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Abstract

This thesis aims to explore the intramolecular and intermolecular interactions between chiral
core-twisted PDIs using a novel bis-PDI macrocyclic scaffold (nicknamed the “Pink Box” due

to its colour in solution), with a view towards applications as organic chiroptical materials.

Chapter 1 provides an overview of chiroptical activity and of perylene diimides (PDIs), with
an emphasis on their supramolecular self-assembly and on chiral bis-PDI macrocycles.

Chapter 2 outlines the development of the Pink Box macrocyclic scaffold, as well as the
characterisation of its intramolecular homochiral PDI-PDI dimer using a range of experimental

techniques.

Chapter 3 established a strategy for making the Pink Box macrocycle chirally locked by varying
the imide group on the PDIs to prevent an “intramolecular somersault”. With stable enantiomers
in hand, the aggregation behaviour of enantiopure vs racemic macrocycle samples is studied by
UV-vis spectroscopy and X-ray crystallography. It is found that the intramolecular PDI-PDI
dimer within the macrocycle is always homochiral and H-type, while intermolecular PDI-PDI
contacts are heterochiral and slip-stacked.

Chapter 4 provides a fundamental understanding of the chiral conformations of “Pink Box”
type macrocycles to unlock further potential as efficacious chiroptical materials. A 3™
generation Pink Box macrocycle is developed in which the homochiral stereoisomers can
populate two different chiral conformations upon changing the solvent, leading to inversion of
the CD spectrum (chiroptical switching). Additionally, a stable heterochiral diastereomer is

isolated and shown to exhibit a “slipped-stack” J-type dimer.

Chapter 5 describes the synthesis and characterisation of a series of Pink Box-type macrocycles
with alternative linkers, to understand the impact of linker length and rigidity on the interaction

between the PDI units in a bis-PDI macrocycle. Guest binding studies are also performed.

Chapter 6 provides a summary of the major conclusions from the research described in this

thesis.



Experimental details and methodologies are provided at the end of each research chapter.
Appendix A provides details of the computational studies carried out by Prof Martijn

Zwijnenburg to complement the research presented in this thesis.
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1. Introduction

1.1 Introduction to chirality
Chirality is the geometric property of an object that cannot be superimposed onto its

mirror image through translations or rotations. Objects that display chirality are termed chiral
objects. One of the most immediately recognisable chiral objects are our right and left hands
(Figure 1.1). Indeed, the word chirality is derived from the Greek yeip (kheir), meaning “hand”.
The term was first coined by Lord Kelvin in 1893, although it is clear from ancient art and
architecture that humans have been intuitively aware of the concept for thousands of years.>

Obijects that do not display chirality, such as a sphere or a cube, are termed achiral.

Figure 1.1: Hands are chiral objects. “Drawing Hands” by M.C. Escher. Reprinted with permission from: M.C.
Escher works © 2024 The M.C. Escher Company - the Netherlands.

Chirality manifests itself throughout the universe at all size scales,? from spiral galaxies*
down to chiral subatomic particles.> ® Of course, for chemists the most relevant chiral objects
are chiral molecules. The left- and right-handed counterparts of a chiral molecule are known as
enantiomers. An equal mixture of left- and right-handed enantiomers is called a racemic
mixture or a racemate. The product of a chemical reaction with racemic starting materials will
generally be racemic unless there is an external source of chirality such as a chiral catalyst.
Chirality is of immense importance in biology because for most chiral biological building

blocks, such as amino acids and sugars, only one enantiomer exists in nature.” This leads to
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supramolecular chirality in biology, where chiral building blocks assemble into a larger
structure that is also chiral, as exemplified by the alpha helix® °® and beta sheet®® regions of
proteins, the DNA double helix,!! and other chiral biopolymers (Figure 1.2).

D-DNA (naturally
occurring)

L-DNA (does not exist
in nature)

; Self-assembly
[¢] o >
O“\x
Chiral sugar
monomer A
Chiral super-
structure (DNA

double helix)

Mirror

Figure 1.2: Self-assembly of a chiral sugar monomer into a supramolecular chiral structure (the DNA double
helix). As all naturally occurring sugar monomers of DNA only exist as one enantiomer, naturally-occurring DNA
always has the same helicity. Figure adapted from Wikimedia Commons under a Creative Commons licence.

The source of this biological ‘homochirality’ is a major mystery for those studying the
origins of life and has been hotly debated for decades.'?'® Interestingly, in recent years
scientists have generated enantiomeric excesses in previously racemic mixtures by irradiation
with spin-polarised electrons!® or circularly polarised (CP) light,2% ! and these have been put
forward as possible (but by no means proven) causes for the original symmetry-breaking event
that led to the evolution of homochirality in biology. Indeed, electromagnetic (EM) radiation,
including visible light, can be chiral, as it can exist in left- and right-handed circularly polarised
forms (see section 1.2). CP light is a major tool for studying chiral molecules as explained in

the next sections.
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1.2 Linearly and circularly polarised light
Light is an electromagnetic wave. The electric field of this wave oscillates

perpendicularly to the direction of propagation of the wave. Light is referred to as unpolarised
if the direction of oscillation of the electric field fluctuates randomly over time. If the direction
of oscillation if the electric field is well defined, the light is referred to as polarised. The two
most important types of polarised light are linearly and circularly polarised light. In linearly
polarised (LP) light, the overall electric field oscillates along a single plane. CP light consists
of two perpendicular plane polarised waves of equal amplitude but with a phase difference of
11/2 (i.e. 90°, one quarter of a wavelength). The resulting electric field vector rotates in a circle
around the axis of propagation of the wave, tracing a helix as it travels through space. As a helix
is a chiral object, CP light is also chiral, with left- and right-handed mirror-image forms (Figure
1.3).2

Left CP-light Right CP-light

Figure 1.3: Schematic representation of two perpendicular plane polarised electromagnetic waves of equal
amplitude but with a phase difference of 11/2 (i.e. 90°, one quarter of a wavelength), yielding CP light which can

exist as two enantiomeric forms.

1.3 Chiroptical activity
The term ‘chiroptical activity’ refers to the ability of chiral materials to selectively

interact with CP light in terms of absorption, emission, or refraction.?® This term is often used
interchangeably with the historic term ‘optical activity’ which can refer to the interaction of
materials with either linearly or circularly polarised light. Chiroptical activity takes the form of
two main properties: circular birefringence (CB), referring to refraction of CP light, and
circular dichroism (CD), referring to absorption and emission of CP light. 2* CB, which is the

cause of the optical rotation of linearly polarised light as it passes through a chiral material, was
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the first type of optical activity to be discovered® and is often simply referred to as ‘optical

rotation’.%8

In most chemical literature the term CD is exclusively employed to refer exclusively to
the difference between left- and right-handed CP light being absorbed, while the selective
emission of CP light is usually referred to as ‘circularly polarised luminescence’ (CPL). The
two enantiomers of a chiral molecule will absorb and emit light of opposite handedness at a
given wavelength. The differential absorption or emission of CP light by a material can

quantified by the dissymmetry factors g, for absorption and gy, for emission:

Ae g, — &g

Yabs = = = Lepten) (1.1)
Al I —Ig
= — = 1.2
Ylum I %(IL'i'IR) ( )

where ¢ is the molar extinction coefficient of the sample and Ae is its circular dichroism which
iIs the difference between the molar extinction coefficients for left-handed and right-handed CP
light &, and eg. By analogy, I is the total emission intensity of the sample and Al is the
difference in intensity of left-handed I;, and right-handed Iz CP light emission. The
dissymmetry factors g.,s and g,m have a maximum value of 2, which represents exclusive
absorption or emission of left-handed CP light, while the minimum value of -2 represents
exclusive absorption or emission of right-handed CP light. It should be noted that g,
quantifies the dissymmetry of the ground state under thermal equilibrium, while g, quantifies

the dissymmetry of the emissive excited state.

For the emission of CP light, a 2021 review?’ also recommends the use of a parameter

termed ‘CPL brightness’ Bcpy.:

|glum|
2

Bep, =¢-@-

(1.3)

where ¢ is the molar extinction coefficient and @ is the luminescence quantum yield. Comparing
materials by Bcp, can be more useful in some contexts as many materials with a high g;,,, may

have low values of € and ¢. 22
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1.4 Physical basis of chiroptical activity
The relationship between quantum mechanics and chiroptical activity was first explored

by Rosenfeld in the 1920s.%° Absorption/emission and CD/CPL bands are characterised by
parameters known as dipole (D) and rotational (R) strengths. For convenience, the following
discussion will be based on emission/CPL and the corresponding dissymmetry factor g, With

the corresponding equations for absorption/CD and g, being completely analogous.

For a chiral molecule in isotropic solution, the CPL (I, —Ig) and total (I, + Iy,

emission intensities can be expressed as a function of emission frequency v as follows # (in

cgs” units):
16v3
L)~ @) = o PV (1.4
8 3
L)+ Ig(v) = %g)D (1.5)

where # is the reduced Planck constant, c is the speed of light, and p(v) is a Gaussian band

shape. For an electronic transition from an excited state j to a ground state i, D is defined as:
2
D = (¥|ulw) (1.6)

l.e. it is the square of the transition electric dipole moment u, where ¥; and ¥; are the

wavefunctions of the excited and ground states.

Rosenfeld showed that R can be expressed as imaginary part of the scalar product between the

real vector u and the magnetic dipole moment m which is an imaginary vector:
2 2
R = Im| (% [u]9)* - (%|m]¥)’] (1.7)

where Im refers to the imaginary component of the scalar product. Equation 1.7 is known as

the Rosenfeld equation. It can also be more simply expressed in most situations as:

R = |u|lm| cos 6 (1.8)

* Centimetres, grams, seconds
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where 6 is the angle between the vectors u and m. From this it can be deduced that chiral

materials must have non-orthogonal u and m vectors.
By substituting equations 1.4 and 1.5 into equation 1.2 we arrive at:

4R
Jlum = F (1-9)

If |u| >> |m|, which is usually the case at the scale of molecules (electric dipole

approximation),® g, can be approximated as:

= | | 7] (1 10)
COS .
Glum Iﬂl
By analogy it can also be shown that:
= —l | 0 (1 11)
=~ COS .
Yabs Iﬂl

The chemical consequences of these relationships are explored in the next section.

1.5 Optimising dissymmetry factors in small molecules
From equations 1.10 and 1.11 it is apparent that maximising |m/|, minimising |u|, and

optimising @ (such that m and u are close to parallel or antiparallel) should all be valid
strategies for maximising g-factors for molecules. However, as discussed in several excellent
reviews, g-factors for small molecules tend to be very small, with the vast majority being <
1072.32% The reasons for this were summarised in a recent review by Fuchter et al.?? The first
main reason is that small molecules are obviously very small (often ~ 1 nm or less in length)
compared to the wavelength and helical pitch of light (several hundred nm), so the chiral
molecules tend not to ‘feel’ the twist of CP light significantly.3” Secondly, for dipole allowed
electronic transitions, which are usually by far the strongest bands in absorption and emission
spectra, a small magnetic dipole moment m is dwarfed by a very large electric dipole moment
. From this it also follows that many molecules with high dissymmetry factors also have low
molar extinction coefficients and quantum yield values. Finally, because of molecular geometry

the alignment of these dipoles is usually not optimised.
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There have been several studies that have shown that increasing the size of a
chromophore can significantly enhance the dissymmetry factors.®® *° One of the most elegant
studies was carried out by Mori, Inoue et al. on helicenes, *° which are interesting systems as
the chromophore itself is embedded in a helical framework (Figure 1.4a).32 Small helicenes in
solution display | gaps| < 1072.3%38 The study compared experimental data with computational
predictions of CD and CPL spectra for [3]helicene up to [10]helicene." It was found that for the

transition that is perpendicular to the C, axis of the helicene the |g,,s| increases linearly with

1/n , Where n is the number of benzene rings in the helicene, up to n = 6 , followed by a
discontinuity between n = 6 and n = 7, and then increases linearly again for n > 6, but with a
larger slope. This is interesting because n = 6 corresponds to one full turn of the helix, so for
n > 6 the benzene rings on either end of the helix start to overlap. The authors also extrapolated
this trend up to a potentially infinite helix, while also considering a computationally-predicted
maximal effective conjugation length of n = 50 to predict a maximum |g.ps| ~ 0.09 for
[50]helicene. In practice, studying longer helicenes is hindered by the synthetic difficulty of
making these molecules, although synthetic strategies for making some very long helicenes are
starting to emerge.®® More recently, in 2024 a computational study by Miguel and co-workers
investigated the calculated |[m| in helicenes and other helical molecules such as ortho-
oligophenylethynylenes (0-OPEs).*! It was found that [m| and hence |gaps| increase linearly
with the inner area of these compounds (Figure 1.4b). As such, helicenes and 0o-OPEs behave
much like classical solenoids, where the magnetic field generated by a coil bearing an electrical
current is proportional to the inner area of the coil. From this “molecular size increases |gps|
trend” we might expect that chiral polymers and supramolecular aggregates with coupled
chromophores should have high dissymmetry factors, and indeed this is often the case, with
some polymers displaying |g.ps| > 1.4 *® Chiroptical activity in supramolecular aggregates

with excitonically coupled chromophores will be explored in later sections (1.6, 1.11 and 1.12).

" The number in this nomenclature corresponds to the number of benzene rings in the helicene.
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Figure 1.4: a) Schematic depiction of the results from the study by Mori, Inoue et al. on helicenes,*® which shows
a linear trend for the absorption dissymmetry factor g as well as the optical rotation e with 1/n where n is the
number of benzene rings in the helicene. A discontinuity in this trend is observed betweenn=6andn=7asn =
6 corresponds to one full turn of the helix, so after n = 6 benzene rings start to overlap, which perturbs the trend.
Adapted with permission from ref. 39. Copyright 2012 American Chemical Society. b) Cartoon depiction of the
results of the study by Miguel et al.** which found that |[m| and hence |g.ps| increase linearly with the inner area
of helicenes and some other helical molecules. Helicenes thus behave much like classical solenoids, where the
magnetic field generated by a coil bearing an electrical current is proportional to the inner area of the coil. Adapted
with permission from ref. 40. Copyright 2023 The Authors. Angewandte Chemie International Edition published
by Wiley-VCH GmbH.

Famously, the highest reported | g,,m| Values in the literature have been obtained with
chiral lanthanide (I11) complexes.** # This has been achieved by exploiting ‘forbidden
transitions’ to maximise |m/| and minimise |u| in order to maximise |gum| as per equation
1.10.22 As seen in equations 1.5 and 1.6, the strength of electronic transitions (which determines
absorption and emission intensities) depends on the magnitude of w, which in turn mostly
depends on whether the transition obeys a set of quantum mechanical ‘selection rules’.*® For an
electronic transition to be ‘allowed’ (i.e. u # 0) the total spin of the initial and final states must
be the same (spin selection rule), but in atoms and centrosymmetric molecules the parity of the
wavefunctions of the initial and final states must change (Laporte selection rule). In contrast
magnetic dipole transitions are allowed (i.e. m # 0) if the total spin and parity of the initial and
final states is conserved in the transition. For example, f — f transitions are electric-dipole
forbidden but magnetic-dipole allowed. In Ln(111) complexes, the 4f orbitals in the Ln* ion

are highly contracted and largely embedded within the inert core of electrons within the atom.*"
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48 As a result, Ln®* ions are ‘hard’ Lewis acids and the 4f orbitals are largely unperturbed by
the ligands coordinating to the ion. This means that the f — f transitions of a chiral Ln(llI)
complex still obey the selection rules for an atom/centrosymmetric molecule despite the Ln(l11)
complex possessing a centre of inversion, so they are electric-dipole forbidden but magnetic-
dipole allowed. From this one would expect that Ln(ll1) complexes should display f — f
transitions with very low absorption/quantum yields (due to low ) but high dissymmetry
factors (due to relatively high m and low u), and this is indeed usually the case. However,
Ln(I11) complexes with high quantum yields can be rationally designed by harnessing the so-
called ‘antenna effect’ whereby an organic ligand that absorbs strongly at a lower wavelength
transfers energy to the Ln®" via non-radiative energy transfer mechanisms, which then
radiatively relaxes via an f — f transition.*® Designed using this strategy, the compound in
Figure 1.5a boasts the highest reported |gjum! in solution (|gjum!| = 1.4 for the 5Do — 7F1
transition) but still has a comparatively low quantum yield & = 0.03.50. 51 However other

Ln(111) complexes that possess both high |g,.m| and high quantum yield have been reported,*
such as the compounds in Figure 1.5b with | g,m| values of 0.15-0.46 and & values of 0.34-
0.41.%

(@]
| R
A \N
R
R, R' = various
CF;3

3

Figure 1.5: a) Structure of the Europium (111) complex reported by Lunkley et al. which exhibits the highest
reported | gjum| for any molecule in solution. 35 b) Structure of the Europium (I11) complexes reported by Yuasa

et al. which exhibit a combination of high | gjum| high quantum yields. 5

As mentioned earlier, a further possible way of enhancing chiroptical dissymmetry
factors is to optimise the alignment of u and m. This strategy has been utilised most notably in
cylinder-shaped chiral Tr-conjugated macrocycles, with the most impressive of these being
reported by Sato, Isobe, et al (Figure 1.6).> In these macrocycles, the T and T molecular
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orbitals extend all the way around the cylindrical molecule, which leads to the sum of local u
values derived from the chrysene subunits cancelling each other in the xy-plane (the plane of
the macrocycle), such that the overall u is oriented in the z-axis (i.e. perpendicular to the plane
of the macrocycle). Additionally, m originates from the change in angular momentum of an
electron during an electronic transition and is proportional to the vector product of the
displacement vector r and the electric dipole moment g i.e m o r - u As r radiates towards the
outside of the molecular cylinder and u lies along the z-axis, the vector r - p results in m being
oriented antiparallel to p. As seen in equations 1.10 and 1.11, having parallel or antiparallel u
and m leads to optimised |g.ns| and |giuml|- Indeed, this macrocycle exhibits the highest
reported | gyum| for a small organic molecule (0.15 at 443 nm) as well as high quantum vyield
(0.80) and very high |gaps| (0.17). It must be stressed that these dissymmetry factors are
exceptional, and the vast majority of |g.ps| and |gum!| Vvalues reported for small organic

molecules in the literature remain < 1072,

Figure 1.6: a) The two enantiomers of the macrocycle reported by Sato, Isobe, et al. 5 b) The anti-parallel
orientation of the u and m transition dipole moments in the P enantiomer. Adapted from ref. 22 with permission

from the Royal Society of Chemistry.
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1.6 Excitonic coupling and chirality

In section 1.4 we explored how chiroptical activity arises from the interplay between
CP light and the electric and magnetic dipole moments g and m in a chiral molecule. However,
in practice it is relatively rare to encounter systems where there is only one electric and one
magnetic transition dipole to consider. While there are chromophores that are inherently chiral,
such as helicenes, in many other chiral molecules the chromophore (i.e. the part of the molecule
that absorbs and emits light) isn’t actually chiral if considered in isolation, and its chiroptical
activity arises from its orientation relative to other sub-units in the molecule.>* Furthermore,
there are many supramolecular systems where the interactions between chromophores lead to
fascinating photophysical and chiroptical effects, and indeed this is the main focus of this thesis.
In order to explore the chiroptical effects arising from the interaction between two achiral
chromophores in a chiral orientation, it is first necessary to understand the models that best

explain the photophysics of these interactions.

1.6.1 Kasha’s exciton model
The exciton model accounts for many, but by no means all, photophysical and

chiroptical effects observed in supramolecular assemblies.?? The term ‘exciton’ refers to a
bound pair of an electron and an electron hole that can move in a particle-like manner in an
assembly of molecules or atoms,® and was first proposed by Frenkel in 1931.°¢ The
development of the modern exciton model started in the 1930s, when Kirkwood and Kuhn were
the first to consider the coupling of transition dipole moments with each other.>” °8 In the 1960s
Davydov and Sheka extended these models to treat excitonic effects in molecular crystals®®
and Schellman derived symmetry rules to explain the shape of CD spectra.®* Around the same
time, Kasha and McRae described effects observed upon the aggregation of chromophores in
terms of the arrangement of transition dipole moments in various geometries.®?® Two limiting
cases in this model that are most relevant to this thesis are a face-to-face (“cofacial”)
arrangement of chromophores, known as an H-aggregate, and a slipped-stack (“head-to-tail”)
arrangement, known as a J-aggregate.®® Upon aggregation, H-aggregates show a new band in
their UV-vis absorption spectrum that is blue-shifted relative to the absorption of the monomer
(hypsochromic shift, hence the term H-aggregate), while J-aggregates show a red-shifted band
relative to the monomer (bathochromic shift; for historical reasons the term J-aggregate comes

from Jelley who discovered the phenomenon in 1936).67: €8
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Figure 1.7: Schematic showing the interaction between the transition dipole moments of two nearby molecules in

ideal H-type (left) and J-type (right) geometries.

In the exciton model, the interaction between transition dipole moments on nearby
molecules is the driving force for excited state delocalisation between the molecules.®® The
simplest form of the exciton model considers the interaction between two equivalent molecules,
each with only one excited state. The two degenerate excited states of these molecules combine
to form two new states corresponding to the in and out of phase combination of the original
excited states (Figure 1.7). The new states are separated by an energy gap that is equal to twice
the interaction energy V between the transition dipoles. This energy difference is known as

“Davydov splitting”.”® The lower energy state is labelled J’ in Figure 1.7 while the higher

29



energy state is labelled ‘H’. Absorption and emission from either state can be symmetry-
allowed or disallowed depending on the relative orientation of the dipoles. In an ideal H-
aggregate (8, = 0 = 90°, a = 0°, Figure 1.7), only transitions involving the H-state are
symmetry-allowed, hence the blue-shift in the absorption spectrum. In contrast, for an ideal J
aggregate (8, = 0 = 0°, a = 0°, Figure 1.7) only transitions involving the J state are
symmetry-allowed, leading to a red-shifted absorption spectrum.®® In H-aggregates, a
suppression of fluorescence intensity is also observed. This is because fluorescence usually
occurs from the lowest excited state (Kasha’s rule).”* H-aggregates can therefore sometimes
promote intersystem crossing and phosphorescence, or non-radiative relaxation pathways.® In
contrast, J-aggregates show no suppression of fluorescence or enhancement of
phosphorescence. The results for H- and J-aggregated dimers can also be qualitatively applied

to larger aggregates.®®: 7274

Perfectly ideal H- and J-aggregates are very rare, and most real-life excitonically
coupled systems lie somewhere in between. Indeed, it is possible to transition from an H- to J-
aggregate by varying the slip-angle 6 (6 = 8, = 6g) while holding a at 0°. In doing so the
system passes through a region known as a “null aggregate” where the interaction between the
dipoles disappears and the absorption spectrum of the dimer looks like that of the monomer (at
0 ~ 54.7356°, the so-called “magic angle”, Figure 1.8).” ’® Additionally, when the molecules
are held face-to-face (6 = 90), they can be rotated by varying the rotation angle «. If the
molecules are perpendicularly oriented in a “Greek cross” or “X-aggregate” conformation, such

that « = 90°, a null aggregate is also observed.’’
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Figure 1.8: Schematic depiction of the relative energy of symmetry-allowed and disallowed electronic transitions
in an excitonically coupled dimer as the slip angle 8 and rotational angle a between the two dipole moments are

varied.

Kasha’s model is generally very successful at describing the basic photophysical
properties of many molecular aggregates. However, it has two main drawbacks. Firstly, it does
not explain the vibronic fine structure in the absorption and emission spectra of a great deal of
aggregating chromophores. For example, in many T1r-conjugated chromophores the absorption
spectrum is dominated by the Sp — S; electronic transition which is strongly coupled to
stretching modes in the chromophore, and as a result the ratio of intensities of the vibronic
peaks in this absorption band is sensitive to aggregation. This is discussed in section 1.9 in the
context of perylene diimides where the ratio of the 0-0 and 0-1 vibronic peaks Ay_y/A¢-1
decreases upon H-aggregation and increases upon J-aggregation, relative to the spectrum of the
monomer. H-aggregation is also typically accompanied by broadening of the absorption bands,
while J aggregation is accompanied by a sharpening of the bands. Secondly, Kasha’s model
only takes into account coupling between transition dipole moments (“Coulomb” or “long-
range” coupling) and does not consider the effects of “short-range coupling” mediated by

orbital overlap and charge-transfer between chromophores. Detailed theoretical treatments of
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vibronic fine structure and short-range coupling in molecular aggregates are beyond the scope

of this introduction but both have been explored in great depth by Spano and co-workers.%® 76
78

1.6.2 Excitonic chirality
Positive (right-handed) chirality Negative (left-handed) chirality

1Y e

Figure 1.9: Schematic depiction of excitonic chirality between the transition dipole moments of two cofacially-

stacked molecules rotated at an angle a.

We will now consider the impact of excitonic coupling on chiroptical activity. When
the transition dipole moments in excitonically coupled dimers are in a twisted geometry (i.e.
a #+ 0), they form a chiral object that can interact with CP light (Figure 1.9). Studying these
chiral exitonic systems allows for the absolute configuration of multi-chromophoric chiral
systems to be assigned from their CD spectra. This was first studied by Harada, Nakanishi,”® 8
and Bayley®! in the 1970s and recently expanded and formalised by Pescitelli,®? and Painelli,
Sissa, Thomas and co-workers.® 8% 8 A characteristic signature of an excitonically-coupled
dimer is a “Cotton effect” (also known as “bisignate coupling”) in the CD spectrum, where the
CD signal varies rapidly with wavelength, crosses zero at the absorption maxima of the band,
and then varies again rapidly but with the opposite sign. The circular dichroism for an electronic
transition can be predicted by the following relationship:

As <1 (up X ug)V (1.12)

where r is the interchromophoric distance vector, u, and ug are the electric transition dipole
moments of the chromophores, and V is the interaction energy between the dipoles. The origin
of the Cotton effect can be understood intuitively if for example we consider the in phase and
out of phase combinations of dipoles in a face-to-face (H-like) right-handed dimer (Figure

1.10).% For the higher energy in-phase exciton combination, the dipole moments also form a
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right-handed helix, so they interact more strongly with right-handed CP light. In contrast for
the lower energy out-of-phase combination, the dipole moments form a left-handed helix, so
they interact more strongly with left-handed CP light. Therefore, the electronic transitions

involving the in and out of phase excitonic states will have opposite signs in the CD spectrum.

a) Positive (right-handed) chirality, H-like dimer  b) ,
3
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Figure 1.10: a) Energy diagram explaining the origin of Davydov splitting in an excitonically-coupled chiral
dimer. b) Overall absorption spectrum consisting of the sum of the absorption spectra of both transitions depicted
in part (a). c) CD spectrum, where the two transitions depicted in part (a) appear as two bands with opposite signs.

The Davydov splitting energy can be determined from the CD spectrum.

These results for both enantiomers in H- and J-type twisted geometries are summarised
in Figure 1.11a. Additionally, the results for H- and J-type chiral dimers can be extended to
larger aggregates, with H-type aggregates forming helical columnar stacks, while J-aggregates
can form “creeper-helical” aggregates (Figure 1.11b).%% 8 Chiral H- and J-type assemblies of

perylene diimides (PDIs) and other aromatic molecules are explored in Sections 1.9 and 1.11.
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Figure 1.11: a) Schematic depiction of the relative chromophore arrangement in chiral H-type and J-type
aggregates, along with the corresponding CD spectral signals predicted by chiral excitonic theory. b) Cartoon
depiction of multi-chromophore H-type columnar helical aggregates and J-type “creeper” helical aggregates.
Adapted from Ref. 69 with permission from the Royal Society of Chemistry.

The model described above only considers coupling between electric transition dipole
moments and assumes that any coupling to the magnetic transition dipoles of the two molecules

is negligible. If this is not the case,®® the circular dichroism can be predicted by:
Ag o<1+ (pp X pg) + Im[(ua £ pp) - (My + mp)] (1.13)

where m, and mg are the magnetic transition dipole moments for the two chromophores.
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1.7 Chiroptical materials in practice

1.7.1 Techniques
CD spectroscopy is very well established as a powerful analytical tool in chemistry and

biochemistry. The spectral shape, sign and magnitude of CD spectra can provide valuable
information about molecular and supramolecular structures, such as the helicity and secondary
and ternary structures of DNA and proteins.®® Furthermore, chiral chromophores can be
engineered to precisely bind to specific biological molecules to allow for their study by CD
spectroscopy.®” CPL spectroscopy is newer as an analytical tool, but recent developments in
CPL spectrometer technology have made it more available.®® CPL can be very useful as it
provides information about the excited states of molecules, rather than the ground state. In
addition, CPL-emitting chromophores can be used very much like fluorescent probes
commonly used for biological imaging, with the added advantage of being able to add
information about chirality to an image. In addition, sensing based on CPL rather than
unpolarised light can eliminate the interference of background non-polarised light, allowing for
better resolution and sensitivity. The group of Robert Pal in Durham has pioneered the concept
of enabling CPL-detection in instruments such as laser scanning confocal microscopes (CPL-
LSCM).% CPL-LSCM imaging has been used to show that the A- and A-enantiomers of a

known europium complex localise in different organelles within a cell.®®

1.7.2 Applications
Chiroptical materials also have potential applications in security and information

processing as their chirality and interaction with CP light allows them to achieve higher
information storage density compared to achiral emitters. For example, the Pal group has also
developed a CPL-sensitive camera that has been used to image multilayered security tags
consisting of various dyes emitting at different wavelengths and CPL signs which could form
the basis for high-security QR codes and bar codes on documents that would be extremely
difficult to forge.®® Systems that provide CPL emission that is responsive to external achiral
stimuli such as pH, heat, or specific non-polarised light wavelengths are of interest for similar

applications. %

Organic light-emitting diodes (OLEDs) are of huge commercial importance and have

achieved widespread use in screen displays for devices such as televisions, computer monitors
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and mobile phones.®? However to obtain high image contrast in these devices it is necessary to
use an antiglare filter which consists of a circular polariser.®® This removes most of the ambient
light reflecting off the screen, but also has the effect of removing 50% of the non-polarised light
emitted by the screen, putting a severe limit of the energy efficiency of such devices (Figure
1.12)%% This problem can in principle be overcome by using OLEDs that emit circularly
polarised light of the correct handedness to pass through the antiglare polariser without being
absorbed. These materials are known as CP-OLEDs and were first reported in 1997 by Meijer

and co-workers.?’

Left CP light removed by
antiglare filter

— Ambient light (unpolarised:

@g mix of right- and left-CP)
Reflection of CP g@
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handedness Circular polariser eliminates

reflected light (glare)
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Achiral OLED MQ,Q] . eliminates 50% of light
screen emits \m emitted by OLED
unpolarised light screen_...unlesg the OLED
emits only right-CP
light....therefore CP-OLEDs
can solve this problem

OLED Anti-glare
Screen filter

(circular

polariser)

Figure 1.12: Cartoon depiction of an antiglare filter consisting of a circular polariser, and the associated efficiency

problem that can be solved by using CP-OLED:s.

Naturally, for a material to be useful for a CP-OLED it must possess both high a high
electroluminescence efficiency/brightness and a high electroluminescence dissymmetry factor
(Igg1], analogous to | gjum|)- This is in general hard to achieve because dissymmetry factors are

challenging to optimise as discussed in the previous sections and also because these systems
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usually produce excited states in a 1:3 singlet:triplet ratio, but for organic materials often only
the singlet excited states are emissive.** The field has been largely dominated by polymer
systems, with the highest | gg;| value being reported in 2017 in a system consisting of an achiral
conjugated polymer and non-emissive chiral dopant.’® Several groups have developed CP-
phosphorescent OLEDs (CP-PHOLEDS) in order to increase the electroluminescence quantum
efficiency by allowing the 75% triplet excited state population to be emissive. This can be
achieved by exploiting the strong spin-orbit coupling of heavy metals. The first CP-PHOLED,
based on a chiral europium (111) complex as a dopant, was reported by Di Bari and co-workers
in 2015° with a | gg; | of up to 1.0 at 595 nm but still quite low quantum yield. Fuchter, Campbell
and co-workers have since developed highly efficient CP-PHOLEDSs consisting of chiral
platinum complexes with helical chirality with | gg; | values of up to 0.38 at 615 nm and emission

brightness large enough to be used in displays. *°

Another class of organic electronic devices that are of great importance for future
technology are organic field effect transistors (OFETS), which use an electric field to control
the flow of current through an organic semiconductor material.}®® Several groups have
developed CP-sensitive OFETSs where the organic semiconductor layer consists of a chiroptical
material. For example, Fuchter, Campbell and co-workers have made OFETSs using enantiopure
helicenes which showed a tenfold increase in drain current upon irradiation with CP light of the
correct handedness, compared to no light or light of the opposite handedness (Figure 1.13).10%
Other research groups have since developed a range of similar devices, including some using
chiral perylene diimide derivatives as the chiroptical material.1>1% CP-responsive OFETs open

up the possibility of CP-light dependent electronic circuits.%*
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Figure 1.13: Diagram of a CP light-sensitive OFET fabricated using a chiral helicene film.2* Adapted from ref

101 with permission from Springer Nature.

Finally, as mentioned in section 1.1, the interaction between CP light and chiral
materials can be used to induce enantiomeric excesses in chemical reactions. Due to the limited
number of substrates that show strong interaction with CP light, these techniques are unlikely
to be adopted as a mainstream method of asymmetric synthesis.?> However, this research is still
of fundamental importance as it may provide new understanding on the origins of the
homochirality of life, and indeed on the origins of life itself.1%®

1.8 Current challenges in chiroptical materials research
As discussed in the above sections, optimising the absorption and emission dissymmetry

factors g.ps and gjum Up to the theoretical maximum value of 2 remains a challenge. While
dissymmetry factors > 1 have been achieved using lanthanides,* 5! the highest dissymmetry
factors for small organic molecules lag behind significantly (< 0.2 for the best performing small

organic molecule, but typically < 1072 ).

Organic materials are of interest as they have a number of advantages over those
containing heavy metals, including a lower cost of raw materials, higher mechanical flexibility,
lower processing temperatures and a greater potential for being made biocompatible.®: 107
Beyond simply optimising dissymmetry factors in organic molecules, a further research
aspiration is to produce organic materials that combine high dissymmetry factors with excellent

electronic and photophysical properties for use in real-world useful devices. Additionally, as
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explored later in this thesis, chiral interactions between organic molecules can be used to control
their supramolecular packing,'% which influences their electronic and photophysical properties
in addition to their chiroptical parameters.'® As discussed in the following sections, one of the
most versatile molecular building blocks for exploring all the above is the organic dye perylene
diimide (PDI).

1.9 Introduction to perylene diimide chemistry
The chemistry of dyes and pigments is one of the oldest and most well-established fields

in synthetic organic chemistry. Driven by industrial demand, numerous dye types were
developed in the 19" and early 20" centuries.**® One such class of dye are the derivatives of
perylene-3,4:9,10-tetracarboxylic acid diimide, commonly known as perylene bisimide or
perylene diimide and abbreviated as PDI in this thesis. PDIs were first discovered in 1913 by
Kardos.!! Due to their strongly coloured nature and high chemical and thermal stability, PDIs
became commonly used as red vat dyes and as coloured finishes for industrial goods.'*?
However, because of their insolubility, much of their chemistry and photochemical properties
remained undiscovered until chemical modifications that improved their solubility became
available later in the 20" century.**® Since then, PDIs have emerged as excellent fluorescent
dyes with long fluorescence lifetimes, high extinction coefficients and an exceptional thermal,
chemical and photophysical stability that is very rarely found in other classes of dye.'* 115 PDlIs
have consequently been used in a myriad of applications, such as in fluorescence labelling*®
and laser dyes,'!" and in more fundamental studies on light-induced electron transfer processes.
The PDI core has been found to possess a very high electron affinity and can therefore form the
basis for excellent n-type semiconducting materials.!'8-12! For the same reason, PDIs can form
stable non-emissive organic radical anions and dianions with strong infrared absorption, with
potential applications in photothermal therapy for cancer and photoacoustic imaging.t?%12
Reviews have been published on the synthesis of PDI derivatives,*'® on their structure-property
relationships,'?” and on their applications in organic electronic devices!?1* and in fluorescence

131

spectroscopy,t®! including single molecule fluorescence spectroscopy. 32134

PDI-based molecular scaffolds have also been shown to exhibit a rich and varied
supramolecular chemistry. Recent reviews have been published exploring the general self-
assembly of PDI-containing molecules,’* PDI hydrogen-bonded architectures,*® PDI self-
assemblies in water,'% and the applications of water-soluble PDIs in biology.*” This section
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will first discuss the physical and chemical properties of PDIs and will then cover chiral PDI
supramolecular assemblies, with an emphasis on chiral 1T- 1T interactions, before moving onto

bis-PDI macrocycles and other PDI dimers.

Bay positions  Ortho or “headland”

/ \ / Po.sition

Imide position

R = Imide group

Figure 1.14: Chemical structure of PDI showing the conventional numbering scheme for the perylene core carbon

atoms, along with its main functional handles at the imide, bay (1,6,7,12) and headland/ortho (2,5,8,11) positions.

Figure 1.14 shows the structure of the PDI core. It possesses two main functional
handles, known as the imide and bay positions.”* Substitution is also possible at the
ortho/headland positions,*® although this is less common. A wide variety of substituents may
be easily inserted at the imide position via an imide condensation reaction between a relevant
amine and PDI’s parent anhydride, PTCDA (Perylene-3,4,9,10-tetracarboxylic dianhydride).
Imide substituents are mainly used to tune the solubility and aggregation characteristics of the
PDI though steric effects,”* and cannot influence the electronics of the PDI mesomerically.
Imide substituents can however influence the optical and redox properties of the PDI core via
the inductive effect’*® or via through-space effects such as photo-induced electron transfer
(PET).139. 140

For many decades, functionalisation at the bay position proved more difficult, requiring
harsh conditions to introduce heteroatoms (with generally poor regioselectivity) which could
subsequently only be substituted by a handful of nucleophiles.'®> However in recent years, the
advent of C-H bond activation and transition metal-catalysed C-C coupling reactions has greatly
expanded the synthetic possibilities available at the bay position.}'> 12 Bay substituents
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strongly influence the electronic properties of the PDI core both mesomerically and inductively,
allowing for tuning of the chromophore for a given application.t?" 141

Another important property of the PDI core is its high fluorescence quantum vyield
(typically close to unity in common solvents).”* This arises from the PDI core being highly
rigid, disfavouring vibrational relaxation pathways. Furthermore, the triplet T; state is very low
in energy relative to the excited singlet Si state,*? making Si— T intersystem crossing an
unlikely and therefore slow process relative to radiative decay, according to the energy gap law
for radiationless transitions. ** The two imide groups in PDI also contribute to the high
fluorescence quantum yield by making the S; state lower in energy than in unfunctionalized
perylene, which in turn makes So— Si: more energetically accessible. Indeed, the UV-vis
absorption band maximum is red-shifted from ~ 440 nm in perylene to ~ 525 nm in a typical
PDI.” The two imide groups also make PDlIs relatively electron poor,** which is thought to
contribute to the high stability of the PDI core by making it stable to oxidative decomposition
pathways that commonly affect other classes of dye with similarly high fluorescence quantum
yields.'* This electron deficiency also results in both the PDI radical anion and dianion being

relatively stable species in non-oxidising environments.14>-148

Through TT-17 interactions, PDI cores can stack with each other to form dimers or larger
assemblies.” This leads to a change in the fluorescence quantum yield and a shift in the UV-
vis absorption band due to exitonic coupling.®*%¢ PDIs most commonly form H-type aggregates,
although they can be driven to form J-type aggregates by using hydrogen-bonding
substituents,° or as explored later in this thesis, by exploiting sterics and chirality.*>

The compound in Figure 1.15a displays typical PDI H-aggregating behaviour.t®* When
monomeric, this compound has sharp absorption bands between 400 and 550 nm corresponding
to the So— Sz electronic transition, with a Amax= 517 nm and well resolved vibronic bands with
an €o-0 / €o-1 ratio of ~ 1.5. The monomeric emission spectrum is also sharp and is a mirror
image of the absorption spectrum, forming a band at 500-650 nm. Upon concentration of the
solution, this PDI undergoes H-type aggregation, with the absorption spectrum becoming
broader and less structured, with a hypsochromic shift of ~ 27 nm for Amaxand a decreased ¢o-
o / €o-1 ratio of ~ 0.5. The emission in the aggregated state is characteristic of excimer emission,

with a broad, red-shifted band appearing at 600-850 nm.
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Meanwhile, the compound in Figure 1.15b displays J-aggregating behaviour, with a
considerable redshift and sharpening of both the absorption (from Amax = 570 nm t0 Amax = 642

nm) and emission (from Amax = 602 NM t0 Amax = 654 nm) bands upon aggregation.'4°
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Figure 1.15: a) Structure of a PDI that displays typical H-type aggregation behaviour, alongside the UV-vis-NIR
absorption spectra of this PDI in its monomeric state (black solid trace) and in the H-aggregate (blue trace), as well
as the emission spectra of this PDI in its monomeric state (black dashed trace) and in the H-aggregate (blue dashed
trace).b) Structure of a PDI that displays typical J-type aggregation behaviour, alongside the UV-vis-NIR
absorption of this PDI in its monomeric state (black solid trace) and in the J-aggregate (red solid trace), as well as
the emission spectra of this PDI in the monomeric state (black dashed trace) and in the J-aggregate (red dashed
trace). Adapted with permission from ref. 151. Copyright 2006 The Authors. Chemistry A European Journal
published by Wiley-VCH GmbH.
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1.10 Chirality in PDIs

1.10.11Inherently chiral twisted PDI cores
Steric repulsion between opposing substituents in the congested bay region will lead to

a twisting of the chromophore. This leads to a red-shift and broadening of the So— S1 band in
the PDI absorption spectrum. For example, a typical core-unsubstituted PDI has an absorption
maximum of ~ 535 nm, while in bay-tetraphenyl PDI this band is broader, with less well defined
vibronic structure and an absorption maximum at ~ 608 nm.*>2 Most interestingly, twisting of

the PDI core results in a chiral Tr-system that can absorb and emit CP light (Figure 1.16).1%3

For most bis-functionalised (1,6 or 1,7) PDI cores the energy barrier for interconversion
between the two atropisomers is low and interconversion proceeds at room temperature via a
planar transition state. However, more stable atropisomers can be obtained through tetra-
functionalisation with large substituents such as bromine atoms,*>® allowing for the separation
of the atropo-enantiomers though chiral column chromatography. Chiral PDI cores are of great
interest for applications in chiroptical materials,*>* including circularly polarised light emitting

diodes (CP-LEDs),'*> % and in supramolecular chiral recognition.3 1%

The system for classifying the inherent chirality of PDIs has not yet been standardised
in the literature, leading to different conventions being used.'® PDI chirality can be considered
according to the rules of the axial chirality of the two naphthalene units of the PDI, with
substituents at the 1,6,7,12 positions (labelled X and Y in Figure 1.16) being assigned priorities
according to the Cahn-Ingold-Prelog rules. Amongst others, the Nuckolls'®® and Barendt
groups'® 1%° have used this system..'®® Enantiomers of axially chiral compounds are usually

given the labels R and S, although for PDIs the labels P and M are often used instead.

Alternatively, the chirality of PDIs can be considered in terms of the helical orientation
of the “front” and “back” naphthalene units with the enantiomers being labelled P and M.
Helical chirality labels have the advantage of being independent of substituent priority.
Furthermore, for twisted bay-tetrasubstituted PDIs where all four bay substituents are identical,

only helical chirality labels can be used.

In this literature review chapter, PDI cores will be labelled according to the rules of
helical chirality. However, in the research chapters of this thesis, axial chirality labels are used

to keep consistency with the recent publications based on the work in this thesis, > 161
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Figure 1.16: Summary of axial and helical chirality systems used to label chiral twisted PDI cores.

In 2007 some of the first reports of stable, separable PDI enantiomers were published

by Osswald, Wiirthner and co-workers, via two very different approaches. 1°3 16
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Figure 1.17: The first examples of stable PDI atropo-enantiomers reported by Osswald, Wirthner and co-workers,

achieved by either macrocyclic strapping (a) ¢ or bulky bay groups such as Br atoms (b). >3

The first strategy reported involved the use of macrocyclic “straps” connecting the 1,7

and 6,12 positions to induce a twist of the PDI core (Figure 1.17a).2%¢ This built on the results
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of earlier work with similar systems that showed that shortening the length of the macrocyclic
straps increased the degree of strain and twisting of the PDI core.!%? The authors realised that if
the macrocyclic straps were short enough, the energy barrier for enantiomer interconversion
would be too high for racemisation to occur. Thus, the chiral PDI core is configurationally
stable. The use of a chiral imide group R* at the imide positions means that the system as a
whole exists as two epimers ((P,R,R) and (M,R,R)) that can be separated by HPLC and
differentiated by *H NMR spectroscopy. The absolute stereochemistry of these isomers was

assigned using CD spectroscopy and quantum chemical CD calculations.

The second strategy reported involved the use of bulky Br substituents to prevent
interconversion between the two twisted PDI atropisomers (Figure 1.17b).1% In this study the
authors also explored the effects of bay substituent size on the dihedral twist angle 6 of the
PDIs and on their racemisation free energy barriers AG*. They found that both 6 and AG*
increase as the sum of the van der Waals radii of the bay substituents increases. For example,
bay-tetrafluoro PDI has 8 ~ 20° and AG* = 40 kJ mol™* while bay-tetrabromo PDI has 8 ~ 40°
and AG* = 118 kJ mol™. Here it is worth noting a study by LaPlante and co-workers on
atropisomer stability where it is estimated that compounds with racemisation barriers AG* >
125 kJ mol can be considered configurationally stable.®® Indeed, while the bay-tetra-bromo
PDI enantiomers are stable enough to be studied in depth by CD spectroscopy and other
techniques, they do racemise slowly. At an elevated temperature of 363 K, complete
racemisation was observed after 1.5 days in solution. Interestingly, the widely used bay-

tetraphenoxy-PDI is not chirally stable due to the flexibility of this group (AG* = 90 kJ mol
1
).
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Figure 1.18: Bay-arylated PDlIs reported by the groups of Zhu, 1% Hoffmann, %2 and Wirthner. 16

Since the studies by Osswald et al. , a number of stable bay-tetrasubstituted PDIs have

been reported. Amongst these, bay-arylated PDIs have shown particularly promising properties
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for use in organic electronic devices and chiroptical materials (Figure 1.18). The groups of Zhu
and Hoffman were the first to capitalise on transition metal-catalysed C-C coupling reactions
to synthesise tetraarylated PDIs, with the Zhu group reporting the first synthesis of a bay-
tetraphenyl PDI in 2006,% although its enantiomers were not isolated and studied by CD
spectroscopy until the Hoffmann group did so in 2014.%%2 In 2021, Renner et al. published a
study of various tetraarylated PDIs, focusing on their conformation, atropoisomeric stability,
solid state packing, and chiroptical properties.'® The authors found the enantiomers of the
tetraarylated-PDlIs to be configurationally stable, with bay-tetraphenyl PDI having a PDI twist
angle & = 34°andaAG”* = 119 kJ mol?, which is virtually the same as that of bay-tetrabromo-
PDI. Furthermore, they had relatively good chiroptical properties for small organic molecule
standards, with very red-shifted CPL spectra, with bay-tetra-2-naphthyl PDI emitting at 655 nm
with a | gjum| of ~ 1 x 1073,

46



1.10.2PDI cores fused with helical motifs
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Figure 1.19: PDI cores fused with helical motifs reported by a) Zhang, Hak Oh, Lin and co-workers® and b) Liu,
Jiang, Wang and co-workers.*%® Adapted with from ref 104 with permission from Springer Nature and 166 with
permission from the American Chemical Society.

Another exciting strategy for generating chirality in PDIs is to fuse the PDI core with
further aromatic rings in order to integrate it within a larger helical architecture. The aim of
these systems is generally to combine the excellent photophysical and electronic properties of
PDIs with the very attractive chiroptical properties of systems like helicenes. Perhaps the
simplest of these designs was reported by Zhang, Hak Oh, Lin and co-workers in 2021, which
involved fusing 4 heterocyclic rings to both the bay and ortho positions of the PDI core in order
to generate a so-called “ortho-n-extended PDI double-[7]heterohelicene”(Figure 1.19a).1%
The resulting system maintains many of PDI’s desirable electronic properties and the Tr-
extension of the PDI skeleton brings about near-infrared (NIR) light absorption up to 780 nm
as well as improved charge-transport ability. Excitingly, the PDI core inherits the high
chiroptical activity of the embedded helicene motifs, with a |g,ps| value of 1.4 x 102 at 628
nm. For context, this is over an order of magnitude higher than the |g.,s| of regular twisted
PDIs such as the previously-discussed bay-tetraphenyl PDI which has a | g,ps| value of ~ 1.3 x
103,

In a similar vein, Liu, Jiang, Wang and co-workers reported a “perylene diimide-
embedded double [8]helicene” architecture in 2020 which was synthesised by fusing a
[6]helicene motif with PDI (Figure 1.19b).1% Because of the structural features of PDI and
[6]helicene, this system exists as six different isomers (two pairs of enantiomers and two meso
isomers). These were separated and isolated by HPLC and their chiroptical properties were

studied alongside their packing in racemic and enantiopure crystals. These systems also had
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excellent |g.ns| Values of up to 1.4 x 102, as well as fluorescence quantum yields of up to

30 %, which is high for the standards of extended helicenes.

(M)-PDH
CsHiy

A= 1

(M)-P3H

Figure 1.20: PDI-helicene nanoribbons reported by Nuckolls and co-workers. 3% 167.168 Adapted from ref. 168 with

permission. Copyright 2020 American Chemical Society.

Starting in 2016, the Nuckolls group has produced some of the largest PDI-helicene
systems, by fusing multiple PDI cores with each other via naphthalene units, resulting in
“nanoribbons” containing up to 5 PDI cores.?® 67188 |n general, increasing the length and
number of PDI cores in the nanoribbons increases the | g.ps| Values almost linearly in the 400—
420 nm region, increasing from ~ 2 x 1073 for the two-PDI core analogue PDH to 1.7 x 1072 for
the five-PDI core P5H analogue. The differences in chiroptical properties for the two-PDI and
three-PDI analogues are explored in detail in a follow-up computational study.'®® It suggests
that the amplification of chiroptical properties in the 400 nm region in the three-PDI nanoribbon
P3H results from excitonic coupling between the two [6]helicene units in the P3H nanoribbon,
which is not possible in the two-PDI PDH nanoribbon that only contains one [6]helicene. These
compounds exhibit some of the largest Ae values ever recorded, with the five-PDI analogue

P5H exhibiting Ae = 1920 M~ cm at 420 nm, although it does not translate into a truly massive
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|gans| because of the high extinction coefficient € at these wavelengths. The CPL of these

compounds has not yet been studied.

1.11 Intermolecular chiral PDI assemblies

1.11.1 Chirality in aggregates of planar PDIs
In the absence of factors such as hydrogen-bonding motifs or sterically bulky

substituents, PDIs most commonly assemble to form face-to-face H-type stacks in order to
maximise TT—Tr interactions.”® For PDIs bearing no substituents at the imide or bay positions,
computational studies suggest that a rotational displacement of 30° and a distance of 3.4 A is

the energy minimum for Tr—stacked PDlIs in the ground state.!”

Figure 1.21: Ideal PDI dimer geometry in the absence of other substituents (PDI-PDI distance = 3.4 A, rotational

displacement = 30°) according to computational studies.'”

P-helical stacked dimer M-helical stacked dimer

Figure 1.22: P- and M- helically chiral PDI dimers.

When considering the PDI assemblies, a further source of chirality is the relative
orientation between PDI cores. This type of chirality can be present even when the PDI cores
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are planar and unfunctionalised at the bay positions and is described in terms of helical chirality
(Figure 1.22).

Naturally, in the absence of chiral substituents, both the M- and P- helical conformations
are energetically identical, so PDI stacks will be rotationally disordered or at best will exist as
racemic mixtures of M- and P- helical stacks. 1"* The introduction of chiral substituents at the
imide position is now a very well established strategy for influencing the helicity of planar PDI
stacks, and has been covered extensively in reviews.’* 17?2 The helicity of these stacks can be
detected and assigned using CD spectroscopy. Some of the most interesting of these stacks
include those made from planar PDIs bearing natural chiral groups at the imide positions,
including amino acids,'”® peptides,*’* and sugars.}”>’” Some of these helical stacks are water-
soluble, and have been used for specific molecular recognition of chiral proteins.’® However,
in this section we will focus on PDI chiral assemblies governed by the inherent chirality of

chiral =17 interactions between twisted PDI cores.
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1.11.2 Aggregation of twisted PDI cores governed by chiral Tr—t stacking
Aggregation constants quantify the strength of the binding of PDIs into an aggregate,

and can often be determined by UV-vis titration experiments where the change in the spectrum
corresponding to the formation of the aggregate is monitored as the concentration of PDI is
increased. These experiments are discussed in detail in Chapter 3.
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Figure 1.23: a) PDI derivatives used in a study by the Wirthner group on the effects of core twisting on self-
assembly of PDlIs in solution and in liquid crystals. **° b) correlation between the Gibbs free energy of T—m
stacking and the PDI core twist angle 6. ¢) Correlation of the spectroscopic energy difference Av (in wavenumbers)
between the monomeric emission maximum and the maximum of the aggregate emission band with the core twist
angle 6. Adapted with permission from ref. 150. Copyright 2006 The Authors. Chemistry A European Journal
published by Wiley-VCH GmbH.

Due to the steric effects of bay substituents and their inherent twisted geometry, twisted
PDI cores typically have aggregation constants at least two orders of magnitude lower than
those of bay-unsubstituted planar PDIs.”* An early study on the effects of core twisting on self-
assembly of PDIs in solution and in liquid crystals was carried out by the Wirthner group in
2006 (Figure 1.23).2° It was found that there is a good correlation between the Gibbs free
energy of Tr—1t stacking and the PDI core twist angle 8, with the interaction strength decreasing
as @ increases (Figure 1.23b). For the aggregate excited state, the strength of the Tr—T

interaction can also be quantified by the spectroscopic energy difference Av (in wavenumbers)
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between the monomeric emission maximum and the maximum of the aggregate emission band.
For all these systems, the aggregate emission was red-shifted relative to the monomer band.
However, this red-shift Av decreases as 6 increases, and for bay-tetrachloro-PDI A (Figure
1.23) it is almost negligible, implying that it does not aggregate. Additionally, the authors were
able to use UV-vis data (in solution) and crystallographic data (in the liquid crystalline phase)
to make conclusions about the geometry of these aggregates. They found that the more sterically
encumbered and more twisted bay-tetrasubstituted PDIs aggregate to form J-type slipped stacks
(Figure 1.24a), while the less twisted and less sterically encumbered bay-disubstituted PDIs
display cofacial, rotationally-displaced H-type aggregation (Figure 1.24b).

Heterochiral slipped-stack

Figure 1.24: a) Slip-stacked J-type aggregate geometry adopted by the more sterically encumbered and more
twisted bay-tetrasubstituted PDIs. b) Cofacial, H-type aggregate geometry adopted by the less sterically
encumbered and less twisted bay-disubstituted PDIs. Whilst the initial paper by Wirthner and co-workers'>® makes
no mention of chirality, it is clear from the cartoon depictions of these stacks provided by the authors that J-type
aggregation should preferentially occur between PDIs of opposite chirality (heterochiral aggregation), while
cofacial H-type aggregation should occur between PDIs of the same chirality (homochiral aggregation). Adapted
with permission from ref. 150. Copyright 2006 The Authors. Chemistry A European Journal published by Wiley-
VCH GmbH.

Whilst at this point the authors make no mention of chirality, it is clear from the cartoon
depictions of these stacks provided by the authors that J-type aggregation should preferentially
occur between PDIs of opposite chirality (heterochiral aggregation), while cofacial H-type
aggregation should occur between PDIs of the same chirality (homochiral aggregation). Later
work, including the work described in this thesis, % 1>° has shown that this is indeed the case.
The authors also showed that in some solvents, bay-substituted PDIs preferentially form dimers
before forming larger aggregates. For the case of 1,7-disubstituted PDIs they suggested that this

is because, upon twisting, both bay substituents on the 1,7-PDI core point out on the same face
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of the PDI, resulting in the PDI having one face that is less sterically hindered than the other

face and therefore more available for stacking with another PDI (Figure 1.25).

Sterically-hindered face

a /  \ b) *
I | P
Face available for aggregation Homochiral dimer

Figure 1.25: a) Depiction of the two faces of a 1,7-disubstituted twisted PDI. One face is less sterically
encumbered than the other, making it more available for aggregation with other PDIs. This means that these PDIs
tend to initially form dimers before forming larger aggregates, as shown in (b). Adapted with permission from ref.
150. Copyright 2006 The Authors. Chemistry A European Journal published by Wiley-VCH GmbH.
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Figure 1.26: Chirally-locked 1,7-strapped PDIs reported by Safont-Sempere et al. 198! |n these systems, one of
the PDI faces is completely blocked by the macrocyclic strap, such that T—r stacking can only occur on one PDI

face, leading to the exclusive formation of dimers.

This concept of 1,7-PDlIs having two distinct faces with different stacking properties is
most dramatically exemplified in a series of studies by the Wirthner group led by Safont-
Sempere where the self-assembly of chirally-locked 1,7-strapped PDIs was studied (Figure

1.26).17°181 |n these systems, one of the PDI faces is completely blocked by the macrocyclic
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strap, such that Tm—1r stacking can only occur on one PDI face, leading to the exclusive
formation of dimers. Through single crystal X-ray crystallography and UV-vis aggregation
titrations on enantiopure and racemic samples, the authors were able to show that these PDI
assemble preferentially into cofacial H-type homochiral dimers. This can be rationalised by the
better overlap of Tr-surfaces due to a complementary geometry in a homochiral dimer compared
to a heterochiral dimer. Analysis of the concentration-dependent CD spectra showed that upon
aggregation a Cotton effect appears in the spectrum corresponding to the formation of an M-
helical dimer for a dimer of P-helical PDI cores, and vice-versa. Furthermore, it was shown that
the length of the macrocyclic straps (n=1-3, Figure 1.26), which affects the rigidity of the
twisted chiral conformation of the PDIs, also affects the fidelity of the homo-chiral self-
sorting.'® Studies of some of these systems in the liquid crystal phase showed that they still
preferentially assemble into homochiral dimers within columnar stacks, but contacts between
dimers are preferentially heterochiral, although the interactions between dimers are not driven

by Tr—TT stacking. 18

1.11.3 J-type aggregation of chiral twisted PDIs driven by hydrogen bonding
In addition to PDI core-twist angle and sterics, a further powerful way to control the

stacking of PDI cores is through the introduction of hydrogen-bonding (H-bonding) motifs.
Introduction of H-bonding groups at the imide positions has turned out to be a very reliable way
of making J-type aggregates.'*® 182 An interesting conclusion can be drawn from considering
homochiral and heterochiral slipped-stack packing geometries: homochiral slipped-stacks will
necessarily adopt a supramolecular arrangement with a helical pitch, while heterochiral ones

will not and can instead form a more dense brickwork type arrangement (Figure 1.27).
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a)

Homochiral helical supramolecular slipped-stacked packing

b) Heterochiral brickwork supramolecular slipped-stacked packing

B
e

Figure 1.27: a) Cartoon depiction of a homochiral helical slipped-stack packing. b) Cartoon depiction of a

heterochiral brickwork-like packing. Adapted with permission from ref. 182. Copyright 2020 American Chemical
Society

Heterochiral brickwork packing is particularly common in the solid state, where the
optimisation of molecular interactions in all directions is usually achieved by the densest 3D
packing arrangement. For example, 1,2,5,6,7,8,11,12-octachloro-PDI with NH H-bonding
imide groups adopts a brickwork-type packing in the crystal state driven by complementary H-
bonding and tr—T stacking where the 1T-contact between adjacent PDI cores is heterochiral
(Figure 1.28).18 The continuous Tr-overlap present throughout the assembly creates electron

transport paths that make this material an excellent organic semiconductor.
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Figure 1.28: Crystal structure of 1,2,5,6,7,8,11,12-octachloro-PDI with free NH imide groups, which adopts a
brickwork-type packing in the crystal state driven by complementary H-bonding between imide NH groups and
T—TT stacking between the PDI cores, where the Tr-contact between adjacent PDIs is heterochiral.*® Adapted with
permission from ref. 183. Copyright 2023 The Authors. Angewandte Chemie International Edition published by
Wiley-VCH GmbH.

In solution however, homochirally stacked J-aggregates appear to be more common.
The Waurthner group has been the most prolific at studying PDI J-aggregates in solution. A
particularly interesting design for a supramolecularly-engineered PDI J aggregate in solution is
shown in Figure 1.29, where the PDI imide N-H groups are available for hydrogen bonding,
while the extremely bulky bay substituents “shield” the PDIs from aggregation beyond a single
J-aggregated strand, leading to the formation of a “rope-like” supramolecular polymer as
confirmed by NMR spectroscopy and atomic force microscopy (AFM).*® Concentration-
dependent UV-vis spectroscopy shows an impressive red-shift in the absorption maximum from

570 nm for the monomer to 640 nm in the aggregate.

Interestingly, the self-assembly of the PDIs proceeds via a cooperative nucleation—
elongation mechanism as opposed to an isodesmic model (Figure 1.29b). With systems bearing

chiral R groups at the bay positions, the effects of chirality on self-assembly were impossible
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to determine. However, the introduction of chiral R groups led to amplification of the observed
CD signal upon self-assembly into the J-aggregate, suggesting strong homochirality in these
aggregates.'® This was observed even in mixtures of PDI compounds bearing achiral and

homochiral R groups demonstrating so-called “sergeants and soldiers” behaviour.
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Figure 1.29: a) Structure of a PDI motif reported by the Wiirthner group which forms homochiral J-type “coiled
rope” aggregates in solution. 4% 18 b) Cartoon depiction of the non-isodesmic ‘“cooperative nucleation—
elongation” mechanism for the formation of these aggregates in solution. Adapted with permission from ref 184.

Copyright 2009 American Chemical Society

Whilst the systems shown in Figure 1.29 exhibit dynamically chiral PDI cores, these
can be modified to make the PDI cores chirally-locked by the introduction of a 2,2’-biphenoxy
bridge at the 1,12-positions as shown in Figure 1.30, allowing resolution of the enantiomers by
chiral HPLC. Enantiopure self-assemblies of this compound also lead to coiled rope chiral
supramolecular polymers like that seen in Figure 1.29, but racemic mixtures instead form

nanoparticles.'&
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Figure 1.30: a) Structure of Chirally-locked PDI system reported by the Wiirthner group ¥ which b) forms
homochiral fibres when enantiopure but racemic mixtures form nanoparticles instead, as seen by AFM imaging.
Adapted with permission from ref. 185 Copyright 2012 The Authors. Chemistry A European Journal published by
Wiley-VCH GmbH.

The design principles outlined above (twisted PDI core, bulky bay substituents, and
hydrogen bonding via free imide positions) have also been used to rationally design J-
aggregates that form liquid crystals, gels,'®® and even supramolecular assemblies in water.18’
Furthermore, variation of the bay substituents to amino groups led to J aggregates with strong

absorption deep into the NIR, with absorption maxima at up to 822 nm (Figure 1.31).18
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Figure 1.31: a) Structure and b) Concentration-dependent UV-vis-NIR absorption spectra of a PDI reported by
the Wiirthner group which forms J-aggregates with absorption deep into the NIR. 18 Adapted from ref. 188 with
permission from the Royal Society of Chemistry.
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Figure 1.32: a) Structure of the enantiomers of a chirally-locked quaterrylene diimide. b) Enantiopure J-aggregate

of a quaterrylene diimide reported by the Wirthner group. '®° Adapted with permission from ref. 189 Copyright
2022 American Chemical Society.

Building on the above work, exciting advances in the rational design of chiral J-
aggregates continue to be made. In 2023, Mahlmeister, Wirthner and coworkers reported an

enantiopure J-aggregate of quaterrylene diimides. & Quaterrylene diimides are structurally
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similar to PDIs but with an extended 1r-system that allows them to absorb and emit light in the
NIR region (Figure 1.32a).144 1%. 191 Chjrally locked versions of quaterrylene diimides were
recently achieved by tetrasubstitution at the central perylene bay position with aryl groups
(much like for tetraarylated PDIs, Figure 1.32a).1%° Self-assembly of chirally locked
quaterrylene diimides with methyl groups at the imide positions leads to helical J-aggregates
(Figure 1.32b) with deeply red-shifted absorption (897 nm) and emission (912 nm) maxima far
into the NIR and |g.,s| values of up to 1.1 x 107 at 935 nm which is the highest reported

dissymmetry factor in the NIR for an organic molecule.

1.12 Bis-PDI macrocycles

So far, we have explored chiral supramolecular assemblies of PDIs held together by
non-covalent forces such as T—r stacking and H-bonding and directed by the chirality of the
twisted PDI core. However, a further and very effective way to study PDI-PDI interactions is
to strap two (or more) PDIs together using covalent bonds to form a macrocycle. A macrocycle
containing two PDI cores is known as a bis-PDI macrocycle or bis-PDI cyclophane.

There are many motivations for studying bis-PDI macrocycles. Firstly, the preorganised
macrocyclic architecture can hold the PDlIs in close proximity, forming an intramolecular PDI
dimer that can be studied at much lower concentrations than intermolecular PDI dimers. The
dimer interaction in a macrocycle is therefore significantly stronger and more robust.
Furthermore, the relative distance and orientation between the PDI cores, as well as their
number (two), can be controlled by the macrocyclic architecture with much greater precision
than in intermolecular assemblies, allowing for various geometries of TT—r interactions to be
studied in order to tune photophysical and electronic properties. Macrocyclic straps can also be
used to conjugate the Tr-systems of the PDI cores via through-bond conjugation.t®®
Additionally, macrocycles contain a cavity which if, large enough, can be used for the
encapsulation of guest molecules,’®> 1% which has application in a diverse range of fields
including sensing,'®* catalysis,*® and organic electronic materials.*® " Finally, from a
chirality perspective, macrocycles containing chiral organic dyes have recently been driving the
development of new chiroptical materials,®® 1% including those that exhibit CPL.3% 53 200 |

this section, we will cover a selection of the bis-PDI macrocycles most relevant to this thesis.
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1.12.1 Imide-linked Bis-PDI macrocycles with planar PDI cores
In bis-PDI macrocycles, the PDI cores are most commonly linked together via the imide

or bay positions. The earliest PDI macrocycles to be developed were cyclised via the imide
positions due to the relative synthetic ease of functionalisation at these positions. The first PDI
macrocycle to be developed was reported in 1998 by Langhals.?* This cyclophane was
prepared through the condensation reaction of PTCDA with 1,12-diaminododecane under high
dilution conditions to avoid polymerisation. UV-vis spectroscopy revealed a blue-shifted
absorption band relative to the PDI monomers, characteristic of H-type face-to-face stacking of
the PDIs. Interestingly, the fluorescence spectrum reveals a strongly red-shifted emission band
with a quantum yield of 40 %, which is relatively high for aggregated PDIs. Langhals attributes
this to a slippage of the PDIs to form a J-type stack in the excited state, facilitated by the
flexibility of the dodecyl chain. However, later work by Wurthner suggests that, due to the
broadness and lack of vibrational structure of the emission spectrum, this may instead be
attributed to the formation of an emissive excimer state.’* 2°2 293 Calculations also suggest that
this cyclophane is chiral in its lowest-energy conformations due to the torsional angle between
the N-N longitudinal axes of the two stacked PDIs. This was demonstrated through CD
spectroscopy, which showed a signal in the PDI region when the cyclophane was dissolved in
the chiral solvent 1-phenylethylamine which biases the population towards one of the helical

enantiomeric conformations.
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Figure 1.33: The first reported Bis-PDI macrocycle, reported by Langhals in 1998.2%

Wasielewski and co-workers reported the macrocycle in Figure 1.34,2%4 which was
designed as a way to probe the proposed PDI dimer excimer state. The PDI units are forcibly
held close together in an H-type stack by highly rigid linkers that prevent slippage of the PDIs
to a J-type conformation, as could be envisaged for the more flexible cyclophane reported by
Langhals (Figure 1.33). This was confirmed by UV-vis absorption spectroscopy. However, the
emission spectrum was weak but strongly red-shifted to 790 nm, compared to 533 nm for the

equivalent monomer PDI. This is attributed to mixing of the excitonically-split S; state with a
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higher energy charge transfer (CT) state upon excimer formation.?® This CT state is
energetically available for mixing due to the short distance between the PDI cores (calculations

suggest that the average distance between the planes of the PDI cores is 3.8 A).
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Figure 1.34: Bis-PDI macrocycle reported by Wasielewski and co-workers 204,

In 2012 Warthner and co-workers reported a bis-PDI cyclophane that can be used to
study the impact of PDI redox states on the PDI-PDI interaction (Figure 1.35).2% Each PDI
core can be successively and reversibly reduced to the radical anion and dianion. In the neutral
state, the emission and absorption spectra reveal clear signs of H-type cofacial stacking, with
an increase in the 0-1 vibronic peak intensity relative to that of the 0-O band. However,
successive reduction of the PDIs causes the PDIs to repel each other electrostatically, expanding
the size of the macrocyclic cavity. This is evidenced by spectroelectrochemistry, with the mono-
reduced (PDI-PDI* 7)) and di-reduced (PDI* - PDI* 7) species showing CT bands in their
UV/Vis/NIR spectra which requires close spatial proximity between the PDI cores. In contrast

the fully tetra-reduced species (PDI? - PDI? ") shows no such CT bands, indicating a longer
PDI-PDI distance.



Figure 1.35: Bis-PDI cyclophane used Wirthner and co-workers to study the impact of PDI redox states on the
PDI-PDI interaction. 20

More recently, similar redox behaviour was observed by the Champness group in a
mechanically-interlocked “molecular handcuff ” bis-PDI system (Figure 1.36).2°7 While
strictly speaking it is not a bis-PDI macrocycle, the similarity with other systems described here
is clear. In this handcuff, H-aggregation and excimer emission is also observed in the neutral
state. Upon mono-reduction to the (PDI-PDI* 7) state, full delocalisation of the additional
electron between the two PDI chromophores is observed by electron paramagnetic resonance
(EPR) spectroscopy. Electronic communication is also observed in the spectroscopic features
of the (PDI*-PDI* 7) species, which as seen by spectroelectrochemistry displays broad,
redshifted absorption that is not usually observed in mono or di-reduced PDI monomers.
However, the fully-reduced (PDI? - PDI?") species shows the same spectroscopic features as a

non-interacting monomeric (PDI)?” species.
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Figure 1.36: “Molecular handcuff’ bis-PDI system reported by Champness and co-workers. 27 Adapted from ref.

207 with permission from the Royal Society of Chemistry.

1.12.2 Imide-linked Bis-PDI macrocycles with twisted PDI cores

a)X=H,Y= -- O

c)X=Y= -0

Figure 1.37: Structure of the cyclophanes with twisted PDI cores reported by Jiang and Li in 2008. 2%

The cyclophanes in Figure 1.37 with twisted PDI cores reported by Jiang and Li, were
designed in order to probe the effects of different bay substituents on PDI-PDI interactions.?%®
The bay tetrasubstituted cyclophane (Figure 1.37¢) formed in a very low yield of only ~ 3 %,
presumably due to the high steric repulsion between the PDIs afforded by the bulky bay groups
preventing H-aggregate templation as a prior step to macrocyclisation. Most interestingly, bay-

disubstituted cyclophanes (Figure 1.37a-b) both formed as mixtures of two isomers, indicating
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that the PDI cores cannot rotate about the imide bonds due to steric congestion. These isomers
were successfully isolated for the di-pyrrolidine analogue (Figure 1.37a) through preparative
TLC. These were characterised by COSY and ROESY NMR and were determined to be trans
and cis configurations of the bay substituents on each PDI (Figure 1.38). These isomers have
small differences in their absorption spectra, with the cis isomer exhibiting a greater blue-shift
than the trans isomer in the main absorption band, relative to a control monomer PDI. This is
attributed to a smaller PDI-PDI distance and a smaller torsion angle between the N,N axes in
the cis isomer, facilitated by less steric repulsion between the bay substituents than in the trans

isomer.
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Figure 1.38: Structures of the trans- and cis- isomers of a 1,7-dipyrolidine bis-PDI cyclophane. 2%

The para-xylene bridged cyclophane scaffold in Figure 1.39 originally reported by
Spenst and Waurthner in 2015, has been used extensively for a variety of guest-sensing
applications.*® This scaffold has a PDI-PDI distance of ~ 6.5 A and is highly rigid, forming an
ideal cavity for the encapsulation of aromatic guests. This cyclophane was initially developed
as a sensor capable of distinguishing Tr-electron-rich from Tr-electron-poor aromatic molecules.
For electron-poor guests such as 9-fluorenone, biphenyl and naphthalene, a noticeable increase
in the fluorescence quantum yield of the cyclophane is detected upon binding of the guest. This
is postulated to arise from the guest disrupting electronic coupling between the PDI
chromophores. In contrast a dramatic quenching of fluorescence is observed upon encapsulation
of electron-rich guests such as perylene, anthracene, carbazole and pyrene. This is attributed to

the formation of less emissive CT states. A red-shift of the emission maximum is also observed
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due to emissions originating from these CT states. Interestingly, binding studies revealed a
selectivity towards more flexible guest molecules. For example, the binding constant Ka is 100
times greater for phenylnaphthalene than for pyrene. It is proposed that the cyclophane has a
distorted cavity due to the twist in the PDI cores induced by the four bulky bay substituents,
and so more flexible guests can adapt to the distorted geometry of the cavity more easily.

Figure 1.39: Structure of the para-xylene-bridged cyclophane reported by Spenst and Wiirthner in 2015.2%°

A further study was published by the Wirthner group exploring the photophysical
properties of this cyclophane in more detail (Figure 1.40).2°° The fluorescence emission
spectrum exhibits no signs of excimer formation, in contrast to other reported bis-PDI
macrocycles. This is attributed to the relatively large PDI-PDI distance in the para-xylyl-spaced
cyclophane. Cyclic voltammetry and transient absorption spectroscopy experiments revealed
that, in polar solvents such as CH2Cl», the photoexcited singlet state of the PDI core instead
decays via symmetry-breaking charge separation (SB-CS), with an electron being transferred
from one PDI core to the other. The charges can then recombine slowly to form a PDI excited
triplet state, which can subsequently decay to the PDI ground state by reacting with any oxygen
present in the vicinity to generate singlet oxygen in up to 27% quantum yield. Quantum yields
for triplet generation in PDIs are typically very low (< 1%), so these findings represent an
exciting development in the field. SB-CS is prevented in non-polar solvents like toluene, while
binding electron-rich guests such as anthracene leads to intermolecular CT between the
cyclophane and the guest. A recent study has shown that SB-CS can occur in other cyclophanes
with longer PDI-PDI distances, but with the rate of SB-CS decreasing as the PDI-PDI distance

is increased.?!°

66



—_—l
S, ©

D
A B
.:: E m
So 1O2 302 S

0

Figure 1.40: Cartoon depiction of the excited state photochemistry of the para-xylene-spaced cyclophane
originally reported by Spenst and Wirthner. 1% 2% A) Photon absorption leading to So— S; excitation in one of
the PDI chromophores. B) Emission in toluene. C) Symmetry-breaking charge separation in CHxCl,. D)
Recombination to the PDI triplet state. E) Decay of triplet state to ground state via reaction with triplet oxygen to

generate singlet oxygen.

1.12.3 Chirality in imide-linked Bis-PDI macrocycles with twisted PDI cores

Dynamically-chiral imide-connected bis-PDI macrocycles

The dynamic chirality of the para-xylene-spaced cyclophane reported by Spenst and
Wiirthner has also been investigated.?!! Due to the twist in the PDI structure induced by the
bulky bay substituents, each PDI core can locally be an M or P enantiomer (Figure 1.42). Hence
the cyclophane can exist as three stereoisomers: the (M,M) and (P,P) enantiomers and the
(M,P)/(P,M) meso isomer (Figure 1.41). These stereoisomers exist in a rapidly-exchanging
dynamic equilibrium, so at room temperature only one set of proton signals is observed in the
'H NMR spectrum. However, at a lower temperature (260 K) two sets of peaks are observed in
a signal ratio of 2:1 for (M,M)/(P,P) : (M,P)/(P,M) instead of the statistically-expected 1:1
ratio. This is attributed to intramolecular homochiral recognition between the PDI cores in the
cyclophane, such that the enantiomeric (M,M) and (P,P) stereoisomers are stabilised relative to
the meso isomer. The chiral guest recognition properties of 6a were investigated by circular
dichroism (CD) spectroscopy. A large CD signal in the PDI region was detected upon
encapsulation of several different chiral guests, indicating that chiral guests can induce a shift
in the conformational equilibrium of the cyclophane stereoisomers by binding preferentially to
one of the enantiomers of the cyclophane.
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Figure 1.41: Cartoon depiction of the conformational equilibrium between the (M,M), (P,M)/(M,P) and (P,P)
stereoisomers of a para-xylene spaced bis-PDI cyclophane, along with induction of chirality in the cyclophane
upon chiral guest encapsulation (a bias towards (P,P) is shown here arbitrarily, but the favoured cyclophane
enantiomer will depend upon the chirality of the guest). Heteroatoms and core substituents have been removed for

clarity.?

Homochiral recognition has been observed in other PDI macrocycles. For example, in
a study by Li, it was shown that the macrocycle in Figure 1.42 forms exclusively as the
homochiral (M,M) and (P,P) isomers, with no heterochiral (M,P)/(P,M) forming.?*? The
homochiral macrocycles remain isomerically pure at 278K, but slowly equilibrate at room
temperature to form a 1:1 mixture of homochiral and heterochiral stereoisomers. This implies
that homochiral macrocycle formation is faster than heterochiral macrocycle formation, but
once the macrocycle is formed there is no preference for the homochiral isomers. This may be

due to the bulky tetra-chloro PDI cores disfavouring PDI-PDI 17—t contacts.
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Figure 1.42: Synthesis of the macrocycle reported by Li, where cyclisation in one step is facilitated by homochiral

self-assembly prior to cyclisation.?*?

More recently, Solymosi, Pérez-Ojeda, Hirsch and co-workers reported a bis-PDI
macrocycle where the MM/PP and MP stereoisomers exist in a dynamic equilibrium in a 10:1
ratio as observed by *H NMR in deuterated 1,1,2,2-tetrachloroethane solvent (Figure 1.43),
with complete diastereoselectivity for the MM/PP enantiomer pair observed in deuterated
dichloromethane.?'® This strong selectivity for the homochiral pair may be attributed to a
stronger cofacial homochiral TT—1 interaction facilitated by the more flexible bay-phenoxy
substituents that can get out of the way upon aggregation, in contrast to the bay-chloro

substituents in the macrocycle reported by L.i.
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Figure 1.43: Dynamically-chiral bis-PDI macrocycle reported by Solymaosi, Pérez-Ojeda, Hirsch and co-workers,

which exhibits strong diastereoselectivity for the homochiral enantiomer pair over the heterochiral diastereomer.2'®
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Interestingly, whilst this dynamically-chiral macrocycle displays strong selectivity for
the homochiral pair of enantiomers in solution, in the crystalline state it adopts a heterochiral
conformation in order to maximise the strength of both inter- and intra-molecular TT—T

interactions and crystal density (Figure 1.44).2%4

Figure 1.44: Heterochiral conformation adopted by Solymosi’s macrocycle in the crystalline state, in order to
maximise both inter- and intra-molecular -1t interactions and crystal density. Figure adapted from ref. 214 with
permission from ChemistrySelect. Copyright 2023 The Authors. ChemistrySelect published by Wiley-VCH
GmbH.

Chirally-locked imide-connected bis-PDI macrocycles

Very recently, the Wirthner group has been developing chirally-locked versions of the
same para-Xylene spaced bis-PDI cyclophane scaffold. In 2021 they reported a version of this
cyclophane scaffold with macrocyclic straps connecting the 1,7 positions of each PDI in order
to lock the chirality, making the stereoisomers stable and separable by chiral HPLC (Figure
1.45).1%8
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PP enantiomer MM enantiomer

Figure 1.45: Chirally-locked version of the para-xylene spaced bis-PDI cyclophane scaffold, achieved by

strapping each PDI more with itself via the 1,7 positions to maintain the core twist. 1%

These systems were used to investigate the chiral molecular recognition properties of
these macrocycles. The guest molecules [4]helicene and [5]helicene were chosen as they exist
as two enantiomers but with a low energy barrier for interconversion, so are not chirally locked,
with the enantiomers of [5]helicene interconverting significantly more slowly than for [4]
helicene. Through UV-vis titration experiments, involving enantiopure cyclophane and
initially-enantiopure [S]helicene, it was found that homochiral binding is stronger, with the PP
enantiomer of the cyclophane preferentially binding P-[5]helicene, and vice-versa.
Additionally, through crystallography, 2D NMR studies, and CD binding titrations, it was
shown that the preferential homochiral binding of these guests to helicenes can de-racemise an
initially racemic mixture of helicene guests (Figure 1.46). Additionally, recent studies have
also explored how the rigid, curved chiral Tr-surfaces of the macrocyclic cavity catalyses the
enantiomerisation of enantiopure 5[helicene],?*® as well the inversion of the bowl-conformation

of corannulene.?16
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Figure 1.46: Crystal structure of the cyclophane depicted in Figure 1.45, showing transfer of chirality from the
homochiral cyclophane to a dynamically-chiral co-crystallised guest molecule. Figure adapted with permission
from ref. 198. Copyright 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH
GmbH.

In 2023 the Wurthner group reported another xylene-spaced bis-PDI cyclophane which
was chirally-locked through a different strategy using tetrasubstitution with bulky groups at the
bay positions of the PDIs (Figure 1.47a).2®° Interestingly, these systems showed preferential
heterochiral rather than homochiral guest recognition. For example, the PP enantiomer of this
cyclophane preferentially binds M-5[helicene]. This was attributed to additional interactions

between the helicene guests and the phenyl bay substituents (Figure 1.47b).
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due to shape complementarity due to shape mismatch favored due to bay substitution

Figure 1.47: a) Para-xylene-spaced bis-PDI cyclophane reported by the Wirthner group where chiral locking is
achieved through tetrasubstitution with bulky groups at the bay positions of the PDIs. % b) Cartoon outlining why

this cyclophane exhibits preferential heterochiral guest recognition. Figure adapted from ref 199 with permission

with permission from Springer Nature.
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1.12.4 Bay-strapped bis-PDI macrocycles

Figure 1.48: “Chiral conjugated corral” bay-connected bis-PDI macrocycle reported by the Nuckolls group.*®

An alternative strategy for generating bis-PDI macrocycles is to strap the two PDIs
together via the bay positions. For example, the Nuckolls group has reported the rather
remarkable “conjugated corral” macrocycle in Figure 1.48 that is both fully conjugated and
chiral.*® The macrocycle is comprised of two PDI cores bridged together with dithiophene
linkers. This results in a conjugated system with an elliptical cavity. Due to the twisting of the
PDI cores induced by bay-strapping, the macrocycle exists as three different stereoisomers: the
enantiomers MM and PP and the meso isomer MP. These stereoisomers were separated by
chiral HPLC. Although they interconvert at room temperature, they do so slowly enough to be
analysed by CD spectroscopy, allowing the stereoisomers to be assigned as above. Subsequent
iterative HPLC analysis of an initially pure sample of MM showed that the meso isomer MP
appears before the other enantiomer PP, suggesting that the meso isomer is an intermediate in
the interconversion between the two enantiomers. However, the fact that the stereoisomers
interconvert was unexpected. Indeed, bay strapping of the PDIs in this macrocycle does not
allow interconversion by axial twisting of the PDIs, as this would induce too much strain in the
macrocycle.'®® Therefore, the mechanism of interconversion must occur through a “somersault”

motion, with one of the PDI imide heads passing through the centre of the cavity (Figure 1.49).
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PDI somersault

Figure 1.49: Intramolecular “somersault” motion of the PDI imide heads through the centre of the macrocyclic

cavity, necessary for stereoisomer interconversion in bay-strapped bis-PDI macrocycles.

The corral macrocycle also has a very large, curved cavity with a PDI distance of ~ 16
A (Figure 1.50a). The cavity is lined with the large 1t surfaces of the PDIs and the Lewis-basic
sulphur atom lone pair, making it an ideal host for binding fullerenes through 1r-1T and n-1r
interactions. This was explored by Barendt, Nuckolls and co-workers, who reported binding of
various fullerenes including Ceo and C7o, and used the host-guest complexes to build OFET
devices (Figure 1.50b) that performed better than either the macrocycle or the fullerene on their

own.?Y
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Figure 1.50: a) DFT-minimised model of the “chiral conjugated corral” macrocycle. 27 b) Cartoon depiction of
this macrocycle being used to bind fullerene, and the resulting complex being used in an OFET. Figure adapted
from ref. 217 with permission. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In a similar vein, the group of Valiyaveettil reported a bay-strapped bis-PDI macrocycle
with meta-diphenoxy linkers capable of binding selectively the Z-isomer of azobenzenes in its

tubular cavity in preference to the E-isomer.?'® Alongside the “corrals” macrocycle, these were
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the only two bay-strapped bis-PDI macrocycles reported before the work described in Chapter
2 was published.

Guest
molecules

|
X

Figure 1.51: Bay-strapped bis-PDI macrocycle reported by the Valiyaveettil group, capable of selectively binding
the Z-isomer of azobenzenes in its tubular cavity in preference to the E-isomer. 28 Figure adapted from ref. 218

with permission from the Royal Society of Chemistry.
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1.13 Thesis aims
As discussed in the above section, several chiral bis-PDI macrocycles have been

reported in the literature. However, all these systems have one or both of the following

drawbacks:

a) They have large intramolecular PDI-PDI distances, which results in very little chiral

excitonic coupling between the PDIs.

b) They are often dynamically chiral with rapidly-interconverting stereoisomers, such

that the enantiomers cannot be isolated.

This thesis aims to explore the intramolecular and intermolecular interactions between
chiral core-twisted PDIs in a novel bis-PDI macrocyclic scaffold (nicknamed the “Pink Box”
due to its colour in solution) that is optimised for intramolecular PDI-PDI close contact TT—TT

interactions, with a view towards using these as organic chiroptical materials.

Close contact between the PDI cores is achieved by connecting the two PDIs via the
bay positions using short, rigid para-xylene linkers. Bay-connection is a superior strategy here
because it automatically enforces a twist in the PDI cores resulting in chirality, while imide-
connected macrocycles require bulky substituents at the bay positions which hinder the PDI-
PDI interactions.'®® Additionally, the imide positions are free to be varied to tune aggregation
properties and to investigate dynamic vs locked chirality.*>® The macrocycle can be synthesised
relatively easily via “click chemistry” (hence the presence of the triazoles), allowing the linker
groups to be also varied easily to examine the nature of the PDI-PDI interaction. Varying the
linker groups could also give access to a cavity large enough to explore guest binding. The
relative orientation and accessibility of the PDI chiral tm—surfaces suggests that the
intramolecular PDI-PDI dimer should be preferentially homochiral and co-facial, i.e. an H-type
intramolecular dimer. This will enable new understanding of how this geometry impacts chiral,
photophysical and electrochemical properties. In addition, there is also potential for

intermolecular PDI-PDI contacts, to explore chirality-dependent supramolecular self-assembly.
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Design features of “Pink Box” type macrocycles
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Figure 1.52: Summary of the key design features of “Pink Box” type macrocycles.
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Chapter 2: The Pink Box: exclusive
homochiral nt-nt stacking in a bis-PDI
macrocycle
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2. The Pink Box: Exclusive homochiral -7t stacking
In a bis-PDI macrocycle

2.1 Introduction and chapter objectives
As outlined in the previous chapter, the chiroptical properties of small organic

molecules, including most PDIs, are overall rather poor, with dissymmetry factors typically
~ 107 or lower.! 2 However, chiral exitonic coupling can provide a means to amplifying their
interaction with chiral light. One possible way of harnessing this is through the self-assembly
of small organic molecules via chiral TT—1T interactions, which may result in materials with
superior chiroptical properties combined with other desirable optical and electronic properties

as a result of the interaction between TT—systems.3?

One excellent type of system for studying chiral T—1T interactions is a bis-PDI
macrocycle. As previously discussed, several chiral bis-PDI macrocycles have been reported
in the literature. In these macrocycles, the PDI units can be connected by either the imide®*° or
bay'! 12 positions. Many of the imide-connected macrocycles, such as that reported by Weh et
al.® (Figure 2.1a), have relatively large intramolecular PDI-PDI distances, which provides them
with a cavity ideal for guest binding, but also results in weaker excitonic coupling between the
PDIs. In addition, imide-linking often leads to the PDIs being held in an almost linear
arrangement, which further reduces any chiral excitonic contribution to the chiroptical
response. Bay-linking of the PDlIs has the potential of favouring the rotational displacement of
PDIs, which will amplify excitonic chirality. Furthermore, as the twist of the PDI chromophores
is enforced by the linkers, there is no need for additional bay-substituents that would further
hinder the PDI-PDI interaction. However, all the bay-linked bis-PDI macrocycles reported so
far have either used long, rigid linkers (such as that reported by Ball et al.,!* Figure 2.1b), or

have not explored the chirality of these systems.*?

This chapter describes the design, synthesis and characterisation of a new bis-PDI
macrocycle, nicknamed the “Pink Box” due to its colour, that is optimised for close-contact
(3.7 A) intramolecular homochiral - stacking, allowing the photophysical, electrochemical
and chiroptical properties of a closely-stacked twisted bis-PDI dimer to be explored (Figure
2.1c).5
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Figure 2.1: a) Imide-linked bis-PDI macrocycle reported by Weh et al. Figure adapted with permission with
permission from ref °. Copyright 2021. b) Bay-linked bis-PDI macrocycle reported by Ball et al. Figure adapted
with permission from ref 1. Copyright 2015. c) Crystal structure of the main macrocycle studied in this chapter,

the “Pink Box”, with an optimised T—T7 distance (3.7 A) and good rotational displacement (20°).
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2.2 Design and synthesis of the Pink Box macrocycle 1
The Pink Box

1a/b

Figure 2.2: Structure of the target “Pink Box” macrocycle 1a/b.

The structure of target macrocycle 1 is shown in Figure 2.2. The macrocycle consists
of two 1,7-bistriazole PDI cores linked together by xylene spacers. The xylene linkers were
chosen due to their rigidity and relatively short length (a xylene unit is approximately 5.8 A in
length).}* This design enables the PDI cores to be held close together in space, preorganising
them to interact electronically via 1r-17 interactions. As discussed in the previous chapter,
macrocyclic strapping of the 1,7 bay positions induces a twist in the PDI cores that results in
atropisomerism. Therefore, macrocycle 1 may in principle exist as three different

stereoisomers: the enantiomers 1-MM and 1-PP; and the meso isomer 1-MP (Figure 2.3).

Figure 2.3: The MM, MP and PP stereoisomers in a bay-connected bis-PDI macrocycle.

Two analogues of macrocycle 1 with different imide groups were synthesised: 1a,
bearing highly solubilising branched C1:H23 imide groups was synthesised and studied first;
macrocycle 1b, bearing shorter branched CsH11 imide groups was synthesised later to obtain a
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crystal structure (Figure 2.2). Apart from their imide side chains, it should be noted that the
bis-PDI macrocycles 1a and 1b are structurally identical due to matching *H NMR and UV-vis

spectra, as shown later in this chapter.

The synthesis of macrocycles 1a/b is summarised in Scheme 2.1. Compounds 4b* and
2a'® had been previously prepared following literature procedures. Compounds 2a/b, 3a/b and
4a/b were isolated as a mixture of 1,6 and 1,7 PDI regioisomers (1:4, see experimental section
2.9.3). Although it was possible to isolate the pure 1,7 isomer of compound 2b by crystallisation
(see experimental section 1.1.4), this was too time-consuming, and the yield was too low (<
25% pure 1,7-isomer) for it to be worthwhile to pursue. Both macrocycles 1a and 1b were
isolated as the pure 1,7 regioisomer since removal of the 1,6 regioisomer was possible by silica
gel column chromatography at this stage. Further experimental details are provided in

experimental section 2.9.2.

TMS

Br //
o 112 o o) 0 / (A0
av L e ' R-
RN 'O NR —————®» RN . NR i R= (H
o 7 o o] H
6 Br

O PdCl,(PPhj3), O O anc4
e} Cul b: 1
NEt; N el B -n=1 .
Toluene //
60°C, 48 h ™S
quant.
4b 2alb

Compound 2

1) K,CO
) KoCO3 1 eq, high dilution

DCM/MeOH

_—
2) N3
N3

10 eq rt, 72 h
a) 39%
CU(N(T:S-?K)APFS b) 22%
DCM
rt, 12 h 3alb
a) 58%
b) 57%

Cu(NCCH3)4PF
TBTA
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Scheme 2.1 Multistep synthesis of bis-PDI macrocycles 1a and 1b.

The synthesis capitalises on robust copper(l)-catalysed azide—alkyne cycloaddition
(CuAAC) “click” chemistry for the final macrocyclisation step. Here, stoichiometric amounts
of bis-alkyne PDI 2a/b and bis-azide PDI 3a/b were reacted under relatively high-dilution
conditions (0.3 mM), to favour macrocyclisation.'® Attempts at making macrocycle 1a using a
one-pot strategy by directly reacting compound 2a with one equivalent of the para-xylyl

bisazide linker!” (see experimental section 2.9.2 for further synthetic details and a safety
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discussion) under high dilution resulted in very low yields (< 1%) of macrocycle. The desired
[1 + 1] macrocycle 1a was isolated in 39% yield following purification by preparative silica
thin layer chromatography, with key side products identified as the larger [2 + 2] and [3 + 3]
macrocycles. This macrocyclization yield is over four times larger than previous bay connected

bis-PDI macrocycles.!! 12

2.3 Characterisation of the Pink Box macrocycle

2.3.1 Initial characterisation
Macrocycle 1a was characterized using*H and *C NMR spectroscopy, which,

alongside high-resolution mass spectrometry, confirmed a [1 + 1] macrocyclic product (see
experimental 2.9.2). The *H NMR spectrum in toluene-ds at room temperature was broad but
dramatically sharpened at 100 °C (Figure 2.4). This has been observed before in other bay-
connected bis-PDI macrocycles, and is attributed to restricted molecular motion at room

temperature.!

N

| \ e
NN
— O
> o C
d Ko e g e
100°C | Macrocycle 1a M M

25°C U L N| /"\_JK AN

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
8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0
Chemical Shift (ppm)

Figure 2.4: Comparison of the 'H NMR spectra of macrocycle 1a at 25°C and 100°C (toluene-ds, 400 MHz).

The cyclic framework of macrocycle 1 affords diastereotopic splitting of the methylene
protons labelled He in the para-xylyl linker (Figure 2.5b),'® which is not observed in the acyclic
precursor bis-triazole PDI 3a. Interestingly, relative to bis-triazole PDI 3a, the *H NMR
spectrum of macrocycle 1a in toluene exhibits large upfield shifts of aromatic protons Ha,
which is diagnostic of closely stacked 1T surfaces, while the downfield shift of the triazole

proton Hg may be attributed to hydrogen bonding.*°
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Figure 2.5 a) Final macrocyclisation step in the synthesis of bis-PDI macrocycles la/b. b) Comparison of the H
NMR spectra of macrocycle 1a and acyclic PDI 3a (toluene-ds, 373 K, 400 MHz).

Furthermore, from the NOESY NMR spectrum, a new through-space nuclear
Overhauser effect (NOE) is observed due to the close proximity between the PDI Hc and
triazole Hg signals in 1a (Figure 2.6). This is in agreement with the crystal structure of the

macrocycle, as outlined in the next section.
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Figure 2.6 Partial 'H-'H NOESY NMR spectrum of macrocycle 1a (toluene-ds, 373 K, 400 MHz). Signals with

phase shown in blue are NOESY signals. In toluene-ds a NOE between the protons H¢ and Hg is observed.

2.3.2 Single crystal X-ray crystallography
While attempts to grow crystals of 1a were unsuccessful, the otherwise identical

macrocycle 1b, bearing shorter CsHi1 chains at the imide positions, was successfully used to
grow crystals. Slow diffusion of methanol into a chloroform solution of a racemic sample of 1b
afforded purple needle-like crystals. Single crystal diffraction data was collected at a

synchrotron.

The crystal structure of 1b (Figure 2.7) reveals that the relative rotation of the PDI units
is 20°, enabling close contacts between them (3.7 A), characteristic of strong intramolecular 17—
1 stacking. The NOE effect between the PDI H¢and triazole Hgsignals (Figure 2.6) is
consistent with the close proximity of these protons in the crystal structure. Interestingly, a
hydrogen bond can be observed between the triazole proton on one PDI and the imide carbonyl
group on the other PDI (2.5 A). Whilst a triazole-carbonyl hydrogen bond may be quite weak,?

here its formation is aided by the preorganised scaffold of the macrocycle.
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Macrocycle 1b

20°

Figure 2.7: X-ray crystal structure of macrocycle 1b (MM enantiomer, assigned according to the rules of axial
chirality), viewed from (a) the side and (b) the top (alkyl side chains, hydrogens, and cocrystallised solvent
molecules are omitted for clarity). From the side view, MM axial chirality of the PDIs can be appreciated, while
from the top one can also see that the PDIs form an M-helically chiral co-facial tr-stacked dimer. The NOE
observed between PDI H. and triazole Hg signals in NMR experiments (Figure 2.6) is consistent with their close

proximity in the crystal structure.

The crystal structure of macrocycle 1b reveals the atropisomerism? (i.e., axial chirality)
exhibited by each PDI unit, arising from its twisted aromatic framework (dihedral angle = 21°,
Figure 2.7). The intramolecular 17—t stacking is complementary, occurring exclusively
between PDIs of the same chirality, such that the unit cell contains only the enantiomers of the
macrocycle MM and PP.?? In the MM macrocycle, the two M-axially chiral twisted PDIs form
an M-helically chiral co-facial 1r-stacked dimer. Likewise, the PP macrocycle forms a P-chiral
dimer. No close-contact PDI-PDI interactions are observed between macrocycles in crystal
packing, and the meso isomer MP is not observed (Figure 2.8). This is also the case in toluene
solution because the *H NMR spectrum of macrocycle 1a contains only a single set of peaks
corresponding to the enantiomers MM and PP at 373 K. Whilst a preference for PDI-PDI
homochiral aggregation had been reported previously,® 224 this was the first time that exclusive

formation of homochiral dimers was observed in a bay-connected bis-PDI macrocycle.t* 12
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Figure 2.8: Packing of macrocycle 1b in the crystal structure. Only the MM and PP enantiomers are observed.
No close-contact PDI-PDI interactions are observed between macrocycles, and the diastereomer MP is not

observed.

2.4 Chirality studies

2.4.1 Resolution of enantiomers by chiral HPLC
The next aim was to resolve the enantiomers of macrocycle 1a by chiral high-

performance liquid chromatography (HPLC). With toluene as the major eluent, the
chromatogram of 1a contained two peaks of equal integration, corresponding to the MM and
PP enantiomers. The identity of these enantiomers is confirmed in the next section by

comparison of their experimental and computationally predicted CD spectra.
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Figure 2.9: Chiral HPLC chromatogram (Phenomenex i-Amylose-1, 250 x 4.6 mm) of macrocycle 1a dissolved
in toluene and eluted with 4:1 (v/v) toluene:n-hexane. Using a combination of CD spectroscopy (Section 2.4.2)
and computational modelling (Appendix A), the first peak is assigned as the MM enantiomer and second peak is

assigned as the PP enantiomer. Peak integral ratio (MM:PP) = 1:1.

Interestingly, when macrocycle 1a was eluted with DCM as the major eluent, a third
peak could be observed, which was hypothesised to be the MP heterochiral diastereomer. This
conclusion was confirmed by further *H NMR spectroscopic studies of macrocycle 1a in
chlorinated solvents (Section 2.5.1). However, it was found that due to poor resolution on the
HPLC column and fast interconversion between stereoisomers in chlorinated solvents, it was

not possible to isolate the MP heterochiral diastereomer for macrocycle 1a.
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Figure 2.10: Chiral HPLC chromatogram (Phenomenex i-Amylose-1, 250 x 4.6 mm) of compound 1a dissolved
in DCM and eluted with 7:3 (v/v) DCM:n-hexane eluent. From *H NMR spectroscopy in chlorinated solvents
(section 2.5.1), the peaks are assigned to the enantiomers (PP,MM) and the diastereomer (MP). Peak integral ratio

(MM:MP:PP) ~ 4:1:4, although it is challenging to accurately decouple the integrals of MM and MP.

2.4.2 Chiroptical studies
The enantiomers of macrocycle 1a were analysed using CD and CPL spectroscopy. The

CD and CPL spectra of the MM and PP enantiomers of macrocycle 1a in toluene are shown in
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Figure 2.11. The enantiomers were assigned to the spectra by comparison of the experimental
CD spectra with time-dependent density functional theory predicted CD spectra of the
enantiomers of an analogue of macrocycle 1 in which all the imide substituents are simplified

as methyl groups (Figure 2.12 and Appendix A).

= MM (CD v =0.10
— PP (E’JD)) 9ium (675 nm) = 10
40 + MM (CPL)
PP (CPL)
= = MM (CPL gaussian fit)
= = PP(CPL gauussi;n fit') = 0.05
20+
[=) —
o £0.00 =
T 0 E
E N
N i
= -0.05
) -20 O
@)
-40 = » '01 0
= -0.15

300 350 400 450 500 550 600 650 700 750
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Figure 2.11: Circular dichroism (CD) and circularly polarized luminescence (CPL) spectra of

macrocycle 1a enantiomers MM and PP (toluene, 10 uM). Full experimental details are given in section 2.9.7.
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Figure 2.12: Comparison of the experimental CD spectra of macrocycle la with the computationally-predicted
CD spectrum (with a red-shift correction of 71 nm) of the PP enantiomer of a simplified version of macrocycle

with methyl imide groups. See Appendix A for full details.

Due to relatively fast racemisation, it was not possible to accurately determine the
concentration of the enantiomers (although this was estimated to be ~ 10 uM). Therefore, the
molar circular dichroism Ae and the absorption dissymmetry factor |g.,s| for macrocycle la
are not reported. However, for CPL measurements, the luminescence dissymmetry factor | gyym|
can be determined independently of concentration (section 2.9.7). Excitingly, macrocycle la
exhibits one of the highest luminescence dissymmetry factors for a small organic molecule in
solution (| gjum| = 1072),% 22 and at wavelengths approaching the infrared (. = 675 nm), useful
for advanced security inks?® and multiphoton imaging.®® The sign of the CPL matches that of
the lowest-energy transition in the CD spectrum, implying that the chirality of the emissive

excited state matches that of the ground state.3!

By referring to the UV-vis absorption spectra (Figure 2.13a), we can see that the 450-
650 nm region in the CD spectra corresponds to the typical PDI So— S transition. In toluene
solvent, this region in the CD spectrum exhibits a Cotton effect, a characteristic feature of chiral
excitonic coupling. The sign of this CD couplet is consistent with an MM-axially chiral
macrocycle forming an M-helically chiral cofacial H-type dimer (as discussed in the
introduction to this thesis) consistent with the crystal structure (and likewise the PP-macrocycle

forms a P-helically chiral H-type dimer). The UV-vis spectrum also supports this: the 0-1
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vibronic peak is significantly larger than the 0—0 peak (g0-0/e0-1 = 0.58), characteristic of an H-

type aggregate.?
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Figure 2.13: a) UV-vis absorption spectrum of macrocycle 1 in toluene (10 pM). b) CD spectra of the MM and

PP enantiomers of macrocycle 1 in toluene (~ 10 uM).

Interestingly, in dichloromethane, the CD spectra are significantly different (Figure
2.14b), showing no signs of PDI-PDI chiral excitonic coupling, with the 450-650 nm region
that corresponds to the PDI So— Si transition being entirely monosignate, without the Cotton
effect observed in toluene. This implies that the H-type cofacial T—1r stacking and subsequent
excitonic coupling observed in the crystal structure and in toluene is somehow disrupted in
dichloromethane. Indeed, the vibronic peak ratio in in the UV-vis spectrum in dichloromethane
(€0-o/e0-1 = 0.99) is higher than in toluene, implying that the intramolecular H-aggregate is

partially disrupted in dichloromethane (Figure 2.14a).
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Figure 2.14: a) UV-vis absorption spectrum of macrocycle 1 in DCM (10 uM). b) CD spectra of the MM and PP
enantiomers of macrocycle 1 in DCM (~ 10 uM).

The CD spectra of the same enantiomer 1-MM in DCM and toluene are overlayed in
Figure 2.15a. Strikingly, if we disregard the Cotton effect in toluene which arises from chiral
excitonic coupling (at the red end of the spectrum), the remainder of the CD spectrum is
reversed in sign in DCM compared to toluene. This feature is discussed in greater detail in
Chapter 4.
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Figure 2.15: CD spectra of the same enantiomer 1-MM in toluene (black trace) and DCM (red trace). a) CD

spectra of the same enantiomer 1-MM in toluene (black trace) and DCM (red trace).
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2.4.3 Racemisation kinetics from chiral HPLC
The enantiomers of macrocycle 1 were found to interconvert and racemise slowly in

toluene, and much faster in dichloromethane. Attempts were made to measure the rate of
racemisation of the enantiomers in both dichloromethane and toluene using chiral HPLC,
although the racemisation rate in dichloromethane was too fast to accurately measure with this
method. To measure the rate of racemisation in toluene, a pure fraction of peak 1-MM was
obtained by running macrocycle 1a through the chiral HPLC column in 80:20 toluene-hexane
eluent. The pure fraction of peak A was dried and re-dissolved in toluene. The sample was kept
in toluene, and aliquots of it were re-injected into the column once a day for five days, allowing
the growth of the 1-PP peak to be monitored (Figure 2.16).
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Figure 2.16: Change in the chiral HPLC chromatogram over time of an enantiopure sample of 1a-MM (MM:PP
> 99:1 mol%) kept in toluene at room temperature. The chromatograms were run in 80:20 (v/v) toluene:n-hexane
eluent. The MM:PP peak integral ratios are given in each chromatogram.

By measuring the ratio of the integrals of the peaks an enantiomeric excess ee; can be

calculated at a given time t. The resulting data can then be fitted to the equation:

In(®*/ee,) = 2kt (2.1)
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Where ee, is the enantiomeric excess at t = 0 and k is the enantiomerisation rate

constant. The racemisation rate constant k... = 2k.*
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Figure 2.17: Plot and linear fit of In(®®0/, ) against t.

The fitting of this data is shown in Figure 2.17 and results in a rate constant of
enantiomerisation k = 8.82 x 10°h™ = 2.45 x 10® s and hence a racemisation rate constant Krac
= 4.90 x 10° s for toluene at room temperature. A free energy of activation for the
racemisation process AG* = 105 kJ mol! was determined for toluene at room temperature
according to the Eyring equation. Interestingly, a sample kept as a solid for several months
showed a small degree of racemisation, hence the enantiomer half-life is t1> ~ years in the solid
state (Figure 2.18).
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Figure 2.18: Chiral HPLC chromatogram run in 4:1 (v/v) toluene:n-hexane of a sample of 1-MM kept as a dry
solid for approximately 3 months (MM:PP = 95:5 mol% by peak integration).
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2.4.4 Racemisation kinetics from time-course CD spectroscopy
As it was not possible to measure the rate of racemisation in dichloromethane using

chiral HPLC, time-course CD spectroscopy was used to determine the rate of racemisation in
DCM and verify the rate of racemisation previously obtained in toluene using chiral HPLC. To
determine the racemisation rate constants, an enantiopure sample of 1a-MM (10 uM, MM:PP
> 99:1 mol%) was dissolved in the solvent being tested (toluene or dichloromethane) and kept
in a sealed cuvette at 25 °C. The CD spectrum was recorded at regular time intervals. The decay
in intensity of the strongest peaks between A = 250 - 400 nm was monitored over time and the

resulting data was fitted to the following equation:

In (CDO/CDt) = 2kt (2.2)

Where CD, is the CD signal intensity at t = 0 for a given peak, CD; is the CD signal

intensity at time t for a given peak and k is the enantiomerisation rate constant.

For dichloromethane, a CD spectrum was recorded every three minutes, with full
racemisation occurring within approximately one hour (Figure 2.19-20). For toluene, the

spectrum was recorded at various times over the course of five days (Figure 2.21-22).
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Figure 2.19: Time-course CD spectra for an enantiopure sample of 1a-MM (10 uM, MM:PP > 99:1 mol%) in
DCM.
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Figure 2.20: Plot and linear fit of In (CDO/CDt) against t at 358, 321, 294 and 264 nm for the time-course CD

experiment measuring the rate of racemisation of macrocycle 1a in DCM.
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Figure 2.21 Time-course CD spectra for an enantiopure sample of 1a-MM (10 uM, MM:PP > 99:1 mol%) in
toluene.
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experiment measuring the rate of racemisation of macrocycle 1a in toluene.

1a-MM are given in Table 2.1. The rate of racemisation krac obtained in toluene by CD signal
decay is in agreement with the rate of racemisation obtained by chiral HPLC (~ 10 s).
Remarkably, the racemization rate in toluene is more than 400 times slower than in
dichloromethane due to a significantly larger interconversion barrier (AAG* = 15 kJ mol™).
Therefore, the MM/PP enantiomer half-life is increased from minutes in chlorinated solvent
(tr2 = 18 min) to days in toluene (ti2 = five days), requiring nearly a month to racemize. To put

this in further context, the interconversion barrier of 1a in toluene (AG* = 108 kJ mol™?) is

The obtained kinetic parameters of racemisation of an initially enantiopure sample of
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significantly larger than previous dynamically chiral bis-PDI macrocycles employing imide-
(53-69 kJ mol )& 32 or bay connectivity (86 kJ mol™).1! Indeed, the barrier is the same as some
tetra-ortho-substituted biaryls used for enantioselective catalysis and approaching that required
for configurationally stable drugs (AG* = 114 kJ mol™). 3+%7

Table 2.1: Kinetic parameters for the racemisation of an initially pure sample of 1-MM in toluene and DCM (298

K) as determined by time-course CD spectroscopy.

Solvent k (s?1) Krac () ti2 (hours) AG* (kJ mol?,
298 K)
Toluene 7.95 x 107 1.59 x 10°® 121 + 10 107.8 £ 0.2
+7.4x 108 + 1.5x 107
DCM 3.20 x 10* 6.40 x 10* 0.3+ 0.01 929 +0.1
+ 1.4 x 10° + 2.3x10°

So far the experimental evidence indicate that macrocycle 1 behaves very differently in
toluene compared to chlorinated solvents: the CD and UV-vis spectra in section 2.4.2 suggest
that the macrocycle forms an intramolecular H-type aggregate in toluene, while in DCM this
H-type aggregate is disrupted. Additionally, as shown by the above racemisation studies, in
toluene the enantiomers appear to be relatively stable while in chlorinated solvents the barrier
to racemisation is much lower. It is hypothesised that in toluene, strong intramolecular T—1r
interactions between the two PDIs “anchor” the PDI units into place, slowing down
racemisation, while in DCM these intramolecular T7—TT interactions are much weaker due to
improved solvation of the PDI units, *® which allows the PDI imide heads to “somersault”
though the centre of the cavity more easily (this “somersault” motion is a requirement for
racemisation of bay-connected bis-PDI macrocycles).!! The following sections will focus on
exploring the contrasting solvent-dependent properties of macrocycle 1 to shed further light on

the nature of these conformations and of the chiral PDI-PDI T1—1T interaction
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2.5 Solvent-dependent conformational studies

2.5.1 Solvent-dependent NMR studies
In order to understand the striking differences in chiroptical properties and enantiomer

stabilities of macrocycle 1a in different solvents, *H NMR spectroscopy was carried out in
different toluene-ds:1,1,2,2-tetrachloroethane-d, (TCE-ds) ratios (Figure 2.23a). TCE-d» was
used instead of DCM-d: or chloroform-d to allow heating to 100°C, which is necessary for

sharp *H NMR spectra with this macrocycle.
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Figure 2.23: a) Stacked 'H NMR spectra of macrocycle 1a in different toluene-ds:1,1,2,2-tetrachloroethane-
d2 (TCE-dy) ratios (373 K, 400 MHz, each referenced to the same internal standard, full experimental details are
in section 2.9.4). b) *H NMR spectrum of acyclic PDI 3a in toluene-ds (373 K, 400 MHz).

In toluene-ds, the upfield shifts of protons Ha in the spectrum of 1a are characteristic

of closely stacked Tr surfaces, while the downfield shift of the triazole proton Hg may be

113



attributed to hydrogen bonding,'® or may be indicative of the positioning of proton Hg with
respect to the PDI aromatic ring currents in this closely 1r-stacked macrocycle conformation.
In contrast, the chlorinated solvent TCE-d. disrupts PDI-PDI interactions since Hac are shifted
downfield (AS = 0.7-2.1 ppm) and Hq upfield (0.8 ppm), giving a *H NMR spectrum that more
closely resembles the monomeric bis-triazole PDI 3a (Figure 2.23b).

Interestingly, the 'H NMR spectrum in TCE-d; also reveals two sets of signals
corresponding to two distinct isomers in an 8:1 ratio at 100 °C (Figure 2.23), which were shown
to be exchanging by *H-'H EXSY NMR spectroscopy (Figure 2.24).
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Figure 2.24: Partial *H-'H EXSY NMR spectrum of macrocycle la (TCE-d;, 373 K, 400 MHz). Signals with
phase shown in red are EXSY signals which show which *H NMR signals are under chemical exchange, via
interconversion of MM,PP enantiomers with the MP diastereomer. The EXSY signal set for the exchange of Hc

(MM,PP enantiomer species) and Hc+ (MP diastereomer) is highlighted as an example.

In agreement with previous bis-PDI macrocycles,® 3% 40 this strongly suggests the

existence of the diastereomer MP, alongside enantiomers MM and PP. Upon increasing the
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proportion of toluene-ds, the mole fraction of the major component MM/PP increases, and
its TH NMR signals converge on the single set of peaks observed in pure toluene-ds (Figure
2.23a). Interestingly, the solvent-induced perturbations are much larger for the homochiral
MM/PP stereoisomers (Ad = 2.1 ppm for Hc) than for the heterochiral MP diastereomer (Ad =
0.1 ppm for Hc+), suggesting that the PDI-PDI 11— interactions are stronger in homochiral
conformations compared to heterochiral conformations. In addition, the NOE observed in
toluene-dg between protons Hc and Hqg is not observed in TCE-d2, which shows that these
protons are further apart in space when the macrocycle adopts a different conformation in

chlorinated solvents (Figure 2.25).
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Figure 2.25 Partial 'H-H EXSY/NOESY NMR spectrum of macrocycle 1a (373 K, 400 MHz). In (a) TCE-d;and
(b) toluene-dg. Signals with phase shown in red are EXSY signals and signals with phase shown in blue are NOESY

signals. Unlike in toluene no NOE is seen between the H¢ and Hq protons in TCE-d,.
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To summarise, the results from these NMR experiments show that in toluene,
macrocycle 1a is in a conformation where there is a strong PDI-PDI 1—T interaction that leads
to exclusive homochirality (i.e. only the MM and PP enantiomers are present, with no MP being
observed). In contrast, in the chlorinated solvent TCE, the PDI-PDI r—TT interactions appear to
be largely switched off, and some MP diastereomer is observed. This suggests that the TT—T1
interactions themselves are preferentially homochiral, and when these interactions are switched
on they lead to a stabilisation of the homochiral MM and PP enantiomers over the heterochiral
MP meso isomer. These NMR results are therefore in agreement with the results from
crystallography, CD and UV-vis spectroscopies, racemisation studies and chiral HPLC
discussed in the previous sections. The following sections will further explore this preference
for homochiral intramolecular PDI-PDI T—1r stacking, the potential mechanism of
racemisation, and how different solvents are able to switch the PDI-PDI 1r—1T interactions on
and off.
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2.5.2 Kinetics of diastereomer interconversion by EXSY NMR
Having established that in TCE-d. both the MM/PP enantiomers and the MP meso

isomer can be observed for macrocycle 1a (and indeed also for 1b, see experimental section
2.9), and that these are interconverting, it was assumed, based on previous work by Ball et al.,**
that the MP meso isomer is an intermediate in the interconversion between the MM and PP

enantiomers (Figure 2.26).

Figure 2.26: Proposed interconversion between the MM and PP enantiomers of macrocycle 1 via the MP meso

isomer.

1H-'H EXSY spectra were carried out at different temperatures in order to obtain kinetic
and thermodynamic information about the interconversion between the stereoisomers. In
particular, by measuring the rates of interconversion between the MM/PP enantiomers and the
MP meso isomer, an energy barrier for the interconversion process can be measured. These
experiments were carried out in TCE-d as well as 1:1 toluene-ds: TCE-d> to see what effect the
addition of toluene has on the kinetics of interconversion. Of course, in pure toluene-ds no MP

can be observed.

By measuring the diagonal and cross peak intensities for each pair of exchanging signals
in a !H-'H EXSY spectrum at different mixing times, the forwards and backwards rates of
MM/PP«>MP interconversion can be determined.**** Full experimental details are given in

section 2.9.4. The results are summarised in Table 2.2.
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ki

MM/PP MP
K.q

Table 2.2: Rates (ki and k-1) and corresponding free energies of activation (AG*; and AG?.;) for the interconversion
between enantiomers MM/PP and diastereomer MP of macrocycle 1a, determined by 'H-'H EXSY NMR
spectroscopy at different temperatures and in different solvents.

Solvent Temp. (K) | ki (s?) AGH (kJ mol?) ka (s?) AG*; (kJ mol?)
TCE-d; 353 0.023 103.8 0.086 99.7

358 0.031 102.9 0.159 97.8

363 0.043 101.8 0.206 97.0

368 0.071 100.2 0.372 95.1

373 0.103 99.1 0.574 93.8
1:1 (viv) 373 0.090 99.5 1.05 91.9

tol.-ds: TCE-d,

To obtain the thermodynamic parameters for the transition state for MM/PP 2 MP

interconversion, the data in pure TCE-d> can be fitted to the linear form of the Eyring equation:
45

k_—AH1  ky  AS®
T- R T "H'TTR

In

(2.3)

Where kg is the Boltzmann constant, R is the gas constant and h is Planck’s constant. The

fittings for the forwards and backwards reactions are shown in Figure 2.27-2.28.
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Figure 2.27: Van 't Hoff plot for the forwards rate constant (ki) of interconversion between the enantiomer MM/PP

and the diastereomer MP of macrocycle 1a, obtained from 'H-'H EXSY NMR experiments at different

temperatures.
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Figure 2.28: Van 't Hoff plot for the backwards rate constant (k.1) of interconversion between the enantiomer
MM/PP and the diastereomer MP of macrocycle 1a, obtained from *H-'H EXSY NMR experiments at different

temperatures.
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These fittings yield AH*=80.7 + 5.7 kJ mol™* and AS*=—49.7 + 14.1 J K** mol™ for
the forwards MM/PP — MP process and AH* = 98.7 + 6.2 kJ mol™ and AS*=+ 13.0 £ 17.0 J
K1 mol* for the backwards MP — MM/PP process, in pure TCE-dz. From here, AG* in pure
TCE-d; can be calculated at 298 K: AG*; (298 K) = 95.5 kJ mol™ for the forwards MM/PP —
MP process and AG*.1 (298 K) = 94.8 kJ mol™ for the backwards MP — MM/PP process.

Interestingly, this barrier for interconversion between stereoisomers in TCE-d, at 298
K (~ 95 kJ mol™Y) is very close to the racemisation barrier determined in DCM by time-course
CD spectroscopy (~ 93 kJ mol™?), which is consistent with the MP stereoisomer being an

intermediate in the interconversion between MM and PP.

Additionally, as seen in Table 2.2, the addition of toluene-dg decreases the rate
of MM/PP loss (Ak = —0.02 s1) and increases the rate of MP loss (AK’ = 0.49 s1). This also
agrees with *H NMR spectroscopic and chiral HPLC experiments outlined in previous sections
which show that toluene stabilises the MM/PP enantiomers over the heterochiral MP meso

isomer.
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2.5.3 Absorption and emission spectroscopy
With *H NMR spectroscopy studies indicating that toluene switches on intramolecular

PDI-PDI mr—T interactions while chlorinated solvents switch them off, it was decided to study
these interactions through UV-vis absorption and fluorescence emission spectroscopy, to gain
a deeper insight into the switchable homochiral conformation of macrocycle 1. The UV-vis
absorption and fluorescence emission spectra of macrocycle 1a are given in Figure 2.29.
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Figure 2.29: UV-vis absorption and fluorescence emission spectra of macrocycle 1a in toluene and TCE (10 uM).
Intramolecular H-type agreggation in toluene results in a reversal in the 0-0 and 0-1 vibronic peak intensities in

the UV-vis spectrum, and in quenching of fluorescence emission.

The main PDI absorption band of 1ain toluene has a 0-1 vibronic peak that is
significantly larger than the 0-0 peak (go-o/€0-1 = 0.58), characteristic of an H-type aggregate
(Figure 2.29).% Indeed, this o-o/€0-1 ratio is one of the lowest of any PDI dimer“®-*® indicative
of strong PDI-PDI electronic coupling in macrocycle l1a. It was hypothesised here that this is
key to the macrocycle’s high |guml, Since the aggregation of chiral monomers is known to
amplify their dissymmetry.?® 4° This hypothesis is confirmed through further studies in
Chapter 3. This finding also supports the theory that strong PDI-PDI 11— stacking is

responsible for raising the barrier to macrocycle racemisation in toluene and in the solid state.
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In contrast, the UV-vis spectrum of 1a in TCE resembles that of the monomeric bis-
triazole PDI 3a (go-o/€0-1 = 1.19, Figure 2.30), consistent with a weakly coupled conformation
in which H-type aggregation is disrupted.® The fluorescence spectrum of macrocycle 1a in
toluene is indicative of a PDI-PDI excimer,*! since relative to 1a in TCE and acyclic control 3a,
the emission becomes weaker (quantum yield ®1a = 0.42 in toluene, ®1a = 0.9 in TCE), broader
(A[FWHM] = 19 nm), and bathochromically shifted (AA = 20 nm), with a large Stokes shift (A
= 102 nm). The UV-vis spectra of 1a follow the Beer—Lambert law in both toluene and TCE,
demonstrating that the solvent-mediated T—T1r stacking observed is intramolecular in

origin (Figure 2.31).
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Figure 2.30: UV-vis absorption and fluorescence emission spectra of acyclic bis-triazole PDI 3a in toluene and

TCE (10 uM). The UV-vis spectra of 3a have no solvent dependence, in contrast to macrocycle 1a.
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Figure 2.31 a) Absorption spectrum of macrocycle 1a in toluene at different concentrations, up to Absmax for the
instrument. b) The dependence of absorption (518 nm) on concentration for macrocycle 1a in toluene is linear,
showing Beer-Lambert behaviour. ¢) Absorption spectrum of macrocycle 1a in TCE at different concentrations.
d) The dependence of absorption (548 nm) on concentration for macrocycle 1a in TCE is linear, showing Beer-

Lambert behaviour.

To summarise these results, toluene induces the formation of an intramolecular H-type
aggregate in the ground state and a PDI excimer in the excited state of 1a, while in TCE, the

PDI-PDI excitonic coupling is significantly weaker.>?
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2.5.4 Further exploration of the solvent-dependent intramolecular TT—T7

interaction
To gain a deeper insight into the macrocycle-solvent interactions that promote

intramolecular H-type aggregation, the UV-vis absorption spectrum of 1a was recorded in a
wide range of solvents. The ratio of the 0-0 and 0-1 vibronic bands (Ao-o / Ao-1) in the main PDI

transition (So—S1) was recorded for each solvent.

For a quantitative analysis, a Gibbs free energy of intramolecular H-type aggregation
(AG,g,) Was determined for each solvent, following an adapted method used by Wirthner and

co-workers.>® In this method, the following assumptions are made:

1) The Ao-o / Aot ratio in toluene (0.58) corresponds to all molecules of macrocycle la

being in a state of full intramolecular H-type aggregation.

2) The Ao-o/ Ao ratio in TCE (1.19) corresponds to all molecules of macrocycle 1a being

in a state where there is no H-type aggregation.

These assumptions are validated by the fact the Aoo / Ao ratio for macrocycle 1a is
minimised in toluene (0.58), while the ratio is maximised in TCE (1.19) and is the same as that
of the monomeric PDI 3a in either solvent. The MP diastereomer, which is unlikely to be an H-
type aggregate (Appendix A and Chapter 4), is disregarded in this analysis, since it is present
as a minor species in chlorinated solvents (~10 mol%).

From the above assumptions, the mole fraction «,, of fully unaggregated molecules can

be estimated according to the following equation:

a, = Pa — Pobs. (2.4)
Pa — Pu
Where p, is the Ao-o / Ao-1 ratio of the fully H-type aggregated macrocycle in toluene,
P 1S the Ao.o / Ao ratio of the non H-type aggregated macrocycle in TCE and p,,s is the

observed Aq.o / Ao-1 for a given solvent being investigated.>?
From this, an equilibrium constant K, can be calculated as follows:

C, 1-0a
Keq = C_u_ @ (2.5)
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Where C, and C, are the concentrations of H-type aggregated and non H-type
aggregated macrocycles respectively. Hence, a Gibbs free energy of intramolecular H-type

aggregation (AG,gg) can be determined for each solvent according to:
AGugy = — RT InK,,

As toluene and TCE are the reference solvents for fully H-type aggregated and non-H-
type aggregated species respectively, they cannot be included in the AG plots as they represent

asymptotes in the model.

Table 2.3: Ago/ Ao ratios and corresponding AG,,, values for macrocycle 1a in different solvents.

agg

Solvent Ao/ Aot | AG,ge (kI mol?)
Benzene 0.58 n/a
Toluene 0.58 n/a
tert-Butylbenzene 0.58 n/a
o,a,o-trifluorotoluene 0.59 -11.37
m-Xylene 0.62 -6.94
Fluorobenzene 0.62 -6.53
p-Xylene 0.62 -6.51
1:1 Chloroform:n-hexane 0.64 -5.76
0-Xylene 0.65 -5.22
Chlorobenzene 0.65 -5.12
Bromobenzene 0.73 -2.73
Acetonitrile 0.75 -2.39
Benzyl alcohol 0.78 -2.73
Chloroform 0.80 -1.40
lodobenzene 0.82 -1.02
Trifluoroethanol 0.89 -0.035
Acetone 0.91 0.43
DCM 0.99 1.82
1,2-Dichlorobenzene 1.07 3.68
Benzonitrile 1.09 421
Benzaldehyde 1.09 4.47
DMSO 1.13 5.98
Nitrobenzene 1.16 8.00
TCE 1.19 n/a
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The AG,gg 0f macrocycle 1a for different solvents were plotted against various solvent
scales (Figures 2.32-2.39). Good correlations are observed against scales that account for
solvent polarity (e, u,, Kirkwood-Onsager) or solvent polarity and polarizability (1, Catalan
SPP, xg), where Pearson’s r = 0.8-0.9.>* There is no correlation with solvent polarizability (c)

on its own or hydrogen bonding (j).

Based on these results, it is proposed that both high solvent polarity and high solvent
polarizability promote favourable interactions between the solvent molecules and the PDI units
of 1a, interacting with the solvent in preference to with each other, inhibiting intramolecular H-
agreggation. In solvents with lower polarity and lower polarizability, the PDI cores within the
macrocycle will interact with each other in preference to with the solvent, leading to

intramolecular H-aggregation.
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Figure 2.32 Plot of AG,,,, against dielectric constant € of each solvent. The red line represents the linear regression
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fitting of the data.
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Figure 2.33: Plot of AG,4, against the Kirkwood-Onsager function (¢ — 1)(2& + 1) for each solvent. The red

line represents the linear regression fitting of the data.
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Figure 2.35: Plot of AG,,4, against polarizability e of each solvent, showing no correlation.
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Figure 2.36: Plot of AG,,, against the empirical Kamlet-Taft r*scale of solvent polarity/polarizability. *> The

red line represents the linear regression fitting of the data.
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Figure 2.37: Plot of AG,,, against the empirical Catalan SPP scale of solvent polarity/polarizability. % The red

line represents the linear regression fitting of the data.
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Figure 2.38: Plot of AG,,, against the empirical yp scale of solvent polarity/polarizability.>” The red line

represents the linear regression fitting of the data.
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2.5.5 Quantification of intramolecular 1T-17 stacking strength in toluene and

TCE
As previously discussed, the distinct UV-vis absorption spectra of macrocycle 1a in polar,

polarizable chlorinated solvents and less polar aromatic solvents allows the strength of
intramolecular PDI-PDI 11—1T interactions to be estimated. However, because toluene and TCE
were assumed to lead to the “fully H-aggregated” and “fully non-H-aggregated” states of
macrocycle 1a, they represent asymptotes in the model described in the previous section, such

that AG,g in these solvents cannot be determined by this method. Instead, the method of Moore

and Ray (explained below),>® *° previously used for measuring the solvent-induced folding of
aromatic oligomers, was used to estimate the free energy of PDI-PDI H-type aggregation
for 1ain toluene. For this, TCE was titrated into a solution of 1ain toluene (at constant
concentration), which led to the formation of isosbestic points (A= 505, 523, 577 nm), indicative

of conformations that are in equilibrium (Figure 2.40).
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Figure 2.40: Change in the UV-vis absorption spectrum of a 10 umol solution of macrocycle 1a in toluene:TCE
solvent mixtures (grey) going from pure toluene (black) to 97:3 (v/v) toluene:TCE (red). The arrows denote the

direction of change as the proportion of TCE is increased.

By monitoring the Aog-o / Ao-1 ratio for each solvent composition (Figure 2.41), the free
energy of intramolecular H-type aggregation (AG,g;) can be determined for different

toluene: TCE solvent mixtures (Figure 2.42).

The model used to calculate AG,g, results in asymptotes at 0 % and 100 % TCE.
However, plotting of the AG in the transition region against % TCE gives a straight-line
relationship that can be extrapolated to obtain an estimate AG,g, for full intramolecular H-type

aggregation in pure toluene (i.e., at 0% TCE) according to the equation:
AGggg = AG(Tol) + m[TCE]

Where AG(Tol) is the free energy for full intramolecular H-type agreggation in pure

toluene, [TCE] is the concentration of TCE in the solvent mixture, and m is the gradient of the
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plot. From Figure 2.42, this gives AG (Tol) =-11.1+0.1 kJ mol™, which represents an estimate

for the strength of the homochiral TT—T interaction in toluene.
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Figure 2.41: Change in Ago / Ao-1 ratio in the absorption spectrum of compound 1a in toluene: TCE mixture as the

volume % of TCE is increased.
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Figure 2.42: Plot of AG,,, of macrocycle 1a (derived from the Ao / Ao-1 ratio) for different toluene: TCE solvent

agg
mixtures. Data points in red are excluded from the linear regression fitting.

In summary, this work enabled an estimation of the strength of the homochiral
intramolecular PDI-PDI T—TT interaction in toluene, -11 kJ mol™. This is over twice as strong
as the aggregation of PDIs functionalized with four bulky 4-tert-butylphenoxy groups at the
bay positions, as reported using a recent PDI-based macrocycle in toluene.>® The following
section will attempt to bring together the experimental results so far in order to construct
“conformational energy landscapes” for the MM/PP and MP macrocycle stereoisomers in

toluene and chlorinated solvents.

2.6 Conformational energy landscape of macrocycle 1

This section will use the experimental results obtained so far to build a solvent-
dependent “energy landscape” for the conformations of the MM/PP enantiomers and MP

diastereomer of macrocycles la/b.

The experimental evidence obtained so far points towards macrocycle la/b having

distinct conformations in toluene and chlorinated solvents (Figure 2.43).
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Figure 2.43: Proposed solvent dependence of conformations and stereocisomer interconversion for macrocycle 1a.

In toluene, UV-vis absorption and CD spectroscopy both indicate that the macrocycle
exhibits H-type excitonic coupling between its two PDI cores (Sections 2.4.2 and 2.5.3). This
is also consistent with NMR spectroscopic studies which point towards closely stacked 1T—
surfaces in the macrocycle (Section 2.3 and 2.5). From NMR, chiral HPLC and CD
spectroscopy it can also be deduced that this intramolecular H-type dimer must be exclusively
homochiral, occurring only as the MM and PP stereoisomers (Section 2.4). Therefore, the
conformation in toluene is consistent with the exclusively homochiral 11-stacked intramolecular
dimer conformation observed in the crystal structure of 1b (Section 2.3.1). From chiral HPLC
studies and time-course CD measurements it was also shown that enantiomer interconversion
is relatively slow in toluene, with an enantiomer half-life of 121 h (Sections 2.5.3 and 2.5.4).

It is hypothesised that the 1T-stacking between the PDI cores helps to “anchor” them in position,
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thus preventing enantiomerisation via an “intramolecular somersault”.** The strength of the 1r-
1T interaction in toluene, relative to a non-1r-stacked conformation, was measured as AGagg =
—11.1 kJ mol* (Section 2.5.5).

In contrast, chlorinated solvents like dichloromethane and TCE can disrupt the
intramolecular -1 interaction, leading to a non-1r-stacked conformation being dominant, as
evidenced by UV-vis, NMR and CD spectroscopy (Sections 2.4.2 and 2.5). The preference for
homochirality is less strong in this non-tr-stacked conformation. This is evidenced by the
presence of a second set of signals, corresponding to the MP stereoisomer in the *H NMR
spectrum of macrocycle la in TCE and the presence of an extra peak in the chiral HPLC
chromatogram when run in dichloromethane as the major eluent. The lack of strong -1
interactions in chlorinated solvents also leads to a faster rate of enantiomerisation, with an

enantiomer half-life of only 0.3 hours (Sections 2.4.3 and 2.4.4).

The experimental results are summarised as conformation—energy diagrams in different
solvents, as shown in Figure 2.44. There are three experimentally observable conformations in
a racemic sample of macrocycle 1la/b: two homochiral conformations, with intramolecular 1r-
1T interactions switched on and off respectively, and a heterochiral MP conformation, which

from NMR studies (Section 2.5.1) appears to have weaker TT-1T interactions.

Toluene Chlorinated solvent

AGY = 108 kJ mol* [

Energy
Energy

AG* =93 kJ mol”!

Heterochiral . .
conformations MP Homochiral conformations
MM/PP

‘C8:&> TI'-1T
:8;83 ON %

Homochiral conformations
MM/ PP

- S

H-type

Heterochiral
conformations P

33 OFF
H-type @

11.1|kJ mol! > 10 kJ mol”' 11.1 kJ mol™!

5.5 kJ mol!

Conformational coordinate Conformational coordinate

Figure 2.44: Proposed conformation—energy diagrams for macrocycle 1a in toluene (left) and chlorinated solvent
(right) using experimental data. All values are at 298 K, except for the populations and free energy difference

between MM/PP and MP, which are estimated at 373 K, by *H NMR spectroscopy.
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In toluene, the homochiral conformation with T1-TT interactions switched on is observed
exclusively. This is because in toluene this stereoisomer is stabilised relative to the heterochiral
stereoisomer by at least 10 kJ mol™, as estimated from the fact that only the(tr-stacked) MM/PP
are observed by *H NMR spectroscopy in toluene. The energy barrier for racemisation, which
likely goes via the MP heterochiral conformation as an intermediate, was determined to be
AG* =108 kJ mol in toluene (Section 2.4.4).

In contrast, in chlorinated solvents the non-tr-stacked conformations are observed
exclusively, with a homochiral:heterochiral ratio of 81:19 as determined by 'H NMR
spectroscopy in TCE (section 2.5.1). An energy difference between the non-tr-stacked
homochiral MM/PP enantiomers and the heterochiral MP can be estimated as 5.5 kJ mol™ from
this population ratio. As before, the racemisation barrier corresponds to the barrier between the
homochiral MM/PP and the heterochiral MP and was measured as AG* = 93 kJ mol in DCM
(section 2.5.2). The experiment described in Section 2.5.5 which measured the strength of the
TT-TT interaction in toluene relative to a non-tr-stacked conformation, also implies that in TCE
the non-1r-stacked homochiral conformation is stabilised relative to the 1r-stacked homochiral
conformation by 11.1 kJ mol. Interestingly, the strength of this Tr-Tr interaction measured in
toluene is similar to the difference in racemisation energy barriers in toluene and DCM (AAG? =
15 kJ molt), which supports the hypothesis that it is the intramolecular Tr-TT interaction that

“anchors” the PDI units and slows down enantiomerisation.
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2.7 Electrochemical studies
As established in the previous sections, macrocycle l1a/b is notable for exhibiting

solvent-switchable intramolecular PDI-PDI tr—11 stacking, which provides switchable
chiroptical and photophysical properties. Following on from this, it was hypothesised that this
may also result in switchable electrochemical properties. This would be interesting because
through-space Tr-orbital overlap and redox stability are critical for advancing the charge carrier
mobility and air/photo-stability of PDI-based (chiral) optoelectronic materials.®® % To probe

this, cyclic voltammetry measurements were carried out on macrocycle 1la (Figure 2.45).

a) ——1:1 (v/v) toluene:DCM b) — 1:1 (v/v) toluene:DCM
—DCM —DCM
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Figure 2.45: a) Full and b) zoomed-in region of the cyclic voltammograms of macrocycle la recorded in
dichloromethane and 1:1 (v/v) toluene:dichloromethane (each containing 0.4 M [nBusN][BF4]). ¢) Schematic of

the redox processes of macrocycle 1a in each solvent.

In dichloromethane, cyclic voltammetry of la revealed two typical chemically
reversible two-electron reduction processes (Figure 2.45b-c).2 This implies that the reduction
of one PDI in the macrocycle does not affect the reduction of the other PDI.

In contrast, the addition of toluene splits these peaks into a series of four distinct one-

electron reductions. This demonstrates that homochiral intramolecular T—1t stacking between
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the two PDI units facilitates their through-space electronic communication,*® %2 which is
solvent-switchable. It should be noted here that the 4e~ reduction of la in 1:1 (v/v)
toluene:dichloromethane? is chemically reversible, yet the CV wave appears different on the
reverse sweep, likely because in 1a* the PDI units repel each other and lose through-space

communication.*8 62

It is clear that the H-type aggregate in 1:1 (v/v) toluene:dichloromethane also
significantly stabilises the first reduced PDI state (1a", Ei2 = —0.84 V) relative to the
corresponding species in neat dichloromethane or the acyclic PDI control 3a" (Ei2 =-0.94 V
for both, Table 2.4 and Figure 2.46). Since it is an acyclic monomer, the electrochemistry of
3a is much less dependent on solvent.

It is also interesting to consider the difference between the reduction and oxidation peak
potentials for each redox process (AEp). In general, the closer AEp is to 57 mV, the more
reversible the redox process is.®® The first redox process A is relatively close to being fully
reversible in macrocycle 1a in DCM and in acyclic PDI 3a in both solvents (AE, =68-89 mV,
Table 2.4), but is significantly higher for 1a in 1:1 (v/v) toluene:DCM (136 mV) which
indicates a greater conformational change upon reduction. It is also worth noting that while AE;
increases for each subsequent redox process as a result of repulsion between the added
electrons, the increase in AEp for 1a is greater in 1:1 (v/v) toluene:DCM than in DCM. This
may be because the addition of toluene favours PDI aggregation, thereby leading to a greater

conformational change upon PDI reduction as the chromophores are repelled.

£ The H-type aggregate in 1:1 (v/v/) toluene:dichloromethane was characterised using UV-vis spectroscopy. It was
not possible to measure the cyclic voltammogram in toluene due to the poor solubilities of the reduced species in
toluene.
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Table 2.4: Cyclic voltammetry data for macrocycle 1a and acyclic PDI 3a2.

Redox Process, Ei» / V, [AE;,,mV]

Solvent A B C D
1:1 (v/v) toluene:DCM | -0.84 | -1.02 | -1.18 | -1.70°
Macrocycle 1a [136] | [206] | [300]
DCM -0.94 [89] -1.31 [325]
1:1 (v/v) toluene:DCM -0.94 [82] -1.20[138]
Acyclic PDI 3a
DCM -0.94 [68] -1.18 [279]

@Recorded in the stated solvents containing 0.4 M ["BusN][BF4] as supporting electrolyte at ambient temperature,

with potentials quoted at 0.10 V s * against E1, Fc*/Fc. E1 value could not be calculated so Ec is given instead.
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Figure 2.46: Cyclic voltammograms of a) Acyclic bis-triazole PDI 3a in DCM, b) Acyclic bis-triazole PDI 3a in
1:1 (v/v) toluene:DCM, c) macrocycle 1a in DCM, d) macrocycle 1a in 1:1 (v/v) toluene:DCM.

Overall, these results imply that H-type homochiral T—1t stacking, which is a through-
space interaction, leads to solvent switchable stabilization of the PDI radical anion 1a" (by 0.1

Vin 1:1 (v/v) toluene:dichloromethane, likely more in neat toluene). Thus, PDI-PDI electronic
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communication in this system leads to an enhancement in electron accepting power superior to
the covalent addition of two ortho-cyanophenyl electron withdrawing groups to the perylene
core.%* Additionally, the electron deficiency of macrocycle 1a (Eiz = —0.84 V) is in line with a
tetrachloro-substituted PDI (E12 = —0.87 V),® which has already been used as a good n-type

semiconducting material.
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2.8 Summary and conclusions
This chapter has explored the design, synthesis and characterisation of a new bis-PDI

macrocycle, the “Pink Box” macrocycle 1la/b. The PDI chromophores in 1 are optimised for
close-contact (3.7 A) intramolecular homochiral Tr-1r stacking, allowing the optical, electronic
and chiroptical properties of a closely-stacked twisted bis-PDI dimer to be explored by a wide
range of experimental techniques.

In toluene and in the solid state, the macrocycle 1a/b exists as an exclusively homochiral
PDI-PDI intramolecular dimer with strong H-type excitonic coupling. This through-space 11—
1T electronic communication of two chiral PDI units leads to an enhancement of their
enantiomeric stability (tu2 = days vs. minutes) and electron-accepting ability (AE12 = 0.1 V).
Macrocycle 1a therefore matches the electron-accepting power of a tetrachloro-substituted PDI
semiconducting material® but with a notably higher barrier to stereoisomer interconversion
(AG* = 108 vs 97 kJ mol1).%¢ Excitingly, this homochiral T—TT interaction also results in the
enantiomers of 1a having the highest circularly polarized luminescence dissymmetry factor of
any discrete PDI dye in solution (gum= 102vs 107%).%” In comparison to other organic
molecules, the CPL is amongst the most red-shifted (675 nm) and has one the highest

dissymmetry factors.® 2528

Interestingly, the conformation of macrocycle 1a/b is solvent-dependent, resulting in
switchable photophysical, electrochemical and chiroptical properties. Since the writing of this
chapter, collaborators have used femtosecond transient absorption (fsTA) and two-dimensional
electronic spectroscopy to conclusively show that in toluene there is strong excitonic coupling
and emission from an excimer, while in chlorinated solvents the PDIs behave monomerically
as a result of a conformational change which switches off excitonic coupling.®® This solvent
dependent conformational change is discussed in detail in Chapter 4.

Overall, the work described in this chapter highlights how through-space T—1r
electronic communication of two PDI units can be optimised by tuning their relative chirality
(homochiral), orientation (H-type aggregate), and distance (3.7 A) using a preorganised
macrocyclic architecture to enhance their chiroptical, photophysical and electrochemical
properties. Work in the next chapters will explore how variation of this “Pink Box™ macrocyclic
architecture, via changing the imide or linker groups, can be used to achieve indefinitely stable
enantiomers (chiral locking), to direct the self-assembly of PDI H- and J-aggregates (via chiral
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TT—TT interactions), and to isolate and study the various chiral conformers that can exist in these

macrocycles, including the MP heterochiral diastereomer.

The Pink Box

Se Homochiral
\1:-11 stacking

O

v Stabilised perylene diimide enantiomers

v Circularly polarised luminescence in solution

v" ON/OFF switchable H-type aggregation

Figure 2.47: Summary of results for Chapter 2.
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2.9 Experimental

2.9.1 Materials and methods
All commercial solvents and reagents were used as purchased, unless otherwise stated.

Anhydrous solvents were degassed with N2 and dried using an Innovative Technology PureSolv
MD 5 solvent purification system. Cu(MeCN)4-PFs was stored in a desiccator. TBTA was
prepared following a literature procedure.®® Water was distilled and microfiltered using an
ELGA DV 35 Purelab water purification system. Chromatography was undertaken using silica
gel (particle size: 40-63 pum) or preparative TLC plates (20 x 20 cm, 1 cm silica thickness). *H
and *C NMR spectra were recorded using Bruker AV111400 (400 MHz), Bruker AV NEO 400
(400 MHz), Bruker AV NEO 500 (500 MHz, with cryoprobe). Mass spectra were recorded
using a Bruker UltrafleXtreme MALDI-TOF mass spectrometer or a Waters Synapt G2-S mass
spectrometer for high resolution MS-ESI. Details of equipment used for other analytical
techniques (photophysics, electrochemistry, HPLC etc.) are provided in their appropriate
sections in this supporting information. All analytical experiments were performed with bis-
perylene diimide (PDI) macrocycle 1a and acyclic bis-triazole PDI control 3a. Only single
crystal X-ray diffraction was performed with macrocycle 1b, for which shorter alkyl chains
enabled the growth of useable crystals. Apart from their side chains, macrocycles 1a and 1b are
structurally identical, as evidenced by their matching *H NMR (aromatic signals, see below)
and solvent-dependent UV-vis spectra (Figures 2.64-2.65).

2.9.2 Synthesis and characterisation
The synthesis of macrocycles 1a and 1b was carried out according to Scheme 2.2.

Compounds 4b* and 2a'® were prepared following literature procedures. Compounds 2a/b,
3a/b and 4a/b were isolated as a mixture of 1,6 and 1,7 PDI regioisomers. Both macrocycles
la and 1b were isolated as the pure 1,7 regioisomer since removal of the 1,6 regioisomer was

possible by silica gel column chromatography at this stage.
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Scheme 2.2: Multistep synthesis of bis-PDI macrocycles 1a and 1b.

A note on the safe use of 1,4-bis(azidomethyl)benzene and other bisazides

1,4-bis(azidomethyl)benzene was kindly synthesised by Angus Yeung according to a literature
procedure.!’ 1,4-bis(azidomethyl)benzene and other organic bisazide compounds are used as
synthetic reagents throughout this thesis. Whilst in the Barendt group we have thus far not
encountered any problems with the azide compounds we have used, working with these can be
dangerous as organic azides can be unstable and explosive if there are fewer than six carbon
atoms per azide group in the molecule. Additionally, synthesising these involves the use of
sodium azide which is highly toxic and can lead to the formation of other explosive products.
A good assessment method for determining whether a chemical reaction is potentially explosive
is the O.R.E.O.S. assessment’™® (Oxygen balance calculations, the Rule of six, explosive
functional group list, Onset of decomposition determined by differential scanning calorimetry,
Scale). The 1,4-bis(azidomethyl)benzene and other bis-azides used in this thesis fail this
assessment simply thorough the consideration of the rule of six and the presence of two
explosive azide groups per molecule before the other tests are even taken into account.

Therefore, the following precautions must be taken when working with these compounds:
71
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e Do not use halogenated solvents (e.g. DCM or chloroform) in the presence of sodium
azide, as this can lead to the formation of explosive compounds such as diazidomethane

and triazidomethane.

e Avoid using acids in the presence of sodium azide as this can produce the toxic gas
hydrogen azide.

e Do not handle sodium azide with metal spatulas as this can catalyse the formation of

hydrogen azide.

e Avoid working on large scales (work with < 1 g or less ideally). For example, if 1,4-
bis(azidomethyl)benzene fully decomposes, it can theoretically release 3 moles of N2
per mole of compound. Therefore, 1 g of 1,4-bis(azidomethyl)benzene can release ~ 16
mmol of N, gas, which would occupy 384 cm?® at room temperature and pressure.
Therefore, sub-gram amounts of 1,4-bis(azidomethyl)benzene can be handled relatively
safely as long as the other precautions below are followed.

e Avoid using sealed flasks. Always use an escape needle/balloon when using septum

seals on glassware.

e Avoid concentrating organic azides in large quantities through rotary evaporation or
distillation. If absolutely necessary to do so, then it is essential to use large enough round

bottom flasks and a blast shield.
e Do not heat sodium azide or organic azides.

Acyclic bis-triazole PDI 3a

TMS

/ / O
N3
o) o} 0, o]
e, e
R-N . N-R ——— R-N . N-R _—
O O DCM/MeOH O O Cu(NCCH3)4PFg
o o o e} TBTA
DCM
VA VA , 12 h N
T™S 58% yield over 2 steps

2a
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To a solution of TMS-protected bisalkyne PDI 2a®® (150 mg, 168 pmol) in DCM (20 ml) was
added K>CO3 (85 mg, 616 pumol, 3.6 equiv) in MeOH (10 ml). The mixture was stirred at rt for
3 min, and completion of the reaction was confirmed by TLC. A further 20 mL of DCM was
added to the mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30
mL) and brine (30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to
dryness in vacuo to afford the PDI bis-alkyne, which was used immediately without further
purification. To a solution of this PDI bis-alkyne in dry DCM (20 ml) was added 1,4-
bis(azidomethyl)benzene (316 mg, 1.68 mmol, 10 equiv) and Tris((1-benzyl-4-
triazolyl)methyl)amine (TBTA) (17.86 mg, 34 pmol, 0.2 equiv). The solution was then de-
gassed with argon. The copper (1) catalyst Cu(CH3CN)4PFs (12.5 mg, 34 pmol, 0.2 equiv) was
then added and the solution was once again de-gassed with argon. The reaction was stirred at rt
for 12 h. The solvent was then removed in vacuo. The resulting residue was purified by silica
gel flash column chromatography (1:99 MeOH-DCM) affording the title compound as a purple
solid (110 mg, 98 pmol, 58%).

1H NMR (500 MHz, Chloroform-d, 1,7-regiosiomer) 8 8.63 (d, J = 26.4 Hz, 2Hp), 8.12 (s, 2Ha),
7.83(d, J= 8.1 Hz, 2Hc), 7.66 (5, 2Ha), 7.43 — 7.36 (M, 8H), 5.67 (5, 2He1), 5.15 (p, 2Hy), 4.42
(s, 4He2), 2.27 — 2.16 (M, 4Hy), 1.87 — 1.77 (M, 4Hy), 143 — 1.15 (m, 24Hi1), 0.89 — 0.78 (m,
12H)).

13C NMR (126 MHz, CDCl3) & 164.57, 163.45, 148.63, 136.88, 135.46, 134.60, 133.54,
130.37, 129.65, 129.25, 129.10, 128.96, 128.66, 128.62, 128.55, 123.30, 123.18, 122.61,
122.44,121.96, 54.40, 54.37, 32.43, 31.88, 26.70, 22.73, 22.70, 14.19.

HRMS ESI (m/z) calculated for CesH71N1404" [M+H]* 1123.5782, found 1123.5765.
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TAB-SEP-EA9VN-ESI-Pos-2 (0.030) Is (1.00,0.01) C66H70N1404 H 1: TOF MS ES+
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Calculated (top) and observed (bottom) ESI MS data for compound 3a.
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Bis-PDI macrocycle 1a

Compound 2a
1 eq, high dilution

CU(NCCH3)4PF6
TBTA
DCM
rt, 72 h
39% I

To a solution of compound 3a (110 mg, 98 umol) in DCM (250 mL) was added compound 2a
(73 mg, 98 pumol, 1 equiv) and Tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (21mg, 39
pmol, 0.4 equiv). The solution was then de-gassed with argon. The copper catalyst
Cu(CH3CN)4PFs (14 mg, 39 umol, 0.4 equiv) was then added and the solution was once again
de-gassed with argon. The reaction was stirred at rt for 36 h and monitored by TLC (1:99
MeOH-DCM). The solvent was then removed in vacuo. The resulting residue was purified by
silica gel flash column chromatography (1:99 MeOH-DCM) followed by preparative silica TLC
(0.5:99.5 MeOH-DCM), affording the title compound (as the pure 1,7-regioisomer) as a purple
solid (70.8 mg, 38 umol, 39%).

'H NMR (400 MHz, TCE-d,, 373K, the major species are the enantiomers, i.e. MM,PP:PM =
88:12 mol%) & 8.58 (s, 4Ha), 8.18 (d, J = 8.1 Hz, 4Hp), 7.66 (d, J = 8.1 Hz, 4H.), 7.35 (s, 8H),
7.27 (s, 4Hd), 5.77 (d, J = 15.2 Hz, 4He), 5.65 (d, J = 15.1 Hz, 4He), 5.10 (p, J = 8.4, 6.3 Hz,
4Hy), 2.27 — 2.06 (m, 8Hn), 2.05 — 1.83 (M, 8Hn), 1.32 — 1.24 (m, 48Hix), 0.93 — 0.83 (M, 24H)).

13C NMR (101 MHz, TCE, 373K) & 163.48, 162.81, 148.02, 136.10, 134.87, 134.34, 133.53,
132.59, 129.43, 128.98, 128.27, 128.12, 127.76, 122.74, 121.01, 54.90, 53.84, 31.36, 29.40,
26.45, 22.18, 13.62.

HRMS (ESI) (m/z) calculated for C116H125N160g" [M+H]* 1869.9866, found 1869.9879.
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MALDI (TOF) mass spectrum of a crude reaction mixture of 1a. This shows the formation of larger macrocyclic
[2+2] and [3+3] side products, alongside the target [1+1] macrocycle 1a.
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Acyclic bis-triazole PDI 3b

TMS

7 V4 N
N3
O, (o] O, (o]
aW 05 DV,
R-N . N-R —» R-N . N—R
S e | SRS | e
0 o) 0 o TBTA

Y Y/ o

™S 57% yield over 2 steps

2b i .
1
R=CsHyy= ’_ig

To a solution of TMS-protected bis-alkyne PDI 2b (85 mg, 118 pmol) in DCM (20 ml) was
added K>COs (50 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and completion
of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the solution.
The solution was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine (30 ml).
The organic layer was then dried over anhydrous MgSO4 and concentrated to dryness in vacuo

Y

to afford the deprotected PDI bis-alkyne which was used immediately without further
purification. This PDI bis-alkyne was immediately re-dissolved in dry DCM (25 mL). To this
was added 1,4-bis(azidomethyl)benzene (220 mg, 1.18 mmol, 10 equiv) and Tris((1-benzyl-4-
triazolyl)methyl)amine (TBTA) (12 mg, 24 pumol, 0.2 equiv). The solution was then de-gassed
with argon. The copper (1) catalyst Cu(CH3CN)4PFe (9 mg, 24 umol, 0.2 equiv) was then added
and the solution was once again de-gassed with argon. The reaction was stirred at rt for 12 h.
The solvent was then removed in vacuo. The resulting residue was purified by silica gel flash
column chromatography (1:99 MeOH-DCM) affording the title compound (as the pure 1,7-
regioisomer) as a purple solid (63 mg, 66 pmol, 57%).

IH NMR (500 MHz, Chloroform-d) & 8.64 (s, 2Ha), 8.11 (d, J = 8.0 Hz, 2Hy), 7.82 (d, J = 8.1
Hz, 2H¢), 7.65 (s, 2Hq), 7.41 — 7.34 (M, 8Hs), 5.66 (5, 4He1), 5.02 (M, 2Hy), 4.41 (5, 4He1), 2.28
~2.16 (M, 4Hi), 1.94 — 1.85 (m, 4H;), 0.88 (t, J = 7.5, 1.3 Hz, 12H;).

13C NMR (126 MHz, CDCl3z) & 163.81, 148.51, 136.81, 135.00, 134.58, 134.48, 134.18,
133.49, 129.87, 129.20, 129.18, 129.04, 128.96, 128.59, 128.55, 128.52, 122.81, 121.96, 57.74,
54.34, 54.30, 25.08, 11.36.

HRMS (ESI) (m/z) calculated for Cs4H47N1404" [M+H™] 955.3904, found 955.3885
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13C NMR spectrum of 3b (Chloroform-d, 298 K, 101 MHz).
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TAB-SEP-EAZLC-ESI-Pos-2 (0.030) Is (1.00,0.01) C54H46N1404 H
1001 955.3904

1: TOF MS ES+
5.24e12
956.3934
= Theoretical Isctope Pattem
M+H]
957.3962
[ T T T T T T T T miz
954 955 956 957 958 959 960 961
TAB-SEP-EAZLC-ESI-Pos-2 120 (1.075) AM2 (Ar,28000.0,0.00,0.00); ABS; Cm (120) 1: TOF MS ES+
100+ 955.. 3.73e4
9563024 Opserved Data
L o
957.4006
T T T T T T T T miz
954 955 956 957 958 959 960 961

Calculated (top) and observed (bottom) ESI MS data for compound 3b.
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Bis-PDI macrocycle 1b

Compound 2a
1 eq, high dilution

Cu(NCCH3)4PFg
TBTA
DCM
. rt, 72 h
J 22%

3b R =CsHq= g 1b

To a solution of compound 3b (63 mg, 66 umol) and freshly-prepared compound 2a (38 mg,
66 pmol, 1 equiv) in DCM (250 mL) was added Tris((1-benzyl-4-triazolyl)methyl)amine
(TBTA) (14 mg, 26 pmol, 0.4 equiv). The solution was then de-gassed with argon. The copper
catalyst Cu(CHsCN)4PFe (10 mg, 26 pmol, 0.4 equiv) was then added and the solution was
once again de-gassed with argon. The reaction was stirred at rt for 36 h and monitored by TLC
(1:99 MeOH-DCM). The solvent was then removed in vacuo. The resulting residue was
purified by silica gel flash column chromatography (1:99 MeOH-DCM) followed by
preparative silica TLC (0.5:99.5 MeOH-DCM), affording the title compound (as the pure 1,7-
regioisomer) as a purple solid (22.7 mg, 15 pumol, 22%).

'H NMR (400 MHz, TCE-d,, 373K, the major species are the enantiomers, i.e. MM,PP:PM =
81:19 mol%) 6 8.63 (s, 4Ha), 8.23 (d, J = 8.1 Hz, 4Hy), 7.79 (d, J = 8.1 Hz, 4H), 7.31 (s, 8Hs),
7.20 (s, 4Hd), 5.74 (d, J = 15.2 Hz, 4H), 5.64 (d, J = 15.2 Hz, 4H¢), 5.02 — 4.95 (m, 4Hy), 2.18
(m, 8Hi), 1.98 (m, 8H;), 0.90 (g, J = 7.2 Hz, 24H;).

13C NMR (101 MHz, TCE, 373K) & 164.53, 163.49, 148.29, 136.30, 134.87, 134.02, 133.08,
129.91, 129.49, 129.37, 128.62, 128.25, 123.15, 121.25, 58.74, 54.18, 29.78, 25.43, 25.22,
11.53.

HRMS (ESI) (m/z) calculated for Co2H76N160s [M]* 1533.6111, found 1533.6090.
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'H NMR spectrum of 1b (TCE-d,, 373K, 400 MHz). The § = 5-9 ppm region of this spectrum is near identical (AS
=0.05 - 0.1 ppm) to that of macrocycle 1a. Peaks labelled with an asterisk correspond to the minor species (MP

diastereomer), while those without an asterisk correspond to the major species (MM,PP enantiomers).

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80
Chemical Shift (ppm)

13C NMR spectrum of 1b (TCE-d;, 373 K, 101 MHz).
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TAB-SEP-EA3YP-ESI-Pos-2 (0.030) Is (1.00,0.01) C92H76N1608 H
1
1004

1: TOF MS ES+
34.6140 3.63e12
1533.6111
Theoretical Isotope Pattern
M+H
15635.6171
L
1536.6200
1537.6228
[ T T T T T T l T T miz
1532 1533 1534 1535 1536 1537 1538 1539
TAB-SEP-EA3YP-ESI-Pos-2 123 (1.098) AM2 (Ar,28000.0,0.00,0.00); ABS; Cm (117:129-35:55) 1: TOF MS ES+
1534.6127 7.84e4
1004
1533.6090
Observed Data
1535.6160
*
1536.6215
0 T T T T T T T T miz
1532 1533 1534 1536 1536 1537 1538 1539

Calculated (top) and observed (bottom) ESI MS data for compound 1b.
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1,7-TMS-protected bis-alkyne PDI 2b.

. o

O O
Cul
NEt3

Toluene
60°C, 48 h
quant.

To a solution of dibromo PDI 4b (200 mg, 290 umol) in 1:1 dry NEts-toluene (30mL) under
a nitrogen atmosphere was added Pd(PPhs)2Cl. (12.94 mg, 17 pmol, 0.06 equiv), Cul (6.09 mg,
32 pumol, 0.11 equiv) and trimethylsilylacetylene (142 mg, 207 pL, 1.45 mmol, 5 equiv). The
mixture was thoroughly de-gassed with nitrogen and stirred at 60 °C for 48 h. The solvent
mixture was then removed in vacuo. The resulting residue was then re-dissolved in DCM (30
mL) and washed with 1M HCI (50 mL) and water (3 x 50 mL); dried over anhydrous MgSO4
and concentrated to dryness in vacuo. The resulting residue was purified by silica gel flash
column chromatography (1:1 n-hexane:DCM) affording the title compound as a red solid
(210mg, 290 pumol, 100%).

IH NMR (400 MHz, Chloroform-d) & 10.22 (d, J = 8.2 Hz, 2H.), 8.82 (s, 2H.), 8.65 (d, J = 8.2
Hz, 2Hb), 5.11 — 5.02 (M, 2He), 2.33 — 2.19 (M, 4Hs), 2.02 — 1.81 (m, 4H), 0.93 (t, J = 7.5 Hz,
12Hy), 0.39 (s, 18Ha).

13C NMR (101 MHz, CDCl3z) & 134.49, 134.21, 128.13, 127.83, 127.66, 120.02, 106.19,
105.81, 77.48, 77.16, 76.84, 57.94, 25.17, 11.44, -0.23

MS (MALDI-TOF) (m/z) calculated for CasHasN204Si2 [M]: 722.2996, found 722.3007

161



H,0

_
{
|
o b
e
.
[
=

*r o i P
o o = m r~ © ™ &
8 =S " o © pt by
~ ] - - o = =
T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 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 1.5 1.0 0.5 0.0
Chemical Shift (ppm)

'H NMR spectrum of 5b (Chloroform-d, 298 K, 400 MHz).
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13C NMR spectrum of 5b (Chloroform-d, 298 K, 400 MHz).
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MALDI (TOF) mass spectrum for compound 5b. An accurate mass was obtained by calibration to polyethylene

glycol chains that were co-spotted with the sample and therefore also observed in the mass spectrum
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2.9.3 Separation of 1,6- and 1,7- stereoisomers by crystallisation

It was found that it is possible to separate the 1,7- and 1,6-regioisomers of bis-bromo PDI 4b
through recrystallisation. In a typical procedure, 500 mg of 4b (as a mix of 1,7- and 1,6-
regioisomers) was dissolved in 200 mL of chloroform and placed in a 500 mL measuring
cylinder. On top of this was layered 200 mL of hexane. The cylinder was sealed with parafilm
and left overnight. The next day, the mixture was filtered, yielding crystals enriched in the 1,7
isomer. Multiple recrystallisations allowed the pure 1,7-isomer to be isolated. However, the
yield for this was only ~ 25 % pure 1,7-isomer, and as this was also quite time consuming, it
was decided that pursuing this method was not worthwhile. Instead, it was later found that the

1,6 and 1,7 isomers can be separated by column chromatography at the macrocyclisation stage.

Br

GE8E afen

a Br

1,7-isomer 1,7-isomer 1,6-isomer

///
/
1,6-isomer

) L Reaction product (mix of 1,7 and 1,6) JL JUL 1,7:1,6=4:1
a c

)\
H ” 15t recrystallisation "I‘a 1,7:1,6 =16:1

ML 2" recrystallisation j\ 1,7:1,6=1:0
J -

T T T T T T T T T T T T T T T T T T T T T T T T
9.60 9.55 950 945 940 935 930 925 920 915 9.10 9.05 9.00 895 89 885 880 875 870 865 860 855 850 845
Chemical shift (ppm)

Figure 2.48: 'H NMR spectrum (Chloroform-d, 298 K, 500 MHz) of compound 4b after successive

recrystallizations.
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2.9.4 Further NMR spectroscopy experiments

Macrocycle 1a

a) Variable temperature *H NMR spectroscopy experiments

o 373K °  °g N

il 363 K o N

N 353 K MM "

R 343 K . "
N 333K o N
N 323 K ol N
. 313K

1 303 K
D Y § | 298 K o

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
8.4 83 82 818079 78 777675747372 717069 6867666564 6362616059 585756 55545325251 5049 48 4.7 46 45 4.4

Figure 2.49: Truncated *H NMR spectra of 1a (Toluene-ds, 400 MHz) at various temperatures ranging from 298
K (bottom spectrum) to 373 K (top spectrum), showing how the spectrum is too broad to assign at room

temperature (298K) but sharpens as the temperature is increased.
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b) Solvent dependent *H NMR spectroscopy of macrocycle 1a

a f
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Figure 2.50: Partial *H NMR spectra of macrocycle 1a in different toluene-ds: TCE-d, solvent mixtures (373K,
400 MHz). The spectra are aligned using an internal reference standard, poly(dimethylsiloxane), added to each
sample. Peaks labelled with an asterisk correspond to the minor species (MP diastereomer), while those without

an asterisk correspond to the major species (MM,PP enantiomers). The MM,PP:MP ratios are shown for each

spectrum.
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Figure 2.51: Zoomed in region of the *H NMR spectrum of macrocycle 1a in toluene-ds (373 K, 400 MHz,
MM,PP:PM > 99:1 mol%) to show that no MP diastereomer (i.e. minor species) is detectable by *H NMR

spectroscopy.

166



¢) H-'H EXSY/NOE NMR Spectroscopy
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Figure 2.52: Partial *H-'*H EXSY/NOESY NMR spectrum of macrocycle 1a (TCE-dz, 373 K, 400 MHz). Signals
with phase shown in red are EXSY signals and signals with phase shown in blue are NOESY signals. Unlike in
toluene (Figure 2.53), no NOE is seen between the Hc and Hq protons in TCE-dz. EXSY signals show which *H
NMR signals are under chemical exchange, via interconversion of MM,PP enantiomers with the MP diastereomer.
The EXSY signal set for the exchange of Hc. (MM,PP enantiomer species) and He~ (MP diastereomer) is
highlighted as an example.
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Figure 2.53: Partial H-'H EXSY/NOESY NMR spectrum of macrocycle 1a (toluene-ds, 373 K, 400 MHz).
Signals with phase shown in red are EXSY signals and signals with phase shown in blue are NOESY signals. In
toluene-ds a NOE between the protons H¢ and Hg is observed, in contrast to TCE-d, (Figure 2.52).
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d) Determination of rate constants of MM/PP«sMP interconversion by *H-H EXSY NMR

spectroscopy

Quantitative *H-H EXSY NMR spectroscopy can be used to obtain rate constants for
the interconversion between different species.*! This has been used to quantify the exchange
kinetics in supramolecular systems where the exchanging species have different energies and
populations.*® An adapted version of this method has been used here.

All 2D-EXSY NMR spectra were recorded on a Bruker AV NEO 400 (400 MHz) NMR
spectrometer. Exchange rates were calculated using the program EXSY CALC.* To calculate
the exchange rates between two species, diagonal and cross-peak intensities for the exchanging
NMR resonances are required from two EXSY NMR experiments at different mixing times.
For each data point, one EXSY NMR experiment was carried out with a mixing time of 900 ms
and another was carried out with a very short mixing time of 5 ms. The same major and minor
exchanging proton signals were used for every EXSY experiment. Here, we used Hcand Hex in
the 'H NMR spectrum of 1a (section 2.5.1), as the large chemical shift difference between these

signals allowed easy and reliable integration (Ad = 0.5 ppm).

The exchange matrix is as follows:

k1 —R, —k_4

Where ki and k.1 are exchange rates and R: and Rz are the longitudinal relaxation rates.
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Ki

MM/PP . . MP
K.

r

Table 5: Rates (ki and k.1) and corresponding free energies of activation (AG*; and AG*.;) for the interconversion
between enantiomer MM/PP and diastereomer MP of macrocycle la, determined by 'H-'H EXSY NMR

spectroscopy at different temperatures and in different solvents.

Solvent Temp. (K) | ki(s?) AG*; (k) mol?) ki(s?) AG*; (k) mol?)
TCE-d, 353 0.023 103.8 0.086 99.7

358 0.031 102.9 0.159 97.8

363 0.043 101.8 0.206 97.0

368 0.071 100.2 0.372 95.1

373 0.103 99.1 0.574 93.8
1:1 (v/v) 373 0.090 99.5 1.05 91.9

tol.-ds:TCE-d,

This data in pure TCE-d; can be fitted to the linear form of the Eyring equation: *°

Lk _ZAHT1 kg AST
"TTTR TR TR

Where kj is the Boltzmann constant, R is the gas constant and h is Planck’s constant.

This fitting yields AH* = 80.7 £ 5.7 kJ mol™ and AS* = — 49.7 + 14.1 J K'* mol? for the
forwards MM/PP — MP process and AH* = 98.7 + 6.2 k mol-1 and AS* =+ 13.0 + 17.0 J K'!
mol™ for the backwards MP — MMJ/PP process, in pure TCE-d2.

From here, AG* in pure TCE-d; can be calculated at 298 K: AG* (298 K) = 95.5 kJ mol-1 for
the forwards MM/PP — MP process and AG*.1 (298 K) = 94.8 kJ mol! for the backwards MP
— MM/PP process. Therefore, the barrier in TCE-d at 298 K is close to that in dichloromethane
at 298 K, as determined by CD spectroscopy in section 2.4.4.
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Figure 2.54: Van 't Hoff plot for the forwards rate constant (k1) of interconversion between the enantiomer MM/PP

and the diastereomer MP of macrocycle la, obtained from H-'H EXSY NMR experiments at different

temperatures.
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Figure 2.55: Van 't Hoff plot for the backwards rate constant (k.1) of interconversion between the enantiomer
MM/PP and the diastereomer MP of macrocycle 1a, obtained from *H-'H EXSY NMR experiments at different

temperatures.
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2.9.5 Crystallography
The single crystal X-ray diffraction data for macrocycle 1b was collected and solved by Dr

Georgia Orton and Dr Sarah Griffin.

Purple, needle-like crystals of macrocycle 1b, suitable for single crystal X-ray diffraction, were
grown from a racemic mixture of 1b dissolved in chloroform, with slow diffusion of methanol

(antisolvent).

Single crystal X-ray diffraction experiments were performed at the UK Diamond Light Source
119-1 3-circle diffractometer (A = 0.6889 A).”7* A suitable single crystal was selected and
mounted using fomblin film on a micromount. Data were collected on a dectris-CrysAlisPro-
abstract goniometer imported dectris images diffractometer. The crystals were kept at 100(2) K
during data collection (single omega sweep). The structures were solved by direct methods
using ShelXT™ and refined with ShelXL using a least squares method. Olex2 software was
used as the solution, refinement and analysis program.’® The crystal diffracted weakly despite
the use of synchrotron radiation and numerous attempts at growing better diffracting crystals.
The data used in the refinement was truncated to a resolution of 0.84 A which reduced
completeness but improved signal to noise. Overall the data to parameter ratio is 11.5.A
completeness of 83% did not support meaningful modelling of most of the disordered solvent.
Instead, the olex solvent mask function was used which found 672 electrons in a volume of
2296 A% in 2 voids per unit cell. This is consistent with the presence of 0.625[CHCl3],
2.625[COHa] per asymmetric unit which account for 668 electrons per unit cell. Hydrogen
atoms were placed in geometrically calculated positions; non-hydrogen atoms were refined with
anisotropic displacement parameters. Methyl hydrogens were refined as idealized CHz groups
with tetrahedral angles. ADPs of atoms on the PDI core were restrained to be similar (SIMU).
Figures were produced using CrystalMakerX.

Crystal Data for Macrocycle 1b Cg3sHgoN1609(M = 1565.73 g/mol): monoclinic, space group
C2/c, a=42.6612(4) A, b =12.02180(10) A, ¢ = 34.4752(3) A, « = 90°, A = 109.6030(10)°, y =
90°, V = 16656.3(3) A%, Z =8, T= 100(2) K, pu(Synchrotron) = 0.078 mm™, Dcac = 1.245,
35021 reflections collected (3.428° < 20 < 48.406°), 12270 unique [Rint = 0.0521, Rsigma =
0.0852] which were all used in the calculations. The final Ry was 0.1629 (I > 2o(I))
and wR2 was 0.4597 (all data). Deposited cif number: 2157213.
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Figure 2.56: Asymmetric unit of macrocycle 1b with all non-hydrogen atoms represented by ellipsoids at the 50%

probability level. Hydrogen atoms omitted for clarity (C, black; O, red; N, blue)

Figure 2.57: PDI-PDI plane to plane centroid = 3.7 A, calculated using Olex2 software.
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2.9.6 Chiral HPLC
Chiral chromatographic studies were performed using a Phenomenex i-Amylose-1

chiral column on an Agilent 1290 Infinity analytical HPLC instrument. The flow rate was 1
mL/minute and the detection wavelength was 500 nm. The eluents and injection volumes for
each chromatogram are specified in the figure captions. To separate the enantiomers for
chiroptical studies, the system was set up to run automatedly and the enantiomers were collected
using an automated fraction collector. For this purification the eluent system was 4:1 toluene:n-

hexane and the injection volume was 20 L.
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Figure 2.58: Chiral HPLC chromatogram of compound 1a dissolved in toluene (injection volume 50 pL, ~ 2
mg/mL) and eluted with 4:1 (v/v) toluene:n-hexane. Using a combination of CD spectroscopy (Section 2.9.7) and
computational modelling (Appendix A), peak A is assigned as the MM enantiomer and peak B is assigned as the

PP enantiomer.
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Figure 2.59: Chiral HPLC chromatogram of compound 1a dissolved in DCM and eluted with 7:3 (v/v) DCM:n-hexane eluent
(injection volume 50 pL, ~ 2 mg/mL). From *H NMR spectroscopy, peaks A and B are assigned to the enantiomers
(PP,MM) and peak C is the diastereomer (MP).

2.9.7 Chiroptical studies
a) Circular dichroism studies

Circular dichroism (CD) spectra were recorded on a Jasco J-1500 CD
spectrophotometer with a wavelength accuracy = 0.2 nm (250 to 500 nm), £ 0.5 nm (500 to 800
nm) and a CD root mean square noise < 0.007 mdeg (500 nm). A quartz cuvette with 0.5 mm
path length was used. The spectra were recorded at a concentration of 10 M. The enantiomers
were assigned by comparison of their CD spectra in toluene (Figure 2.60) with the

computationally calculated spectra of the enantiomers in toluene (Appendix A).
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Figure 2.60: CD spectra for the MM (MM:PP > 99:1 mol%) and PP (MM:PP = 12:88 mol%) enantiomers of

macrocycle 1a in toluene.
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Figure 2.61: CD spectra for the MM (MM:PP > 99:1 mol%) and PP (MM:PP = 12:88 mol%) enantiomers of
macrocycle 1a in DCM. As the enantiomers racemise relatively quickly in chlorinated solvents (ty, = 18 min),

particular care was taken to record the spectra immediately after dissolving the samples in DCM.
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b) Circularly polarised luminescence studies

The circularly polarised luminescence (CPL) data in this section was collected by Dr Patrycja

Brook and Prof Robert Pal from Durham University.

CPL was measured with a home-built (modular) spectrometer. The excitation source
was a broad band (200 — 1000 nm) laser- driven light source EQ 99 (Elliot Scientific). The
excitation wavelength was selected by feeding the broadband light into an Acton SP-2155
monochromator (Princeton Instruments); the collimated light was focused into the sample cell
(1 cm quartz cuvette). Sample PL emission was collected perpendicular to the excitation
direction with a lens (f = 150 mm). The emission was fed through a photoelastic modulator
(PEM) (Hinds Series I1/FS42AA) and through a linear sheet polariser (Comar). The light was
then focused into a second scanning monochromator (Acton SP- 2155) and subsequently on to
a photomultiplier tube (PMT) (Hamamatsu H10723 series). The detection of the CPL signal
was achieved using the field modulation lock-in technique. The electronic signal from the PMT
was fed into a lock-in amplifier (Hinds Instruments Signaloc Model 2100). The reference signal
for the lock-in detection was provided by the PEM control unit. The monchromators, PEM
control unit and lock-in amplifier were interfaced to a desktop PC and controlled by a custom-
written Labview graphic user interface. The lock-in amplifier provided two signals, an AC
signal corresponding to (IL- IR) and a DC signal corresponding to (IL + IR) after background
subtraction. The emission dissymmetry factor was therefore readily obtained from the

experimental data, as 2 AC/DC.

Spectral calibration of the scanning monochromator was performed using a Hg-Ar
calibration lamp (Ocean Optics). A correction factor for the wavelength dependence of the
detection system was constructed using a calibrated lamp (Ocean Optics). The measured raw
data was subsequently corrected using this correction factor. The validation of the CPL
detection systems was achieved using light emitting diodes (LEDs) at various emission
wavelengths. The LED was mounted in the sample holder and the light from the LED was fed
through a broad band polarising filter and A/4 plate (Ocean Optics) to generate circularly
polarised light. Prior to all measurements, the A/4 plate and a LED were used to set the phase
of the lock-in amplifier correctly. The emission spectra were recorded with 0.5 nm step size
and the slits of the detection monochromator were set to a slit width corresponding to a spectral
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resolution of 0.25 nm. CPL spectra (as well as total emission spectra) were obtained through an
averaging procedure of several scans. The CPL spectra were smoothed using a shape-preserving
Savitzky-Golay smoothing (polynomial order 5, window size 9 with reflection at the
boundaries) to reduce the influence of noise and enhance visual appearance; all calculations
were carried out using raw spectral data. Analysis of smoothed vs raw data was used to help to
estimate the uncertainty in the stated gium factors, which was +10%.
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Figure 2.62: Raw and fitted CPL spectra of a) MM enantiomer (MM:PP > 99:1 mol%) and b) PP enantiomer
(MM:PP = 12:88 mol%) of macrocycle la.
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2.9.8 Photophysics
All steady state electronic absorption and emission spectra were recorded at a

concentration of 10 uM (unless otherwise stated) at 298 K. For UV-Vis-NIR spectroscopy a
Cary 5000 spectrophotometer was used, with a wavelength accuracy < 0.08 nm and absorbance
accuracy < 0.01 Abs. For fluorescence spectroscopy a Jasco FP-8500 was used with emission
and excitation wavelength accuracies = 1.0 nm. The detector base sensitivity is 8500:1. Quartz

cuvettes with 1 cm path length were used.
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a) UV-vis-NIR absorption and emission spectra
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Figure 2.63: UV-vis absorption spectra and fluorescence emission spectra of macrocycle 1a in selected solvents

(10 uM). The 0-0 and 0-1 vibronic transition peaks are labelled in the absorption spectrum of benzene.
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Figure 2.64: UV-vis absorption spectra of macrocycle 1a in toluene and TCE (10 uM). Intramolecular H-type

agreggation in toluene results in a reversal in the 0-0 and 0-1 vibronic peak intensities in the UV-vis spectrum.
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Figure 2.65: UV-vis absorption spectra of macrocycle 1b in toluene and TCE (10 pM). These spectra are very

similar to those of macrocycle 1a.
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Figure 2.66: UV-vis absorption and fluorescence emission spectra of acyclic bis-triazole PDI 3a in toluene and

TCE (10 uM). The UV-vis spectra of 3a have no solvent dependence, in contrast to macrocycles 1a,b.
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Figure 2.67: Excitation spectrum (Aem = 620 nm) of macrocycle 1a in TCE (10 uM).
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Figure 2.68: Excitation spectrum (Aem = 620 nm) of macrocycle 1a in toluene (10 pM).
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b) Beer-lambert plots
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Figure 2.69: a) Absorption spectrum of macrocycle 1a in toluene at different concentrations, up to AbSmax for the
instrument. b) The dependence of absorption (518 nm) on concentration for macrocycle 1a in toluene is linear,
showing Beer-Lambert behaviour. ¢) Absorption spectrum of macrocycle 1a in TCE at different concentrations.
d) The dependence of absorption (548 nm) on concentration for macrocycle 1a in TCE is linear, showing Beer-

Lambert behaviour.
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¢) Quantum yields

Absolute fluorescence quantum yields were obtained on an Edinburgh Instruments
FLS920 steady-state spectrometer fitted with an integrating sphere. All samples were recorded
atal uM with a7 - 8 nm excitation slit and 0.1 - 0.2 nm emission slit width. Experiments were

carried out in solution using 1 cm path length quartz cuvettes with four transparent polished

faces.

Table 6: Quantum yields for compounds 1a and 3a in toluene and TCE.

Compound | Solvent | Quantum Yield
la Toluene 0.48
TCE 0.90
3a Toluene >0.99
TCE >0.99
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2.9.9 Electrochemistry
Electrochemical experiments were carried out in anhydrous degassed solvents (DCM or

1:1 toluene-DCM) using 0.1 M tetrabutylammonium tetrafluoroborate as the supporting
electrolyte. The working electrode was a 3 mm glassy carbon electrode (polished with diamond
slurry prior to use), a Pt counter electrode, and a Ag/AgCl reference. All cyclic voltammograms
(CVs) were referenced to the Fc*/Fc® redox couple and recorded at a scan rate of 0.1 Vs, An
Autolab Interface 6 potentiostat was used for electrochemical measurements. The inherent

instrument error is V: £ 0.2% (+ 2 mV).
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Figure 2.70: Cyclic voltammograms of a) Acyclic bis-triazole PDI 3a in DCM, b) Acyclic bis-triazole PDI 3a in
1:1 (v/v) toluene:DCM, c) macrocycle 1a in DCM, d) macrocycle 1ain 1:1 (v/v) toluene:DCM.
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Table 7: Cyclic voltammetry data for macrocycle 1a and acyclic PDI 3a2.

Redox Process, Ei» / V, [AE,,mV]

Solvent A B C D

1.1 (v/v) toluene:DCM | -0.84 | -1.02 | -1.18 | -1.70°
[136] | [206] | [300]

Macrocycle 1a

DCM -0.94 [89] -1.31 [325]

1:1 (v/v) toluene:DCM -0.94 [82] -1.20[138]
Acyclic PDI 3a

DCM -0.94 [68] -1.18 [279]

aRecorded in the stated solvents containing 0.4 M ["BusN][BF4] as supporting electrolyte at ambient temperature,
with potentials quoted at 0.10 V s™* against E1> Fc*/Fc. PE12 value could not be calculated so Eca is given instead.

A B Cc
m + e m + e- m + e-
Toluene H — H — H — H
_PDI ] (_PDI (PDI"] PDI"’]
DCM ‘ A+B T ‘ C+D
+2e +2e¢

Figure 2.71: Proposed schematic of the redox processes of macrocycle 1a in each solvent.
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Chapter 3: A chirally-locked bis-PDlI
macrocycle: consequences for chiral self-
assembly and circularly polarised
luminescence
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Orton and | collected the single crystal X-ray diffraction data at the synchrotron at Diamond
light source. Dominic J. Black and Robert Pal carried out CPL measurements and CPL-LSCM

microscopy. Martijn A. Zwijnenburg carried out computational modelling.
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3. A chirally-locked bis-PDI macrocycle: consequences for
chiral self-assembly and circularly polarised
luminescence

3.1 Introduction
As discussed in the introduction to this thesis, in 1,7-disubsituted PDlIs, the substituents

are directed towards the same face of the PDI (Figure 3.1a).! Therefore, 1,7-disubstituted PDIs
possess two different r-surfaces, one more sterically hindered than the other. These TT-surfaces
would be expected to exhibit distinct Tr—1T interactions and thus different T—r self-assembly
properties. However, for the handful of configurationally stable 1,7-disubstituted PDIs reported
so far (AG*> 117 kJ mol1),2* mr—r self-assembly is limited to the formation of H-type cofacial
dimers.*® This is because macrocyclic strapping via the 1,7 bay positions, which is necessary
for preventing atropisomer interconversion, restricts TT—1r interactions to only one of the -
surfaces of the mono-PDI macrocycle (Figure 3.1b). However, it was noticed that a promising
strategy for extending T—11 self-assembly would be to strap the PDI core with a second PDI
unit, yielding a bay-connected bis-PDI macrocycle®® with accessible Tr-surfaces® on both the
interior and exterior of the macrocycle, for intra- and inter-molecular -1 interactions
respectively (Figure 3.1c). Indeed, the “Pink Box” macrocyclic scaffold discussed in the
previous chapter is an ideal candidate for achieving this.

a) b)

Mono-PDI macrocycle c) Bis-PDI macrocycle

1 (this work)
o 12 °

-——— ) R+ -R Both
Sterically-hindered face o 7 © l—_ m-surfaces
‘P

6
' l N P o . / available
@ ™ - : ’
T N fg N -1 S °
— - dimerization 0 o ! -
R- -R
I d © Py
Face available for aggregaton 1 ’Q Potential for further
e aggregation beyond the

Restricted ™ R'\

M dimer limit
T-surface
L. 6

Figure 3.1: a) lllustration of the two distinct Tr-surfaces in a 1,7-disubstituted PDI. b) Cartoon of a 1,7-strapped

mono-PDI macrocycle *® and its preference for homochiral dimerization. c) Cartoon depiction of a “Pink Box”

bis-PDI macrocycle with available Tr-surfaces on the exterior of the macrocycle for intermolecular self-assembly.
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The previous chapter explored the design, synthesis and characterisation of a novel bis-
PDI macrocycle, the “Pink Box” macrocycle 1, that is optimised for a close-contact (3.7 A)
intramolecular T7—T7 interaction between the two PDI cores. The H-type 17—TT stacking was
found to be exclusively homochiral, occurring between PDIs of the same axial chirality (i.e.
MM or PP but not MP). However, macrocycle 1 did not exhibit any further self-assembly via
TT—TT interactions beyond this intramolecular PDI dimer limit, as evidenced by its crystal
structure and Beer-Lambert behaviour. It was hypothesised that the branched alkyl imide
groups in macrocycle 1 prevent these intermolecular PDI-PDI interactions, and that a different,
less bulky, imide group might therefore be more conducive to intermolecular self-assembly.
Additionally, the enantiomers of macrocycle 1 are not configurationally stable. Chirally-locked
enantiomers are a requirement for studying the impact of optical purity on —r directed self-
assembly (i.e., comparing racemic and enantiopure materials). As suggested by Nuckolls and
co-workers,” and proven conclusively by the work described in this chapter, interconversion
between the MM, PP, and MP stereoisomers in a bay-connected bis-PDI macrocycle requires
a “somersault” motion where one of the PDI imide heads passes through the centre of the
macrocyclic cavity (Figure 3.2). As such, in addition to aiding intermolecular self-assembly, a

careful choice of imide group would also prevent racemisation of the macrocycle.

PDI somersault

Figure 3.2: Cartoon of the “intramolecular somersault” mechanism’ for the interconversion of bis-PDI macrocycle

stereoisomers.

This chapter outlines the development, synthesis, and characterisation of a 2"
generation “Pink Box” type bis-PDI macrocycle that is chirally locked (macrocycle 5, Figure
3.3). This was achieved by replacing the branched alkyl imide groups in macrocycle 1 with
long, rigid tert-butyl benzoate imide groups which prevent racemisation via a PDI
“intramolecular somersault” motion. This imide group also makes the outer Tr-surfaces of the
macrocycle more accessible, allowing the self-assembly of macrocycle 5 via intermolecular

chiral T—T interactions to be studied in racemic and enantiopure samples.
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O™
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motion

Low steric bulk close to PDI
core favours 17- 11 self-
assembly

R = alkyl
Macrocycle 1: Dynamic chirality PP —== MM

Macrocycle 5: Locked chirality pp # MM
R = aryl

Figure 3.3: Comparison of the structures of macrocycle 1a/b and of target chirally-locked macrocycle 5.

3.2 Macrocycle design and synthesis
The feature that sets macrocycle 5 apart from the previous 1% generation “Pink Box”

macrocycle 1 is the use of tert-butyl benzoate substituents at the imide termini of the PDI units
(Figure 3.4). It was envisaged that these substituents would enforce configurational stability
on the macrocycle because, from the initial molecular modelling studies (Figure 3.5, see
appendix A for further details), these rigid substituents elongate the PDIs by ~ 8 A, thereby
potentially preventing them from somersaulting through the macrocycle cavity (PDI-PDI
distance = 3.7 A). Furthermore, the absence of ortho substituents on the phenyl rings is designed

to facilitate strong TT—1t stacking between PDI units, essential for supramolecular self-assembly.
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Figure 3.4: Structures of the enantiomers of chirally-locked target macrocycle 5.

Figure 3.5: DFT-predicted structure of the MM stereoisomer of the lowest energy conformer of macrocycle 5

(hydrogens omitted for clarity). See Appendix A for further details.

The synthesis of macrocycle 5 is outlined in Scheme 3.1. The synthetic strategy is
related to that of “Pink Box” macrocycle 1. However, the key difference is that the aromatic
tert-butyl benzoate imide group is not compatible with bromination conditions, hence

bromination of the perylene core must be carried out prior to imidisation. Furthermore, the
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reduced steric bulk of this imide group close to the PDI core favours aggregation of the PDI
cores which, while desirable for studying self-assembly, also makes these PDI derivatives more
challenging to work with due to poorer solubility. Further details about the synthesis of

macrocycle 5 are given in experimental Section 3.11.1.

Br [ ! Br
o) 0 0 0
. ()<
Q . 0 > RN . NR
Zn(OAc),.2H,0 O O
0 o]

o] 0 NMP
BY 120°C, 6 h Br
6 45%
7
T™S
OO
=—TMS DCM/MeOH
——— 3 RN . NR y
PACI,(PPhg), O O 2) Ns
cul o) 0 N
NEt;
Toluene // 10 eq
60°C, 24 h T™S 8 Cu(NCCHs)4PFg
47% TBTA
DCM
rt, 12 h 9

70%

Compound 8, K,CO3
1 eq, high dilution

Cu(MeCN)4PFg
TBTA
DCM

rt, 72 h
23%

Scheme 3.1: Multistep synthesis of bis-PDI macrocycle 5.
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3.3 Evidence for diastereoselective macrocyclisation
After the final macrocyclisation step, which once again capitalised on copper(l)-

catalysed azide—alkyne cycloaddition (CuAAC) “click” chemistry, macrocycle 5 was purified
by preparatory thin-layer chromatography (TLC). Since the chirality of this macrocycle is
locked (Section 3.4), it would be reasonable to expect to obtain all macrocycle stereoisomers
from the TLC plate, namely the pair of enantiomers (5-MM/PP) and the heterochiral
diastereomer (5-MP). However, only 5-MM and 5-PP were isolated (vide infra), which is
intriguing because this means that the macrocyclization reaction is diastereoselective. This
implies that homochiral templation between the two PDI cores must occur prior to the ring-

closing step that forms the macrocycle.

Homochiral templation Diasteroselective synthesis of 5
(e.g. P-P) PP:MM = 1:1 (MP not observed)

i) K,CO3, DCM
ii) Cu(l), TBTA, DCM
(high dilution)

N3 >

= n—n stacking

Figure 3.6: The diastereoselective synthesis of macrocycle 5.

The exclusive formation of homochiral macrocycles was confirmed by (chiral and
achiral) HPLC analysis of the crude reaction mixture. For these experiments, samples of the
crude reaction mixture were microfiltered prior to injection into the HPLC column to remove
insoluble oligomeric side-products, but no other purification was carried out prior to injection.
Normal phase achiral HPLC revealed only one peak that contained the mass of the macrocycle
(as determined by ESI-MS) while chiral HPLC revealed two macrocycle peaks of equal
intensity corresponding to 5-MM and 5-PP (Figure 3.7a-b). The other peaks in these
chromatograms are likely to be shorter PDI oligomers.
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Figure 3.7: @) HPLC chromatogram (COSMOSIL Buckyprep 250 x 10 mm, injection volume 50 pL, ~ 2 mg/mL,
eluted with 9:1 (v/v) DCM:methanol) of the crude reaction mixture of macrocycle 5. Peaks A-D were collected
and analysed by ESI-MS. Macrocycle 5 was only present in peak B (m/z = 1958) which, when resolved by chiral
HPLC, contains only the enantiomers 5-MM and 5-PP. Peak integral ratio (A:B:C:D) = 8:24:6:6. b) Chiral HPLC
chromatogram (Phenomenex i-Amylose-1, 250 x 10 mm, injection volume 100 pL, ~ 2 mg/mL, eluted with 9:1
(v/iv) DCM:methanol) of the crude reaction mixture of macrocycle 5. Peaks A-E were collected and analysed by

ESI-MS. Macrocycle 5 was only present in peaks B and E (m/z = 1958) which, as identified by CD-spectroscopy,
are 5-MM and 5-PP respectively. Peak integral ratio (A:B:C:D:E) = 7:21:3:4:21.

As for macrocycle 1, upon their resolution by chiral HPLC, the enantiomers of
macrocycle 5 exhibit mirror image CD spectra (Figure 3.8). The enantiomers were assigned by
X-ray crystallography of enantiopure samples (Section 3.8.3) and by comparing the
experimental and computationally predicted (by TD-DFT) CD spectra (Appendix A).
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Figure 3.8: CD spectra for the 5-MM (100% ee) and 5-PP (90% ee) enantiomers of macrocycle 5 in toluene.

Enantiomeric excesses were determined from chiral HPLC (Figure 3.33).

3.4 Investigation of configurational stability
In order to establish whether macrocycle 5 is chirally locked, the enantiomers of a pure

sample of racemic macrocycle 5 (5-rac) were isolated using chiral HPLC and an enantiopure
sample of 5-MM enantiomer was then heated at 180 °C for 24 h. This sample was reinjected
into the chiral HPLC column, which showed no trace of the other enantiomer, 5-PP. Therefore,
the enantiomers of macrocycle 5 can be said to be chirally stable at temperatures at least as high
as 180 °C.

As no chiral interconversion was detected at 180 °C in 24 h, the racemization lifetime ©
is much greater than 24 h. To obtain a lower bound for the free energy barrier for stereocisomer
interconversion, the Eyring equation was used with a racemization lifetime t = 24 h at 180 °C
(453 K). This yields a free energy barrier AG* > 155 kJ mol with a racemisation half-life
(tract’?) of more than 10° years at room temperature.'* This AG* is significantly higher than for
all previously reported bay-connected bis-PDI macrocycles (AG* < 108 kJ mol 1), including

the previous “Pink Box” macrocycle 1, which have trac*2 values ranging from minutes to days.®
7

201



5-MM 5-PP

o

o

—

Abs at 500 nm (AU)

P ] (%3 L

8 8 & 8
w\?

T T T T |
4 5 6 7 8
time (min)

x
8

b)

Immediate reinjection

Abs at 500 nm (AU)
o 8
A
w F

~1
o <

K 5 s
time (min)
C) 300

Reinjection after heating at
180°C for 24 h
H 5 6 7 8
time (min)

Abs at 500 nm (AU)
o 8 8
Q_>

o
LX)

Figure 3.9: Chiral HPLC chromatograms (Phenomenex i-Amylose-1, 250 x 4.6 mm, eluted with 9:1 (v/v)
DCM:methanol) of a) pure racemic macrocycle 5-rac, b) a sample of enantiomer 5-MM, reinjected immediately
after isolation by chiral HPLC, and c) a sample of enantiomer 5-MM, heated at 180°C for 24 h and then reinjected

into the chiral HPLC column.

The configurational stability of macrocycle 5 provides excellent evidence for the
“intramolecular somersault” mechanism originally postulated by Nuckolls and co-workers,’
since the PDI cores with the long, rigid tert-butyl benzoate imide groups are now too long to
“somersault” through the cavity (Figure 3.10a), as seen from the crystal structure (Figure
3.10b).
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a) PDI somersault

Macrocycle 5: R = rigid aryl group = locked chirality (AG* > 155 kJ mol)
Macrocycle 1: R = flexible alkyl chains ® dynamic chirality (AG* <108 kJ mol)

b)
Macrocycle 5-PP

Figure 3.10: a) Cartoon of the ‘intramolecular somersault’ mechanism for the interconversion of bis-PDI

macrocycle stereoisomers,” which is inhibited in 5. b) X-ray crystal structure of macrocycle 5-PP.
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3.5 Characterisation of the intramolecular PDI-PDI dimer
With stable enantiomers in hand, there is an opportunity to study the intermolecular self-

assembly of enantiopure and racemic samples of macrocycle 5. However, in order to be able to
do so it was first necessary to characterise any intramolecular PDI-PDI 1r—1T interactions within
the macrocycle. It should be noted that the analysis in this section concerns intramolecular
interactions only because the bis-PDI macrocycle is found to be monomeric in solution at

concentrations below 10uM.

3.5.1 X-ray crystallography
Single crystals of racemic macrocycle (5-rac) were grown by slow diffusion of

methanol into a chloroform solution, allowing an X-ray crystal structure to be obtained for
macrocycle 5. The crystal structure of 5 is remarkably similar to that of macrocycle 1, with both
exhibiting a clear intramolecular homochiral face-to-face T—1t interaction between the two PDI

cores (Figure 3.11), with a centroid-centroid distance of 3.7 A in both.

Macrocycle 1b Macrocycle 5

Figure 3.11: X-ray crystal structures (showing only the MM enantiomer) in racemic crystals of (a) macrocycle 1b

and (b) macrocycle 5. Imide substituents and hydrogens have been removed for clarity.

3.5.2 H NMR spectroscopy
As discussed in the previous chapter, “Pink Box macrocycle 1 exhibits a switchable

conformation with intramolecular homochiral H-type T—1T stacking in toluene that is switched
off in chlorinated solvents. Therefore, it was decided to investigate whether macrocycle 5
exhibits similar behaviour. This was initially probed by *H NMR spectroscopy (Figure 3.12
and Figure 3.13).
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Figure 3.12: 'H NMR (400 MHz, 373K) spectra of macrocycle 5 (top, TCE-d,) and macrocycle 1 (bottom,
toluene-ds).
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Figure 3.13: *H NMR (400 MHz, 373K) spectra of macrocycle 5 (top) and macrocycle 1 (bottom), both in TCE-
da.

Interestingly, the *H NMR spectrum of macrocycle 5 in TCE-d. is very different to that

of macrocycle 1 in TCE-d, (Figure 3.13) but is quite similar to that of macrocycle 1 in toluene-

ds (Figure 3.12). As established in the previous chapter, macrocycle 1 displays an upfield shift
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of protons Ha in toluene-ds relative to the spectrum in TCE-d2. Once again, proton Hc appears
to be particularly diagnostic of closely stacked 1r-surfaces, presumably because of its proximity
to the triazole and perylene aromatic ring systems. Proton Hc has a similar chemical shift for
macrocycle 5 in TCE-d; and macrocycle 1 in toluene-ds (~ 5.6 ppm for both). In contrast, for
macrocycle 1 in TCE-d>, proton Hc is shifted dramatically downfield (~ 7.7 ppm). This suggests
that for macrocycle 5 the intramolecular H-type dimer persists in chlorinated solvents, in stark
contrast to macrocycle 1 for which chlorinated solvents disrupt the intramolecular H-type
dimer. It is also worth noting that the MP heterochiral stereoisomer observed for macrocycle 1
in TCE-d> is not observed for macrocycle 5, because as established in the previous sections it

is chirally locked and forms exclusively homochiral stereoisomers.

3.5.3 UV-vis absorption spectroscopy
UV-vis absorption spectroscopy was performed to obtain further insight into the effects

of solvent on the intramolecular PDI-PDI dimer in macrocycle 5. The UV-vis spectra of 5-rac
in toluene and TCE are virtually identical, with both displaying clear evidence of excitonic
coupling between the PDIs as result of the intramolecular PDI-PDI H-type interaction
(e0o/€01 = 0.54, for both solvents, Figure 3.14). In contrast, as established in the previous
chapter, the UV-vis spectra of macrocycle 1 show that it exhibits H-type excitonic coupling in
toluene which is switched off in TCE (& o/€0. = 0.58 (toluene), 1.19 (TCE), Figure 3.14).
Therefore, the UV-vis spectra of macrocycle 5 in toluene and TCE are consistent with the

intramolecular H-type dimer persisting in chlorinated solvents.

600007 —r1ce 01 - 700 —Tce

Toluene Toluene o1 s
- 600 N 40000 aD_D.’e(:%ij.w N
E0.0/Eoq =054 500 2 L0.8 2
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e = =
‘ L 400 ‘@ 00 L 06 @
g 0-0 = E 5
- I E = £
s 300 c =2 20000 E0.0/€01 =058  l04 C
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© F200 2 8
€ L0.2 E
- 100 W L

0 Macrocycle 5 [, 04 Macrocycle 1 L 0.0
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Figure 3.14: Normalised UV-vis absorption and fluorescence emission spectra of macrocycle 5 (left) and
macrocycle 1 (right) in toluene and TCE (10 pM), showing that the intramolecular H-type dimer is persists in

chlorinated solvents for macrocycle 5 but is disrupted by chlorinated solvents in macrocycle 1.

206



3.5.4 Emission spectroscopy
Emission spectroscopy was carried out to study the PDI-PDI 17— dimer in macrocycle

5 in the excited state. The fluorescence spectra of macrocycle 5 and of acyclic PDI monomer 9
in toluene are shown in Figure 3.15. The fluorescence of macrocycle 5 appears typical of
excimer emission because, compared to the PDI monomer 9, it is red-shifted (by 35 nm) and
quenched (quantum yield ® = 35% vs. 70%).

3500 -

Bis-PDI macrocycle 5
Acylic PDI monomer 9
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" |
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Figure 3.15: Emission spectra of acyclic PDI 9 and macrocycle 5 in toluene (Aex = 520 nm, 10 pM).

To further probe this excimer state in 5, the fluorescence lifetimes of macrocycle 5 and
PDI monomer 9 were measured. Macrocycle 5 exhibits a significantly longer lifetime compared

to PDI monomer 9 (t = 36 vs. 8 ns), consistent with excimer emission in 5.1
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Figure 3.16: Time-resolved fluorescence decay profiles of macrocycle 5 and PDI monomer 9 (toluene, 5 pmol,
Xex = 373 nm, ?\.em = 635 nm fOI’ 5, and )\,em = 604 nm fOI’ 9)

3.6 Chiroptical properties in solution

3.6.1 CD spectroscopy

In addition to the experiments described above, the CD spectra of the enantiomers of
macrocycle 5 in TCE and toluene also confirm that the intramolecular H-type dimer is present
in both toluene and chlorinated solvents. This is because the CD spectra are identical in both

solvents (Figure 3.17)with clear evidence of H-type excitonic coupling from the Cotton effect
at~ 573 nm.
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Figure 3.17: CD spectra (10 uM) of the enantiomers 5-MM and 5-PP of macrocycle 5, in toluene (top) and TCE
(bottom).

Stable macrocycle enantiomers ensure that the concentration of enantiomers and thus
chiroptical parameters, such as the absorption dissymmetry factor |g.ps|, may be measured
accurately. Indeed, for the previous “Pink Box” macrocycle 1, which is dynamically chiral,
|gabs| could not be measured from the CD spectra as there was too much uncertainty in the
concentration of the enantiomers. Therefore, using macrocycle 5, accurate |g,ps| Values from
the CD spectra in toluene and in chlorinated solvent gave |ga,s| ~ 2.7 x 10 in both solvents,

which is in line with other reported twisted PDI systems.'3 14

3.6.2 CPL spectroscopy
CPL spectroscopy was also carried out on the enantiomers of macrocycle 5 in both TCE

and toluene, from which a |gyym| ~ 2 * 102 at kem = 675 nm in both solvents (Figure 3.18).

The | gaps| and | gium | Values for the enantiomers in both solvents are summarised in Table 3.1.
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Figure 3.18: CPL spectra for the 5-MM and 5-PP enantiomers of macrocycle 5 in toluene and TCE (10 uM, 298
K, Xex =520 nm).

Table 3.1: Absorption and emission dissymmetry factors g, _and g,  for macrocycle 5 enantiomers in toluene

and TCE (both at 10 uM).

Enantiomer Solvent 9, (@t 610 nm) 9y [NM]
MM Toluene -2.7x10°% - 1.8 x 102[672]
PP Toluene +2.8x 103 +1.7 x 102 [678]
MM TCE -2.5x 1073 -1.6 x 102 [671]
PP TCE +2.8x 103 + 1.5 x 102 [676]

Interestingly, the | gjum| =2 x 1072 (675 nm) is an order of magnitude larger than the
equivalent dissymmetry factor for absorption, |g.ps| =3 x 103 (A = 610 nm, Table 3.1), a
characteristic feature of CPL emission from a chiral intramolecular excimer state which arises
from the excitonic coupling of two chromophores in rigid systems such as macrocycles.*>?’
Indeed, as discussed in Section 3.5.4, the fluorescence of macrocycle 5 is typical of excimer
emission. As for the “Pink Box” macrocycle 1 in the previous chapter, the strict homochirality
of the intramolecular TT—11 dimer is thought to be key to the high |g;um| Of macrocycle 5.
Macrocycle 5 has a higher CPL dissymmetry factor than the majority of chirally locked small
organic molecules in solution that emit in the red region of the spectrum.'* 827 Therefore, the
1T—11 homochiral preorganisation of chromophores, as evidenced from absorption and CD

spectra, provides an effective strategy for amplifying | g;um| in organic materials.
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3.7 Estimation of the intramolecular PDI-PDI dimer strength
Having characterised the nature of the intramolecular PDI-PDI interaction in

macrocycle 5, it was then decided to estimate the strength of the dimer. However, since the
intramolecular T—11 dimer in macrocycle 5 could not be disrupted by changing the solvent, it
was not possible to measure the strength of this interaction in the way that it was done for

macrocycle 1 in the previous chapter.

Instead, acyclic bis-triazole PDI 9 was used to estimate the binding strength of the PDI
dimer (Kq). Of course, the Kq measured with 9 provides a lower estimate of Kqin 5, since the
former is an intermolecular system (i.e., Ka-inter) Which is less preorganized than macrocycle 5
(i.e., Kg-intra). Upon concentration of acyclic PDI 9 up to 418 uM in 3:2 (v/v) DCM:n-hexane
(Figure 3.19) the monomeric UV-vis spectrum evolves into one characteristic of H-type
aggregation (go-0/eo-1 decreases from 1.14 to 0.74), from which a Kginer = 1,677 M was
calculated by non-linear curve fitting to the monomer—dimer model (Figure 3.20).28 It is noted
that the error in this Kg.inter Value (£ 19%) arises from further changes to the UV-vis spectrum
at higher concentrations of 9, which are indicative of the formation of larger aggregates than

dimers.
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Figure 3.19: Change in UV-vis absorption spectrum of acyclic PDI 9 upon concentration from 5 uM (red trace)
to 418 uM (black trace) in 3:2 (v/v) DCM:n-hexane.
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Figure 3.20: Change in extinction coefficient of acyclic PDI 9 at 551 nm upon concentration from 5 pM to 418

uM in 3:2 (v/v) DCM:n-hexane, fitted to the monomer-dimer model, giving a dimerization constant Kq = 1678 +
318 M1,
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3.8 Chirality-dependent supramolecular self-assembly
Whilst PDI homochiral dimerization could not be decoupled from subsequent binding

events using acyclic PDI 9, bis-PDI macrocycle 5 is ideally suited to investigating chiral T—r
self-assembly beyond the dimer limit. This is because macrocycle 5 is preorganized into an
intramolecular H-type dimer and has two accessible tr-surfaces on its exterior. The work
described in this section attempts to capitalise on the chiral stability of the enantiomers of
macrocycle 5 to study the chirality-dependent supramolecular self-assembly of racemic and

enantiopure samples of the macrocycle.

3.8.1 Concentration-dependent UV-vis spectroscopy of 5-rac
The supramolecular self-assembly of a racemic sample of the macrocycle (5-rac) was

first studied by concentration-dependent UV-vis spectroscopy in 3:2 dichloromethane:n-
hexane. This solvent system was chosen because it facilitates self-assembly at lower

concentrations than in neat dichloromethane.

Whilst 5-rac exhibits Beer-Lambert behaviour at low concentrations, the UV-vis
spectrum shows significant deviations above 10 uM (Figure 3.21). Upon concentration, a new
PDI absorption band at A = 596 nm appears with isosbestic points (A =472, 545, 571, 582 nm)
indicating the macrocycle “monomer”, in fact an intramolecular dimer, is in equilibrium with a
new aggregated species (Figure 3.21). That this absorption band is significantly red-shifted
relative to the monomer of acyclic PDI 9 (AX =46 nm) suggests the self-assembly of macrocycle

5-rac into a slipped-stacked J-type aggregate.
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Figure 3.21: Change in UV-vis absorption spectrum of macrocycle 5-rac upon concentration from 0.7 uM (red
trace) to 76 uM (black trace) in 3:2 (v/v) DCM:n-hexane.

To estimate the binding constant(s) K for macrocycle self-assembly, the data from the
concentration-dependent UV-vis spectra was fitted to several binding models suited to the
aggregation of Tr-conjugated molecules.?® As well as the dimer model (Section 3.7), this
included a model for the formation of larger aggregates, namely the isodesmic model, in which

all binding events have the same K value.

Interestingly, fits to both the dimer and isodesmic models were poor (Figure 3.22 and
Figure 3.23) suggesting the aggregate formed by 5-rac is distinct to an H-type dimer! or co-

facial columnar stack,2® common assemblies for PDIs.%0
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Figure 3.22: Change in extinction coefficient € at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM
to 76 uM in 3:2 (v/v) DCM:n-hexane, fitted to the isodesmic model by non-linear regression analysis, with fixed
€agg = 33,000 cm™* M and emon = 18750 cm™ ML, The fit is very poor, yielding K ~ 25000 with a large error (~
20%). The sudden, steep rise in € at 105 M suggests that aggregate formation is non-isodesmic and cooperative.

Beer-lambert behaviour is observed below 105 M.
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Figure 3.23: Change in extinction coefficient € at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM
to 76 uM in 3:2 (v/v) DCM:n-hexane, fitted to the monomer-dimer mode by non-linear regression analysis, with
fixed €agg = 33,000 cm™ M and emon = 18750 cm™ ML, The fit is very poor, yielding K = 40,000 with a large error
(~35%). The sudden, steep rise in € at 10" M suggests that aggregate formation is non-isodesmic and cooperative.

Beer-lambert behaviour is observed below 10° M
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Instead, the fact that spectral changes occur over a narrower concentration range
indicates a non-isodesmic aggregation process.?® 3! Indeed, a “nucleation-elongation”
mechanism is characteristic of slipped-stack J-type aggregates of PDIs.3* In the modified
isodesmic (nucleation-elongation) model, dimerisation (with a distinct dimerisation constant Kq
= K) is followed by isodesmic aggregation, such that K> # K3 = K4 ... = Kj ... = K. This can be
described by the cubic equation:

®mon 3(KCT)2(p - 1) + Amon 2KCT(KCT - 2(p - 1)) — @mon (ZKCT + 1) +1=0 (3 1)

Where p = Ko/ K. Therefore, p < 1 implies cooperative binding when the aggregate forms after
the initial dimerization nucleation event. ay,,, is the mole fraction of the monomer (i.e., the
unaggregated macrocycle) and Cr is the total concentration of the sample. This equation cannot
be solved for a,,,, analytically for general cases. However, it is possible to calculate KCt as a

function of KCmon for specific values of p using the equation:

pKCmon

KCr=(1-p)KC ‘=
T ( p) mon (1 _ Kcmon)z

(3.2)

@,gg IS related to the extinction coefficients of the aggregate (e,45), Monomer (ep0,) and
intermediate state (£(Ct)) by the equation:

_ e(Cr) — €agg (3.3)

€mon — fagg

Qagg = 1

Hence,

KC,
e(Cr) = %;m (Smon - <‘:agg) + €agg (3.4)

Hence the data (C) can be plotted against K Ct and fitted manually to the parameters K, €mon,
Eagg and p. As such, the best fit was achieved with a cooperative nucleation-elongation model
in which a weaker dimerization, Kq = 90 M, is followed by a stronger isodesmic extension of

the aggregate, K = 90,000 M* (Figure 3.24).

216



— p=0.0001 ",/
- - ——p=0.001 -

' ——p=0.01 4
? 28000 A — p=01 V4
1 p - N
& ]
o
e’
£ 24000 -
c
[{o]
[o)]
[Ip]
W
20000 | -
— . I -/
0.1 KCT 1 10

Figure 3.24: Change in extinction coefficient at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM to
76 uM in 3:2 (v/v) DCM:n-hexane, manually fitted to the modified isodesmic (nucleation-elongation) model for
various values of p = Ko/K. The best manual fit (red trace) was obtained for K = 90,000 M, p = 0.001, €agq =
33,000 cm™* M and emon =18,750 cm™* ML, From this we can deduce K, =90 M. An error of < 10% is estimated

based on the quality of other fits that were tested.

Interestingly the H-type dimer formed by the acylic bis-triazole PDI 9 (Kg-inter = 1,677
M1 for acyclic PDI 9, see previous Section 3.7) is much stronger than the analogous
intermolecular J-type dimer observed for the bis-PDI macrocycle (Kq = 90 Mt for 5). This is
likely because, as evident from the crystal structure of macrocycle 5 (Figure 3.25), the PDI’s
bay triazole groups point away from the internal Tr-surfaces, thereby favouring a face-to-face
H-type dimerization within the macrocycle. The positioning of these heterocycles towards the
outer Tr-surfaces of the dimer provides steric hindrance that directs subsequent self-assembly
through slipped-stack J-type Tr—T stacking (Figure 3.25). This difference in Kq for H- and J-
type aggregates is expected to be even larger in 5-rac since the macrocycle preorganizes the H-
type dimer to make it intramolecular (s0 Ka.inra >> 1,677 M), while the J-type dimer is

intermolecular (Kq =90 M™1).
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Figure 3.25: X-ray crystal structure of macrocycle 5, showing the self-assembly properties of its inner and outer

T1-faces.

3.8.2 Concentration-dependent UV-vis spectroscopy of enantiopure 5-PP
The supramolecular self-assembly of an enantiopure sample of the macrocycle (5-PP)

was also probed by concentration-dependent UV-vis spectroscopy in 3:2 dichloromethane:n-
hexane (Figure 3.26b). In contrast to the racemate 5-rac which exhibits clear evidence of
aggregation as the concentration is increased (Figure 3.26a), enantiopure 5-PP continues to
obey the Beer-Lambert law at higher concentrations. This indicates the absence of higher order
(intermolecular) TT—1T aggregates in enantiopure 5-PP. This implies that the intermolecular TT—
1T J-type (slipped-stack) aggregation seen in 5-rac must be occurring between PDIs of opposite
chirality.

218



a) 800004 o b) 80000,
Racemate 3-rac =, Enantiopure 5-PP
1 S
600004 S
% ”’2 20

94 M
r v v - T T r —0.9uM
450 500 550 600 650 450 500 550 600 650
A (nm) 2 (nm)

Figure 3.26: UV-vis spectra of (a) 5-rac and (b) 5-PP upon increasing the concentration (3:2 CH,Cl.:n-hexane,
298 K).

Therefore, in stark contrast to intramolecular T—1r stacking between PDIs, which was
shown to be exclusively homochiral and H-type, the intermolecular T—1T stacking of
macrocycle 5 must be heterochiral and J-type. In other words, the studies with 5-rac and 5-PP
indicate that, when both Tr-surfaces of this twisted 1,7-disubstituted PDI are available for m—1r
self-assembly, homochiral H-type dimerization on the less sterically hindered face is followed
by heterochiral J-type stacking on the remaining t-surface (Figure 3.27a-b). As such, the
aggregate formed by 5-rac may be described as an extended J-type aggregate of H-type dimers
(Figure 3.27c).
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Figure 3.27: a) Depiction of the two distinct T-surfaces in a 1,7-disubstituted bistriazole PDI and their chiral
requirements for self-assembly. b) Depiction of the slip-stacked heterochiral interaction required for self-assembly
of macrocycle 5 via -1 on its outer T-surfaces (adapted from the X-ray crystal structure in section 3.8.4). ¢)

Schematic of the T—r self-assembly of 5-rac.

3.8.3 Crystallography of 5-rac and 5-PP
The configurational stability of macrocycle 5 also enables enantiopure single crystals of

the 5-PP and 5-MM enantiomers to be grown in addition to crystals of the racemate without
the risk of forming scalemic or racemic mixtures during the crystallisation process. Single
crystals of 5-rac were grown by slow diffusion of methanol into a chloroform solution, while
the growth of 5-PP and 5-MM crystals required the slow diffusion of hexane into a 1:1
chloroform:1,2-dicholobenzene solution. With enantiopure and racemic crystals in hand, the
chirality-dependent supramolecular self-assembly of macrocycles in these crystals was
analysed by X-ray crystallography in order to validate the findings from the self-assembly
studies in solutions described in the previous sections. The packing of macrocycles in the crystal

structures of 5-rac and 5-PP is shown in Figure 3.28.
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Figure 3.28: Supramolecular packing in the crystal structures of (a) 5-rac and (b) 5-PP.

While both enantiopure and racemic crystals exhibit intramolecular H-type t—T
stacking between the macrocycle’s two PDI units (d = 3.7 A), only 5-rac exhibits
intermolecular J-type T—TT stacking (d = 4.0 A, centroid-centroid slip-angle = 42°) between the
PDI macrocycles themselves. Furthermore, this intermolecular m—1r stacking in 5-rac is
exclusively heterochiral, occurring between the M-PDI unit of one macrocycle and the P-PDI
unit of a neighbour. No intermolecular T—1r PDI-PDI interactions are observed in the crystal
structure of 5-PP. Overall, the crystal packing shows how a mismatch in PDI chirality goes
hand-in-hand with a slipped-stacked J-type arrangement, since the intermolecular Tr—1r stacking
can only occur between naphthalene sub-units on adjacent macrocycles of opposite chirality.
These observations are consistent with the self-assembly studies in solution described

previously.

3.8.4 Photophysical properties of 5-rac and 5-PP crystals
To provide further evidence that the self-assembled structure of 5-rac in solution

matches that in the single crystal, the UV-vis absorption spectra of 5-rac and 5-PP crystals were

measured and compared to the absorption spectra of these samples in solution (Figure 3.29).
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Figure 3.29: a) Solid state UV-vis absorption spectra for crystals of 5-rac and 5-PP. See section 3.11 for further

details. b) UV-vis absorption spectra of 5-rac upon increasing the concentration (3:2 CH,Clz:n-hexane).

For 5-rac there is good agreement between solution spectra and solid-state UV-vis
spectra, most notably the presence of the same, red-shifted absorption band seen upon
aggregation in solution (A =593 nm), a feature not observed in the crystals or in the concentrated

solution of 5-PP.

Additionally, the emission spectra of the crystals of 5-rac and 5-PP were recorded
(Figure 3.30). Whilst the fluoresence emission of both is red-shifted relative to their spectra in
toluene, the fluorescence emission in 5-rac crystals is red-shifted relative to the 5-PP crystals
(AA =23 nm). This is attributed to the additional intermolecular slipped-stack TT—Tr interactions

present in 5-rac.
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Figure 3.30: Normalised emission spectra for crystals of 5-rac and 5-PP as well as 5-rac in toluene solution (10
HM, 7\.9)( = 520 nm)

3.9 Enantioselective Differential Chiral Contrast (EDCC) imaging of single
crystals
Having established the chiroptical properties of macrocycle 5 and its chirality-

dependent supramolecular organisation, the next aim was to understand how the structure

impacts chiroptical properties in the solid state.

For this, Enantioselective Differential Chiral Contrast (EDCC) imaging of single
crystals of 5-rac, 5-PP, and 5-MM was performed using CPL Laser Scanning Confocal
Microscopy (CPL-LSCM).®2 In CPL-LSCM, right- and left-handed left-circularly polarized
photons are collected simultaneously from the sample, generating independent right and left
CPL images rapidly. To ascertain the difference between the degree of left-handed- and right-
handed-circularly polarized luminescence dominance, one of these images is subtracted from
the other to generate an EDCC image. As such, it is possible to perform EDCC imaging of 5-
MM and 5-PP crystals because they emit equal and opposite CPL. Importantly, while the 5-rac
and 5-MM/PP crystals show emission in both the right- and left-handed CPL channels, only
the enantiopure crystals exhibit a difference between the right and left CPL emission intensities
(Figure 3.31). These are the first reported CPL-LSCM EDCC images of single crystals.
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Figure 3.31: Standard and CPL-LSCM images (Aem = 514 nm, Ar-laser, 2 mW) of single crystals of a) 5-PP, (b) 5-

MM and (c) 1-rac. The yellow squares denote the area where the image brightness was measured.

Having distinct enantiopure and racemic single crystals provides the opportunity to
quantify the degree of circularly polarized emitted light from single crystals for the first-time
using CPL-LSCM, by calculating an EDCC dissymmetry factor (ggpcc), Which is analogous to
the luminescence dissymmetry factor obtained by CPL spectroscopy (gium)- In doing so, it is
critical to correct for the inherent CPL bias arising from orientation induced reflection and
subsequent partial helicity inversion of emitted circularly polarized light. Therefore, a bias
factor (B = 8 x 10-%) was introduced, which is subtracted from the uncorrected (raw) EDCC
values of the enantiopure crystals (Section 3.11.7). Importantly, this bias factor could be easily
determined using the enantiopure 5-MM and 5-PP single crystal EDCC values. However, it is
the 5-rac racemic crystals that enable the validation of this system-specific bias factor as no
overall CPL should be observed from 5-rac since it is a racemic material. Incorporating the bias

factor leads to equation 3.5:
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Jence = la-m = Ir-1y _
EDCC 21(L+R)

B (3.5)

where geppc IS the enantioselective differential chiral contrast (EDCC) dissymmetry factor,
I,—gy is the left handed EDCC average 8-bit (0-255 greyscale) pixel value* (i.e., Left CPL —
Right CPL), I+, is the right handed EDCC average 8-bit pixel value (i.e., Right CPL — Left
CPL), I(.+ry is the total image average 8-bit pixel value (Left CPL + Right CPL) and B is the

bias factor (8 x 1073). Further details are given in section 3.11.7.

Equation 3.5 was then used to calculate a |ggpccl of 6 x 102 at Aem > 570 nm for 5-MM
and 5-PP single crystals (see section 3.11.7). Interestingly, the degree of emitted light circular
polarization is three times higher in the crystalline state than in solution, most likely due to
restricted molecular dynamics in the solid-state.®**® This includes rigidification of the
homochiral intramolecular T—1r dimer which, as found from self-assembly studies, is the
primary PDI-PDI interaction in 5-MM/PP.
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3.10 Summary and conclusions
This chapter has explored the development, synthesis, and characterisation of a 2"

generation “Pink Box” type bis-PDI macrocycle that is chirally locked (macrocycle 5).
Configurational stability was achieved by introduction of long, rigid imide groups (tert-butyl
benzoate) that prevent the “intramolecular somersault” mechanism for stercoisomer
interconversion, allowing stable enantiomers to be isolated. An advantage of configurationally
stable enantiomers is that their chiroptical properties will persist over time, potentially making
these materials solution-processable or possible to sublime at elevated temperatures. Solution
processability is often required in many industrial processes for the manufacture of organic

electronic devices.2®

Interestingly, configurational stability allowed the discovery that the synthesis of
macrocycle 5 is diastereoselective, forming exclusively as the pair of enantiomers 5-MM and
5-PP, with no 5-MP diastereomer being observed. As such, homochiral templation must be

occurring as part of the macrocyclisation process.

In terms of photophysical and chiroptical properties, chirally-locked macrocycle 5
behaves similarly to macrocycle 1. However, the intramolecular homochiral dimer appears to
be stronger in 5 because it could not be disrupted in chlorinated solvents, a feature which is
likely responsible for stronger chiroptical properties (|gum| =2 x 1072 for 5and 1 x 1072 for
1). Macrocycle 5 enabled the calculation of | g.ps|, Which is an order of magnitude lower than
| g1um |, demonstrating the importance of a chiral excimer state with excitonic coupling between
the two chromophores for boosting CPL emission.’>’ Notably, the degree of emitted light
circular polarization is further amplified in single crystals of 5-MM/PP, as shown by their
enantioselective differential chiral contrast dissymmetry factor (|ggpccl =6 x 1072), a value
akin to a gy, and calculated here for the first-time using CPL-Laser Scanning Confocal
Microscopy. The ability to grow emissive racemic and enantiopure crystals was a requirement
for this.

The tert-butyl benzoate imide groups also make the outer Tr-surfaces of the macrocycle
more accessible, allowing the self-assembly of macrocycle 5 via intermolecular T—1T
interactions to be explored in both enantiopure and racemic mixtures. As for macrocycle 1 in
the previous chapter, the intramolecular PDI-PDI interaction is exclusively cofacial (H-type)

and homochiral, but further intermolecular self-assembly beyond the dimer limit is exclusively
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slipped-stacked (J-type) and heterochiral. This is because the interior and exterior Tr-surfaces
of the macrocycle are distinct as a result of the geometry of 1,7-disubstituted PDIs. From this,
a general prediction can be made: when both 1r-surfaces of a twisted 1,7-disubstituted PDI are
available for 1m—1 self-assembly, homochiral H-type dimerization on the less sterically
hindered face is followed by heterochiral J-type slipped-stacking on the remaining Tr-surface
(fig). As such, racemic macrocycle 5-rac self-assembles into an extended J-type aggregate of
H-type dimers.
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Figure 3.32: a) Depiction of the two distinct T-surfaces in a 1,7-disubstituted bistriazole PDI and their chiral
requirements for self-assembly. b) Depiction of the slip-stacked heterochiral interaction required for self-assembly

of macrocycle 5 via 1T-171 on its outer T1-surfaces. ¢) Schematic of the TT—1t self-assembly of 5-rac.

Therefore, this work shows that the chirality of the disubstituted PDI building block
provides a rational route to designing H- and J-type aggregates as well as materials that
simultaneously contain both H- and J-type aggregates, with 5-rac providing a unique
demonstration of the latter for twisted PDIs. This discovery seeds the possibility of scalemic

materials®’ that synergise H- and J-type coupling between chiral chromophores to the mutual
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benefit of photon polarisation and exciton transport, for the manipulation of circularly polarised
light. The following chapter will seek to further explore the relationship between the chirality

of PDI-PDI interactions and their photophysical properties.

228



3.11 Experimental

3.11.1 Materials and methods

All commercial solvents and reagents were used as purchased, unless otherwise stated.
Anhydrous solvents were degassed with N2 and dried using an Innovative Technology PureSolv
MD 5 solvent purification system. Cu(MeCN)4-PFs was stored in a desiccator. Tris((1-benzyl-
4-triazolyl)methyl)amine (TBTA) was prepared following a literature procedure. Water was
distilled and microfiltered using an ELGA DV 35 Purelab water purification system.
Chromatography was undertaken using silica gel (particle size: 40-63 um) or preparative TLC

plates (20 x 20 cm, 1 cm silica thickness).

'H and 3C NMR spectra were recorded using Bruker AVI11400 (400 MHz), Bruker AV NEO
400 (400 MHz) and Bruker AV NEO 500 (500 MHz, with cryoprobe). Mass spectra were
recorded using a Bruker UltrafleXtreme MALDI-TOF mass spectrometer or a Waters Synapt
G2-S mass spectrometer for high resolution MS-ESI. Details of equipment used for other
analytical techniques (CPL-LSCM microscopy, CD and CPL spectroscopies, photophysics,
HPLC etc.) are provided in their appropriate sub-sections in this experimental section.
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Synthesis of macrocycle 1

The synthesis of bis-PDI macrocycle 5 was carried out as shown below. Compound 6 was
previously prepared in-house by another lab member (Angus Yeung) according to a literature
procedure®® as a mixture of mono-, bis-, tris- and tetra-bromo isomers that could not be
separated using chromatography at this stage due to poor solubility. Compounds 7, 8 and 9 were
isolated as a mixture of 1,6 and 1,7 PDI regioisomers. Macrocycle 5 was isolated as the pure
1,7 regioisomer since removal of the 1,6 regioisomer was possible by silica gel column
chromatography at this stage. 1,4- bis(azidomethyl)benzene was prepared by Angus Yeung
following the safety precautions for the handling of organic azide compounds described in

section 2.9.2.
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Compound 6 (a mixture of mono-, bis-, tris- and tetra-bromo perylenetetracarboxylic
dianhydride, 1 g) was added to a flask containing N-Methyl-2-pyrrolidone (10 mL). To this was
added tert-butyl 4-aminobenzoate (1.05 g, 5.45 mmol, 3 equiv) and Zn(OAc)..2H20 (678 mg,
3.09 mmol, 2 equiv). This mixture was purged with nitrogen and stirred at 120 °C for 6 hours.
The reaction was then allowed to cool to rt, which yielded a red precipitate. The precipitate was
collected by vacuum filtration, and thoroughly washed with water and then dried under vacuum.
The resulting red residue was then purified by silica gel flash column chromatography (1:160
MeOH:CHClz), affording compound 7 as a mixture of 1,6 and 1,7 bis-bromo isomers (733 mg,
813 pmol, 45% yield if compound 6 was pure bis-bromo perylenetetracarboxylic dianhydride).

'H NMR (500 MHz, Chloroform-d, 1,7-isomer) 6 9.58 (d, J = 8.1 Hz, 2H), 9.01 (s, 2Ha,), 8.80
(d, J=8.1Hz, 2H.), 8.25 — 8.22 (M, 4Hq), 7.44 — 7.42 (m, 4H¢), 1.66 (s, 18Hs).

13C NMR (126 MHz, Chloroform-d) 5 164.89, 162.81, 162.29, 138.43, 138.33, 133.51, 133.30,
132.77, 130.73, 130.58, 129.52, 128.60, 127.37, 123.19, 122.78, 121.10, 81.49, 28.22.

HRMS (ESI) (m/z) calculated for CssH33BraN2Og* [M+H]" 899.0601, found 899.0604

L | |
o ;

-

2.00 = —

T T T T T T T T T T T T T T T T T T T T
10.0 2.5 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 25 2.0 1.5 1.0 0.5 0.0
Chemical Shift (ppm)

'H NMR spectrum of compound 7 (chloroform-d, 298 K, 500 MHz)
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Chemical Shift (ppm)
13C NMR spectrum of compound 7 (chloroform-d, 298 K, 126 MHz)
TAB-SEP-FE4EX-ESI-Pos-1 (0.027) Is (1.00,1.00) C46H32Br2N208 H 2: TOF MS ES+
100+ 901.0589 3.18e12
903.0582
| IF 899.0604 902.0618 Thoomhca[;‘k:i:ro Pattern
900.0637 904.0604
905.0631
0 T T T T T T T vl T T m/z
898 899 900 901 902 903 904 905 906 907
TAB-SEP-FE4EX-ESI-Pos-1 68 (0.461) AM2 (Ar,22000.0,0.00,0.00); ABS; Cm (59:90) 2: TOF MS ES+
100+ 901.0585 2.12e5
Observed Data
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899.3533 [ 906.2620 907.2645
T T A T T T T T T T : T - m/z
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Calculated (top) and observed (bottom) ESI MS data for compound 7.
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TMS-protected bis-alkyne PDI 8

\ /
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i XN ¢ ° A
NEt, a

Toluene // g
60°C, 24 h —Si 8
47% /\

To a solution of bis-bromo PDI 7 (600 mg, 666 pmol) in 1:1 dry NEts-toluene (250mL) under
a nitrogen atmosphere was added Pd(PPhs)2Cl2 (28 mg, 40 pmol, 0.06 equiv), Cul (14 mg, 73
pumol, 0.11 equiv) and trimethylsilylacetylene (327 mg, 474 uL, 3.33 mmol, 5 equiv). The
mixture was thoroughly de-gassed with nitrogen and stirred at 60 °C for 24 h. The solvent
mixture was then removed in vacuo. The resulting residue was then re-dissolved in DCM (100
mL) and washed with 1 M HCI (50 mL) and water (3 x 50 mL); dried over anhydrous MgSQOa4
and concentrated to dryness in vacuo. The resulting residue was purified by silica gel flash
column chromatography (1:1 n-hexane:DCM) affording the title compound as a red solid as a
mixture of 1,6 and 1,7-regiosiomers (297 mg, 318 pumol, 48%).

'H NMR (500 MHz, Chloroform-d, 1,7 isomer) § 10.20 (d, J = 8.2 Hz, 2Hy), 8.83 (s, 2H.), 8.65
(d, J=18.5Hz, 2Hc), 8.23 —8.19 (m, 4He), 7.45 —7.41 (m, 4Hs), 1.64 (s, 18Hg), 0.40 (s, 18Hq)

13C NMR (126 MHz, Chloroform-d) 5 165.13, 163.16, 162.84, 138.85, 138.66, 138.53, 134.80,
134.48, 132.76, 131.06, 130.98, 130.80, 130.67, 128.98, 128.86, 128.82, 128.77, 128.08,
127.99, 127.73, 123.30, 122.19, 120.94, 120.36, 107.06, 106.75, 105.51, 105.45, 81.58, 29.85,
28.37,-0.23

HRMS (ESI) (m/z) calculated for CseHs1N20gSi> [M+H]* 935.3184, found 935.3182.
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13C NMR spectrum of compound 8 (chloroform-d, 298 K, 126 MHz)
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SP021 C56H50N208Si2 MW=935 University of Birmingham, School of Chemistry Samuel Penty
Methanol Waters Xevo G2-XS 11-Oct-2023
TAB-SEP-FE4XM-ESI-Pos-1 (0.027) Is (1.00,1.00) C56HS50N208Si2 H 2: TOF MS ES+
935.3184 451e12
100
936.3212
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9.82e3
100
9332197 Observed Data
" 9336641
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Calculated (top) and observed (bottom) ESI MS data for compound 8.
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Acyclic bis-triazole PDI 9

1) K,COj
DCM/MeOH

10 eq

CU(NCCH3)4PF6
TBTA
DCM
rt, 12 h
70%

To a solution of TMS-protected bis-alkyne PDI 8 (70 mg, 75 pmol) in DCM (20 ml) was added
K2COs3 (30 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and completion of
the reaction was confirmed by TLC. The solution was then washed with water (2 x 30 mL) and
brine (30 ml). The organic layer was then dried over anhydrous MgSO4 and concentrated to
dryness in vacuo to afford the deprotected PDI bis-alkyne which was used immediately without
further purification. This PDI bis-alkyne was immediately re-dissolved in dry DCM (30 mL).
To this was added 1,4- bis(azidomethyl)benzene (142 mg, 758 pumol, 10 equiv) and tris((1-
benzyl-4- triazolyl)methyl)amine (TBTA) (16 mg, 30 pumol, 0.2 equiv). The solution was then
de-gassed with argon. The copper (1) catalyst Cu(CH3CN)4PFs (11 mg, 30 umol, 0.2 equiv) was
then added and the solution was once again de-gassed with argon. The reaction was stirred at rt
for 12 h. The solvent was then removed in vacuo. The resulting residue was purified by silica
gel flash column chromatography (1:99 MeOH-DCM) affording the title compound as a purple

solid as a mixture of 1,6 and 1,7-regiosiomers (62 mg, 53 umol, 70%).

IH NMR (500 MHz, Chloroform-d, 1,7 isomer) § 8.67 (s, 2Ha), 8.22 — 8.17 (m, 4Hy), 8.15 (d,
J=8.1Hz, 2Hy), 7.84 (d, J = 8.0 Hz, 2H.), 7.63 (s, 2Hd), 7.40 — 7.35 (M, 12Hn.¢r), 5.64 (s, 4He),
4.36 (s, 4Hc"), 1.63 (s, 18H).

13C NMR (126 MHz, Chloroform-d) 8 165.08, 163.15, 163.07, 148.12, 138.75, 136.86, 135.31,
135.01, 134.56, 133.97, 132.73, 130.79, 130.22, 129.99, 129.50, 129.43, 129.29, 129.22,
129.08, 128.78, 128.67, 128.64, 128.60, 122.69, 122.49, 122.11, 121.93, 81.57, 54.39, 54.28,
28.35.

HRMS (ESI) (m/z) calculated for CesHsoN14Os™ [M+H]* 1167.4015, found 1167.4026.
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sp022 CE6H50N1408 MW =1167

University of Birmingham, School of Chemistry Samuel Penty
Methanol Waters Xevo G2-X5 11-0ct-2023
TAB-SEP-FE99.J-ESI-Pos-1 (0.027) Is (1.00,1.00) CBEHE0N1408 H 2: TOF MS ES+
100+ 1167 4015 455812
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Calculated (top) and observed (bottom) ESI MS data for compound 9.
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Bis-PDI macrocycle 5

Compound 8, K,CO4
1 eq, high dilution
9 >
CU(NCCH3)4PF6
TBTA
DCM
rt, 72 h
23%

TMS-protected bis-alkyne PDI 8 (50 mg, 53 umol) was dissolved in DCM (20 mL). To this
was added K>COs (20 mg) in MeOH (10 mL). The reaction was monitored by TLC (1:99
MeOH:DCM). Upon completion the reaction mixture was thoroughly washed with water in a
separating funnel (3 x 100 mL) and dried with MgSOa to yield crude deprotected bis-alkyne
PDI in DCM, which was used immediately without further purification due to its tendency to
aggregate and crash out of solution over time. This was added to a flask, along with acyclic bis-
triazole PDI1 9 (62 mg, 53 umol, 1 equiv), tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (12
mg, 21 pmol, 0.4 eq) and a further 350 mL of DCM. The reaction mixture was thoroughly de-
gassed with N2. The copper catalyst Cu(CH3CN)4PFe (8 mg, 21 pumol, 0.4 equiv) was then
added and the reaction mixture was thoroughly de-gassed again. The reaction was stirred at rt
for 36 h and monitored by TLC (2:98 MeOH-DCM). The solvent was then removed in vacuo.
The resulting residue was dissolved in DCM and filtered through cotton wool and the filtrate
was then purified by preparative silica TLC (2:98 MeOH-DCM)), affording the title compound
(as the pure 1,7-regioisomer) as a purple solid (24 mg, 12 umol, 23%).

IH NMR (400 MHz, 373K, TCE-dy) 5 8.28 (s, 4Hq), 8.23 (d, J = 8.2 Hz, 8Hy), 8.20 (s, 4Ha),
7.96 (s, 8Hy), 7.64 (d, J = 8.3 Hz, 4Hp), 7.58 (d, J = 8.2 Hz, 8Hp), 6.05 (d, J = 13.8 Hz, 4He),
5.64 (d, J = 8.3 Hz, 4Hc), 5.59 (d, J = 13.9 Hz, 4H¢), 1.72 (s, 36H).

13C NMR (101 MHz, TCE-d2) & 165.13, 162.00, 138.35, 133.40, 130.70, 130.06, 129.44,
129.19, 121.58, 99.91, 81.88, 74.45, 74.17, 73.90, 32.03, 29.79, 29.41, 29.24, 28.52, 25.01,
22.75, 14.11.

240



HRMS (ESI) (m/z) calculated for C116HssN16O16" [M+H]" 1957.6329, found 1957.6272
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'H NMR spectrum of macrocycle 5 (TCE-d,, 373 K, 400 MHz).
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Aromatic region of the *H NMR spectrum of macrocycle 5 (TCE-dz, 373 K, 400 MHz).
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13C NMR spectrum of macrocycle 5 (TCE-d,, 373 K, 400 MHz). The poor signal to noise ratio is due to the large
number of quaternary carbons and the somewhat low solubility of macrocycle 5.
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Calculated (top) and observed (bottom) ESI MS data for macrocycle 5.

242



3.11.2HPLC analysis
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Figure 3.33: Chiral HPLC chromatograms (Phenomenex i-Amylose-1, 250 x 4.6 mm, injection volume 50 pL, ~
2 mg/mL, eluted with 9:1 (v/v) DCM:methanol) of a) pure racemic macrocycle 5-rac, b) a sample of enantiomer
5-MM, reinjected immediately after isolation by chiral HPLC, c) a sample of enantiomer 5-MM, heated at 180°C
for 24 h and then reinjected into the chiral HPLC column, and d) a sample of 5-PP reinjected immediately after

isolation by chiral HPLC, from which an enantiomeric excess (ee) of 90% can be determined for 5-PP.
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Figure 3.34: a) HPLC chromatogram (COSMOSIL Buckyprep 250 x 10 mm, injection volume 50 uL, ~2 mg/mL,
eluted with 9:1 (v/v) DCM:methanol) of the crude reaction mixture of macrocycle 5. Peaks A-D were collected
and analysed by ESI-MS. Macrocycle 5 was only present in peak B (m/z = 1958) which, when resolved by chiral
HPLC, contains only the enantiomers 5-MM and 5-PP. Peak integral ratio (A:B:C:D) = 8:24:6:6. b) Chiral HPLC
chromatogram (Phenomenex i-Amylose-1, 250 x 10 mm, injection volume 100 pL, ~ 2 mg/mL, eluted with 9:1
(v/iv) DCM:methanol) of the crude reaction mixture of macrocycle 5. Peaks A-E were collected and analysed by
ESI-MS. Macrocycle 5 was only present in peaks B and E (m/z = 1958) which, as identified by CD-spectroscopy,
are 5-MM and 5-PP respectively. Peak integral ratio (A:B:C:D:E) = 7:21:3:4:21.

3.11.3X-ray crystallography
| thank Dr Georgia Orton for performing X-ray crystallography, including solving of the crystal

structure.
Racemic macrocycle 5-rac

Purple, needle-like crystals of macrocycle 5-rac, suitable for single crystal X-ray diffraction,

were grown by slow diffusion of methanol into a chloroform solution.

Single crystal X-ray diffraction experiments were performed by the UK National
Crystallography Service on a Rigaku 007HF diffractometer with HF VVarimax confocal mirrors,
an UG2 goniometer and HyPix 6000HE detector.

The crystals were kept at 100(2) K during data collection. The structures were solved by direct
methods using ShelXT*® and refined with ShelXL*' using a least squares method. Olex2

software was used as the solution, refinement and analysis program.*?
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The crystal diffracted weakly with a low-resolution diffraction limit; the data was truncated to
aresolution of 1.00 A. Many attempts were made to grow stronger diffracting crystals, and this
sample was sent to the synchrotron on several occasions. This dataset from the UK National

Crystallography Service (NCS) gave the best refinement.

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were geometrically
placed and refined using a riding model. Owing to the weak data, all methyl groups were placed
in eclipsed conformations (AFIX 33) rather than having their torsion angles refined against a
search of the Fourier map. This method aided convergence of the refinement. Restraints and
constraints were applied to the structure to aid refinement. The anisotropic displacement
parameters of tertiary carbon atoms C32, C43, C78, and C89 in the t-butyl ester groups were
constrained to be identical (EADP). The anisotropic displacement parameters of carbon atoms
C90, C91, and C92, which from a t-butyl group with tertiary carbon C86, were constrained to
be identical (EADP) and the C-C bond lengths of the bonds carbon atoms C90, C91, C92 form
with carbon atom C89 were restrained to have similar distances (SADI). The anisotropic
displacement parameters of CH3 carbon atoms C35 C34 C33 C45 C44 C46 C79 C80 C81 of
the remaining three t-butyl groups were restrained to be similar (SIMU). The anisotropic
displacement parameters of oxygen atoms O1, O2, 03, O4, 09, 010, 011, and O12 were
restrained to be similar (SIMU).

Due to poor data quality residual solvent could not be sensibly modelled. A solvent mask was
calculated and 469 electrons were found in a volume of 1757 cubic angstrom in 1 void per unit
cell. This is consistent with the presence of 13 methanol molecules per Asymmetric Unit which

account for 468 electrons per unit cell.

Crystal Data for macrocycle 5-rac: Ci116HssN16016 (M = 1958 g/mol): triclinic, space group P-
1,a=17.357(3) A, b=18.793(3) A, ¢ =21.113(3) A, o= 103.153(12)°, P = 94.994(11)°, y =
115.198(16)°, V = 5934.2(17) A%, Z = 2, T= 100.15K, p(Cu Ko) = 0.784 mm™, Dcalc =
1.329 g/cm®, 30226 reflections measured (5.436° < 20 < 100.868°), 11839 unique (Rint =
0.1886, Rsigma = 0.3929) which were used in all calculations. The final Ry was 0.1226 (1> 20(1))
and wR2 was 0.4448 (all data). Deposited cif number: 2308898
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Figure 3.35: Molecular unit of macrocycle 5 from the 5-rac crystal structure with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level. Hydrogen atoms omitted for clarity (C, black; O, red; N,
blue).
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Figure 3.36: Crystal structure of macrocycle 5 from the 5-rac crystal structure depicting the length of the imide

groups and the rotational displacement of the PDI cores.
Enantiopure macrocycle 5-PP

Needle-like crystals of enantiopure macrocycle 5-PP suitable for single crystal X-ray
diffraction were grown from an enantiopure sample of 5-PP by slow diffusion of hexane into a

1:1 chloroform:1,2-dicholobenzene solution.

Single crystal X-ray diffraction experiments were performed at the UK Diamond Light
Source 119-1 3-circle diffractometer (A = 0.6889 A).*-*> A suitable single crystal was selected

and mounted using fomblin film on a micromount. Data were collected on a dectris-
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CrysAlisProabstract goniometer imported dectris images diffractometer. The crystals were kept
at 100(2) K during data collection. The structures were solved by direct methods using
ShelXT,*° and refined with ShelXL* using a least squares method. Olex2 software was used as

the solution, refinement and analysis program.*? Figures were produced using CrystalMakerX.

All non-hydrogen atoms were refined anisotropically. Positional disorder is modelled for
carbon atoms C44A and C44B, C45A and C45B, C46A and C46B. The occupancies of the two
sites were refined and constrained to sum to unity. Their occupancies refined to 0.5 so their
occupancies were then set to 0.5. The anisotropic displacement parameters of carbon atoms
C44A, C44B, C45A, C45B, C46A, and C46B were constrained to be similar (SIMU). The C-
C bond lengths of the C43 with C44, C45, and C46 were restrained to be the same (EADP).

All hydrogen atoms were geometrically placed and refined using a riding model. Methyl
hydrogens on carbon atoms C44A, C44B, C45A, C45B, C46A, and C46B were placed in
eclipsed conformations (AFIX 33) rather than having their torsion angles refined against a
search of the Fourier map. This method aided convergence of the refinement.

The majority of disordered solvent molecules could not be sensibly modelled. Carbon atom
C117 is the pivot point (occupancy 1) for several possible orientations of one disordered
chloroform model. Chlorine atoms CI1, CI2, and CI3 are modelled with occupancy 0.5.
Although further CI orientations for this disordered molecule could be observed in the electron
density map, they could not be sensibly modelled. A solvent mask was calculated using the
Olex implementation of SQUEEZE and 394 electrons were found in a volume of 1218 cubic
angstroms in 1 void per unit cell. This is consistent with the presence of 3.4[CCI3H] per

Asymmetric Unit which account for 394 electrons per unit cell.

Crystal Data for 5-PP : C116HgsN16016 (M = 1958 g/mol): monoclinic, space group P21 (no.
4),a= 12.2125(4) A,b= 20.4026(4) A, c=  235546(5) A, p=  104.554(2)°,V =
5680.7(3) A%, Z = 2, T = 100 K, w(Synchrotron) = 0.332 mm, Dcalc = 1.421 g/cm?, 96354
reflections measured (2.596° < 20 < 51.006°), 21937 unique (Rint = 0.0769, Rsigma = 0.0806)
which were used in all calculations. The final Ry was 0.0659 (I > 26(I)) and wR2 was 0.1938
(all data). Deposited cif number: 2308894
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Figure 3.37: Molecular unit of macrocycle 5 from the 5-PP crystal structure with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level. Hydrogen atoms omitted for clarity (C, black; O, red; N,
blue).

3.11.4Chiroptical studies
Circular dichroism

Circular dichroism (CD) spectra were recorded on a Jasco J-1500 CD spectrophotometer with
a wavelength accuracy + 0.2 nm (250 to 500 nm), £ 0.5 nm (500 to 800 nm) and a CD root
mean square noise < 0.007 mdeg (500 nm). A quartz cuvette with 1 mm path length was used.
The spectra were recorded at a concentration of 10 uM. The enantiomers were assigned by
corroboration of the samples with the crystal structure of enantiopure 5-PP, as well as by
comparison of their CD spectra to the computationally predicted CD spectra (see Appendix A

for further details).
Circularly polarised luminescence

I thank Dr Dominic J. Black and Professor Robert Pal who carried out CPL

measurements.
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CPL was measured with a home-built (modular) spectrometer.® The excitation source was a
broad band (200 — 1000 nm) laser- driven light source EQ 99 (Elliot Scientific). The excitation
wavelength was selected by the incorporation of an Acton SP-2155 monochromator (Princeton
Instruments); the collimated light was focused into the sample holder (1 cm quartz cuvette).
Emission was collected perpendicular to the excitation direction with a lens (f = 150 mm). The
emission was fed through a photoelastic modulator (PEM) (Hinds Series 11/FS42AA) and
through a linear sheet polariser (Comar Optics). The light was then focused into a second
scanning monochromator (Acton SP-2155) and subsequently on to a photomultiplier tube
(PMT) (Hamamatsu H10723 series). The detection of the CPL signal was achieved using the
field modulation lock-in technique. The electronic signal from the PMT was fed into a lock-in
amplifier (Hinds Instruments Signaloc Model 2100). The reference signal for the lock-in
detection was provided by the PEM control unit. The monchromators, PEM control unit and
lock-in amplifier were interfaced to a desktop PC and controlled by a custom-written Labview
graphic user interface. The lock-in amplifier provided two signals, an AC signal corresponding
to (I.- Ir) and a DC signal corresponding to (I + Ir). Background subtraction was achieved
post data collection The emission dissymmetry factor was, therefore, readily obtained from the
experimental data as 2 AC/DC.

Spectral calibration of the scanning monochromator was performed using a Hg-Ar calibration
lamp (Ocean Optics HL-3P-CAL). A correction factor for the wavelength dependence of the
detection system was constructed using a calibrated lamp (Ocean Optics HL-3 _CAL). The
measured raw data was subsequently corrected using this correction factor. The validation of
the CPL detection systems was achieved using light emitting diodes (LEDSs) at various emission
wavelengths. The LED was mounted in the sample holder and the light from the LED was fed
through a broad band polarising filter and A/4 plate (Comar Optics) to generate circularly
polarised light. Prior to all measurements, the /4 plate and a LED were used to set the phase
of the lock-in amplifier correctly. The emission spectra were recorded with 0.5 nm step size
and the slits of the detection monochromator were set to a slit width corresponding to a spectral
resolution of 0.25 nm. CPL spectra (as well as total emission spectra) were obtained through an

averaging procedure of several scans.
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3.11.5 Photophysics
UV-vis-NIR absorption and emission spectra in solution

All steady state electronic absorption and emission spectra were recorded at a concentration of
10 uM (unless otherwise stated) at 298 K. For UV-vis-NIR spectroscopy a Shimadzu UV-3600i
Plus spectrophotometer was used, with a wavelength accuracy + 0.2 nm in the UV-vis range
and absorbance accuracy £ 0.002 Abs. For fluorescence spectroscopy a Jasco FP-8500 was used
with emission and excitation wavelength accuracies = 1.0 nm. The detector base sensitivity is

8500:1. Quartz cuvettes with 1 cm path length were used.
Calculation of the exciton coupling energy of macrocycle 5

The exciton coupling energy of macrocycle 5-rac was calculated following the method
originally reported by Spano,*’” and used by Wiirthner to investigate long- and short-range

coupling in PDI dimers.*

For small rotational displacements of chromophores (< 45°, as seen in macrocycle 5 in the x-
ray crystal structure in Figure 3.36) the rotational displacement of transition dipole moments
of two chromophores can be neglected and the ratio of intensities of the 0—-0 and 0—1 vibronic
absorption bands of a dimer aggregate exhibiting exciton-vibrational coupling can be calculated

using the equation:

977 1[1-600,2%e*)/w,
I}(\o—n 221 -6(1,22)e ] /w,

, wo,] K |Ecy — Esq| (3.6)

where A2 is the Huang-Rhys factor, J is the exciton coupling energy, and w, is the vibrational

frequency.

The vibrational function G (v, A?) is given by:

/12u
G vy 12) = Z v =012.. (3.7

u=0,1,...

From the UV-vis absorption spectrum of 5-rac in toluene:
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(0-0)

A —
5 = 0.567(3.8)

A
The Huang-Rhys factor was obtained by gaussian fitting of the vibronic peaks in the UV-vis
spectrum of 5-rac (Figure 3.38), considering only the area of the spectrum arising from the So—

Si transition (< 23360 cm™). The Huang-Rhys factor was calculated as:

(0-1)

2 __ “Gaussian __
A2 = —SuSEh = 1.598 (3.9)

Gaussian

The frequency w, was set as 1709 cm™, corresponding to the energy difference between the
maxima of the Gaussian functions of the 0-0 and 0—1 absorption bands. The exciton coupling

energy J was then calculated using equation 1. From this J = 420.4 cm™ was obtained.

60000 =
\, —_— Absorption spectrum (toluene)
/ —— Fit Peak 1
Fit Peak 2
/ ——Fit Peak 3
40000 -
Cumulative Fit Peak
= \
) /“‘\
A=A
w 20000 -
0= ¥_
1 L]
20000 16000
v (cm™)

Figure 3.38: UV-vis absorption spectrum of macrocycle 5 in toluene (10 puM, black trace), along with the
cumulative fit of the spectrum as the sum of three gaussian functions for the 0-0, 0-1 and 0-2 vibronic peaks.

252



Quantum yields

Absolute fluorescence quantum yields were obtained on an Edinburgh Instruments FLS1000
photoluminescence spectrometer fitted with an integrating sphere. All samples were recorded
in toluene at a 1 UM with a 7 - 8 nm excitation slit and 0.1 - 0.2 nm emission slit width.
Experiments were carried out in solution using 1 cm path length quartz cuvettes with four

transparent polished faces.

Table 3.2: Quantum yields for compounds 5 and 9 in toluene.

Compound Quantum yield
5-rac 0.35
9 0.70
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Fluorescence lifetime measurements

Fluorescence lifetimes measurements were carried out on the emission band of compounds 1-
rac (635 nm) and 3 (604 nm) in toluene using a Horiba Fluorolog-3 Time Correlated Single
Photon Counting (TCSPC) module controlled by Datastation software. The sample was excited
using a 373-nm Delta Diode 373 nm laser attenuated with a neutral density filter and analysed
using DAS6 software. Fluoresence lifetimes were obtained by fitting the resulting data to

exponential decay curves.

10000 1
Model ExpDec1
Equation y = Al"exp(-x/t1) + yO
: Plot Pink Box 2
8000 - ‘ y0 43.79945 £ 1.00299
' A1 14582.37183 + 12.5456
1 36.47609 + 0.03295
6000 Reduced Chi-Sqr 248436789
® 7 R-Square (COD) 0.99925
% Adj. R-Square 0.99925
O
© 4000 -
2000 A T=36ns
0 - —
| " | " | " || " || " 1
0 100 200 300 400 500
time (ns)

Figure 3.39: Exponential decay of emission for macrocycle 5-rac (toluene, 5 umol, Aex = 373 NM, Aem = 635 NM)

from which a fluoresence lifetime of 36 ns is obtained.
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10000 +
Model ExpDec1
Equation y = Al*exp(-x/t1) + yO
Plot H
8000 - - y0 9.32618 + 0.28304
A1 69387.69759 + 96.2494
t1 7.96019 £ 0.00445
Reduced Chi-Sqr 270.15666
0 6000 ~ R-Square (COD) 0.99971
% : Adj. R-Square 0.99971
O
O 4000 A
2000 - T=8ns
0 - —
| - | ° | . | = || - 1
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Figure 3.40: Exponential decay of emission for compound 9 (toluene, 5 pmol, Aex = 373 NM, Aem = 604 NmM) from

which a fluoresence lifetime of 8 ns is obtained.
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UV-vis-NIR absorption (reflectance) and emission spectra from crystals

UV-vis-NIR absorption (reflectance) spectra from crystals of 5-rac and 5-PP were measured
on a Shimadzu UV3600i spectrometer fitted with a ISR-603 integrating sphere with a powder
sample holder. Absorption spectra were calculated from the resulting reflectance spectra using
the Kubelka-Munk function: Abs = (1-R?)/2R where R is reflectance.*® The reflectance

spectrum of BaSO4 was measured as a baseline with 100% reflectance.

Emission spectra from crystals were measured on a Horiba Fluorolog-3 (L-configuration)
equipped with a 450 W Xenon light source, R928P photomultiplier tube and double

monochromators. The crystals were placed on a quartz slide on the instrument’s slide-holder

attachment.

Crystals of both 5-rac and 5-PP were approximately 100 pm x 20 um as estimated by

microscopy.
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Figure 3.41: Solid state reflectance spectra for crystals of 5-rac and 5-PP as well as BaSO4,
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Figure 3.42: Solid state absorption spectra for crystals of 5-rac and 5-PP. Spectra were calculated from raw

reflectance spectra using the Kubelka-Munk formula: Abs = (1-R?)/2R where R is reflectance. The spectra were
normalised to give an absorbance of 0 at 650 nm.
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Figure 3.43: Normalised emission spectra for crystals of 5-rac and 5-PP as well as 5-rac in toluene solution (10
uM).
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3.11.6Self-assembly studies through UV-vis spectroscopy
UV-vis spectra were measured as described in section 3.9.5. Quartz cuvettes with 0.1, 1 and 10

cm path lengths were used to enable accurate spectra to be measured over large concentration

ranges.
Modified isodesmic model used for 5-rac

The UV-vis absorption spectrum of racemic macrocycle 5-rac was measured as the sample was
concentrated from 0.7 uM to 76 uM in 3:2 (v/v) DCM:n-hexane.

80000 -
60000+ l
=
Y 40000 -
c Tl
L
y 76 UM
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0 1 0.7 pM
450 560 5éO 660 6%0

7. (nm)

Figure 3.44: Change in UV-vis absorption spectrum of macrocycle 5-rac upon concentration from 0.7 uM (red
trace) to 76 uM (black trace) in 3:2 (v/v) DCM:n-hexane.

The change in extinction coefficient € at 596 nm was fitted with various models including the
monomer-dimer model), the isodesmic model, and the modified isodesmic (nucleation-

elongation) model?® 3! which gave the best fits.
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Figure 3.45: Change in extinction coefficient € at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM to 76 uM in
3:2 (v/iv) DCM:n-hexane, fitted to the isodesmic model by non-linear regression analysis, with fixed €agg = 33,000 cm* M
and emon = 18750 cm™ ML, The fit is very poor, yielding K ~ 25000 with a large error (~ 20%). The sudden, steep rise in € at
10° M suggests that aggregate formation is non-isodesmic and cooperative. Beer-lambert behaviour is observed below 10-° M.
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Figure 3.46: Change in extinction coefficient € at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM
to 76 uM in 3:2 (v/v) DCM:n-hexane, fitted to the monomer-dimer mode by linear regression analysis, with fixed
€agg = 33,000 cm™ M and emon = 18750 cm™ M. The fit is very poor, yielding K = 40,000 with a large error (~
35%). The sudden, steep rise in € at 10 M suggests that aggregate formation is non-isodesmic and cooperative.

Beer-lambert behaviour is observed below 10° M
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Figure 3.47: Change in extinction coefficient at 596 nm of macrocycle 5-rac upon concentration from 0.7 uM to
76 uM in 3:2 (v/v) DCM:n-hexane, manually fitted to the modified isodesmic (nucleation-elongation) model for
various values of p = Ko/K. The best manual fit (red trace) was obtained for K = 90,000 M, p = 0.001, €agq =
33,000 cm™* M and emon =18,750 cm™* ML, From this we can deduce K, =90 M. An error of < 10% is estimated

based on the quality of other fits that were tested.

In the modified isodesmic (nucleation-elongation), dimerization (with a distinct dimerization
constant Kq = K3) is followed by isodesmic aggregation, such that K> # K3 = Ks ... = Kj ... = K,
This can be described by the cubic equation:

Amon S(KC1)?(p — 1) + amon 2KCT(KCT - 2(p—- 1)) — Amon 2KCr +1)+1=0(3.10)

Where p = Ko/ K. Therefore, p < 1 implies cooperative binding when the aggregate forms after
the initial dimerization nucleation event. a,,, is the mole fraction of the monomer (i.e., the
unaggregated macrocycle) and C; is the total concentration of the sample. This equation cannot
be solved for a,,,, analytically for general cases. However, it is possible to calculate KCt as a

function of KCmon for specific values of p using the equation:

pKCmon

KCr = (1—-p)KC +—
T ( p) mon (1 _ KCmon)z

(3.11)

@,gg IS related to the extinction coefficients of the aggregate (e,45), monomer (&m0,) and
intermediate state (¢(Ct)) by the equation:
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e(Cr) —¢
Upgg =1 —————8 (3.12)
€mon — €agg

Hence,

KCIIIOII

e(Cy) = Kep

(€mon — €agg) + €agg (3-13)

Hence the data (Ct) can be plotted against K Ct and fitted manually to the parameters K, €mon,

Eagg aNd p.

3.11.7 CPL microscopy
I thank Dr Dominic J. Black and Professor Robert Pal who carried out the EDCC

imaging of crystals.
Circular Polarisation Luminescence Laser Scanning Confocal Microscope (CPL-LSCM)

CPL-LCSM?®* was enabled by adapting a commercial LSCM (SP5 Il, Leica Microsystems) with
excitation provided by a fibre coupled 80 mW variable power 355 nm Nd:YAG CW laser. The
CPL analysis module was external to an output port and all elements were mounted in a 30 mm
cage mount system for optimal alignment (assorted 30 mm components, Thorlabs). First, light
from the sample focal plane excites the mirror controlled X1 emission port and passes through
a selectable high transmission 570 nm longpass filter (FGL570, Thorlabs) mounted in a
switchable filter selector apparatus (CFS1/M, Thorlabs). The circularly polarised emission is
then converted to linearly polarised light by an achromatic quarter wave plate (AQWP05M-
600, Thorlabs) and is separated into two detection arms by a simple 50/50 beam-splitter cube
(BS013, Thorlabs). In each arm, the linearly polarised light is selectively analysed by linear
polarisers (LPVISE100-A, Thorlabs) mounted within ultra-high precision computer-controlled
rotation mounts with + 60 prad unidirectional repeatability (K10CR1/M, Thorlabs), orientated
to select for left or right CPL states via computer control software (Kinesis, Thorlabs). The
intensity of emission in each path was quantified by fibre-coupled (200 micron) high
performance matched tandem avalanche photodiodes (Leica ADPs, Becker & Hickl ID-120).
The two detection arms were aligned to achieve matched sensitivity to enable rapid

simultaneous acquisition of left and right CPL images. Calibration of the linear polarisers for
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enantioselective localisation was executed based upon the procedure reported by Mackenzie et.

al.>®
Enantioselective differential chiral contrast imaging

We performed enantioselective differential chiral contrast (EDCC) imaging of single crystals
of 5-rac and 5-PP/MM using CPL-LSCM. In CPL-LSCM, right- and left-circularly polarised
photons are collected simultaneously from the sample, generating independent right and left
CPL images rapidly. EDDC is used to quantify the difference between the amount of left-
handed- and right-handed-circularly polarised photons that are emitted, one of the two images
can be subtracted from the other and the brightness of the resulting image determines the

chirality-induced helicity dominance of each enantiomer.

Standard LSCM image Left CPL Channel Right CPL Channel
Aex= 514 nm, A= LP570 nm

Figure 3.48: Enantioselective differential chiral contrast (EDCC) images for crystals of 5-rac along with the

average 8-bit pixel values for the highlighted areas in the images.
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Standard LSCM image Left CPL Channel Right CPL Channel
Aex= 514 nm, A= LP570 nm

Figure 3.49: Enantioselective differential chiral contrast (EDCC) images for crystals of 5-MM along with the
average 8-bit pixel values for the highlighted areas in the images.

Standard LSCM image Left CPL Channel Right CPL Channel
Aex= 514 nm, A= LP570 nm

Figure 3.50: Enantioselective differential chiral contrast (EDCC) images for crystals of 1-PP along with the

average 8-bit pixel values for the highlighted areas in the images.
Determination of enantioselective differential chiral contrast dissymmetry factors (ggpcc)

Having distinct enantiopure and racemic single crystals provides the opportunity to quantify

the degree of circularly polarized emitted light from single crystals for the first time using CPL-
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LSCM, by calculating an EDCC dissymmetry factor (ggpcc), @ value analogous to the
luminescence dissymmetry factor obtained from CPL spectroscopy (gium)- In doing so, it is
critical to correct for the inherent CPL bias arising from orientation induced reflection and

helicity inversion of light. Therefore, a bias factor B was calculated as follows:
From the EDCC images of 5-rac we calculate a (left-handed) contrast transfer function (CTF):

I-ry — I(r-1)

CTF =
2

= 0.0185 (3.14)

where [, _gy is the left-handed EDCC average 8-bit pixel value (Left CPL - Right CPL) and
I(g-py is the right-handed EDCC average 8-bit pixel value (Right CPL - Left CPL).

As 5-rac is racemic, it will emit equal amounts of Left- and Right-handed light. From this, the
bias factor B is half of the CTF as the bias is present equally in the Left and Right channels, so
B = CTF (5-rac) / 2 = 0.0093.

We then define gepcc as:

CTF . _lum—len _

9EDCC = B (3.15)

L(1+pr) 211 4Ry
Where I, gy Is the total image average 8-bit pixel value (Left CPL + Right CPL) and B is the

calculated bias factor. From this we obtain gepcc values of +0.0582 and -0.0643 for the 5-PP

5-MM crystals respectively.

This analysis can be validated by also calculating the bias factor B from the uncorrected CTFs
for the enantiomeric crystals 5-PP/MM:
CTF (5-PP) __ CTF (5-MM)

Ii14p) I(14pr)

V2
From equation [3.15] we obtain a B value 0.0084, which is within 10% of the B value of 0.0093

B =

B (3.16)

calculated from equation [3.13].
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Chapter 4: Chiral conformations in Pink
Box-type macrocycles
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4. Chiral conformations in Pink Box-type
macrocycles

4.1 Introduction
As discussed in the previous chapters, core-twisted PDIs can exist as two different

enantiomers, M and P. Therefore, “Pink Box” type bis-PDI macrocycles can exist as three
stereoisomers: the MM and PP enantiomer pair, and the MP meso isomer (Figure 4.1). Indeed,
these were experimentally observed as distinct species for macrocycle 1 in Chapter 2.

Figure 4.1: Stereoisomers in a bis-PDI macrocycle: the MM and PP enantiomer pair, and the MP meso isomer.

However, the results in Chapter 2 hint at a more complex picture because external
stimuli may trigger these stereoisomers to adopt different conformations which will likely have
consequences for their chiroptical properties. For example, the CD spectra of the enantiomers
of Pink Box macrocycle 1 changed dramatically with solvent. The CD spectra of the same
enantiomer, 1-MM, in DCM and toluene are shown in Figure 4.2a. Two main differences can
be observed. Firstly, the Cotton effect in toluene due to chiral excitonic coupling (in the So-S1
transition, ~ 570 nm) is not observed in DCM. Secondly, leaving aside the So-S; transition, the
remainder of the CD spectrum appears to have the opposite sign in DCM compared to toluene.
It was hypothesised that this is due to the macrocycle adopting a different conformation in DCM
where: a) the H-type cofacial -1 stacking seen in toluene and in the crystal structure is
disrupted, hence the loss of the Cotton effect, and b) the core-twist of the PDI cores is inverted,
such that each PDI has the opposite axial chirality, yet homochirality is maintained, since this
is a distinct process to macrocycle racemisation by PDI somersaulting. As a result of the change
in PDI axial chirality, the triazole groups now point in towards the macrocycle’s cavity (Figure
4.2h).
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Figure 4.2: a) CD spectra of the same enantiomer (assigned as 1-MM in Chapter 2) in toluene (black trace) and
DCM (red trace). b) Proposed solvent-induced conformational change that may explain the inversion of the CD
spectra in (a), where the PDI cores “twist”, resulting in an inversion of the local axial chirality of the PDI cores.
In the “triazoles in” conformation, excitonic coupling between the two PDIs is proposed to be “switched oft”, such

that no Cotton effect is seen in the Sp—S; transition.

It must be stressed that these “triazoles in” and “triazoles out” conformations in Figure
4.2b are not mirror images of each other, so while twisting of the PDI cores inverts their local

axial chirality, it does not lead to racemisation of the macrocycle as seen for macrocycle 1 over
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time in chlorinated solvents. Indeed, as theorised by Nuckolls and co-workers,! and proven by
the work described in Chapter 3 of this thesis,? alongside PDI core twisting, racemisation

requires an “intramolecular somersault” motion where one of the PDI imide heads passes

through the centre of the cavity (Figure 4.3).

Somersault

(plus twists)  (RD
(R

PP

Figure 4.3: A cartoon of the “intramolecular somersault” mechanism for the interconversion of bis-PDI

macrocycle stereoisomers.

Considering the PDI cores individually, a twist (Figure 4.4a) inverts the local axial
chirality of the PDI core (i.e. P — M*, the asterisk [*] used henceforth denotes that the triazole
groups now point in towards the cavity while no asterisk means the triazoles point out). A
somersault (Figure 4.4b) leads to a reversal in the direction that the triazoles are pointing in,
but without a change in local axial chirality (i.e. P — P*). Consideration of all the possible
permutations of M and P core chirality with “triazoles in” and “triazoles out” conformations
for two PDI cores results in 16 possible chiral conformations (Figure 4.4c). Of course, some of
these conformations, e.g. M*P and MP*, are identical for bis-PDI macrocycles where the PDI
units are identical, giving ten distinct conformations (Figure 4.4c). Figure 4.4c also shows how

these chiral conformations can interconvert via PDI somersaults (S) or twists (T).
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Figure 4.4: a) Cartoon depiction of a “twist” in one of the PDI cores in a bis-PDI macrocycle, resulting in inversion
of the local axial chirality of the PDI core (i.e. P — M¥*). As a result of the twist, the bay substituents (triazoles)
now point in towards the cavity. b) Cartoon depiction of a “somersault” of one of the PDI cores in a bis-PDI
macrocycle. A somersault leads to a reversal in the direction that the triazoles are pointing in, but without a change
in local axial chirality (i.e. P — P*). ¢) Map of all the possible permutations of M and P chirality and “triazoles
in” and “triazoles out” conformations in each PDI core in a 1,7-bay-connected bis-PDI macrocycle. These

conformations interconvert via “somersaults” (S) or “twists” (T).

Some interesting questions now arise, including: is it possible to control which chiral
conformation a macrocycle adopts, what chiral conformational isomer(s) can be isolated, and
what impact do these chiral conformations have on their (chir)optical and electronic properties?
This Chapter aims to answer these questions by preparing and analysing a new bis-PDI
macrocycle in combination with the results from related “Pink Box” type macrocycles reported
in Chapters 2 and 3. The analysis in this Chapter is supported by computational studies carried

out by Prof. Martijn Zwijnenburg to aid interpretation of the experimental work. These
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computational studies are referred to throughout the chapter, and full details about these
calculations are given in Appendix A.

4.2 Library of bis-PDI macrocycles
Building on the bis-PDI macrocycles described in Chapters 2 and 3 (1 and 5), this

Chapter will add to (macrocycles 10 and 11), and then study, a library of “Pink Box” type
macrocycles featuring systematic variation of the imide groups (Figure 4.5). For this set of
macrocycles, the linker group (para-xylene) is kept constant. Macrocycles 1a and 1b, which are
discussed extensively in Chapter 2, bear flexible branched alkyl “C11” and “Cs” imide groups.
As a result of their flexibility, these groups do not strongly hinder intramolecular PDI-PDI
interactions. Macrocycle 5, which was the focus of Chapter 3, bears long, rigid, tert-butyl
benzoate imide groups, which enforce chiral locking by preventing the “intramolecular
somersault” motion. These groups also have low steric bulk near the PDI cores due to the
absence of substituents at the ortho positions of the benzene rings, which means that this imide
group facilitates PDI-PDI stacking interactions. In contrast to 5, new macrocycles with ortho
substituted aromatic imide groups (10 and 11) were designed in an attempt to disrupt
homochiral PDI-PDI stacking interactions while still preventing the “intramolecular
somersault” motion, with the aim of enabling further chiral conformers to be isolated and

analysed.
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Figure 4.5: Structures of macrocycles 1, 5, 10 and 11, designed to study the effects of imide group variation on

the population, stability and properties of the various chiral conformations of “Pink Box” type macrocycles.

4.3 Conformational analysis: branched alkyl imide groups

4.3.1 Homochiral stereoisomers

Let us first consider the original Pink Box macrocycles with branched alkyl imide
groups, macrocycles 1la and 1b, to identify which chiral conformations they can adopt. For
macrocycle 1, the enantiomers can be separated through chiral HPLC and, as shown in Chapter
2, these enantiomers are exclusively observed in homochiral “triazoles out” conformations (i.e.
MM or PP) in toluene and in the solid state. However, the results in Chapter 2 also show that
these enantiomers can adopt a different conformation in chlorinated solvents, which is

discussed in more detail below and summarised in Figure 4.6.
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Figure 4.6: a) Structure of macrocycle 1a. b) CD spectra of the same enantiomer (assigned as 1-MM in Chapter
2) in toluene (black trace) and DCM (red trace). ¢) UV-vis absorption spectra of macrocycle 1a in toluene and
TCE, exhibiting solvent-dependent excitonic coupling. d) Proposed solvent-induced conformational change that
explains the inversion of the CD spectra in (c), where the PDI cores “twist”, resulting in an inversion of the local
axial chirality of the PDI cores. In the “triazoles in” conformation, excitonic coupling between the two PDIs is

proposed to be “switched off”, such that no Cotton effect is seen in the So—S; transition.

In particular, CD spectroscopy suggests that that the axial chirality of the PDI cores in
the MM and PP stereoisomers is inverted in chlorinated solvents (i.e. PP — M*M* and MM
— P*P*, Figure 4.6¢ and Figure 4.6d). It must be stressed that this is achieved by a “twist”
motion of the PDI cores. This conformational change occurs instantly when the macrocycles
are re-dissolved in chlorinated solvents, in contrast with true enantiomerisation (i.e. PP 2 MM
or P*P* 2 M*M¥*), which occurs much more slowly (enantiomer half-life ty> = 5 days in
toluene or 18 mins in dichloromethane). This shows that for PP 2 MM enantiomerisation, it is
the “somersault” motion that is the rate-determining step, rather than the twist motion, with the
former having a larger energy barrier. This discussion is summarised in Figure 4.7, where the
chiral conformations corresponding to each enantiomer are grouped together and labelled as
“Enantiomer PP” (PP 2 M*M¥*) and “Enantiomer MM” (MM 2 P*P¥*),
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Figure 4.7: a) Structures of macrocycles 1a and 1b. b) Cartoon depiction of a “twist” and a “somersault” of one
PDI core in a 1,7-bay-connected bis-PDI macrocycle. c) Annotated map of all the possible permutations of M and
P chirality and “triazoles in” and “triazoles out” conformations in each PDI core in a 1,7-bay-connected bis-PDI
macrocycle, showing which of these conformations correspond to the two isolated enantiomers and meso isomer

of macrocycle la. Stereoisomers that are the same (e.g. PM* and M*P) have also been left in for completeness.

4.3.2 Density Functional Theory (DFT) studies

In order to further investigate the “triazoles in” and “triazoles out” conformations,
Density Functional Theory (DFT) calculations were carried out by Prof. Martijn Zwijnenburg,
for which full details are given in Appendix A. An initial conformer search in the gas phase
was carried out using a simplified model of macrocycle 1, where the alkyl chains at the imide
positions (R groups) were replaced with methyl groups. The lowest energy conformer, labelled
A in Figure 4.8, was found to be a homochiral “triazoles out” conformer and is virtually
identical to the single crystal X-ray crystal structure obtained for macrocycle 1b (see Appendix

A). The second lowest energy conformer (labelled B) is closely related to conformer A, the
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difference being that the macrocycle now has a rotated triazole group. However, the third lowest
energy conformation (labelled C) is substantially different and is a homochiral “triazoles in”
conformation. The lowest energy heterochiral conformation was the eight-lowest energy

conformation found (labelled conformer H) and is also shown in Figure 4.8.

Conformer A: Homochiral, MM Conformer A: Homochiral, PP Conformer B: Homochiral
enantiomer enantiomer

Conformer C: Homochiral Conformer H: Heterochiral, MP

diastereomer

Figure 4.8: Selected DFT-predicted conformers of a simplified model “Pink Box” macrocycle where the imide

group is simply a methyl group. The letter labels denote each conformer’s position in the ordering of the
conformers by energy, e.g. A is the lowest energy conformer, B is the second lowest, etc. Full details about the

DFT calculations are given in Appendix A.

Conformer A can convert into conformer C most easily by two PDI twists, i.e. twisting
the naphthalene units of both PDI units, such that the triazole groups, which point out of the
macrocyclic cavity in conformer A, now point towards the cavity in conformer C (Figure 4.9).
This leads to a change in the PDI axial chirality labels such that conformer A, either PP or MM,
becomes M*M* or P*P* respectively, in conformer C, with homochirality being maintained.
Crucially though, this does not equate to enantiomerisation, as conformer A-PP is not a mirror
image of conformer C-M*M*. However, TD-DFT calculations (Appendix A) predict that
A->C conformational change will invert the macrocycle’s CD spectrum since the local chirality
of the PDI cores has been inverted, which is consistent with the solvent-dependent CD spectrum
of 1a (Figure 4.6¢).
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Figure 4.9: Interconversion between DFT-predicted conformers A and C via a “twist” of the PDI cores.

Confidence in the value of these computational studies was reinforced by comparisons
between computationally predicted and experimental NMR, CD and UV-vis absorption spectra
measured in toluene which showed excellent agreement for conformer A (homochiral
enantiomers). Furthermore, the predicted UV-vis and NMR spectra for conformer C show good
agreement with experimental spectra measured in chlorinated solvents (see appendix A for full
details). Therefore, the dominant conformation in toluene of macrocycles 1a/b is represented
by DFT conformer A, while the dominant conformation in chlorinated solvents closely
resembles that of conformer C.

Compared to conformer A, the PDIs in conformer C have a larger rotational
displacement relative to each other. Specifically, the PDI’s relative rotation angle is 70° in DFT
conformer C and 20° in DFT conformer A as well as the X-ray crystal structure (Figure 4.10).
There is no significant change in the PDI-PDI 1717 distance in conformers A and C (3.7 A), so
it was proposed that it is the increase in relative rotation between the PDIs that switches off
excitonic coupling between the PDIs upon going from conformer A to conformer C. This is
because, as well as interchromophore distance, PDI-PDI excitonic coupling is extremely
sensitive to rotational angle.> # Indeed, this has since been confirmed by recent calculations by
Bressan, Meech and co-workers,®> which showed that the population of conformer C explains
the monomer-like absorption spectrum for macrocycle 1 in chlorinated solvents because this
conformer leads to a cancelling out of the long- and short-range electronic coupling between

the PDI units, resulting in a “null aggregate”.’
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Conformer A: Homochiral Conformer C: Homochiral
(PP) (PP—M*M*)

70°

Figure 4.10: A top-down view of conformer C shows the PDI units are rotated by 70° relative to one another,
which switches off PDI-PDI excitonic coupling. This contrasts with the 20° rotation in the H-type coupled

conformer A as seen by DFT and X-ray crystallography.

4.3.3 Heterochiral conformer

Additionally, in chlorinated solvents a distinct macrocycle stereocisomer is observed by
a second set of signals by *H NMR spectroscopy (Figure 4.11a) and as a separate peak in the
chiral HPLC chromatogram (Figure 4.11b). This was assigned in Chapter 2 as the heterochiral
meso isomer, MP. This now poses a new question; how might this conformation be described
in terms of “triazoles in” vs “triazoles out”, i.e. is it MP or M*P*? The lowest energy
heterochiral conformer found by DFT (conformer H) suggests that the triazoles point “in” as
this conformation can geometrically facilitate a heterochiral slip-stack PDI-PDI contact where
the naphthalene units in contact are parallel to each other, while likely minimises ring strain in
the macrocycle as well (Figure 4.11c). However, as the stereocisomers of macrocycle 1
interconvert rapidly in chlorinated solvents, it proved impossible to isolate and study the
heterochiral conformer. As such, the following sections detail efforts to stabilise and isolate the
chiral conformers of bay-connected bis-PDI macrocycles, including this heterochiral

conformer, “MP”’.
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Figure 4.11: a) 'H NMR spectrum of macrocycle la in TCE-d,, showing the presence of the heterochiral
diastereomer as a separate set of signals. b) Chiral HPLC chromatogram of macrocycle 1a dissolved in DCM and
eluted with 7:3 (v/iv) DCM:n-hexane eluent, showing a peak corresponding to the heterochiral diastereomer in
addition to two peaks of equal integration corresponding to the pair of enantiomers. ¢) Lowest energy DFT-

predicted heterochiral conformer of a “Pink Box” bis-PDI macrocycle (conformer H).

4.3.4 Summary
In summary, macrocycles 1a and 1b provide the first results to suggest it is possible to

switch between “triazoles in” and “triazoles out” chiral conformations for each enantiomer via
a “twist” motion of the PDI core by switching the solvent (PP 2 M*M* and MM 2 P*P¥*).
True enantiomerisation (PP 2 MM or P*P* 2 M*M*) occurs more slowly and requires a
“somersault” motion of the PDI cores. A heterochiral conformer is also observed in chlorinated
solvents (but not in toluene and in the solid state), but at this stage it is challenging to establish
whether it is MP or M*P*. Additionally, as these conformational-dynamic macrocycles allow
both “somersaults” and “twists” it is possible that all of the chiral conformers shown in Figure
4.4c may exist as short-lived intermediates, although only MM, PP, M*M*, P*P* and
MP/M*P* have been detected experimentally (Figure 4.12). It should be noted that “non-
symmetric”’ conformations with one PDI with “triazoles in” and the other with “triazoles out”
(e.g. MP*, PP*, MM*) have not been observed experimentally, since this conformation would

result in more complex *H NMR spectra arising from inequivalent PDI units.
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Figure 4.12: Annotated map of all the possible permutations of M and P chirality and “triazoles in” and “triazoles
out” conformations in each PDI core in a 1,7-bay-connected bis-PDI macrocycle, showing which of these
conformations have been observed experimentally in different solvents with macrocycle 1a/b. Overall, macrocycle
la/b exhibits a dynamic conformation. In toluene conformers MM and PP are observed, while in chlorinated
solvents M*M* and P*P* are observed in addition to the heterochiral diastereomer, which at this point cannot be

assigned conclusively as either MP or M*P*,
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4.4 Conformational analysis: tert-butyl benzoate imide groups (chirally
locked)
As outlined in Chapter 3, macrocycle 5, bearing long, rigid tert-butyl benzoate imide

groups, was synthesised as an attempt to prevent racemisation by stopping the “intramolecular
somersault” motion. This was successfully achieved, allowing stable enantiomers to be isolated
and studied (Figure 4.13a-b). However, unlike macrocycle 1a/b, macrocycle 5 does not exhibit
any significant change in its CD and UV-vis absorption spectra upon changing the solvent from
toluene to chlorinated solvents, implying that the macrocycle’s conformation does not change
with solvent (Figure 4.13c-d).
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Figure 4.13: a) Structure of macrocycles 1a and 5, as well as the racemisation half-lives for both macrocycles.
For macrocycle 5, the enantiomers are stable with respect to racemisation because the long, rigid imide group
successfully inhibits “intramolecular somersault” motions of the PDI imide heads through the centre of the
macrocyclic cavity. b) X-ray crystal structure of macrocycle 5-PP, highlighting how the length and rigidity of the

imide group prevents intramolecular somersaults. ¢) UV-vis absorption spectra of macrocycle 5 in TCE and
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toluene, showing that intramolecular PDI-PDI H-type excitonic coupling is present in both solvents. d) CD spectra
of the enantiomers of macrocycle 5 in toluene and TCE, which are essentially identical, suggesting that there is

very little, if any, solvent-dependent conformational change in macrocycle 5.

Therefore, macrocycle 5 appears to only ever populate the homochiral, “triazoles out”
conformations, i.e. MM or PP. This is because the PDI-PDI m—1T interactions, which are
switched on in MM/PP conformations (but off in M*M*/ P*P*), are stronger in macrocycle 5
compared to 1 as a result of the lower steric bulk of the imide groups. As a result, the MM/PP
conformations will be lower in energy than the M*M*/ P*P* conformations for macrocycle 5
compared to macrocycle 1. In addition, as discussed in Chapter 3, no heterochiral MP/M*P*
conformers could be observed or isolated.
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Macrocycle 5: summary

a) Somersault Somersault
(R) ..Q:. ( ]\' (plus twists) (plus twists)
) I
R= "©_<o Somersaults prevented by
< long rigid imide group
b) @ = triazole triazoles in c)

;é, M*P *, M*P* ?éf PP*

[11
trlazolesm PV ,, M SE MM T

Strong -7 interactions stabilise the “triazoles out” conformation,
such that “triazoles in” is never observed S,

Strong T interactions p*M* MM* @ P*M
disfavours twisting away from *

“triazoles out” conformation
Key: \
M and P = axial chirality labels

T=twistie. P — M*

S=somersault i.e. P — P* P*P % MP % MP* % P*P*

1 and 2 = PDI labels

e.g. Tymeans “twist the first O = observed experimentally
PDI core”

Only MM and PP are observed experimentally

Figure 4.14: Summary of results for macrocycle 5. a) Cartoon depiction of how the long, rigid, imide groups in
macrocycle 5 prevent interconversion between stereoisomers by preventing “intramolecular somersaults” of the
PDI imide heads through the centre of the macrocyclic cavity. b) Annotated map of all the possible permutations
of M and P chirality and “triazoles in” and “triazoles out” conformations in each PDI core in a 1,7-bay-connected
bis-PDI macrocycle, showing which of these conformations can be observed experimentally in different solvents

for macrocycle 5. The only conformers observed experimentally in any solvent for macrocycle 5 are MM and PP.

In summary, macrocycle 5, with long, rigid tert-butyl benzoate imide groups is not just
chirally locked by preventing somersaults, it is also locked into the homochiral, “triazoles out”
conformations MM/PP by preventing PDI twisting.

4.5 Conformational analysis: 2,6-dialkyl phenyl imide groups

4.5.1 Introduction
The results for macrocycle 1 show that it is possible to control the chiral conformation

of Pink Box-type macrocycles using a stimulus (solvent), while the results for macrocycle 5
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show that the number of chiral conformers can be reduced via structural modification of the
substituents on the macrocycle (elongation and rigidification of the imide group). This then
presented a further challenge: the possibility to design and synthesise a 3™ generation bis-PDI
macrocycle that combines both the chiral lock of macrocycle 5 (i.e. no racemisation) with the
ability to switch between “triazoles in” and “triazoles out” conformers like macrocycle 1. This
is a worthwhile goal because this bis-PDI macrocycle would have separable and indefinitely
stable enantiomers with chiral properties (PDI core local axial chirality, CD signal) that can be
switched using an achiral stimulus such as solvent, without racemisation occurring. The
switching of chiral properties using an achiral stimulus has been observed in only a small
handful of molecular systems.®1° Furthermore, developing further chirally-locked macrocycles
provides the exciting possibility of obtaining a stable sample of the heterochiral diastereomer
(MP) for analysis (Figure 4.15).

Target 379 generation bis-PDI macrocycle

Somersaults prevented: allows both
enantiomers and mesomer to be isolated

T

; % T Heterochiral
PP M*P M*P* PP* eterocnira
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Enantiomer T2 Tz T2 T,
PP T S T Key:
* 1 S 2 * 1 M and P = axial chirality labels
PI” —= MM/ Se\W'M — PM T=twistie. P — M*

S=somersault i.e. P — P*
S, S1>< 81* S1>< 1 and 2 = PDI labels

i.e. Tymeans “twist the

first PDI core”
P T mw %S? (v T P
Heterochiral |T T
Mesomer ? 2 Ty T2 } Enantiomer
T S, T, M
pp Iun wp | Sz | mpr , PP
\_ 1 J

Switching between “triazoles in” and “triazoles out” is
possible via PDI core twists

Figure 4.15: Target 3 generation bis-PDI macrocycle, which aims to isolate both enantiomers and the
heterochiral meso isomer in a “Pink Box” type macrocycle by preventing “intramolecular somersault” motions,

while still allowing solvent-switching between “triazoles in” and “triazoles out” conformations.
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4.5.2 Macrocycle design
With the above goals in mind, macrocycles 10 and 11 were designed as candidates for

this 3™ generation bis-PDI macrocycle. The strategy here was to introduce imide groups that
enforce chiral locking (such that enantiomerisation PP & MM cannot occur), but have added
steric bulk so that they can temper PDI-PDI interactions, such that conformational changes
through PDI core twist motions can still occur (i.e. PP 2 M*M* and MM 2 P*P* occurs
without racemisation). The aromatic imide groups may temper intramolecular interactions
because they are positioned perpendicular to the plane of the PDI cores to avoid steric clashing
with the PDI carbonyl oxygens as shown by crystallography and computational modelling
(Figure 4.17). In addition, it was hoped that the increased steric bulk of the imide groups will
hinder homochiral templation as was seen in Chapter 3, such that the MP/M*P* stereoisomer

may be formed and isolated (Figure 4.16).

o]
5. R=-- ———) Exclusive homochiral templation, only
0o MM and PP form (no MP)

Low steric bulk
close to PDI
core

Long, rigid imide group

High steric bulk close to PDI
core

10: R=-- Can bulkier groups prevent exclusive

|:> homochiral templation, giving access to
Medium steric

MP? (alongside MM and PP)
+ bulk close to
PDI core
1M1: R=--

Figure 4.16: Structure of macrocycles 5, 10, and 11 highlighting the differences in steric bulk of their imide

groups.
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Figure 4.17: a) MM2-minimised structure of a bay-unsubstituted PDI with 2,6-diisopropylaniline imide groups.
b) Crystal structure of macrocycle 5. Note that in both cases the plane of the aromatic imide groups lies

perpendicular to the plane of the PDI units.

4.5.3 Synthesis of 3'Y generation macrocycles 10 and 11
The synthesis of 3 generation bis-PDI macrocycles was carried out using the same

strategy as for macrocycles 1 and 5, with a final macrocyclisation step where stoichiometric
amounts of bis-alkyne PDI 12/15 and bis-azide PDI 13/16 are reacted under relatively high-
dilution conditions (0.3 mM), to favour macrocyclisation.!* Full details about the synthetic

efforts to make macrocycles 10 and 11 are given in the experimental section 4.7.
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Figure 4.18: Final macrocyclization step in the synthesis of macrocycles 10 and 11.

The synthesis of macrocycle 10 was attempted first. Unfortunately, macrocycle 10 could
only be isolated in trace amounts (< 1 mg) and was only detectable by MALDI mass
spectrometry. This is likely because the large steric bulk of the imide groups severely hinders
the formation of the macrocycle. Indeed, MALDI mass spectrometry analysis of the crude
reaction mixture appears to show the formation of a tris-PDI oligomer in preference to the

macrocycle (Figure 4.19).
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Figure 4.19: MALDI mass spectrum for the crude reaction mixture of the final macrocyclisation step in the

synthesis of macrocycle 10, after filtration to remove insoluble impurities (which are likely longer PDI oligomers).
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Due to the failure to isolate macrocycle 10, macrocycle 11 was designed with the same
goals in mind but with somewhat reduced bulk at the ortho position on the imide groups, to aid
macrocycle formation. Macrocycle 11 was prepared in an isolated yield of 9%, which included
both the purified homochiral and heterochiral stereoisomers. In practice the yield of 11 was
higher but was hampered by challenging purification which required the use of HPLC.
Macrocycle 11 was fully characterised by *H NMR spectroscopy and high-resolution mass
spectrometry (see section 4.7.3).

4.5.4 Isolation of stereoisomers of macrocycle 11
Analytical HPLC analysis of the crude reaction mixture of macrocycle 11 revealed four

peaks (Figure 4.20). MALDI mass spectrometry analysis of these fractions showed that two of
them (A and C) contained the mass of the desired bis-PDI macrocycle. Peaks A and C were
then isolated by preparative HPLC in a 3:2 ratio where, as shown from their analysis in the
following sections, they correspond to thee configurationally stable homochiral and

heterochiral stereoisomers of macrocycle 11.

m/z (M-H) = 1667.5327

0 5 10
t (min)

Figure 4.20: HPLC chromatogram of the crude reaction mixture (COSMOSIL Buckyprep 250 x 10 mm, eluted
with a gradient going from 1:1 (v/v) DCM:n-hexane eluent to 7:3:1 (v/v/v) DCM:n-hexane:isopropanol) for the
final macrocyclisation step in the synthesis of 11, after filtration to remove insoluble impurities (likely longer PDI
oligomers). Only peaks A and C contained the mass of macrocycle 11 upon analysis by MALDI mass
spectrometry.

4.5.5 Analysis of the homochiral stereoisomers of macrocycle 11
'H NMR spectroscopy in TCE-d;

Peak A in Figure 4.20, which corresponds to the homochiral stereoisomer 11-homo (a

racemic mixture of 11-MM and 11-PP enantiomers, vide infra), was isolated by preparatory
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HPLC. Further details are given in experimental section 1.7.2. Macrocycle 11-homo was first
analysed by *H NMR spectroscopy in TCE-d, (Figure 4.21). At room temperature, the *H NMR
spectrum is sharper than for macrocycle 1, which potentially indicates a simpler conformational
landscape. However, heating to 70 °C is required to observe the diastereotopic splitting of the

methylene protons He in the para-xylyl linker.
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Figure 4.21: *H NMR spectra (TCE-dz, 400 MHz) of macrocycle 11-homo at 70°C (top) and 25°C (bottom).

At high temperature the *H NMR spectrum of macrocycle 11-homo is remarkably
similar to that of original macrocycle 1, with the main being difference being that the second
set of peaks corresponding to the heterochiral MP stereoisomer, as seen in macrocycle 1, is not
seen for macrocycle 11-homo (Figure 4.22) This is consistent with chiral locking having been

achieved in 11-homo with the heterochiral stereoisomer having been separated by HPLC.
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Figure 4.22: 'H NMR spectra (TCE-d,, 400 MHz) of macrocycle 11-homo (70°C, top) and 1 (100°C, bottom).

Enantiomer resolution by chiral HPLC

The chiral HPLC chromatogram of 11-homo revealed the presence of two peaks of
equal integration (Figure 4.23a), corresponding to the pair of enantiomers 11-MM and 11-PP,
as confirmed by CD spectroscopy (Figure 4.23c). Semi-preparatory scale chiral HPLC allowed
the enantiomers to be isolated. To prove that these are indeed chirally locked, a sample of 11-
PP was re-dissolved in 1,2-dichlorobenzene and heated at 180 °C overnight. Subsequent re-
injection of this sample into the chiral HPLC column revealed that it remained enantiomerically
pure (Figure 4.23b). Therefore, no racemisation via intramolecular somersaulting occurs for

11-homo.
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Figure 4.23: a) Chiral HPLC chromatogram of 11-homo (Phenomenex i-Amylose-1, 250 x 10 mm, 7:3 (v/v)
DCM:n-hexane eluent). Peak integral ratio (11-MM:11-PP) = 1:1. b) Chiral HPLC chromatogram of the pure
enantiomer 11-PP that was heated at 180 °C for 24 h in 1,2-dicholorbenzene. After heating, the solvent was
removed and the sample was re-dissolved in DCM and reinjected into the chiral HPLC column and eluted with
7:3 (viv) DCM:n-hexane eluent. No formation of the opposite enantiomer 11-PP can be detected in this
chromatogram, proving that macrocycle 7 is chirally locked at temperatures at least as high as 180 °C. c¢) CD
spectra of the enantiomers 11-MM and 11-PP (toluene, 10uM).

Chirally-locked conformational switching

As shown above, 11-homo is chirally locked, as was the case for macrocycle 5.
However, with macrocycle 5 it was not possible to switch between “triazoles in” and “triazoles
out” conformations by changing the solvent. Therefore, 11-homo was investigated to see if

conformational switching can be achieved by measuring the CD spectra of the enantiomers of
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11-homo in toluene and TCE. The CD spectra for 11-MM in these solvents are shown in Figure
4.24.
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Figure 4.24: CD spectra (10 uM) of the same enantiomer 11-MM in toluene (black trace) and TCE (red trace).

Note the different scales for Ae in the two solvents to highlight the changes occurring.

Switching the solvent from toluene to TCE leads to a general reversal of the CD sign
across the spectrum, consistent with a dominant “triazoles out” (MM) conformation in toluene
and a dominant “triazoles in” (P*P*) conformation in TCE, as seen and discussed for
macrocycle 1. Likewise, chiral excitonic coupling is observed in toluene but not in TCE, as
evidenced by the presence or absence of a Cotton effect for the SO—S1 transition. However, in
comparison to macrocycle 1, 11-homo has the advantage of being chirally locked, such that the

enantiomers do not racemise, making it a fully stable chiroptical switch (Figure 4.25).
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Figure 4.25: Annotated map of all the possible permutations of M and P chirality and “triazoles in” and “triazoles
out” conformations for each PDI core in a 1,7-bay-connected bis-PDI macrocycle, showing which of these
conformations can be observed experimentally in different solvents for macrocycle 11. For this system,
“intramolecular somersaults” are prevented by the bulky imide groups, but twists of the PDI cores can still occur.
As such, enantiomerisation (i.e. PP 2 MM or P*P* 2 M*M¥*) does not occur, but inversion of local axial chirality
in the PDI cores (i.e. PP 2 M*M* or MM 2 P*P¥*) can be achieved by changing the solvent.

It is worth noting here that in toluene the CD spectrum of 11-MM is weaker than might
be expected. Indeed, for macrocycle 1, as seen in Figure 4.26a, the spectra in TCE and toluene
have the opposite signs but have broadly similar intensities, but for macrocycle 11-homo, the
spectrum in toluene is clearly weaker than in TCE (Figure 4.26b). This is also apparent from
the |ggps| Values for 11-MM (5 x 10 in toluene vs 1 x 10 in TCE) seen in Table 4.1.
Furthermore, comparison of the MM enantiomer CD spectra for macrocycles 11-homo and 5

(Figure 4.26b) shows that the Cotton effect which arises from chiral excitonic coupling is less
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redshifted (A =590 vs 570 nm) and has a less intense bisignate band in 11-homo compared to
macrocycle 5. This is not surprising when considering the greater steric bulk of the 2,6-
dimethylphenyl imide groups in 11-homo will inhibit PDI-PDI intramolecular aggregation and
thus excitonic coupling relatively to that observed in macrocycles 5 (in all solvents) and 1 (in
toluene). Therefore, it is possible that the bulky imide groups in 11-homo lead to sub-optimal
excitonic coupling in toluene due to a larger PDI-PDI distance or different PDI-PDI rotational
angle compared to the macrocycle 5 in toluene. An alternative explanation is that, for 11-homo,
the “triazoles in” P*P* conformation seen in TCE is still partially populated in toluene, which

subtracts from the CD signal of the “triazoles out” MM conformation favoured in toluene.
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Figure 4.26: a) CD spectra (10 pM) of the same enantiomer 1-MM in toluene (black trace) and TCE (red trace).
b) CD spectra (10 uM) of the same enantiomer 11-MM in toluene (black trace) and TCE (red trace) as well as the

CD spectrum of 5-MM in toluene (green trace).

The CPL spectra of both enantiomers of 11-homo were also measured in TCE and
toluene (Figure 4.27), which could not be achieved for macrocycle 1 due to its relatively rapid
racemisation. Unlike the CD signal, which is generally inverted upon going from “triazoles out”
MM/PP to “triazoles in” P*P*/M*M*, the CPL sign is the same in both solvents. As such, the
sign of the CPL spectrum is found to match the sign of the lowest energy branch of the CD
spectrum, which is unchanged between solvents due to the presence or absence of the Cotton
effect in toluene and TCE respectively. Therefore, while the change in PDI local axial chirality
impacts the CD spectra, the change in excitonic coupling is important in determining the sign
of the CPL signal.
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Figure 4.27: CPL spectra of the enantiomers of macrocycle 11-homo in (a) toluene and (b) TCE. Note that the
CPL spectra of 11-MM(P*P*) in TCE could not be fitted due to a poor signal:noise ratio.

The | gjum| values recorded for 11-homo in toluene and TCE are an order of magnitude
lower than those recorded for macrocycles 1 and 5 (Table 4.1), which is consistent with the
bulkier 2,6-dimethylphenyl imide groups in 11-homo hindering chiral excitonic coupling
which, as established in Chapters 2 and 3, will amplify | gjum|. In toluene, 11-homo has a higher
| g1um| than in TCE (3 x 103 vs 1 x 10°%), which is in line with an excitonic chirality contribution
to the | gjum|, albeit with weaker coupling between the PDIs when compared to macrocycles 1

and 5.
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Table 4.1: Absorption dissymmetry factors |g.»s| and luminescence dissymmetry factors |gum! in toluene and

TCE for macrocycles 1, 5, and 11.

Macrocycle Solvent |Gabs| [NM] |G1um!| [NM]
1 Toluene - 1x102[675]

5 Toluene 3x102[610] 2 x 102 [675]

TCE 3x102[610] 2 x102[675]

11-homo Toluene 5x 10 [585] 3 x 102 [630]
TCE 1 x 107 [558] 1 x 107 [630]

To further probe the excitonic coupling in toluene and TCE for macrocycle 11-homo,
UV-vis spectroscopy was performed in both solvents (Figure 4.28b). In TCE, the UV-vis
absorption spectrum shown no signs of excitonic coupling and resembles that of the acyclic
precursor PDI 3a (see Chapter 2). In contrast, the UV-vis absorption spectrum in toluene shows
characteristic signs of H-type aggregation, namely, a blue-shift in the absorption maximum (42
nm) and a decrease in the intensity of the 0-0 vibronic peak intensity relative to the 0-1 peak in
the region corresponding to the PDI So— S transition (go-0/ €0-1 = 1.06 in TCE, 0.96 in toluene).
However, in contrast to the behaviour observed for macrocycle 1 (Figure 4.28a), the excitonic
coupling seen in 11-homo in toluene (go-0o/ €0-1 = 0.96) is clearly weaker than for macrocycle 1
in toluene (go-0/ €0-1 = 0.53). This is consistent with the behaviour seen by CD spectroscopy

discussed above.
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Figure 4.28: a) U-vis absorption spectrum (10 uM) of macrocycle 1 in toluene (black trace) and TCE (red trace).
b) U-vis absorption spectrum (10 pM) of macrocycle 11-homo in toluene (black trace) and TCE (red trace).

Taken together, the UV-vis absorption and CD spectra show that excitonic coupling in
11-homo in toluene is weaker than in macrocycles 1 and 5 in toluene, due to the sterically
bulkier imide groups in 11-homo. The effect of the bulky imide groups can be rationalised in
three ways. Firstly, it could be that the non-excitonically coupled “triazoles in” conformation
is still partially populated in toluene for 11-homo. Secondly, the PDIs may be forced further
apart, weakening excitonic coupling by increasing the interchromophoric distance. Finally, the
relative rotation of the PDIs might be larger than the ~ 20° seen in conformer A (and the X-ray

crystal structures of 1 and 5) to accommodate the larger steric bulk.
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Figure 4.29: Illustration of the likely rotational displacement between the two PDI cores in toluene for

macrocycles 1, 5, and 11-homo.

Interestingly, a linear correlation was found between the CD signal and the €o0-0/€0-1 UV-
vis vibronic peak ratio for the So—S; transition upon gradually changing the solvent from
toluene to TCE, highlighting how changing relative populations of MM/PP and P*P*/M*M*
conformations impacts both photophysical and chiroptical properties (Figure 4.30). This may
lend weight to the argument that the “triazoles in” P*P*/M*M* is still partially populated in

toluene.
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Figure 4.30: a) UV-vis absorption spectrum of macrocycle 11-homo in different toluene: TCE mixtures. b) CD
spectra of the same enantiomer 11-MM in different toluene:TCE mixtures. c) Relationship between circular
dichroism at 526 nm and vibronic peak ratio go.o/ €01 for the So—S; transition determined from the UV-vis

absorption spectra in (b).

The solvent-dependent conformational change was also studied by 'H NMR
spectroscopy (Figure 4.31). As for macrocycle 1, considerable upfield shifts of the aromatic
protons are observed in 11-homo when toluene-ds is added to a solution in TCE-d>, in particular
proton Hc (Ad = 1.5 ppm), which is consistent with intramolecular TT—1 interactions in toluene-
ds.
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Figure 4.31: 'H NMR spectra (70°C, 400 MHz, each referenced to the same internal standard,
poly(dimethylsiloxane)) of macrocycle 11-homo in 2:1 toluene-ds: TCE-d; (top) and TCE-d; (bottom).
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4.5.6 Analysis of the heterochiral stereoisomer
Initial characterisation

In addition to 11-homo, a further peak (C in Figure 4.32) corresponding to the

heterochiral stereocisomer (11-hetero) was isolated from the crude reaction mixture of

macrocycle 11 by preparatory HPLC.

2000 M-WPP\ 3:2 integral ratio

1500 A

1000 ~

Abs (500nm)

500

t (min)

Figure 4.32: HPLC chromatogram of the crude reaction mixture of the final macrocyclisation step for macrocycle
11 (COSMOSIL Buckyprep 250 x 10 mm, eluted with a gradient going from 1:1 (v/v) DCM:n-hexane eluent to
7:3:1 (viviv) DCM:n-hexane:isopropanol), after filtration to remove insoluble impurities (likely longer PDI

oligomers). Only peaks A and C contained the mass of macrocycle 11 upon analysis by mass spectrometry.

The *H NMR spectrum of 11-hetero in TCE-d, looks broadly similar to that of 11-

homo, with only small differences in chemical shifts for all the peaks in the aromatic region

(Figure 4.33a).
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Figure 4.33: 'H NMR spectra (TCE-dz, 70°C, 400 MHz) of macrocycle 11-homo (top) and 11-hetero (bottom).

However, there is one striking difference, which is that for 11-hetero the diastereotopic

splitting of the methylene protons He in the para-xylyl linker can be observed at room

temperature (25°C), while for 11-homo, heating to 70 °C was required to observe this

diastereotopic splitting (Figure 4.34). It is proposed that broadness of NMR signals in bis-PDI

macrocycles at room temperature is due to restricted molecular motion,! and as such

heterochiral stereocisomer 11-hetero may be more conformationally flexible than 11-homo,

although both macrocycles are configurationally stable.
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Figure 4.34: *H NMR spectra (TCE-d,, 25°C, 400 MHz) of macrocycle 11-homo (top) and 11-hetero (bottom).

Confirmation of heterochirality

Several experiments were carried out to show that 11-hetero is indeed a heterochiral
(MP) stereoisomer of macrocycle 11. Firstly, a sample of 11-hetero, previously purified by
(achiral) HPLC, was injected into a chiral HPLC column. The resulting chromatogram only
contained one peak (Figure 4.35b), unlike the chiral HPLC chromatogram of 11-homo, which
contained two peaks of equal integration (Figure 4.35a). Subsequent re-injections into the
chiral HPLC column after heating 11-hetero overnight at 180 °C in 1,2-dichlorobenzene
revealed no change in the chiral chromatogram, which was expected as the results for 11-homo
already showed that this system is chirally locked (i.e. no “somersault” motion is allowed),

which prevents interconversion between 11-hetero and 11-homo (Figure 4.35c).
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Figure 4.35: Chiral HPLC chromatograms (Phenomenex i-Amylose-1, 250 x 10 mm, 7:3 (v/v) DCM:n-hexane
eluent) of (a) 11-homo, (b) 11-hetero, and (c) a sample of 11-hetero that was heated at 180°C for 24 h in 1,2-
dichlorobenzene. After heating, the solvent was removed, and the sample was re-dissolved in DCM and reinjected
into the chiral HPLC column.

Additionally, a sample of 11-hetero was studied by CD spectroscopy to show it exhibits
no CD signal (Figure 4.36).
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Figure 4.36: CD spectrum of 11-hetero. The lack of CD signal confirms the heterochiral nature of 11-hetero.

Solvent-dependent conformational switching

Naturally, the conformation of 11-hetero in terms of “triazoles in” vs “triazoles out”
cannot be studied by CD spectroscopy. However, the intramolecular PDI-PDI interaction is
indicative of these conformations and can be analysed by UV-vis and NMR spectroscopy in

different solvents.

In TCE, the UV-vis spectra of 11-homo and 11-hetero are very similar, with both
displaying PDI monomer-like spectra (Figure 4.37a). However, in toluene, the UV-vis
spectrum of 11-hetero is markedly different to the spectrum of 11-homo (Figure 4.37b). While
11-homo shows typical signs of H-type PDI-PDI stacking in toluene (including a blue-shifted
spectrum with Almax = — 40 nm, €o0-0/ €0-1 = 0.96), 11-hetero exhibits a new red-shifted shoulder
in toluene. This spectral change is characteristic of J-type PDI-PDI stacking,'>** although it is
smaller than for other PDIs that form J-aggregates (including macrocycle 5), likely as a result
of the bulk of the 2,6-dimethylphenyl imide groups which hinders aggregation. Indeed, this
imide group is also partially hindering 11-homo from forming an intramolecular H-aggregate
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in toluene as discussed in the previous section, possibly by enforcing a larger relative rotation

of the PDls.
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Figure 4.37: UV-vis absorption spectra of 11-hetero (red trace) and 11-homo (blue trace) in (a) TCE and (b)

toluene.

As discussed above, the tH NMR spectra of 11-hetero and 11-homo are very similar in
TCE-d2. However, the addition of toluene-ds has an opposite effect on the *H NMR spectrum.
For 11-homo, the PDI signals Ha.c experience a significant upfield shift relative to the spectrum
in TCE-d2 (Ad = 0.4-1.5 ppm, Figure 4.38a), mirroring the behaviour seen by the homochiral
stereoisomer of macrocycle 1 upon changing the solvent from TCE to toluene (see Figure 4.6b
and Chapter 2). In line with UV-vis and CD spectroscopic data, this is evidence for H-type
intramolecular PDI-PDI aggregation in 11-homo. In contrast, for 11-hetero, the PDI signals Ha.
¢ shift moderately downfield (A = 0.1-0.3 ppm) upon the addition of toluene (Figure 4.38b),

indicating that a distinct conformation is now adopted.
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Figure 4.38: Stacked *H NMR spectra (75°C, 400 MHz) of macrocycle (a) 11-homo and (b) 11-hetero in TCE-
dzand 2:1 toluene-ds: TCE-d».

The above UV-vis and NMR spectroscopy results are consistent with 11-hetero and 11-
homo adopting conformations in TCE where the two PDIs do not significantly interact, such
that their photophysical and NMR spectra appear monomeric. However, upon addition of
toluene, they both adopt conformations where intramolecular PDI-PDI stacking interactions are
switched on, but distinct UV-vis and NMR spectra evidences the difference in homochiral vs
heterochiral PDI-PDI stacking (Figure 4.39a). As established earlier, 11-homo in toluene
adopts a conformation featuring an H-type intramolecular PDI-PDI dimer. In contrast, the UV-
vis spectrum in toluene of 11-hetero suggests it may adopt a conformation featuring a J-type
intramolecular PDI-PDI dimer. This is supported by DFT modelling of the heterochiral
conformer of a macrocycle with methyl imide groups (Figure 4.39b), and also by the
intermolecular heterochiral J-type PDI-PDI slip-stack seen in the crystal structure of 5-rac

(Figure 4.39c¢) as discussed in Chapter 3. It must be noted that the J-type interaction seen by
UV-vis spectroscopy in toluene for 11-hetero is quite weak. This is because, as for 11-homo,
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the PDI-PDI interaction is hindered by the 2,6-dimethylphenyl imide groups, which provide
more steric hinderance than the imide groups in 5-rac (tert-butyl benzoate) and the DFT model
(methyl).
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Figure 4.39: a) Cartoon depiction of the solvent-dependent conformational switching in 11-homo (left) and 11-
hetero (right). b) Lowest energy DFT-predicted heterochiral structure of model “Pink Box” macrocycle with

methyl imide groups (conformer H). c) X-ray crystal structure of a racemic sample of macrocycle 5.

The DFT model (conformer H) and the crystal structure of 5-rac suggest that a suitable
arrangement for a close slip-stacked PDI-PDI J-type contact is “triazoles in”. Hence, the
conformation of 11-hetero in toluene is proposed to be M*P*, although a crystal structure
would be required to provide further support to this hypothesis. Unfortunately, single crystals

of macrocycle 11 could not be grown to obtain an X-ray crystal structure.
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4.5.7 Predictions on the self-assembly of bis-PDI macrocycle stereoisomers and

chiral conformers
As discussed previously in Chapters 1 and 3, 1,7-disubsituted PDIs possess two distinct

Tr-surfaces, one more sterically hindered than the other (Figure 4.40a). In Chapter 3 it was
shown that for “triazoles out” homochiral macrocycle 5, intramolecular homochiral H-type —
1T stacking occurs on the less hindered face of the PDIs, while further intermolecular Tr—r
stacking occurs on the more sterically hindered outer 1r-surfaces which requires a slipped-stack

and heterochiral relationship between the PDI units (Figure 4.40b).
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Figure 4.40: a) Structure of a 1,7-disubstituted PDI, showing its two distinct T-surfaces. b) Supramolecular
packing in the racemic crystal structure of “triazoles out” homochiral macrocycle 5. c) Proposed self-assembly of
a “Pink Box” type homochiral macrocycle in a “triazoles in” conformation. d) Proposed self-assembly of a “Pink

Box” type heterochiral macrocycle in a “triazoles in” conformation.

Overall, for 1,7-bistriazole PDIs, the face from which the triazole substituents are

directed favours heterochiral, slip-stacked 17— stacking, while the other, less hindered, face
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favours homochiral face-to-face —1r stacking. The logical conclusion from this is that bis-PDI
macrocycles populating a “triazoles in” conformation (M*M*/P*P*) should exhibit opposite
self-assembly properties to “triazoles out” macrocycle 5 (MM/PP) since the less hindered faces

of the PDlIs are now the outer 1r-surfaces of the macrocycles.

For homochiral macrocycles in a “triazoles in” conformation (M*M* and P*P*) we
should therefore expect to see self-assembly of these macrocycles into fully homochiral stacks
via homochiral intermolecular Tr—T stacking as shown in Figure 4.40c. One would also expect
there to be an absence of intramolecular TT—TT stacking as “triazoles in” conformations disrupt
this as seen for macrocycle 1 and 11-homo in chlorinated solvents. Similarly, for heterochiral
macrocycles in a “triazoles in” conformation (M*P*) we would expect to see self-assembly
with homochiral intermolecular TT—11 contacts (Figure 4.40d). As discussed in the above
section, intramolecular TT—TT stacking appears to be possible in “triazoles in” heterochiral
macrocycles such as 11-hetero, so the overall structure of a self-assembly of “triazoles in”
heterochiral macrocycles should be the “opposite” of that observed in the racemic crystal
structure of macrocycle 5, i.e. it will have heterochiral slipped-stack intramolecular and
homochiral face-to-face intermolecular T—1r contacts. Unfortunately however, weaker
PDI-PDI n—= interactions, due to sterically bulky imide groups and chlorinated solvents
supressing these interactions, meant that neither macrocycles 11-homo nor 11-hetero

underwent 11—t self-assembly akin to macrocycle 5.

4.5.8 Summary

In summary, this section has shown that while the homochiral enantiomers of
macrocycle 11 (11-homo) are chirally-locked and so do not racemise via a PDI “somersault”,
the local axial chirality of the PDI cores can be inverted via a “twist motion” using a solvent
stimulus. This leads to switching between PP 2 M*M* and MM 2 P*P* chiral conformers,
where the asterisk (*) indicates a “triazoles in” conformation (Figure 4.41). As such, the
enantiomers of 11-homo act as a chiroptical switch, whereby changing the PDI’s axial chirality
in the ground state using an achiral stimulus (the solvent), leads to an inversion of the CD signal.
Chiral locking also allows the heterochiral stereoisomer 11-hetero to be isolated. This is the
first time that a stable heterochiral stereoisomer has been isolated in a solely bay-connected bis-
PDI macrocycle. Whilst 11-homo adopts a “triazoles out” conformation in toluene with an

intramolecular H-type PDI-PDI interaction, spectroscopic analysis suggests that in toluene 11-
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hetero instead adopts a “triazoles in” (i.e. M*P*) conformation with a slipped-stack J-type

intramolecular PDI-PDI interaction.
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Figure 4.41: Annotated map of all the possible permutations of M and P chirality and “triazoles in” and “triazoles
out” conformations in each PDI core in a 1,7-bay-connected bis-PDI macrocycle, showing which of these
conformations can be observed experimentally in different solvents for macrocycle 11. For 11-hetero, DFT studies

suggest the “triazoles in” conformation (i.e. M*P*) is lowest in energy.

312



4.6 Summary and future work
This chapter has sought to explore and categorise the wide range of chiral conformations

of “Pink Box” type bis-PDI macrocycles, a necessary requirement to unlock their potential as

switchable chiroptical materials.

The chapter began by identifying that, in addition to the M/P axial chirality of the PDI
cores, the positioning of the bay substituents, namely “triazoles in” and “triazoles out”
conformations, must also be considered. These “triazoles in” and “triazoles out” conformations
can interconvert via “twisting” of the PDI cores, which additionally inverts the local axial
chirality of the PDI cores, i.e. PP 2 M*M*, MM 2 P*P*, and MP 2 P*M* where the asterisk
indicates a “triazoles in” conformation. However, this does not equate to enantiomerisation, i.e.
PP 2 MM, which requires a “somersault” of one of the PDI imide heads through the centre of

the macrocyclic cavity.

To provide evidence for this theory, the 1% generation dynamically chiral “Pink Box”
macrocycle 1 presented in Chapter 2 has been systematically altered to isolate and analyse the
various stereoisomers and conformers. The results in Chapter 3 using 2" generation bis-PDI
macrocycle 5 had already shown that it was possible to isolate the MM and PP enantiomers by
using a long, rigid imide group that prevents the “somersault” motion of the PDI imide heads
through the centre of the macrocyclic cavity, inhibiting racemisation. However, due to the low
steric bulk of the imide group used for this (tert-butyl benzoate), PDI-PDI homochiral TT—T
stacking interactions were very strong, which prevented access to the “triazoles in”
conformations (where intramolecular T—1r stacking is switched off) and resulted in no MP
heterochiral meso isomer forming due to exclusive homochiral templation during the

macrocyclisation process.

Building on this, a 3" generation bis-PDI macrocycle was developed with bulkier imide
groups to partially disrupt the very strong PDI-PDI homochiral 17— stacking interactions while
also preventing interconversion between stereoisomers via “somersaults”. This was
successfully achieved with a macrocycle bearing 2,6-dimethylpehnyl imide groups (macrocycle
11), which prevented stereoisomer interconversion while also disrupting exclusive homochiral
templation as part of the macrocyclisation process, allowing the MP heterochiral diastereomer
to be isolated and studied. It was found that while the MM and PP enantiomers form homochiral

H-type cofacial intramolecular aggregates in toluene, the MP heterochiral diastereomer instead
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forms a “slip-stack” with some J-aggregate characteristics. Furthermore, for the MM and PP
enantiomers it was confirmed that they can be switched between “triazoles in” and “triazoles
out” conformations using different solvents, which results in an inverted CD spectrum. As such,
these systems act as a rare type of PDI-based chiroptical switch where the CD spectrum is

inverted using an achiral stimulus (solvent) due to a change in PDI axial chirality.

As introduced in Section 1.5.7, further work may now seek to develop macrocycle 11
for self-assembly, with new arrangements arising from distinct chiral conformations. While in
Chapter 3 it was shown that “triazoles out” MM and PP macrocycles stack with each other via
heterochiral slip-stacked intermolecular TT—TT interactions, it is hoped that “triazoles in” M*M¥*,
P*P* and M*P* conformations will self-assemble via homochiral cofacial intermolecular TT—
1T interactions. As such, it will become possible to direct the self-assembly of organic materials
into different structures via TT—system chirality, with exciting applications in electronic and

chiroptical materials.

Complementing this work on changing the imide functional groups, the next Chapter
will explore the effects of varying the linker in bis-PDI macrocycles. These designs are also
expected to influence the PDI-PDI distance and relative rotation and so tune TT—T interaction
and excitonic coupling strength.
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4.7 Experimental

4.7.1 Materials and methods
All commercial solvents and reagents were used as purchased, unless otherwise stated.

Anhydrous solvents were degassed with N2 and dried using an Innovative Technology PureSolv
MD 5 solvent purification system. Cu(MeCN)4-PFs was stored in a desiccator. Tris((1-benzyl-
4-triazolyl)methyl)amine (TBTA) was prepared following a literature procedure.’® Water was
distilled and microfiltered using an ELGA DV 35 Purelab water purification system.
Chromatography was undertaken using silica gel (particle size: 40-63 um) or preparative TLC

plates (20 x 20 cm, 1 cm silica thickness).

'H and 3C NMR spectra were recorded using Bruker AVI11400 (400 MHz), Bruker AV NEO
400 (400 MHz) and Bruker AV NEO 500 (500 MHz, with cryoprobe). Mass spectra were
recorded using a Bruker UltrafleXtreme MALDI-TOF mass spectrometer or a Waters Synapt
G2-S mass spectrometer for high resolution MS-ESI. Details of equipment used for other
analytical techniques (CD and CPL spectroscopies, photophysics, HPLC etc.) are provided in
their appropriate sub-sections in this experimental section.
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4.7.2 Synthesis of macrocycle 10
The synthesis of bis-PDI macrocycle 10 was carried out as shown below. Compound 12 was

previously prepared in-house by group member Angus Yeung according to a literature
procedure'® as a mixture 1,6- and 1,7- regioisomers. Compounds 12 and 13 were isolated as a
mixture of 1,6- and 1,7- regioisomers. 1,4- bis(azidomethyl)benzene was prepared by Angus
Yeung following the safety precautions for the handling of organic azide compounds
described in section 2.9.2.

™S C S S

Q 0O 1) K,CO;4
DCM/MeOH
RN ' NR
a®, 2N
o o N3

// 10 eq

™S 12 Cu(NCCHa),PFq
TBTA
DCM
", 12 h
70%

Compound 12, K,CO3
1 eq, high dilution

Cu(MeCN),4PFg
TBTA
DCM
rt, 72 h
23%

Multistep synthesis of bis-PDI macrocycle 10.
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Acyclic bis-triazole PDI 13

1) K,CO4
DCM/MeOH

10 eq

CU(NCCH3)4PF6
TBTA
DCM 13

rt, 12 h
50%

To a solution of TMS-protected bis-alkyne PDI 12 (50 mg, 79 umol) in DCM (20 ml) was
added K>COs (30 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and completion
of the reaction was confirmed by TLC. The solution was then washed with water (2 x 30 mL)
and brine (30 ml). The organic layer was then dried over anhydrous MgSO4 and concentrated
to dryness in vacuo to afford the deprotected PDI bis-alkyne which was used immediately
without further purification. This PDI bis-alkyne was immediately re-dissolved in dry DCM
(30 mL). To this was added 1,4- bis(azidomethyl)benzene (148 mg, 790 pmol, 10 equiv) and
tris((1-benzyl-4- triazolyl)methyl)amine (TBTA) (8.4 mg, 16 pmol, 0.2 equiv). The solution
was then de-gassed with argon. The copper () catalyst Cu(CH3CN)4PFs (5.9 mg, 16 umol, 0.2
equiv) was then added and the solution was once again de-gassed with argon. The reaction was
stirred at rt for 12 h. The solvent was then removed in vacuo. The resulting residue was purified
by silica gel flash column chromatography (1:199 MeOH-DCM) affording the title compound
as a purple solid (44 mg, 39 umol, 50%).

IH NMR (500 MHz, Chloroform-d, 1,7 isomer) & 8.72 (s, 2Hz), 8.26 (d, J = 8.1 Hz, 2Hb), 7.93
(d, J = 8.0 Hz, 2Hc), 7.81 (s, 2Ha), 7.50 (t, J = 7.8 Hz, 2Hn), 7.40 (s, 8Hr), 7.37 — 7.33 (M, 4Hy),
5.69 (s, 4He), 4.38 (s, 4Hc"), 2.72 (hept, J = 6.9 Hz, 4H3), 1.21 — 1.13 (m, 24H)).

13C NMR (126 MHz, Chloroform-d) 8 165.08, 163.15, 163.07, 148.12, 138.75, 136.86, 135.31,
135.01, 134.56, 133.97, 132.73, 130.79, 130.22, 129.99, 129.50, 129.43, 129.29, 129.22,
129.08, 128.78, 128.67, 128.64, 128.60, 122.69, 122.49, 122.11, 121.93, 81.57, 54.39, 54.28,
28.35.
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Bis-PDI macrocycle 10

Compound 12, K,CO3
1 eq, high dilution

13
Cu(NCCH3)4PFg
TBTA
DCM
rt, 72 h
23%

TMS-protected bis-alkyne PDI 12 (29 mg, 38 pumol) was dissolved in DCM (20 mL). To this
was added K>CO3 (20 mg) in MeOH (10 mL). The reaction was monitored by TLC (1:99
MeOH:DCM). Upon completion the reaction mixture was thoroughly washed with water in a
separating funnel (3 x 100 mL) and dried with MgSOs to yield crude deprotected bis-alkyne
PDI in DCM, which was used immediately without further purification due to its tendency to
aggregate and crash out of solution over time. This was added to a flask, along with acyclic bis-
triazole PDI 13 (44 mg, 38 umol, 1 equiv), tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (8
mg, 16 pumol, 0.4 eq) and a further 350 mL of DCM. The reaction mixture was thoroughly de-
gassed with N2. The copper catalyst Cu(CH3CN)4PFe¢ (6 mg, 16 umol, 0.4 equiv) was then
added and the reaction mixture was thoroughly de-gassed again. The reaction was stirred at rt
for 36 h and monitored by TLC (2:98 MeOH-DCM). The solvent was then removed in vacuo.
Attempts were made to purify macrocycle 10 using preparative silica TLC. Unfortunately,
macrocycle 10 could only be isolated in trace amounts (< 1mg) and was only detectable by
mass spectrometry. This is likely because the large steric bulk of the imide groups severely
hinders the formation of the macrocycle. Indeed, MALDI mass spectrometry analysis of the
crude reaction mixture revealed the formation of a tris-PDI oligomer in preference to the
macrocycle. Because of the failure to make macrocycle 10, macrocycle 11 was designed with
the same goals in mind but with somewhat reduced bulk at the ortho position on the imide

groups, to aid formation of the macrocycle.
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MALDI mass spectrum for the crude reaction mixture of the final macrocyclisation step in the synthesis of
macrocycle 10, after filtration to remove insoluble impurities (which are likely longer PDI oligomers).
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4.7.3 Synthesis of macrocycle 11
The synthesis of bis-PDI macrocycle 11 was carried out as shown below. Compounds 14-16

were isolated as a mixture of 1,6- and 1,7- regioisomers. 1,4- bis(azidomethyl)benzene was
prepared by Angus Yeung following the safety precautions for the handling of organic azide

compounds described in section 2.9.2.
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Multistep synthesis of bis-PDI macrocycle 11.
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Bis-bromo PDI 14

Br
c b f
(0] O d
R-NH,
6 > N . N e
3 Y,
\)l\ o o
OH Br a
14

60°C, 72h
37%

Compound 6 (a mixture of mono-, bis-, tris- and tetra-bromo perylenetetracarboxylic
dianhydride, 5 g) was added to a flask. To this was added propionic acid (100 mL) and tert-
butyl 4-aminobenzoate (6 mL, 50 mmol, 5.5 equiv). The mixture was purged with nitrogen and
heated at 140°C for 72 h. The reaction mixture was then cooled to rt, which yielded a red
precipitate. This was washed with water (200 mL) and methanol (50 mL). The resulting red
residue was then purified by silica gel flash column chromatography (1:1 n-hexane:CH.Cl,),
affording compound 14 as a mixture of 1,6 and 1,7 bis-bromo isomers (2.54 g, 3.4 mmol, 33%
yield if compound 6 was pure bis-bromo perylenetetracarboxylic dianhydride, taking into
account the presence of DCM in the final product (50 mol % by NMR, which results in 10% of
the isolated mass being DCM).

'H NMR (500 MHz, Chloroform-d, 1,7-isomer) 8 9.58 (dd, J = 8.1, 3.2 Hz, 2Ha), 9.02 (s, 2Hp),
8.81 (dd, J = 8.1, 3.6 Hz, 2Hc), 7.33-7.25 (m, 6Hg.e), 2.18 (s, 12Hs), consistent with literature
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'H NMR spectrum of compound 14 (chloroform-d, 298 K, 500 MHz)
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TMS-protected bis-alkyne PDI 15

S
/4
/ c b
O O
=ns 44 0=
17 ——— P N ' N f
PdCI,(PPh;3), O O
Cul [e) (0]
NEt, y a 9
Toluene /
60°C, 24 h —Si 15
85% /\

To a solution of bis-bromo PDI 7 (580 mg, 644 pumol) in 1:1 dry NEts-toluene (250mL) under
a nitrogen atmosphere was added Pd(PPhs)2Cl2 (27 mg, 39 pmol, 0.06 equiv), Cul (14 mg, 73
pumol, 0.11 equiv) and trimethylsilylacetylene (316 mg, 458 uL, 3.22 mmol, 5 equiv). The
mixture was thoroughly de-gassed with nitrogen and stirred at 60 °C for 24 h. The solvent
mixture was then removed in vacuo. The resulting residue was then re-dissolved in DCM (100
mL) and washed with 1 M HCI (50 mL) and water (3 x 50 mL); dried over anhydrous MgSQOa4
and concentrated to dryness in vacuo. The resulting residue was purified by silica gel flash
column chromatography (1:1 n-hexane:DCM) affording the title compound as a red solid (515
mg, 550 pmol, 85%).

IH NMR (500 MHz, Chloroform-d, 1,7 isomer) 8 10.26 (d, J = 8.2 Hz, 2Hp), 8.91 (d, J = 7.8
Hz, 2Ha), 8.74 (d, J = 8.2 Hz, 2Hc), 7.33— 7.24 (M, 6Hex), 2.18 (s, 12Hg), 0.39 (s, 18Ha).

13C NMR (126 MHz, Chloroform-d) 5 162.70, 162.38, 138.96, 138.62, 135.66, 135.00, 134.67,
133.59, 131.11, 129.25, 128.79, 128.74, 128.54, 128.10, 128.02, 127.80, 123.44, 122.32,
120.38, 106.56, 105.53, 18.10, 18.05.

HRMS (ESI) (m/z) calculated for CsoHa3N204Si> [M+H]* 791.2761, found 791.2773.
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Observed ESI MS data for compound 15.
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Acyclic bis-triazole PDI 16

1) K,CO4
DCM/MeOH

2) Na/\©\/
N3

10 eq

CU(NCCH3)4PF6
TBTA
DCM 16
rt, 12 h
55%

15

To a solution of TMS-protected bis-alkyne PDI 15 (155 mg, 194 pmol) in DCM (20 ml) was
added K>COs (30 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and completion
of the reaction was confirmed by TLC. The solution was then washed with water (2 x 30 mL)
and brine (30 ml). The organic layer was then dried over anhydrous MgSO4 and concentrated
to dryness in vacuo to afford the deprotected PDI bis-alkyne which was used immediately
without further purification. This PDI bis-alkyne was immediately re-dissolved in dry DCM
(30 mL). To this was added 1,4- bis(azidomethyl)benzene (182 mg, 971 umol, 5 equiv) and
tris((1-benzyl-4- triazolyl)methyl)amine (TBTA) (20 mg, 39 umol, 0.2 equiv). The solution
was then de-gassed with argon. The copper (1) catalyst Cu(CH3CN)4PFs (15 mg, 39 umol, 0.2
equiv) was then added and the solution was once again de-gassed with argon. The reaction was
stirred at rt for 12 h. The solvent was then removed in vacuo. The resulting residue was purified
by silica gel flash column chromatography (1:199 MeOH-DCM) affording the title compound
as a purple solid (110 mg, 108 pmol, 55%).

IH NMR (500 MHz, Chloroform-d, 1,7 isomer) & 8.74 (s, 2Hz), 8.24 (d, J = 8.0 Hz, 2Hb), 7.93
(d, J = 8.0 Hz, 2Hc), 7.72 (s, 2Ha), 7.43 — 7.21 (m, 10Hsg1), 5.67 (d, J = 2.2 Hz, 4He), 4.37 (d,
J=2.4Hz, 4He), 2.14 (s, 12H)).

13C NMR (126 MHz, Chloroform-d) § 162.49, 162.44, 148.20, 136.77, 135.47, 135.32, 135.01,
134.42, 133.95, 133.50, 130.19, 129.41, 129.30, 129.22, 129.11, 129.08, 128.91, 128.65,
128.52, 128.48, 122.68, 122.49, 122.00, 54.27, 54.17, 17.89

HRMS (MALDI-MS) (m/z) calculated for CeoH41N1404 [M-H] 1021.3435, found 1021.4322.
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Observed (bottom) MALDI-MS data for compound 16.
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Bis-PDI macrocycle 11

Compound 15, K,CO3
1 eq, high dilution

16
CU(NCCH3)4PF6
TBTA
DCM
rt, 72 h
9%

TMS-protected bis-alkyne PDI 15 (77 mg, 97 pmol) was dissolved in DCM (20 mL). To this
was added K>COs (20 mg) in MeOH (10 mL). The reaction was monitored by TLC. Upon
completion the reaction mixture was thoroughly washed with water in a separating funnel (3 x
100 mL) and dried with MgSOs to yield crude deprotected bis-alkyne PDI in DCM, which was
used immediately without further purification due to its tendency to aggregate and crash out of
solution over time. This was added to a flask, along with acyclic bis-triazole PDI 16 (99 mg, 97
umol, 1 equiv), tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (21 mg, 39 umol, 0.4 eq) and
a further 350 mL of DCM. The reaction mixture was thoroughly de-gassed with N.. The copper
catalyst Cu(CH3sCN)4PFs (14 mg, 39 pumol, 0.4 equiv) was then added and the reaction mixture
was thoroughly de-gassed again. The reaction was stirred at rt for 36 h and monitored by TLC
(2:98 MeOH-DCM). The solvent was then removed in vacuo. The resulting residue was
dissolved in DCM and filtered through cotton wool and the filtrate was then purified by HPLC
(COSMOSIL Buckyprep 250 x 10 mm, eluted with a gradient going from 1:1 (v/v) DCM:n-
hexane eluent to 7:3:1 (v/v/iv) DCM:n-hexane:isopropanol) affording the title compound as a
purple solid (isolated 15 mg including both the homochiral and heterochiral diastereomers, 97

pumol, 9%).

'H NMR (homochiral stereoisomer, 400 MHz, 343K, TCE-d2) § 8.76 (s, 4Ha), 8.33 (d, J=8.1
Hz, 4Hp), 7.95 (d, J = 8.2 Hz, 4H¢), 7.41 — 7.21 (m, 24H4tgn), 5.73 (d, J = 15.2 Hz, 4H.), 5.62
(d, J=15.2 Hz, 4H¢), 2.17 (d, J = 6.6 Hz, 12H;), 2.04 (s, 12H;).
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13C NMR (101 MHz, TCE-d2) & 162.54, 162.17, 148.11, 136.07, 135.99, 135.57, 135.23,
134.72, 133.73, 133.69, 130.23, 129.76, 129.24, 129.07, 129.02, 128.74, 122.99, 122.93,

121.41, 120.60, 74.45, 74.17, 73.90, 54.30, 18.13, 17.94.

HRMS (MALDI-MS) (m/z) calculated for C10aHesN1sOs [M-H] 1667.5327, found 1667.5328
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'H NMR spectrum of macrocycle 11 (homochiral diastereomer, TCE-ds, 343 K, 400 MHz).
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Observed MALDI-MS data for macrocycle 11.
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4.7.4 Chiroptical studies
Circular dichroism

Circular dichroism (CD) spectra were recorded on a Jasco J-1500 CD spectrophotometer with
a wavelength accuracy + 0.2 nm (250 to 500 nm), £ 0.5 nm (500 to 800 nm) and a CD root
mean square noise < 0.007 mdeg (500 nm). A quartz cuvette with 1 mm path length was used.
The spectra were recorded at a concentration of 10 uM. The enantiomers were assigned by
corroboration of the samples with the crystal structure of enantiopure 5-PP, as well as by
comparison of their CD spectra to the computationally predicted CD spectra (see Appendix A

for further details).
Circularly polarised luminescence

CPL was measured with a home-built (modular) spectrometer.'® The excitation source was a
broad band (200 — 1000 nm) laser- driven light source EQ 99 (Elliot Scientific). The excitation
wavelength was selected by the incorporation of an Acton SP-2155 monochromator (Princeton
Instruments); the collimated light was focused into the sample holder (1 cm quartz cuvette).
Emission was collected perpendicular to the excitation direction with a lens (f = 150 mm). The
emission was fed through a photoelastic modulator (PEM) (Hinds Series 11/FS42AA) and
through a linear sheet polariser (Comar Optics). The light was then focused into a second
scanning monochromator (Acton SP-2155) and subsequently on to a photomultiplier tube
(PMT) (Hamamatsu H10723 series). The detection of the CPL signal was achieved using the
field modulation lock-in technique. The electronic signal from the PMT was fed into a lock-in
amplifier (Hinds Instruments Signaloc Model 2100). The reference signal for the lock-in
detection was provided by the PEM control unit. The monchromators, PEM control unit and
lock-in amplifier were interfaced to a desktop PC and controlled by a custom-written Labview
graphic user interface. The lock-in amplifier provided two signals, an AC signal corresponding
to (I- Ir) and a DC signal corresponding to (I + Ir). Background subtraction was achieved
post data collection The emission dissymmetry factor was, therefore, readily obtained from the
experimental data as 2 AC/DC.

Spectral calibration of the scanning monochromator was performed using a Hg-Ar calibration
lamp (Ocean Optics HL-3P-CAL). A correction factor for the wavelength dependence of the
detection system was constructed using a calibrated lamp (Ocean Optics HL-3_CAL). The
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measured raw data was subsequently corrected using this correction factor. The validation of
the CPL detection systems was achieved using light emitting diodes (LEDSs) at various emission
wavelengths. The LED was mounted in the sample holder and the light from the LED was fed
through a broad band polarising filter and A/4 plate (Comar Optics) to generate circularly
polarised light. Prior to all measurements, the A/4 plate and a LED were used to set the phase
of the lock-in amplifier correctly. The emission spectra were recorded with 0.5 nm step size
and the slits of the detection monochromator were set to a slit width corresponding to a spectral
resolution of 0.25 nm. CPL spectra (as well as total emission spectra) were obtained through an

averaging procedure of several scans.

4.7.5 Photophysics
UV-vis-NIR absorption and emission spectra in solution

All steady state electronic absorption and emission spectra were recorded at a concentration of
10 uM (unless otherwise stated) at 298 K. For UV-vis-NIR spectroscopy a Shimadzu UV-3600i
Plus spectrophotometer was used, with a wavelength accuracy + 0.2 nm in the UV-vis range
and absorbance accuracy £ 0.002 Abs. For fluorescence spectroscopy a Jasco FP-8500 was used
with emission and excitation wavelength accuracies = 1.0 nm. The detector base sensitivity is

8500:1. Quartz cuvettes with 1 cm path length were used.
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Chapter 5: Linker variation in Pink Box-
type macrocycles
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5. Linker variation in Pink Box-type macrocycles

5.1 Introduction
The Chapters 2, 3 and 4 in this thesis focused on the effects of varying the imide groups

in “Pink Box” type bis-PDI macrocycles while keeping the linker group (para-xylene) constant.
Changing the imide group was found to impact the configurational stability, chiroptical and
self-assembly properties of these macrocycles. However, a key feature of these “Pink Box”
macrocycles is that the linker groups can also be modulated as they are incorporated into the
molecular architecture in the penultimate stage of the synthesis via “click” chemistry. Using
linker groups with different lengths and rigidities is expected to affect the PDI-PDI
intramolecular distance and relative rotation (Figure 5.1), which in turn may affect the nature
of the PDI-PDI interaction and the population of chiral conformations. Furthermore, varying
the imide groups may give access to a larger macrocyclic cavity for binding polycyclic aromatic
hydrocarbon (PAH) guests.! Indeed, the intermolecular T—TT recognition characterised in
Chapter 3 indicates that bis-triazole PDIs have the correct shape complementarity for binding
PDIs (i.e. self-recognition), but that the bis-PDI macrocycle cavity may be too small for binding
a bis-triazole PDI guest. Systematic variation of the linker groups has been previously studied
in imide-linked bis-PDI macrocycles,? but has yet to be studied in bay-connected bis-PDI
macrocycles.

b)

Rotational displacement

Interchromophoric
distance

Figure 5.1: Cartoon depiction of (a) variation pf interchromophore distance, and (b) variation of PDI-PDI relative

rotation, in a 1,7-bay-connected bis-PDI macrocycle.
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This chapter focuses on the effects of varying the linker group while keeping the imide
group constant. For this purpose, a series of macrocycles bearing the same branched alkyl “C11”
imide groups, but with different linkers connecting the PDIs, were synthesised. These are shown
in Figure 5.2, alongside the previously discussed macrocycle 1a which bears short and rigid
para-xylene linker groups. This aromatic linker is progressively extended to afford the biphenyl
analogue macrocycle 17 and the terphenyl analogue macrocycle 18. Additionally, macrocycle
19 linked by more flexible n-hexyl chains, was also synthesised. These macrocycles are studied
by *H NMR and UV-vis spectroscopy alongside chiral HPLC to characterise the nature of the
intramolecular PDI-PDI interaction in each case, and how this might influence the population
of the various chiral conformations presented in Chapter 4. Additionally, attempts are made to
use these macrocycles as hosts for the binding of PAHs. The analysis in this chapter is
complemented by computational studies carried out by Prof. Martijn Zwijnenburg to aid
interpretation of the experimental work. These studies are referred to throughout this Chapter,

and full details are given in Appendix A.

Long, rigid linker

| . Flexible linker
w oo O
7N 19
1 18

Short, rigid linker

Figure 5.2: Structures of macrocycles 1a, 17, 18 and 19, designed to study the effects of linker group length and

rigidity on the properties of “Pink Box”-type macrocycles.
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5.2 Synthesis of bis-PDI macrocycles 17-19
Macrocycles 17-19 were synthesised using the same strategy as for the original “Pink

Box” macrocycle 1a described in Chapter 2. To begin with, bis-alkyne PDI 2a was reacted with
an excess of the appropriate bis-azide linker to yield compounds 20-22 via copper(l)-catalysed

azide—alkyne cycloaddition (CuAAC) “click” reactions (Scheme 5.1).

TMS

O 1) KoCO3
DCM/MeOH
NR

: .
b O O
2) N3
o o} /\R

Y

N3

// 10 eq
™S Cu(NCCHa),PFg
TBTA 21 R=
2a DCM
i, 12 h

|
i

20 R'= O 22 R= §
| .
i N

Scheme 5.1: Synthesis of the bis-triazole acyclic PDIs 20-22.

While the biphenyl and hexyl bis-azide linkers have been previously reported® 4 and
were kindly provided by another group member (Angus Yeung), the terphenyl linker 24 is a

novel compound and was synthesised according to Scheme 5.2

Br N
(CH,0)y, HBr NaN3, Nal, DMF
O ~ ~
160°C, 48 h 12h
41% quant.

B

23

r 3

%)
=z

Scheme 5.2: Synthesis of terphenyl bis-azide linker 24.

338



Bis-azide PDI compounds 20-22 were then reacted with a stoichiometric amount of bis-
alkyne PDI 2a under relatively high dilution conditions (0.3 mM) to favour macrocyclisation,®
once again under CuAAC “click” chemistry conditions. This yielded macrocycles 17-19
(Scheme 5.3). Interestingly, for the aromatic linkers, the yield of macrocycle in this final
macrocyclisation step decreases as the linker length increases, going from 39% for phenyl-
linked la to 17% for terphenyl-linked 19. This may be explained by weaker PDI-PDI
templation through co-facial —r interactions® in macrocycles containing longer rigid linkers.
For macrocycle 22, with flexible hexyl linkers, the yield is similar to that of phenyl-linked 1a.
All novel compounds were fully characterised by *H NMR spectroscopy and high-resolution

mass spectrometry. Further details are also provided in the experimental section 5.9.

Compound 2a
1 eq, high dilution

Y
Py
N // - /
/ —\
o -2 | N\ kS
N\ I
- > A
N /
TN 3

Cu(NCCH3),PF
TBTA
DCM
n,72h

Scheme 5.3: Synthesis of the bis-PDI macrocycles 17-19.
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5.3 Photophysical studies

5.3.1 UV-vis absorption spectroscopy
As discussed extensively in Chapters 2 and 4, the strength of intramolecular PDI-PDI

excitonic coupling in xylene-spaced macrocycle 1a displays a dramatic solvent dependence, as

a result of a conformational change between toluene and chlorinated solvents. The strength of

PDI-PDI excitonic coupling can be measured from the intensity ratio of the 0-0 and 0-1 vibronic

bands within the So—S: band in the UV-vis absorption spectrum of these macrocycles.

Therefore, the first experiment with macrocycles 17-19 was to measure their UV-vis spectra in

toluene and TCE and compare their behaviour to that of 1a (Figure 5.3).

b)
50000 + e
—1a
1a -
“ _ 1; 40000 4 :"g
5 . 3 (acyclic)
£~ 30000 - 3 (acyclic)
£
o
g’ 20000 +
-
10000 -
04 TCE = 04 Toluene \“-—
450 500 550 600 650 4%0 560 séD 860 65‘0
° 2 (nm) .
Compound £00f€0-1
TCE Toluene
1 1.19 058
17 1.16 108
18 1.17 1.22
19 1.16 0.58
3 1.16 120

Figure 5.3: a) UV-vis absorption spectra of macrocycles 1a and 17-19 alongside acyclic PDI monomer 3 in TCE.

b) UV-vis absorption spectra of macrocycles 1a and 17-19 alongside acyclic PDI monomer 3 in toluene. ¢) Ratio

of the 0-0 and 0-1 vibronic bands in the So— Si: band in the UV-vis absorption spectrum of macrocycles 1a, 17-19

and acyclic PDI monomer 3.
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In TCE, the UV-vis spectra of macrocycles 1a, 17-19 are very similar to each other, and
to that of acyclic PDI monomer 3 (Figure 5.3a), with go_o/go1 ratios ranging from 1.16 to 1.19,
showing that intramolecular PDI-PDI excitonic coupling is very weak in chlorinated solvents

for all of these macrocycles.

However, in toluene clear differences in the excitonic coupling in these macrocycles
can be observed (Figure 5.3b). As discussed in Chapter 2, 1a exhibits strong H-type excitonic
coupling since go-o/eo-1=0.58 and Amax is blue-shifted from 547 nm in TCE to 516 nm in toluene.
Gradually increasing the linker length leads to a decrease in excitonic coupling strength, with
€0-o/eo-1 = 1.08 for biphenyl-spaced macrocycle 17 and go-o/eo-1 = 1.22 for terphenyl-spaced
macrocycle 18. For hexyl-spaced macrocycle 19 the UV-vis spectrum in toluene is very similar
to that of 1a in toluene, but Amax is slightly less blue-shifted (Amax = 516 nm for 1a, 522 nm for
10). This indicates that 19 forms an intramolecular PDI-PDI H-type aggregate in toluene very
similar to that of 1a, but perhaps with a slightly different conformation as a result of the more
flexible hexyl linkers.

One possible explanation for weaker intramolecular PDI-PDI excitonic coupling in
macrocycles 17 and 18 is that the longer linkers position the PDIs further apart. However, as
explained in Chapter 1 (section 1.6), the strength and nature of excitonic coupling not only
depends on interchromophore distance but is also extremely sensitive to small changes in slip
angle or rotational angle between the two PDI cores (see Figure 1.8 in Chapter 1)” 8 Indeed, as
established in Chapter 4 (section 4.3) for macrocycle 1a, these macrocycles are
conformationally-flexible, such that “triazoles” in vs “triazoles out” conformations are likely to

affect the distance and relative orientation of the PDI cores in macrocycles 17 and 18.

In addition, so far in this thesis PDI-PDI excitonic coupling has mainly been discussed
in terms of Kasha’s model where it is treated as a long-range Coulombic interaction between
the electric transition dipole moments of the molecules.® Whilst this model successfully
accounts for the optical properties of many PDI aggregates,'” there are also examples of PDI
aggregates with smaller interchromophore separations where “short-range” coupling, which
arises from orbital overlap between adjacent chromophores, cannot be neglected.” ! In fact,
PDI aggregates have even been reported where the “long-range” and “short-range” coupling
energies have similar magnitudes but opposite signs, leading to an overall “null aggregate” with

monomeric optical properties.t! 2
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With UV-vis spectroscopy identifying a correlation between excitonic coupling strength
and linker length, attention then turned to experimental and theoretical studies that could inform

on the macrocycle conformation(s) responsible for this trend.

5.4 NMR spectroscopy

5.4.1 H NMR spectroscopy at room and high temperature
Proton NMR spectroscopic studies were carried out to gain insight into the

conformations of macrocycles 17-19 in solution and draw comparisons with macrocycle 1a.

As a reminder, the *H NMR spectrum of macrocycle 1a is broad at room temperature
(25°C) due to restricted molecular motion (Figure 5.9). Heating the sample in TCE-d; causes
sharpening (Figure 5.9), which was analysed in depth in Chapter 2 but is used here to highlight
two features indicating restricted molecular motion in 1a. Firstly, the presence of a second set
of peaks corresponding to the heterochiral MP stereoisomer shows that PDI “somersaulting” is
slow on the NMR timescale. Secondly, the signal corresponding to proton He exhibits
diastereotopic splitting into two roofed doublets, due to the proximity of this methylene group
to the chiral bis-triazole PDI. Importantly, this diastereotopic splitting is only observed when
the interconversion of PDI enantiomers is restricted since no splitting is observed in the H
NMR spectrum of the acyclic bis-triazole PDI 3 due to rapidly interconverting atropisomers.
Therefore, diastereotopic splitting of He provides a useful handle for identifying restricted PDI

“somersaulting” in bis-PDI macrocycles.
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Phenyl-spaced macrocycle 1a
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Figure 5.4: NMR spectra of macrocycle 1a (400 MHz) in a) chloroform-d, 25°C, b) TCE-d,, 25°C and c) TCE-

d, 100°C.

In contrast to 1a, biphenyl-spaced macrocycle 17 and terphenyl-spaced macrocycle 18

exhibit sharp 'H NMR spectra in chloroform-d at room temperature (25°C), suggesting that

molecular motion in these macrocycles is less restricted as a result of their longer linkers(Figure

5.5). Furthermore, macrocycles 17 and 18 do not exhibit diastereotopic splitting of the

methylene proton signals He and no separate set of signals for the MP diastereomer were

detected, also indicating that for these macrocycles, intramolecular somersaults are fast on the

NMR timescale. Overall, the *H NMR spectra of macrocycles 17 and 18 are consistent with

more conformational flexibility than that exhibited by macrocycle 1a with shorter, rigid phenyl

linkers.
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Figure 5.5: NMR spectra (chloroform-d, 400 MHz, 25°C) of macrocycles a) 1a, b) 17 and c) 18.

Additionally, n-hexyl-linked macrocycle 19 was also studied by *H NMR spectroscopy

in TCE-d2 (Figure 5.6). Like macrocycle 1a, the 'H NMR spectrum was broad at room

temperature, suggesting restricted molecular motion. Indeed, the length of the hexyl spacers is

similar to that of the xylyl linkers in macrocycle 1a, based on an equal count of six carbon

atoms linking the triazole groups. As for 1a, the *H NMR spectrum of macrocycle 19 in TCE-

d> sharpens at higher temperatures (Figure 5.6), allowing the spectrum to be fully assigned.

However, in contrast to 1a, for macrocycle 19 there is no second set of signals corresponding

to the heterochiral MP diastereomer, suggesting that, at least at high temperatures,

“intramolecular somersaults” are fast on the NMR timescale. Additionally, there is no

diastereotopic splitting of the analogous methylene He proton signal, suggesting the

stereoisomers of 19 are not configurationally stable due to the more flexible hexyl linkers.
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Figure 5.6: NMR spectra (TCE-d;, 400 MHz) of macrocycles a) 19, 25°C b) 19, 100°C and c) 1a, 100°C.

As seen in Figure 5.3b, the UV-vis absorption spectra indicate that hexyl-linked

macrocycle 19 forms an intramolecular PDI-PDI H-type aggregate in toluene very similar to

that of phenyl-spaced 1a. Therefore, the *H NMR spectrum of 19 was measured in toluene-ds

and is shown alongside the *H NMR spectrum of 1a in TCE-d; and toluene in Figure 5.7. As

for 1a, the proton signal Hc¢ in macrocycle 19 shifts upfield in toluene, indicative of

intramolecular T—1r stacking, albeit by a lesser extent (0.4 vs 2.1 ppm) and so perhaps a weaker

interaction than in 1a. The Hc signal, as well as other proton signals such as Haand Hgq, are also

considerably broader in toluene for 19 compared to 1a. All of this is likely the result of greater

conformational flexibility in 19, and so potentially less restricted intramolecular PDI

somersaulting.

345



a)
Hexyl-spaced macrocycle 19
Toluene-dg, 100°C

4
b) Hexyl-spaced macrocycle 19 a b c .’ €
TCE-d,, 100°C ’ _JL JJL

a
c) Phenyl-spaced macrocycle 1a d b c e e
Toluene-dy, 100°C | l

d)

Phenyl-spaced macrocycle 1a @
TCE-d,, 100°C a*

— T 1 T . - - - — - -
9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 5.6 5.4 5.2 5.0 48 4.6 4.4
Chemical shift (ppm)

Figure 5.7: Stacked NMR spectra (400 MHz, 100°C) of macrocycles 19 ((a) and (b)) and 1a ((c) and (d)) in TCE-
d; and toluene-ds.

346



5.4.2 Low temperature NMR studies
Out of the macrocycles discussed in this section, only macrocycle 1a, with its short,

rigid phenyl linkers, exhibits a separate set of signals in its 'H NMR spectrum corresponding
to the heterochiral MP diastereomer. This is likely because for the other macrocycles, with
longer or more flexible linkers, the energy barrier for stereoisomer interconversion via PDI
somersaulting (MMSMPSPP) is lowered, such that they cannot be observed as separate
species on the NMR timescale. It was therefore hypothesised that it might be possible to observe

the MP stereoisomer by measuring *H NMR spectra at low temperatures.

A low temperature 'H NMR spectrum was first acquired for biphenyl-spaced
macrocycle 17. Unfortunately, this *H NMR was too broad at —30 °C for identifying, assigning
and analysing a separate set of proton signals arising from the MP stereoisomer (Figure 5.8).
A possible explanation for this result is that additional molecular motions such as PDI twisting,

alongside PDI somersaulting, may be slowed down upon cooling.

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
)6 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46
Chemical Shift (ppm)

Figure 5.8: *H NMR spectrum of macrocycle 17 (TCE-d,, 400 MHz, -30°C).

However, with hexyl-spaced macrocycle 19 some clearer changes to the *H NMR
spectrum are observed upon gradual cooling from 100 °C to -30 °C (Figure 5.9). The spectrum
is initially sharp at 100°C, but becomes significantly broader at 50°C and 25°C. In doing so
however, some proton signals, most noticeably Ha, Hc, and He each appear to split into two
signals. The second signal in each instance here could be the heterochiral MP diastereomer
being observed, as the rate of “somersaulting” of the PDIs is being decreased with temperature.
However, further cooling of the sample down to —30°C sees these signals split into more peaks.
For example, proton signal Ha is a sharp singlet at 100°C but becomes two broad signals at
25°C before splitting into what appears to be four sharper signals at —30°C. Here, it is speculated
that these additional signals may correspond to chiral conformers that are related by PDI
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twisting (e.g., MMSP*P*) as well as somersaulting (e.g., MM$SMP), as discussed in Chapter
4. This would give four sets of (symmetrical) conformers, MM/PP, M*M*/P*P* MP, M*P*,
that may be distinguishable by *H NMR spectroscopy due to their slow exchange on the NMR
timescale at low temperature. However, further experimental and computational studies would

be needed to prove this theory conclusively.
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Figure 5.9: Stacked *H NMR spectra of macrocycle 19 (TCE-d;, 400 MHz) at various temperatures ranging from
-30°C to 100°C.
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5.5 Chiral HPLC studies
As more than one species can be observed by *H NMR spectroscopy for n-hexyl-spaced

macrocycle 19 at lower temperatures, the next step was to see whether these additional species,
particularly the MP stereoisomer, could also be observed, and perhaps even isolated, by chiral
HPLC. Unfortunately, chiral HPLC chromatograms of 19 revealed one (albeit broad) peak
(Figure 5.10b). This can be explained by the slower timescale (minutes vs. seconds) and higher
temperature (25 °C vs —30 °C) of the HPLC experiment in comparison to the 'H NMR
spectroscopy measurements. Therefore, while seemingly two or more species can be observed
by *H NMR spectroscopy, they are still interconverting too quickly to be observed by HPLC.
Similarly, the chiral HPLC chromatograms of biphenyl-spaced macrocycle 17 also only
revealed one peak (Figure 5.10c). This contrasts with the chiral HPLC chromatogram of
phenyl-spaced macrocycle 1a in 70:30 DCM:hexane which reveals three peaks corresponding

to the homochiral pair of enantiomers in addition to the heterochiral MP diastereomer.
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Figure 5.10: Chiral HPLC chromatograms (Phenomenex i-Amylose-1, 250 x 4.6 mm, 7:3 (v/v) DCM:n-hexane
eluent) of macrocycles a) 1a, b) 19 and c) 17.

Overall, the chiral HPLC results are consistent with NMR data suggesting that
increasing the length of the linkers (as is the case for biphenyl-spaced macrocycle 17) and
increasing their flexibility (as is the case for n-hexyl-linked macrocycle 19) lowers the barrier
to interconversion between the MM/PP enantiomer pair and the heterochiral MP diastereomer
relative to phenyl-spaced macrocycle 1a. As established before, this interconversion between
bay-connected bis-PDI stereoisomers occurs via an “intramolecular somersault” of the PDI

imide heads through the centre of the macrocyclic cavity. For macrocycles 17, 18, and 19,
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interconversion between stereoisomers via somersaulting occurs on the order of seconds, as
determined by chiral HPLC and *H NMR spectroscopy. According to a study by LaPlante and
co-workers, this means that the energy barrier for interconversion is < 80 kJ mol™,*® which is

lower than that for macrocycle 1a (~ 93 kJ mol ™).

5.6 Density functional theory studies
In the absence of a crystal structure for the biphenyl-spaced macrocycle 17, a DFT

conformer search was performed by Prof. Martijn Zwijnenburg. This macrocycle was chosen
over the n-hexyl linked system 19 because the more rigid linkers may reduce degrees of freedom
(and hence calculation times) and it allows comparisons with calculations of the phenyl-
connected macrocycle 1.

The lowest energy conformations for phenyl-spaced macrocycle 1 and biphenyl-spaced
macrocycle 17 (both simplified, with methyl groups at the imide position) predicted by DFT
are given in Figure 5.11. At first glance, the conformations of both macrocycles appear similar,
with a PDI-PDI centroid-centroid distance of 3.7 A and 3.6 A and a rotational angle of 20° and
17° respectively. Therefore, the calculated ground state conformation of 17 does not appear to
explain the experimental results of weaker intramolecular PDI excitonic coupling with
increasing linker length. Kasha’s excitonic coupling theory predicts that coupling becomes
weaker as interchromophore distance increases or as rotational angle increases from 0° to 90°,

but the DFT conformer of biphenyl-spaced macrocycle 17 does not show this occurring.
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a) Phenyl-spaced macrocycle 1

b)  Biphenyl-spaced macrocycle 17

“Bowed” PDI Bent biphenyl

linkers

Figure 5.11: Lowest energy predicted DFT structures of macrocycles la (“conformer A”) and 17. These

calculations were carried out on simplified model macrocycles bearing methyl groups at the imide positions.

Upon closer inspection, the ground state conformation of 17 is considerably more
strained than that for 1a to facilitate an intramolecular PDI-PDI interaction. This is most notable
in two parts of the macrocycle. Firstly, the biphenyl linkers in 17 are bent, and secondly the
PDI units are bowed, both of which appear to be required to afford a small interchromophore
distance (1TT—TT stacking) between the two PDI units. This bending of the linkers or bowing of
the PDIs is not observed in macrocycle 1a with shorter phenyl linkers. Therefore, it is possible
that, for biphenyl-spaced macrocycle 17, a more stable conformer is gained from the PDI-PDI
interaction than is lost by straining the macrocycle. However, since these calculations were
performed in the gas phase, it is possible that macrocycle 17 may adopt a more “breathed out”
conformation in solution, in which the energetic penalty of disrupting the intramolecular PDI-
PDI interaction is paid back by solvation of the macrocycle cavity as well as an “unbowing” of

the PDIs and an “unbending” of the biphenyl linkers.
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5.7 Guest binding studies
As discussed in Chapter 1, several bis-PDI macrocycles have been reported that are able

to bind polycyclic aromatic hydrocarbons (PAHSs), with this molecular recognition being
readily detectable by UV-vis spectroscopy.® 1418 Unfortunately, macrocycle 1a did not exhibit
any binding of PAHs (Table 5.1) in either toluene or chlorinated solvents, which is likely due
to the small cavity size of the macrocycle in either conformation (MM/PP or M*M*/P*P*). In
toluene, the absence of binding may also be explained by the reasonably strong intramolecular
PDI-PDI interaction (AG,gg =-11.1+0.1kJ mol 1), which the PAH guest must outcompete for

binding. In chlorinated solvents, it is proposed that the PDI units are better solvated,'® %
meaning that PAH guests must now outcompete PDI-solvent interactions, making this a

potentially more competitive solvent for binding.

Therefore, it was thought that macrocycles with longer linkers, such as biphenyl-spaced
17 and terphenyl-spaced 18 may exhibit stronger binding, as the longer linkers had been shown
to disrupt the PDI-PDI interaction (sections 5.3-5.4) and may create a larger cavity size for PAH
encapsulation. It was thought that PAH binding might be most favourable in toluene, due to it
being a poorer solvent for PDIs than chlorinated solvents. 1 2 Moreover, in toluene,
intramolecular PDI-PDI aggregation is weaker for biphenyl-spaced 17, while for terphenyl-
spaced 18 the UV-vis spectrum appears monomeric, suggesting that the intramolecular PDI-

PDI interaction is absent altogether.

Therefore, UV-vis spectroscopic host—guest binding studies were performed with
macrocycles 1a, 17, 18, and 19 as hosts and with a wide range of PAH guests and in a number
of different solvents (Table 5.1). This included both planar (e.g. anthracene, 1,5-
dihydroxynaphthalene, pyrene, perylene) and non-planar (e.g. BINOL) PAH guests. In a
binding experiment, the UV-vis spectrum of the macrocycle host (10 uM) was measured in the
absence and presence of one up to several thousand equivalents of the PAH guest and the So-
S: main PDI absorption band was monitored. Unfortunately, there was no significant change to
the main PDI absorption band for any host—guest combination and in any solvent tested, which
indicates that, under these conditions, none of the bis-PDI macrocycles exhibited PAH binding.
The current possible explanations for this outcome include poor size and/or shape

complementarity of the bis-PDI macrocycles, arising due to triazole bay substituents which
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create a cavity with sterically encumbered and twisted aromatic surfaces that are unsuitable for

-1 molecular recognition of the PAH guests tested.

Table 5.1: Summary of guest binding attempts with various solvent systems for macrocycles 1a, 17, 18 and 19.

Bis-PDI macrocycle (Host)

PAH (Guest)

Solvents tested

la

OH

(2

OH 1,5-dihydroxynaphthalene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), Hexane:DCM
(1:1), toluene:DCM (1:1), TCE, various
TCE:MeOH ratios (1% up to 50% MeOH).

M\/\/\/quiiﬂvAvAvﬂm

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), Hexane:DCM
(1:1), toluene:DCM (1:1), TCE

2,7-dihydroxynaphthalene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), Hexane:DCM
(1:1), toluene:DCM (1:1), TCE

W

@
kS
=
@
3
=

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), Hexane:DCM
(1:1), toluene:DCM (1:1), TCE

pd
\

/
—z
\

DMAP

Toluene, chloroform, DCM, various
MeOH:DCM ratios (1% up to 50% MeOH),
Hexane:DCM (1:1), toluene:DCM (1:1),
TCE

g
¢
O

Toluene, chloroform, DCM, various
MeOH:DCM ratios (1% up to 50% MeOH),
toluene:DCM (1:1), TCE

Anthracene
Toluene, chloroform, DCM, various
MeOH:DCM ratios (1% up to 50% MeOH),
l l toluene:DCM (1:1), TCE
Pyrene

0O Toluene, chloroform, various

MeOH:chloroform ratios (1% up to 50%
O‘O MeOH), toluene:DCM (1:1), TCE
O

Anthraquinone
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Toluene, chloroform, various
MeOH:chloroform ratios (1% up to 50%
MeOH), toluene:DCM (1:1), TCE

Perylene
IS S Toluene, DCM, various MeOH:DCM ratios
| >_< | (1% up to 50% MeOH), toluene:DCM (1:1),
TCE
S ST oTTE
OH Toluene, DCM, various MeOH:DCM ratios
17 (1% up to 50% MeOH), toluene:DCM (1:1),
TCE
OH

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE

Perylene
S S Toluene, DCM, various MeOH:DCM ratios
| >_< | (1% up to 50% MeOH), toluene:DCM (1:1),
TCE
S ST oTTE
Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
', TCE
OH
XY
S-Binol

18

OH

1,5-dihydroxynaphthalene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM
(1:1), TCE

Anthracene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE
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Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE

Perylene
IS S Toluene, DCM, various MeOH:DCM ratios
| >_< | (1% up to 50% MeOH), toluene:DCM (1:1),
TCE, various TCE:MeOH ratios (1% up to
S ST TTE 50% MeOH)
Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
", TCE, various TCE:MeOH ratios (1% up to
OH 50% MeOH)
Yy
S-Binol
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1,5-dihydroxynaphthalene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), Hexane:DCM
(1:1), toluene:DCM (1:1), TCE
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Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE
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DMAP

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE
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Anthracene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE
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X
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Perylene

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), toluene:DCM (1:1),
TCE

/=\U)
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TT

T

Toluene, DCM, various MeOH:DCM ratios
(1% up to 50% MeOH), (toluene:DCM
(1:1), TCE
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5.8 Summary and future work
This chapter sought to explore the effects of varying the groups linking the two PDI

chromophores in “Pink Box” type bis-PDI macrocycles. It was found that elongating the rigid
aromatic linkers systematically from phenyl to biphenyl to terphenyl leads to a progressive
reduction in PDI-PDI excitonic coupling strength in toluene, being switched off completely in
the latter macrocycle. This may be explained by an increase in rotational displacement of the
PDI cores or an increase in the intramolecular PDI-PDI distance. Further experimental (2D
NMR, crystallography) and computational studies are needed to confirm the ground state
conformation(s) of these macrocycles. Proton NMR spectroscopy suggests that this will present
a significant challenge since variable temperature studies revealed that increasing the length
and flexibility of the linkers leads to greater conformational flexibility, which also makes their
chirality dynamic. For example, the MP diastereomer of n-hexyl-linked macrocycle 19 could
not be observed by chiral HPLC at room temperature, unlike the more rigid phenyl-linked
macrocycle 1a. Only at low temperature was preliminary evidence for the MP diastereomer
obtained by splitting of *H NMR signals of the PDI units.

It was hoped that inhibiting intramolecular PDI-PDI interactions might make the
macrocycles receptors for PAH guests. Unfortunately, however, no binding was observed by
UV-vis spectroscopy for any of the attempted PAH guests in a range of different solvents. This
is most likely due to poor size and shape complementarity between the tr-surfaces of the bis-
PDI macrocycle’s cavity and PAH guests. Therefore, future work may seek to use planar PDIs
and Tr-extended PDI derivatives (e.g. coronene diimides)?! to increase the strength of the
aromatic interactions that drive PAH complexation. Chiral analogues of these hosts may act as
chiroptical sensors, with chiral guest recognition reported by UV-vis absorption and/or CD

spectroscopy.
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5.9 Experimental

5.9.1 Materials and methods
All commercial solvents and reagents were used as purchased, unless otherwise stated.

Anhydrous solvents were degassed with N2 and dried using an Innovative Technology PureSolv
MD 5 solvent purification system. Cu(MeCN)4-PFs was stored in a desiccator. Tris((1-benzyl-
4-triazolyl)methyl)amine (TBTA) was prepared following a literature procedure.?? Water was
distilled and microfiltered using an ELGA DV 35 Purelab water purification system.
Chromatography was undertaken using silica gel (particle size: 40-63 um) or preparative TLC

plates (20 x 20 cm, 1 cm silica thickness).

1,4-bis(azidomethyl)benzene, 4,4'-bis(azidomethyl)-1,1'-biphenyl,?® and 1,6-diazidohexane®*
were prepared by Angus Yeung following the safety precautions for the handling of organic

azide compounds described in section 2.9.2.

'H and 3C NMR spectra were recorded using Bruker AV111400 (400 MHz), Bruker AV NEO
400 (400 MHz) and Bruker AV NEO 500 (500 MHz, with cryoprobe). Mass spectra were
recorded using a Bruker UltrafleXtreme MALDI-TOF mass spectrometer or a Waters Synapt
G2-S mass spectrometer for high resolution MS-ESI. Details of equipment used for other

analytical techniques are provided in their appropriate sub-sections in this experimental section.
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5.9.2 Synthesis of macrocycle 17
Acyclic bistriazole PDI 20

a) K2003, MeOH, DCM
2a

g
IIE N3

10 eq

CU(NCCH3)4PF6
TBTA
DCM
rt, 12 h
77% yield

To a solution of TMS-protected bisalkyne PDI 2a® (100 mg, 111 pmol) in DCM (20 ml) was
added K>COs3 (300 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and
completion of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the
mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine
(30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to dryness in
vacuo to afford the PDI bis-alkyne, which was used immediately without further purification.
To a solution of this deprotected PDI bis-alkyne (83 mg, 111 pmol) in dry DCM (10 ml) was
added 4,4'-bis(azidomethyl)-1,1'-biphenyl (294 mg, 1.11 mmol, 10 equiv) and TBTA (12 mg,
22 pmol, 0.2 equiv). The solution was then de-gassed with Argon. The copper catalyst
Cu(CH3CN)4PFs (8 mg, 22 umol, 0.2 equiv) was then added and the solution was once again
de-gassed with Argon. The reaction was stirred at rt for 12 h. The solvent was then removed in
vacuo. The resulting residue was purified by silica gel flash column chromatography (1:99
MeOH-CH2Cl») affording the title compound as a purple solid (110 mg, 86 pumol, 77%).
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IH NMR (500 MHz, chloroform-d) & 8.62 (d, J = 8.0 Hz, 2Hy), 8.23 (s, 2Hs), 7.91 (d, J = 8.0
Hz, 2Hc), 7.75 (s, 2Hq), 7.70 — 7.63 (M, 8Hs,g), 7.47 — 7.39 (M, 8Hh.), 5.72 (s, 4He), 5.15 (p,
2Hj), 4.40 (s, 4Hc"), 2.30 — 2.12 (M, 4H), 1.86 — 1.72 (M, 4Hx), 1.27 — 1.21 (m, 24Hy.,), 0.85 —

0.79 (m, 12Ho).

13C NMR (126 MHz, chloroform-d) § 164.60, 163.47, 148.82, 148.59, 141.62, 140.22, 135.52,
135.07, 134.67, 133.58, 130.48, 129.69, 129.33, 129.15, 128.89, 128.65, 128.18, 127.77,
123.25, 122.57, 121.98, 121.80, 54.62, 32.41, 31.84, 26.66, 22.68, 14.18.

HRMS ESI (m/z) calculated for C7sH79N1404 [M+H]" 1275.6409, found 1275.6381.

T S A M T T T T T T T

= n Nyea on ~ o o o < S a
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T T T T T T T T T T T T T T T T T T
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 1.5 1.0 0.0

Chemical Shift (ppm)

H NMR spectrum of 20 (Chloroform-d, 298 K, 500 MHz).
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Chemical Shift (ppm)

13C NMR spectrum of 20 (Chloroform-d, 298 K, 101 MHz).
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SP010 C78H78N1404 MW=1275 University of Birmingham, School of Chemistry

Samuel Penty

(DCM)/CH30H:H20 Waters Xevo G2-XS 06-Apr-2022 10:46:01
TAB-SEP-EAMUS-ESI-Pos-2 (0.032) Is (1.00,0.01) C7T8H78N1404 H 1: TOF MS ES+
1275.6409 403e12
100+
1276.6439
Theoratical Isolape Pattern
|
1277.6469
1278.6498
0 T T T T T T T T miz
1273 1274 1275 1276 1277 1278 1278 1280 1281
TAB-SEP-EAMUS-ES|I-Pos-2 9 (0.358) AM2 (Ar,28000.0,0.00,0.00); ABS; Cm (8:11) 1: TOF MS ES+
1275.6381 3.63e5
100+
1276.6416
Observed Data
=
12776448
1278.35291278.6477
1277.3503
0 T T T T | T T T T miz
1273 1274 1275 1276 1277 1278 1279 1280 1281

Calculated (top) and observed (bottom) ESI MS data for compound 20.
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Biphenyl-spaced bis-PDI macrocycle 17

Compound 2a, K,CO4
1 eq, high dilution

CU(NCCH3)4PF6
TBTA
DCM

rt, 36 h
25 %

To a solution of TMS-protected bisalkyne PDI 2a° (75 mg, 86 pumol) in DCM (20 ml) was
added K>COs3 (300 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and
completion of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the
mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine
(30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to dryness in
vacuo to afford the PDI bis-alkyne, which was used immediately without further purification.
This was added to a solution of compound 20 (110 mg, 86 umol) and TBTA (18 mg, 34 umol,
0.4 equiv) in DCM (250 mL). The solution was then de-gassed with Argon. The copper catalyst
Cu(CH3CN)4PFs (13 mg, 34 umol, 0.4 equiv) was then added and the solution was once again
de-gassed with Argon. The reaction was stirred at rt for 36 h. The solvent was then removed in
vacuo. The resulting residue was purified by silica gel flash column chromatography (1:99
MeOH-CH2Cl) followed by preparative silica TLC (0.5:99.5 MeOH-CHCl,), affording the
title compound as a purple solid (44.8 mg, 23 umol, 25%, noting the presence of some aliphatic
impurities (estimated < 10 mol % by NMR)).

'H NMR (500 MHz, chloroform-d) § 8.66 (d, J = 8.1 Hz, 4Hy), 8.29 — 8.23 (s, 4Ha), 8.05 (d,
J = 8.1 Hz, 4H.), 7.51 (d, J = 8.0 Hz, 8Hy), 7.47 (s, 4Ha), 7.30 (d, J = 8.0 Hz, 8Hg), 5.67 (5,
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8He), 5.11 (p, J = 9.8, 5.8 Hz, 4Hy), 2.16 (m, 8Hi), 1.77 (m, 8Hi), 1.16 (m, 48H1), 0.86 (m,
24Hm).

13C NMR (126 MHz, chloroform-d) 6 148.44, 140.79, 135.63, 134.97, 134.44, 133.74, 133.32,
129.64, 129.25, 129.09, 128.92, 128.77, 128.44, 127.95, 123.25, 122.52, 121.35, 54.44, 31.79,

29.85, 26.61, 22.65, 14.13.

HRMS ESI (m/z) calculated for C127H131N160s [M+H]" 2022.0492, found 2022.0446.

1
I
e
-
=5
[

|

|

|
JJJL 1o R Fre \JI‘H—-"

'H NMR spectrum of macrocycle 17 (Chloroform-d, 298 K, 500 MHz).
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13C NMR spectrum of macrocycle 17 (Chloroform-d, 298 K, 101 MHz).
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TAB-SEP-EAT3Y-nESI-Pos-2 (0.045) 15 (1.00,1.00) C128H132N1608 H

2: TOF MS ES+
3.3

100~ 20230524 Ga12
2022 0402 2024.0554
# 20250586
2026 0615
l 2!12?10348
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
TAB-SEP-EAT3Y-NES|-Pos-2 14 (0.557) AM2 (Ar, 18000.0,0.00,0.00); ABS; Cm (11:15) 2: TOF MS ES+
100+ 2022 0446 20230426 5.83a4
2021.0367
2024.0513 FRE—
W 2020.0358
2025,0546
20215342 | 20225428
o 2019.0350 2020.5484 i i 20235408 | 5024 5501 20250685 e
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Calculated (top) and observed (bottom) ESI MS data for macrocycle 17.
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5.9.3 Synthesis of macrocycle 18
4,4¢-Bis(bromomethyl)-1,4-terphenyl 23 %

Br

(CH,0),,, HBr, AcOH
g -
160°C, 48 h
] 41%

1,1":4"',1"-terphenyl

r

w
o

To a pressure vessel was added 1,1":4',1"-terphenyl (1.5 g, 6.5 mmol), paraformaldehyde (1.95
g, 6.5 mmol), and HBr (33% in acetic acid, 15 mL). The pressure vessel was sealed and heated
at 160°C for 48h. The reaction vessel was then allowed to cool to rt, and was then carefully
opened and the acetic acid was decanted. The remaining reaction mixture was sonicated for 30
min and then filtered. The residue was then washed with ethyl acetate (100 mL), and dried in

an oven, affording the title compound as a white powder (1.12 g, 2.69 mmol, 41%).

IH NMR (400 MHz, Chloroform-d) & 7.67 (s, 4H), 7.64 — 7.59 (m, 4H), 7.51 — 7.47 (m, 4H),
4.57 (s, 4H), consistent with literature reports.?

HRMS ESI (m/z) calculated for CooH17Br> [M+H]" 493.9619, found 493.9627.

E

T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical I Shift (ppm)

2
4.10~

4,132

IH NMR spectrum of compound 23 (Chloroform-d, 298 K, 500 MHz).
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SP043 C20H16Br2 MW=416 University of Bi gh School of Chemistry Samuel Penty
As supplied Waters Xevo G2-XS 18-Nov-2022
TAB-SEP-EAXWK-ASAP-Pos-1 (0.040) Is (1.00,1.00) C20H16Br2 1: TOF MS ASAP+
100+ 415.9509 4.07e12
Theoretical Isotope Pattern
™)
— 413.9619 417.9582
416.9632
414.9653 418.9613
0- T T T T T T T T T T T T T mz
412 413 414 415 416 417 418 419 420 421 422 423 424
TAB-SEP-EAXWK-ASAP-Pos-1 145 (4.639) AM2 (Ar,28000.0,0.00,0.00); ABS; Cm (145-1:20) 1: TOF MS ASAP+
100+ 415.9617 3.63e5
417.9600
b 413.9627 Observed Data
416.9656
414.9674 418.9642
4181704 419.9674
0 . or mwz
T T T T T T T T T T T T T
412 413 414 415 416 417 418 419 420 421 422 423 424

Calculated (top) and observed (bottom) ESI MS data for compound 23.
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4,4"-bis(azidomethyl)-1,1":4",1""-terphenyl| 24

Br N

NaN3, Nal, DMF
J -
12 h
O quant.

Br

)
b

23

To a solution of compound 23 (1 g, 2.4 mmol) in DMF (5mL) was added NaN3z (625 mg, 9.6
mmol, 4 equiv) and Nal (360 mg, 2.4 mmol, 1 equiv). The mixture was stirred at rt for 12 h. At
this point a white precipitate was observed. The reaction mixture was then filtered, and the
precipitate was washed with 10% LiCl in water solution (50 mL) and water (50 mL), affording
the title compound as a white solid (817 mg, 2.4 mmol, quant.). It is worth noting that compound
24 has more than six carbon atoms per azide group and therefore is considered more stable to

decomposition compared to the other organic bisazides discussed previously in this thesis.?8

IH NMR (400 MHz, Chloroform-d) § 7.69 (s, 4H), 7.68 — 7.64 (m, 4H), 7.44 — 7.40 (m, 4H),
4.41 (s, 4H).

13C NMR (101 MHz, Chloroform-d) & 140.66, 139.67, 134.55, 128.75, 127.54, 127.47, 54.56.

HRMS ESI (m/z) calculated for C2o0H17Ne [M+H]" 340.1436, found 493.1440.
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Chemical Shift (ppm)
'H NMR spectrum of compound 24 (Chloroform-d, 298 K, 500 MHz).
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13C NMR spectrum of compound 24 (Chloroform-d, 298 K, 101 MHz).
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SP045 C20H16NE MW=320

University of Birmingham, School of Chemistry Samuel Penty
As supplied Waters Xevo G2-XS 18-Nov-2022
TAB-SEP-ECATE-ASAP-Pas-1 (0.040) Is (1.00,1.00) C20H16NE 1: TOF MS ASAP+
340.1436 7.88a12
1004
Thearetical Isctape Pattem
M
g_
341.1465
3421402
o T —1 T miz
340 kel 342 343
TAB-SEP-ECATE-ASAP-Pos-1 181 (5.788) AM (Cen,4, B0.00, Ar.10000.0,0.00,0.00); Crm (180:186) 1: TOF MS ASAP+
340.1440 1.55e6
100+
Observed Data
LR
341.1489
3421541
343 1914
o T T —* T miz
340 342 343 344

Calculated (top) and observed (bottom) ESI MS data for compound 24.
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Acyclic bistriazole PDI 21

a) K,CO3, MeOH, DCM
2a ?

"M
O N3
10 eq

CU(NCCH3)4PF6
TBTA
DCM

rt, 12 h
31%

To a solution of TMS-protected bisalkyne PDI 2a® (150 mg, 168 pumol) in DCM (20 ml) was
added K>COs3 (300 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and
completion of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the
mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine
(30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to dryness in
vacuo to afford the PDI bis-alkyne, which was used immediately without further purification.
To a solution of this deprotected PDI bis-alkyne (125 mg, 168 pmol) in dry DCM (10 ml) was
added compound 24 (569 mg, 1.68 mmol, 10 equiv) and TBTA (35 mg, 67 pumol, 0.4 equiv).
The solution was then de-gassed with Argon. The copper catalyst Cu(CH3CN)4PFe (25 mg, 67
pumol, 0.4 equiv) was then added and the solution was once again de-gassed with Argon. The
reaction was stirred at rt for 12 h. The solvent was then removed in vacuo. The resulting residue
was purified by silica gel flash column chromatography (1:99 MeOH-CH2Cl,) affording the
title compound as a purple solid (75 mg, 55 pmol, 31%).
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'H NMR (500 MHz, Chloroform-d) & 8.63 (d(b), 2Hb), 8.24 (s(b) 2H.), 7.92 (d, J = 8.1 Hz,
2Hc), 7.77 (S, 2Hq), 7.74 — 7.64 (m, 16H+.x), 7.43 (m, 8Hsx), 5.72 (S, 4He), 5.17 (p, 2Hi), 4.40 (s,
4H), 2.22 (M, 4Hm), 1.87 — 1.76 (M, 4Hm), 1.33 — 1.20 (M, 24Hn-p), 0.85 — 0.76 (M, 12Hy).

13C NMR (126 MHz, Chloroform-d) & 164.48, 148.47, 141.51, 140.56, 139.88, 139.17,
134.63, 133.41, 129.23, 129.05, 128.92, 128.77, 128.56, 128.53, 128.45, 127.93, 127.63,
127.57, 127.45, 121.92, 54.69, 54.55, 54.33, 32.35, 32.31, 31.77, 31.74, 26.59, 26.57, 22.58,
14.10, 14.08.

HRMS MALDI (m/z) calculated for CooHgsN1404 [M]: 1426.6956, found 1426.8519.

R B NV AN T T T T T e g

o T we ) o g © \ 9 3 5

g & /gL 8 5 8 8 o 9 2 Q

& a  2Ze g ® N - - - 8 o
T T T T T T T T T T T T T T T T T T T
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 1.5 1.0 0.5 0.0

Chemical Shift (ppm)

H NMR spectrum of compound 21 (Chloroform-d, 298 K, 500 MHz).
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13C NMR spectrum of compound 21 (Chloroform-d, 298 K, 101 MHz).
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Observed MALDI MS data for compound 21.
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Terphenyl-spaced bis-PDI macrocycle 18

Compound 2a, K,CO4
1 eq, high dilution

CU(NCCH3)4PF6
TBTA
DCM
rt, 72 h
17%

TMS-protected bis-alkyne PDI 2a (50 mg, 56 pmol) was dissolved in DCM (20 mL). To this
was added K>COs (20 mg) in MeOH (10 mL). The reaction was monitored by TLC (1:99
MeOH:DCM). Upon completion the reaction mixture was thoroughly washed with water in a
separating funnel (3 x 100 mL) and dried with MgSOQa to yield crude deprotected bis-alkyne
PDI in DCM, which was used immediately without further purification due to its tendency to
aggregate and crash out of solution over time. This was added to a flask, along with acyclic bis-
triazole PDI 21 (75 mg, 56 pmol, 1 equiv), tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (12
mg, 21 pmol, 0.4 eq) and a further 350 mL of DCM. The reaction mixture was thoroughly de-
gassed with N2. The copper catalyst Cu(CH3CN)4PFs (8 mg, 21 pumol, 0.4 equiv) was then
added and the reaction mixture was thoroughly de-gassed again. The reaction was stirred at rt
for 72 h and monitored by TLC (2:98 MeOH-DCM). The solvent was then removed in vacuo.
The resulting residue was dissolved in DCM and filtered through cotton wool and the filtrate
was then purified by preparative silica TLC (2:98 MeOH-DCM), affording the title compound
(as the pure 1,7-regioisomer) as a purple solid (20 mg, 9 umol, 17%, noting the presence of

some aliphatic impurities (estimated < 10 mol% by NMR).

373



'H NMR (400 MHz, Chloroform-d) & 8.57 (d, J = 8.2 Hz, 4Hy), 8.21 (s (b), 4Ha), 7.95 (d, J =
8.2 Hz, 4Hc), 7.58 — 7.43 (M, 20Hg .n), 7.32 — 7.24 (M, 8Ha.n), 5.64 (s, 8He), 5.05 (p, 4Hi), 2.10
(m, 8H;), 1.76 — 1.68 (m, 8H;), 1.11 (s, 48Hk-m), 0.68 (d, J = 6.8 Hz, 24H,).

13C NMR (126 MHz, Chloroform-d) & 148.46, 141.22, 139.17, 128.85, 128.71, 128.41,

127.75, 127.47, 121.39, 54.46, 32.23, 31.94, 29.72, 29.68, 29.45, 29.38, 26.51, 22.71, 22.52,
14.14, 14.02.

HRMS MALDI (m/z) calculated for C140H140N160s [M] 2172.1045, found 2172.3493
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H NMR spectrum of macrocycle 18 (Chloroform-d, 298 K, 500 MHz).
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13C NMR spectrum of macrocycle 18 (Chloroform-d, 298 K, 101 MHz).
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Observed MALDI MS data for macrocycle 18.
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5.9.4 Synthesis of macrocycle 19
Acyclic bistriazole PDI 22

N3

a) K2003, MeOH, DCM
2a >

b) N3/\/\/\/N3

10 eq
CU(NCCH3)4PF6
TBTA
DCM
rt, 12 h
quant.

To a solution of TMS-protected bisalkyne PDI 2a° (100 mg, 111 umol) in DCM (20 ml) was
added K>COs3 (300 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and
completion of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the
mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine
(30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to dryness in
vacuo to afford the PDI bis-alkyne, which was used immediately without further purification.
To a solution of this deprotected PDI bis-alkyne (83 mg, 111 umol) in dry DCM (10 ml) was
added 1,6-diazidohexane (300 mg, 1.14 mmol, 10 equiv) and TBTA (12 mg, 22 pmol, 0.2
equiv). The solution was then de-gassed with Argon. The copper catalyst Cu(CH3CN)4PFs (8
mg, 22 pumol, 0.2 equiv) was then added and the solution was once again de-gassed with Argon.
The reaction was stirred at rt for 12 h. The solvent was then removed in vacuo. The resulting
residue was purified by silica gel flash column chromatography (1:99 MeOH-CH.Cl,) affording
the title compound as a purple solid (123 mg, 111 pmol, quant).

'H NMR (500 MHz, chloroform-d, 1,7-regiosiomer) & 8.68 (d, 2Hb), 8.22 (s, 2Ha), 7.89 (d,
2Hc), 7.72 (s, 2Hg), 5.20 — 5.10 (m, 2Hx), 4.50 (t, J = 7.1 Hz, 4H¢), 3.31 (t, J = 6.7 Hz, 4H;),
2.22 (m, 4Hy), 2.03 (p, J = 7.1 Hz, 4H), 1.86 — 1.76 (m, 4H), 1.66 (dt, J = 12.1, 4.9 Hz, 4H),
1.48 (d, J = 34.8 Hz, 8H), 1.34 — 1.17 (m, 25H), 0.82 (t, J = 6.7 Hz, 12H).

376



13C NMR (126 MHz, chloroform-d) § 164.49, 163.36, 148.17, 147.94, 135.48, 134.75, 134.60,
134.19, 133.45, 130.23, 130.03, 129.92, 129.49, 129.10, 129.07, 129.03, 128.75, 128.43,

123.13, 122.41, 121.68, 121.49, 54.81, 54.70, 53.46, 51.27, 50.63, 32.33, 32.30, 31.77, 31.74,
30.29, 30.28, 28.69, 26.59, 26.56, 26.18, 26.10, 22.57, 14.08, 14.06.

HRMS ESI (m/z) calculated for Ce2H7sN1404 [M+H]* 1083.6409, found 1083.6373.
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Chemical shift (ppm)
'H NMR spectrum of compound 22 (Chloroform-d, 298 K, 500 MHz).
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13C NMR spectrum of compound 22 (Chloroform-d, 298 K, 101 MHz).
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Calculated (top) and observed (bottom) ESI MS data for compound 22.
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Hexyl-spaced bis-PDI macrocycle 19

Compound 2a, K,CO3
1 eq, high dilution

Cu(NCCHj3)4PFg
TBTA
DCM
rt, 36 h
38%

To a solution of TMS-protected bisalkyne PDI 2a® (66 mg, 74 umol) in DCM (20 ml) was
added K>CO3 (300 mg) in MeOH (10 ml). The mixture was stirred at rt for 3 min, and
completion of the reaction was confirmed by TLC. A further 20 mL of DCM was added to the
mixture. The mixture was then washed with 1 M HCI (2 x 30 mL), water (2 x 30 mL) and brine
(30 ml). The mixture was then dried over anhydrous MgSO4 and concentrated to dryness in
vacuo to afford the PDI bis-alkyne, which was used immediately without further purification.
This was added to a solution of compound 22 (80 mg, 74 umol, 1 equiv) and TBTA (16 mg, 30
pumol, 0.4 equiv) in DCM (250 mL). The solution was then de-gassed with Argon. The copper
catalyst Cu(CHsCN)4PFe (11 mg, 30 pumol, 0.4 equiv) was then added and the solution was
once again de-gassed with Argon. The reaction was stirred at rt for 36 h. The solvent was then
removed in vacuo. The resulting residue was purified by silica gel flash column
chromatography (1:99 MeOH-CHCl,) followed by preparative silica TLC (0.5:99.5 MeOH-
CHCly), affording the title compound as a purple solid (52 mg, 28 umol, 38% noting the
presence of some aliphatic impurities (estimated <10 mol % by NMR)).

IH NMR (500 MHz, chloroform-d) & 8.58 (s, 4Hy), 8.18 (d, J = 8.1 Hz, 4Hy), 7.91 (d, J = 8.2
Hz, 4H), 7.64 (s, 4Hd), 5.11 — 5.05 (M, 4Hh), 4.48 (t, J = 6.7 Hz, 8H¢), 3.26 — 3.21 (m, 8Hy),

379



2.12 (m, 8H;), 1.99 (m, 8H;), 1.88 (m, 8H), 1.69 (m, 8H), 1.53 — 1.48 (m, 24H), 1.09 (m, 16H),
0.87 (t, J = 6.7 Hz, 24Hn).

13C NMR (126 MHz, chloroform-d) 5 163.89, 163.59, 134.73, 129.67, 128.44, 123.24, 99.98,
74.47,74.19, 73.92, 55.13, 50.58, 32.64, 31.74, 29.76, 26.70, 22.48, 13.90.

HRMS ESI (m/z) calculated for C112H133N160s [M+H]* 1830.0492, found 1830.0424.
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H NMR spectrum of macrocycle 19 (Chloroform-d, 298 K, 500 MHz).

mmuMUmmumbwhwm

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)

13C NMR spectrum of macrocycle 19 (Chloroform-d, 298 K, 101 MHz).
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SP018 C112H132N1608 MW=1829 University of Birmingham, School of Chemistry Samuel Penty

(DCM)/ICH30H:H20 Waters Xevo G2-XS 06-Apr-2022 12:13:12
TAB-SEP-EAWLY-ESI-Pos-2 (0.032) Is (1.00,0.01) C112H132N1608 H 1: TOF MS ES+
1001 1831.0524 3.52e12
1830.0492
1832.0554 Theoretical Isciope Pattem
- ]
L ko
1833.0585
1834.0614
T T T T miz
1 1832 1833 1834 1835
TAB-SEP-EAWLY-ESI-Pos-2 10 (0.399) AM2 (Ar,28000.0,0.00,0.00); ABS 1: TOF MS ES+
1831.0492 1.85e4
100
1830.0442
1832.0541 Observed Data
.
1833.0616
1834.0532
0 T T T T T T miz
1830 1831 1832 1833 1834 1835

Calculated (top) and observed (bottom) ESI MS data for macrocycle 19.

5.9.5 Photophysics
UV-vis-NIR absorption spectra in solution

All steady state electronic absorption and emission spectra were recorded at a concentration of
10 uM (unless otherwise stated) at 298 K. For UV-vis-NIR spectroscopy a Shimadzu UV-3600i
Plus spectrophotometer was used, with a wavelength accuracy + 0.2 nm in the UV-vis range
and absorbance accuracy £ 0.002 Abs. For fluorescence spectroscopy a Jasco FP-8500 was used
with emission and excitation wavelength accuracies = 1.0 nm. The detector base sensitivity is

8500:1. Quartz cuvettes with 1 cm path length were used.
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6. Conclusions

6.1 Conclusions
This thesis aimed to explore the non-covalent interactions between chiral core-twisted

PDIs by developing a novel class of bis-PDI macrocyclic scaffold, nicknamed the “Pink Box”
due to its colour in solution. The unique connectivity between the PDI units in this macrocycle,
namely the use of non-conjugated linkers that connect the PDI units via their (1,7) bay positions,
allows the tuning of intramolecular PDI-PDI 11— interactions, which impact a range of

important properties for organic chiroptical materials. *

Chapter 2 outlined the development of the Pink Box macrocyclic scaffold, synthesising
the 1%t generation bis-PDI macrocycle (1),? and characterising its intramolecular PD1-PDI dimer
by a range of experimental techniques. In toluene solvent and in the solid state it was found that
the complementary T—1T interactions between the chiral PDIs result in the co-facial
intramolecular dimer being exclusively homochiral, with H-type excitonic coupling (Figure
6.1). These through-space T—TT interactions (AGagg = -11 kJ mol?) lead to a 400-fold
enhancement in the stability of the macrocycle enantiomers (MM and PP), enabling their
chiroptical properties to be measured. Excitingly, the enantiomers of 1 have the highest
circularly polarized luminescence dissymmetry factor of any discrete PDI in solution (gium =
102 vs 107%)% and are also amongst the most red-shifted (Aem = 675 nm) of organic CPL
emitters.*® The conformation of this macrocycle is solvent-dependent, resulting in switchable
chiroptical, electrochemical and photophysical properties, the latter being examined in further

The Pink Box /
X ~/

detail by Bressan, Meech et al.®

O Gium = 102 (675 nm)
N-R
iy D . Homochiral y
S TT-Tr stacking ! |
N 2 =
N-R
o} Y
—t
CH v Stabilised perylene diimide enantiomers
CsH 25
1a: R=--< "M db: R= --{ v Circularly polarised luminescence in solution ‘
CsHy4 CaHs v ON/OFF switchable H-type aggregation

Figure 6.1: Summary of results for Chapter 2.
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Chapter 3 introduced a strategy to make the Pink Box macrocycle chirally locked,
developing a 2" generation bis-PDI macrocycle (5)*° that uses long, rigid imide groups (tert-
butyl benzoate) to prevent the “intramolecular somersault” mechanism!! for stereoisomer
interconversion (Figure 6.2). The configurationally stable enantiomers of the macrocycle
(AG* > 155 kJ mol )12 13 were isolated and their chiroptical properties were shown to be
persistent over time in solution, of potential value for solution-based manufacturing of chiral
optoelectronic materials.** Configurational stability also led to the discovery that the synthesis
of 5 is diastereoselective, forming exclusively as the pair of enantiomers MM and PP, with
none of the heterochiral MP macrocycle detected by HPLC. The tert-butyl benzoate imide
groups make the outer TT-surfaces of the macrocycle more accessible, allowing the -1t self-
assembly of the macrocycle to be explored in both enantiopure and racemic mixtures. It was
found that while the intramolecular PDI-PDI interaction is co-facial (H-type) and homochiral,
further intermolecular self-assembly beyond the dimer limit is slipped-stacked (J-type) and
heterochiral. From this new understanding, a general prediction can be made: when both 1r-
surfaces of a twisted 1,7-disubstituted PDI are available for 17— self-assembly, homochiral H-
type dimerization on the less sterically hindered face is expected to be followed by heterochiral
J-type slipped-stacking on the remaining Tr-surface (Figure 6.2). Therefore, the work in
Chapter 3 shows that the chirality of the disubstituted PDI building block provides a rational
route to designing H- and J-type aggregates as well as materials that simultaneously contain

both H- and J-type aggregates.
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Figure 6.2: Summary of results for Chapter 3.

Chapter 4 sought to provide a fundamental understanding of the chiral conformations
of “Pink Box” type macrocycles to further their potential as efficacious chiroptical materials.
By considering isomerism of the twisted PDIs in the macrocycle design, it was realised that the
three different stereocisomers (MM, PP, and MP) of a bis-PDI macrocycle may also adopt
“triazoles in” and “triazoles out” conformations. These conformations interconvert via
“twisting” of the PDI cores, which inverts the local axial chirality of the PDI cores, i.e. PP 2
M*M*, MM 2 P*P* and MP 2 P*M* (where the asterisk indicates a ‘“triazoles in”
conformation). However, this does not equate to true enantiomerisation, i.e. PP 2 MM, which
requires a “somersault” of the PDI imide heads through the centre of the macrocyclic cavity.!!
To provide evidence for this theory, a 3 generation Pink Box macrocycle, 11 (Figure 6.3),
was developed that is configurationally stable, such that racemisation does not occur, yet can
still be switched between “triazoles out” and “triazoles in” conformations by changing the
solvent. Inverting the local axial chirality of the PDI cores in 11 inverts the CD spectrum, a rare
example of an achiral stimulus (solvent) being used to afford chiroptical switching.*> 6
Additionally, a stable MP heterochiral diastereomer was isolated, where experimental and
computational evidence is provided for an intramolecular “slip-stack™ J-type dimer between the
two PDIs, in contrast to the homochiral macrocycles which always form H-type intramolecular
dimers (Figure 6.3).

387



Medium steric

+ bulkclose to
PDI core
R=--

Homochiral (PP) Homochiral (PP — M*M*) MP heterochiral diastereomer
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Figure 6.3: Summary of results for Chapter 4.

Finally, Chapter 5 explored the synthesis and characterisation of a series of Pink Box-
type macrocycles with alternative linkers, to understand the impact of linker length and rigidity
on the interaction between the PDI units in a bis-PDI macrocycle. Macrocycle 19, which uses
a flexible n-hexyl linker, has solvent switchable PDI-PDI excitonic coupling. It was found that
elongating the rigid aromatic linkers systematically from phenyl (1a) to biphenyl (17) to
terphenyl (18) leads to a reduction, and ultimately an absence, of excitonic coupling in toluene
(Figure 6.4). It was hypothesised that this may be due to a larger macrocyclic cavity that
increases the interchromophore separation, prompting supramolecular binding studies using a
wide range of polycyclic aromatic hydrocarbon guests. Unfortunately, no binding was observed
by UV-vis spectroscopy for any guests tested. This is ascribed to poor complementarity in terms
of size and shape, thereby motivating the need for further structural information on the (chiral)

conformation of larger Pink Box macrocycles with greater degrees of freedom.
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Figure 6.4: Summary of results for Chapter 5.

Overall, the work performed in this thesis makes significant contributions to the
fundamental understanding of chiral 1T-11 interactions between an important class of chiral
organic dye molecules, PDIs. These interactions can be harnessed to optimise the chiroptical,
photophysical and electrochemical properties of PDIs, and to direct their 1-11 self-assembly
into chiral H- and J-type dimers and larger aggregates. Therefore, this body of work paves the
way for exploring the electron-transport properties of these macrocyclic materials as the active
layers in chiral photodetectors and light-emitting devices,'’-?* and for developing their potential

as chiroptical probes or sensors to be used in biology and medicine.?> 28
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Appendix A: Computational studies

| thank Prof. Martijn Zwijnenburg who carried out all Density Functional Theory (DFT)

calculations which are referred to throughout this thesis and detailed in this appendix.
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Computational methods
Conformer searches in toluene and dichloromethane for a simplified model of macrocycle 1, in

which the imide-based alkyl chains (R groups) are replaced with methyl groups, were
performed using the combination of the CREST code,! the GFN2-xTB semiempirical tight-
binding method? and the analytical linearized Poisson-Boltzmann (ALPB) implicit solvation
model.® The lowest energy conformers found using CREST were subsequently reoptimized by
means of density functional theory using either the B97-3c composite scheme* or the
combination of the PBE density functional,® the D4 dispersion correction method® and the def2-
TZVP basis-set.” Solvation effects in the DFT calculations were described using either the
COSMO? (toluene, dichloromethane) or COSMO-RS® (toluene, dichloromethane) implicit
solvation models. All DFT calculations, including the time-dependent DFT and NMR
calculations, are performed using Turbomole 7.5.1% 11 Vertical excitation and circular dichroism
spectra of the DFT optimised conformers were calculated by single point calculations on the
B97-3c optimised structures using the combination of the wB97x density functional'? and the
def2-TZVPP basis-set.” H NMR spectroscopy chemical shifts of DFT optimised conformers
were predicted using the Gauge-Including Atomic Orbitals method’ and PBE-D4/def2-TZVP

for structures optimised with the same functional and basis-set combination.

Conformer searches
As discussed in Chapters 2 and 4, “Pink Box” macrocycles have solvent-switchable

conformations, which leads to a change in photophysical, electrochemical and chiroptical
properties. In order to shed light on these conformations and their structure-property

relationships, Density Functional Theory (DFT) calculations were carried out.

Conformer searches were carried out in the gas phase and in toluene and dichloromethane
solvents for a simplified model of macrocycle 1, where the imide-based alkyl chains (R groups)
are replaced with methyl groups. The initial conformer search in the gas phase gave the lowest
energy conformers A-H shown below (Figure A.1). Conformations related by the simple
rotation of the methyl group(s) at the imide position(s) were omitted. These structures can be

found as .xyz files in the “DFT structures” folder in the supporting information of ref.’,
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Conformer A: Homochiral, MM Conformer A: Homochiral, PP Conformer B: Homochiral
enantiomer enantiomer

Conformer C: Homochiral Conformer D: Homochiral Conformer E: Homochiral

Conformer F* Conformer G: Homochiral Conformer H: Heterochiral, MP

:)3 ! : : diastereomer

Figure A.1l: Lowest energy conformers A-H (gas phase). The homochiral/heterochiral labels refer to the

relationship between the two axially chiral PDI units. Conformer F cannot be labelled in this way since the perylene
core of the bottom PDI is pseudo-planar. MM and PP assignments are included for conformer A, in agreement
with the homochiral conformation of the macrocycle observed experimentally in toluene (1a) and the X-ray crystal

structure (1b). The heterochiral MP assignment is given to the heterochiral conformer H.

The relative energies of conformers A-H obtained in the gas phase and in toluene and
chlorinated solvents are shown below in Table A2. The lowest energy conformer, labelled A
in Figure A.1, was found to be a homochiral “triazoles out” structure (MM/PP) and is virtually
identical to the X-ray crystal structure obtained for macrocycle 1b (see section 1.3.1 below).
The second lowest energy conformer (labelled B) is a simple variation of conformer A but with
a rotated triazole. However, the third lowest energy conformation (labelled C) is substantially
different, being a homochiral “triazoles in” conformation (i.e. P*P*/M*M*, where the asterisk
indicates a “triazoles in” conformation in each PDI unit). The lowest energy heterochiral
conformation was the eight-lowest energy conformation found (labelled conformer H), which

is also “triazoles in” (i.e. M*P¥*).

Conformer A is predicted to be lowest energy conformer in the gas phase and in both DCM and

toluene solvents. As discussed in Section 1.3 below, this agrees with experimental observations
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in toluene. However, the energy landscape in chlorinated solvents predicted by density
functional theory differs significantly from that observed experimentally, as NMR, UV-vis,
fluoresence, CD, electrochemistry, and racemisation kinetics experiments all indicate the
population of a different conformer(s) in chlorinated solvents. Indeed, as shown in section 1.4,

it is conformer C that best explains the experimental results in chlorinated solvents.

Table A2: Relative energies in kJ/mol of conformers A-H in the gas phase and in different solvents described

using different solvation models as calculated with B97-3c.

gas phase DCM CHCIs Toluene Toluene

- cosmo COSMO-Is cosmo COSMOo-rs
A 0 0 0 0 0
B 30 24 23 26 27
C 51 42 51 47 52
D 60 48 48 54 55
E 88 74 72 81 82
F 93 73 70 85 78
G 101 81 69 90 75
H 107 79 67 90 76

Table A.3: Relative energies in kJ/mol of conformers A-H in the gas phase and in different solvents described
using different solvation models as calculated with PBE-D4/def2-TZVP.

gas phase DCM CHCIs Toluene Toluene

- cosmo COSMO-rs cosmo COSMO-rs
A 0 0 0 0 0
B 28 21 21 25 25
C 47 38 47 43 49
D 56 43 44 49 51
E 78 64 63 70 71
F 85 69 66 78 73
G 88 68 55 76 61
H 97 67 56 70 66

395



Comparison of DFT conformer A to experiment
This section will show that conformer A is in excellent agreement with experimental results for

macrocycle 1 in toluene and in the solid state.

Comparison to X-ray crystal structure
Conformer A is essentially identical to the conformation of macrocycle 1b observed in the

crystal structure (Figure A.2).

Figure A.2 An overlay of the DFT predicted conformer A (red) and the same fragment of the X-ray crystal
structure (yellow) of macrocycle 1. The methyl group (DFT structure) or alkyl chains (crystal structure) have been

omitted to aid with comparison.
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Predicted *H NMR spectroscopy chemical shifts
The calculated *H NMR spectrum of conformer A (H-type aggregate) shows a good agreement

with the *H NMR spectrum measured in toluene-ds (Table A.4), and a poor agreement with the
spectrum measured in TCE-d2 (Table A.5). The PDI protons Ha.c were chosen because they are

informative of PDI-PDI n—x stacking interactions.

Macrocycle 1a

Table A.4: Calculated (conformer A of macrocycle 1) and measured (macrocycle 1a, 373 K) ‘H NMR

spectroscopy chemical shifts of PDI protons Ha. in toluene-ds (relative to TMS), showing good agreement.

Proton | Calculated & in toluene | Measured & in toluene- |AD|
(Ppm) ds (ppm)
a 8.0 8.1 0.1
b 7.7 7.6 0.1
c 5.7 5.7 0

Table A.5: Calculated (conformer A of macrocycle 1) and measured (macrocycle 1a, 373 K) *H NMR
spectroscopy chemical shifts of PDI protons Ha.c in chlorinated solvent (relative to TMS), showing poor agreement.

Proton Calculated 6 in CHCI3 Measured & in TCE-d; |AD|
(ppm) (ppm)
a 8.0 8.6 0.6
b 7.8 8.2 0.4
c 5.7 7.7 20
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Predicted UV-vis absorption spectrum
The experimental (macrocycle la, toluene) and calculated UV-vis absorption spectra

(conformer A) are shown in Figure A.3. Due to excitonic coupling between the PDIs, there are
two calculated transitions corresponding to the So—S: band. The lowest energy (most red-
shifted) transition has a much lower oscillator strength than the second lowest energy transition,
consistent with H-type excitonic coupling. This is consistent with the experimental spectrum of
la in toluene, which also displays clear signs of H-type excitonic coupling. However, the
calculated transitions are blue-shifted relative to experiment (by ~ 40 nm), which is an artefact
of the computational methods used. Overall, the predicted UV-vis spectrum of conformer A is

consistent with the H-type excitonic coupling seen for macrocycle 1a in toluene.
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Figure A.3: Comparison of DFT-predicted (conformer A) and experimental UV-vis absorption spectra
(macrocycle 1a, toluene).
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Table A.6: TD-oB97x/def2-TZVPP predicted vertical excitation spectra conformer A in toluene (cosmo).

Exc. excitation energy / eV wavelength oscillator
strength
(nm)
1 2.33 533 0.01202
2 2.60 477 0.68522
3 3.11 398 0.10038
4 3.16 392 0.00000
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Predicted CD spectra
The experimental (MM and PP enantiomers of macrocycle 1a, toluene) and calculated CD

spectra (conformer A, PP enantiomer) are shown in Figure A.4 and Table A.7. As for the UV-
vis spectra, the predicted CD transitions are blue-shifted relative to experiment as an artefact of
the computational method used. However, if a 71 nm wavelength correction is applied to the
CD spectra to account for this, it is apparent that the agreement between predicted spectra for
conformer A and experimental spectra in toluene is very good (Figure A.4). Comparison of
predicted and experimental CD spectra was also used to assign the isolated enantiomers of

macrocycle 1.
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Figure A.4: Comparison of DFT-predicted (conformer A, corrected by applying a red-shift of 71 nm) and
experimental CD spectra (macrocycle 1a, toluene).
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Table A.7: TD-oB97x/def2-TZVPP predicted circular dichroism spectra for the MM and PP isomers of

conformer A in toluene (cosmo).

Excitation energy / eV Rotary strength / 10%°erg cm?®
(wavelength / nm) MM PP
1 2.33 (533) -223.26 223.35
2 2.60 (477) 292.31 -292.47
3 3.11 (398) 5.17 -5.08
4 3.16 (392) -0.02 0.03
5 3.62 (342) 0.00 0.00
6 3.66 (339) 87.61 -87.62
7 3.78 (328) -91.76 91.80
8 3.81 (326) -136.50 136.45
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Comparison of DFT conformer C to experiment
Compared to conformer A, in conformer C the PDIs are more rotated relative to each other (70°

for conformer C, as opposed to the 20° rotation seen in conformer A and in the X-ray crystal
structure, Figure A.5). There is no significant change in the PDI-PDI t—1 distance in
conformers A and C (3.7 A), so it was proposed that it is the change in relative rotation between
the PDIs that switches off excitonic coupling between the PDIs upon going from conformer A
to conformer C. This section will explore this hypothesis and show that conformer C is in good

agreement with experimental results for macrocycle 1 in chlorinated solvents.

Conformer A: Homochiral Conformer C: Homochiral
(PP) (PP—M*M*)

Figure A.5: A top-down view of conformer C shows the PDI units are rotated by 70° relative to one another. This

contrasts with the 20° rotation in the H-type aggregated conformer A (Tr—11 ON).

Predicted *H NMR spectroscopy chemical shifts
The calculated *H NMR spectrum of conformer A (H-type aggregate) shows a poor agreement

with the spectrum measured in TCE-d, (Table A.8). Instead, the calculated *H NMR spectrum
for conformer C shows a good agreement with the spectrum measured in TCE-d2 (Table A.9).
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Table A.8: Calculated (conformer A of macrocycle 1) and measured (macrocycle 1a, 373 K) ‘H NMR

spectroscopy chemical shifts of PDI protons Ha.c in chlorinated solvent (relative to TMS), showing poor agreement.

Proton Calculated & in CHCI; Measured & in TCE-d; |AS|
(ppm) (ppm)
a 8.0 8.6 0.6
b 7.8 8.2 0.4
c 5.7 7.7 20

Table A.9: Calculated (conformer C of macrocycle 1) and measured (macrocycle la, 373 K) 'H NMR

agreement.

spectroscopy chemical shifts of PDI protons Hac in chlorinated solvent (relative to TMS), showing good

Proton Calculated 6 in CHCI3 Measured & in TCE-d; |AD|
(ppm) (ppm)
a 8.8 8.6 0.2
b 8.2 8.2 0
c 8.3 7.7 0.6
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Predicted UV-vis absorption spectrum
The experimental (macrocycle 1a, DCM) and calculated UV-vis absorption spectra (conformer

C) are shown in Figure A.6 and Table A.10. As for conformer A, the calculated transitions for
conformer C are blue-shifted relative to the experimental spectra by ~ 40 nm, an artefact of the
computational methods used. The lowest energy transition (excitation 1) in the spectrum of
conformer C has a greater oscillator strength than the corresponding peak (excitation 1) in
conformer A (Figure A.6 and Table A.10). Additionally, the two lowest energy transitions are
closer together in the predicted UV-vis spectrum of conformer C compared to conformer A (AL
=30 nm for C vs 56 nm for A), indicating weaker (H-type) excitonic coupling in conformer C.
Overall, DFT predicts a more red-shifted So—S1 band and weaker excitonic coupling for
conformer C relative to conformer A, which is consistent with the macrocycle 1a experiments
on going from toluene to chlorinated solvents. Further support for this finding comes from
recent photophysical experimental and theoretical calculations performed in collaboration with
Bressan, Meech and co-workers.}* This work shows that conformer C explains the monomer-
like absorption spectrum for macrocycle 1 in chlorinated solvents due to a cancelling out of the
long- and short-range electronic coupling between the PDI units,'® otherwise known as a “null

aggregate”. 1617
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Figure A.6: Comparison of DFT-predicted (conformer C) and experimental UV-vis absorption spectra
(macrocycle 1a, DCM).

Table A.10: TD-wB97x/def2-TZVPP predicted vertical excitation spectra conformer C (no H-type aggregation)
in DCM (cosmo).

Exc. Excitation energy / eV | Wavelength (nm) Oscillator strength
1 2.42 513 0.11749
2 2.57 483 0.73674
3 3.37 368 0.02782
4 3.39 366 0.03303

405



Predicted CD spectra
As discussed in Chapter 2 (for macrocycle 1) and Chapter 4 (for macrocycle 11-homo), the CD

spectrum of the same enantiomer of the macrocycle (e.g., MM) is solvent-switchable. It was
hypothesised that this is due to the macrocycle adopting a different conformation (conformer
C) in chlorinated solvents where: a) the H-type cofacial T—1T stacking seen in toluene and in
the crystal structure is disrupted and b) the core-twist of the PDI cores is inverted, such that
they adopt the opposite axial chirality, but homochirality is maintained (Figure A.7). This
section details how the experimental findings that support this theory are underpinned by DFT

calculations (using conformer C).

a) 30 - _
—— 1-MM enantiomer, toluene
1-MM enantiomer, DCM
20

S 10 Cotton effect in
2™ toluene

©

E

m)

(@]

No Cotton effect
in DCM
-20 T T T 1
300 400 500 600 700
b) i (nm) ® = triazole
* = “triazoles in”
P*
Twist both PDI
cores
/
M
P*

Excitonically-coupled
conformation in toluene Non-excitonically-coupled
conformation in chlorinated
solvents

“triazoles out” “triazoles in”

Figure A.7: a) CD spectra of the same enantiomer (assigned as 1-MM in Chapter 2) in toluene (black trace) and
DCM (red trace). b) Proposed solvent-induced conformational change that may explain the inversion of the CD
spectra in (&), where the PDI cores “twist”, resulting in an inversion of the local axial chirality of the PDI cores.
In the “triazoles in” conformation, excitonic coupling between the two PDIs is proposed to be “switched oft”, such

that no cotton effect is seen in the Sy—S; transition.
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Conformer A can convert into conformer C most easily by twisting the naphthalene units of the
PDIs, such that the triazole groups, which point out of the macrocyclic cavity in conformer A,
now point in towards the cavity in conformer C (Figure A.8). This leads to a change in the
axial chirality labels, i.e. the PP enantiomer of conformer A becomes the M*M* enantiomer of
conformer C, and the MM enantiomer of conformer A becomes the P*P* enantiomer of

conformer C.

Homochiral (PP) Homochiral (PP — M*M*)
Conformer A Conformer C

4

<

\ / Local chirality of

“Triazoles out” Diastereomers not enantiomers “Triazoles in” -
L . . PDI inverted
Racemisation/enantiomerisation has not M*
occurred

@ =triazole
* = “triazoles in”

Figure A.8: Interconversion between DFT-predicted conformers A and C via a “twist” of the PDI cores.

Experimentally, the conformers M*M* and P*P* (DFT conformer C) exhibit negligible
excitonic coupling and hence PDI monomer-like CD spectra. As such, these experimental CD
spectra were compared with the experimental CD spectra of the atropisomers of a related chiral
macrocycle prepared by Angus Yeung (Mono-PDI macro), that contains only a single twisted
bis-triazole PDI chromophore (Figure A.9).1® There is excellent agreement between the
experimental CD spectra of macrocycle 1a in chlorinated solvents and the experimental spectra
of Mono-PDI macro. This confirms the monomer-like character of the PDIs in M*M* and
P*P (conformer C) and inversion of their local axial chirality in chlorinated solvents relative to

MM and PP in toluene (conformer A).
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Figure A.9: Comparison of the experimental CD spectra of a) bis-PDI macrocycle 1a (DCM) and b) mono-PDI
macrocycle mono-PDI macro (chloroform). Note that mono-PDI macro was found to have a “triazoles in”
conformation by single crystal x-ray diffraction,*® and is thus labelled with chirality asterisks (M* and P*) for ease

of comparison with the CD spectra of macrocycle 1a (which exists in a “triazoles in conformation in DCM, i.e.

conformer C).
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