
164 °

Scheme 72: Synthesis of nitrile-alkyne appended [2]rotaxane 167 target two.

4.2.3 Third Rotaxane Target: Terminal Alkyne
Following this, the third rotaxane target appended with a terminal alkyne tag was
undertaken. In this instance, the tag would be installed on the macrocyclic component,

with the axle utilising the previous nitrile appended substrate.

Since a CuAAC click reaction is required to form the rotaxane, to install a terminal
alkyne tag, it first needs to be protected, and subsequently deprotected before and
after mechanical bond formation. This can be achieved using silyl protecting group
chemistry.'® The copper catalysed click version of a 1,3-dipolar cycloaddition is unable
to occur with substituted alkynes since the (-bound copper alkyne intermediate species

cannot form.

To afford an alkyne protected macrocycle, the previously reported TIPS-protected
alkyne isophthalic acid 169'%* was prepared via a Sonogashira coupling of TIPS-
acetylene with dimethyl-5-iodoisophthalate. Subsequent hydrolysis using KOH
afforded the corresponding TIPS protected-isophthalic acid 169 in an 83% vyield over
two steps (Scheme 73). The TIPS group was purposely selected because it has a

relatively high stability in basic media compared to other silyl protecting groups.8
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PdCl,(PPhs), KOH
—_— —_—
(0) 0] Cul, Et3N 0] (0] CH5;0H @) (0]
THF Reflux
0 O 0 O OH OH
99% 168 84% 169

Scheme 73: Synthesis of TIPS-protected isophthalic acid 169.'%

Conversion of the isophthalic acid to afford the corresponding acyl chloride 170 was
achieved using SOCI; and catalytic DMF. The reaction of bis-amine 77 with acid
chloride 170 in the presence of template 81-Cl and EtsN in dry CH.Cl, afforded the
TIPS-protected macrocycle 171 in a pleasing 32% yield (Scheme 74).

TIPS TIPS

o 4< Yé\f Yéj\f
i i 81-Cl
Et;N, CH,Cl,

(0] (0)
o

77 171

\i

Scheme 74: Synthesis of TIPS-protected macrocycle 171.

Following the isolation of macrocycle 171, the corresponding TIPS protected-rotaxane
172 was synthesised in a 33% yield. Deprotection of the alkyne group to afford the final
terminal alkyne [2]rotaxane 173 was achieved in a pleasing 82% yield using two
equivalents of TBAF in dry THF (Scheme 75).

To allow for definitive characterisation, the individual rotaxane components were also
prepared separately. Macrocycle 174 was obtained via the deprotection of the TIPS-
protected macrocycle 171 using TBAF (Scheme 76a). Isolation of the macrocycle was
confirmed by X-ray crystallography using crystals grown from a chloroform/methanol
solution with structure determination provided by Dr Nathan Halcovitch. The free axle

175 was also isolated from the CUAAC click reaction of azide 73 and alkyne 166 without
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the presence of TIPS-protected macrocycle 171 and confirmed by *H and *C NMR
spectroscopy (Scheme 76b).

TIPS
CN
O. 0
NH HN O
. 0
A
F,C 2
TOTY O
P Sy -~ N=N
‘J,‘ CN
CF3 (0) O’

Scheme 75: Deprotection of [2]rotaxane 172 to terminal alkyne [2]rotaxane 173.

(a) TIPS

o} o
NH HN NH HN
TBAF
THF
o o 98% o} ¢
o/

171

i Solid State Structure

_____________________________

(b) CN

& .
0 O
e s
F3C CN

FsC AN
166 R N 1;13/”\0 ﬂli:
Cu(CHsCN),BF, CN
TBTA, DIPEA CF,

73

175
76%

Scheme 76: Synthesis of (a) terminal alkyne macrocycle 174 and (b) free axle 175
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4.2.4 Fourth Rotaxane Target: Deuterium Labelled

The fourth and final rotaxane target, bearing a deuterium label (which also occurs
within the cellular silent region of the Raman spectrum) was prepared utilising a
different design to the first three targets using the activated ester crown ether approach

developed by Leigh and co-workers (vide supra, Section 1.2.7).4

To prepare half axle 178, methyl-3-hydroxy-5-(trifluoromethyl)benzoate was reacted
with ds-iodomethane in CHsCN to afford the deuterated methyl ester 176. Subsequent
hydrolysis to carboxylic acid 177 was carried out with KOH in CH3;OH. Finally, the
actived ester 178 was synthesised via an EDC-HCI mediated ester coupling with p-
nitrophenol. After purification by column chromatography the activated half axle was
isolated in a yield of 53% (Scheme 77).

FiC o ds-lodomethane F3C o~
K,COs4
—
CH4CN
OH C/O
95% D3 176
KOH .
CH,0H | 82%
oa i
p-nitrophenol  F3C
\©)l\ EDC HCI OH
CHZCIZ o
53% DsC™ 177

Scheme 77: Synthesis of the deuterium tagged activated half axle 178.

To generate an alkyne bearing crown ether macrocycle, alkyne 87 was coupled with
previously reported amine containing 24-crown-8 macrocycle 179 via an EDC'HCI
mediated amide formation (Scheme 78) This afforded the alkyne appended crown

ether macrocycle 180 in a 58% vyield.

o) o) o)
<\ J EDC-HCI <\
o o DIPEA o o

179 58% 180
Scheme 78: Synthesis of the alkyne appended crown ether macrocycle 180.
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With both components in hand, synthesis of the [2]rotaxane target could commence. A
solution of macrocycle 180 and bis(trifluoromethyl)benzylamine was first set up in dry
toluene. EtsN was then added followed by slow addition of the deuterated activated
ester 178 (Scheme 79). After allowing the reaction to proceed for 4 days, the reaction
mixture was concentrated to dryness and subjected to column chromatography which

afforded [2]rotaxane 181 in a pleasing yield of 78%.

OﬁQ\O/\\\ HzN/\©/ : ?p\o\

I/\N/ﬁ I
© o CF3 O‘\‘
<; ;> Activated ester 178 ! CF4
. ) )
0 o Et,N oJ
\\/0\) Toulene, 4 days O |\IO J CF3
180 78% 181

Scheme 79: Synthesis of deuterium tagged crown ether [2]rotaxanel181.

With all four rotaxane targets now generated, initial Raman studies were undertaken.
The acquired Raman spectra for each rotaxane target along with identification and
discussion of the diagnostic peaks afforded for each functional tag is disclosed in the

next section.
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4.3. Raman Studies

4.3.1 Raman Spectroscopy Studies

With a series of tagged [2]rotaxanes now in hand, initial Raman studies were
undertaken. Raman spectra were collected using a Renishaw InVia Raman
spectrometer (coupled with a 758 nm laser and a X60 water immersion objective) by

Dr Lorna Aston and Dr Joshua Lea at Lancaster University.

Firstly, [2]rotaxane 165 bearing a trifluoromethyl and substituted alkyne tag was
investigated. Identification of the tag signals, expected at approximately 690 cm™ and

2240 cmrespectively was the main objective of this investigation.

The acquired Raman spectrum of [2]rotaxane 165 is shown in Figure 46. Pleasingly, a
clear signal, outside the fingerprint region, at 2221 cm™ which corresponds to the
substituted alkyne tag of the macrocyclic component can be seen. Importantly, the
signal is of strong intensity making it easy to identify. Disappointingly, however, it is
difficult to locate the trifluoromethyl tags of the axle component within the fingerprint
region of the Raman spectrum. It is likely the relativity weak signal from this tag is being
masked by other background signals resulting from other functional groups in the
rotaxane. It is clear just from this initial study this tag will not be appropriate to carry
forward for in cellular studies.

160007 2221 cm’™
14000 1
12000 ]

10000

8000 —

6000

Intensity (a.u.)

4000 A

2000 —

0 4

T T T T T T T T T T T
500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 46: Raman spectrum of [2]rotaxane 165 (neat. deposition, 758 nm).

Following this, [2]rotaxane 167 appended with the same alkyne tag and the additional

nitrile tags was next studied. The predicted diagnostic signals were expected to occur
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at 2240 cm™ and 2230 cmrespectively. The acquired Raman spectrum of [2]rotaxane

167 is shown in Figure 47.

16000 -
] Alkyne tag
14000 2240 cm-!
12000 -
10000 4
3 4
o
> 8000+ Nitrile tag o M
2 : 2231 om | Ry umNy
2 6000 }‘ \ Ny on
- J \'\\ CF3
4000 - | \ \ | k,od
N J
- "ww e
0 -
500 1000 1500 2000 2500 3000

Raman Shift (cm™)

Figure 47: Raman spectrum of [2]rotaxane 167 (neat. deposition, 758 nm).

Again, the signal for the alkyne tag on the macrocyclic component is clearly visible
(2240 cm™), however, observation of the nitrile tags is less apparent (2331 cm™?). A
small shoulder to the left of the alkyne signal relating to the nitrile tag is partly visible,
however, given the intensity of the alkyne peak, this signal is almost completely
masked. Whilst promising that both diagnostic signals occur within the silent region, to
allow for unambiguous tracking of both tags a greater resolution in the peak signals is

required.

With this realisation, [2]rotaxane 173, bearing the terminal alkyne and nitrile tags
should achieve this as the peaks are expected to occur at approximately 2100 cm*and
2230 cm™ respectively. The acquired Raman spectra for [2]rotaxane 173 is presented

in Figure 48.
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Figure 48: Raman spectrum of [2]rotaxane 173 (neat. deposition, 758 nm).

Disappointingly, rather than observing the predicted peaks, a large amount of
fluorescence interference was detected, masking all structural information in the
spectrum. This was surprising given the initial spectra acquired for the previous two
rotaxanes. A large amount of fluorescence interference is possibly the result of
excitation of the rotaxane to a higher energy state when irradiated. However, this

seems unlikely given the relatively weak strength of the laser used.

To confirm this was only occurring in the rotaxane, and not the result of a singular
component, the Raman spectra of macrocycle 174 and free axle 175 were acquired.
This is presented in Figure 49. Interestingly, both components afford fluorescence-free
Raman spectra. In each case, the diagnostic signal for the tag is clearly visible. For
macrocycle 174 (Figure 49a) the terminal alkyne signal is present at 2100 cm™. The
nitrile tags of axle 175 also afford a relatively strong signal at 2230 cm™ (Figure 49b).
These spectra confirm that the peaks should not overlap, however, no explanation for

the observed fluorescence is apparent from studying the two individual components.
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Figure 49: Raman spectrum of (a) terminal alkyne macrocycle 174 and (b) free axle
175 (neat. deposition, 758 nm).

Whilst the fluorescence issue requires further investigation, to conclude the initial
Raman studies, the Raman spectrum of the crown-ether [2]rotaxane 181 was acquired
(Figure 50). Identification of the terminal alkyne (~ 2110 cm™) and deuterium (~ 2120
cm?) tags were the goal in this study. However, like [2]rotaxane 167, there is a

possibility their signals may overlap.

Figure 50: Raman spectrum of [2]rotaxane 181 (neat. deposition, 758 nm).

Upon acquisition of the Raman spectrum, again, however, the same fluorescence

interference is observed. It is postulated that the shared terminal alkyne tag of the
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