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Abstract

Redox-active macrocycles featuring cyclical through-space conjugation represent an increasingly

important class of molecular materials for both fundamental and application-oriented investigations —
especially for their abilities to stabilise charge and assemble into porous electroactive nanostructures.

In particular, chiral molecular triangles, consisting of three aromatic diimide (ADI) linkers bound

together by enantiopure trans-1,2-diaminocyclohexane bridges, have proven to be a popular platform
for accessing a wide range of attractive electronic and energy storage properties, thanks to their globally

distributed LUMOs. However, although the effects of different ADI linkers (such as benzene,
naphthalene and perylene diimides) on the physical, optical, electronic and self-assembly characteristics
of molecular triangles have been explored in depth, diversification of the chiral vertex unit has yet to
be investigated. This Thesis explores the consequences of manipulating the vertex chemistry of chiral
pyromellitic diimide (PMDI) molecular triangles by systematically introducing modifications to the
cyclohexane bridging unit. The first section of this Thesis discusses methods applied to introduce a
homologous series of electron-rich trans-1,2-diamines groups, which allows for fundamental
investigation of structural and electronic effects on account of aromatic groups. For the first time, the
successful synthesis of a molecular triangle with an acyclic trans-1,2-diamine, suggesting that contrary
to widely promoted design paradigms, the preorganisation offered by more rigid trans-1,2-
diaminocyclohexanes is, in fact, unnecessary. The second section explores the extent at which even
subtle changes in the degree of through-space orbital overlap and strain engineering via the
aforementioned synthetic modifications can stabilise molecular triangle electron acceptors by lowering
the energies required to access their multi-reduced states. This work ultimately serves to promote the
advancement of this class of organic molecular materials as prime candidates for future rechargeable

energy storage and related organic electronic applications.
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1. Introduction

1.1 Through-bond vs through-space conjugation in organic macrocycles

Macrocycles have become an increasingly important species in chemistry over the past 60 years from
the discovery of crown ethers, by Pederson,' in 1967 to more recent compounds such as pillararenes
and calixarenes that are being investigated due to their unique structures, functionalisation and host—
guest abilities.>> The ability to diversify macrocycles by functionalising the structure allows for use

10,11 9nd fundamental

across a range of disciplines such as drug discovery,®’ catalysis,*® material science,
supramolecular chemistry. One of the challenges of functionalisied macrocycles is the synthesis

required due to how difficult it is to form large rings with many functional groups.'?

Through-space conjugation is an important non-covalent interaction that works alongside through-bond
conjugation between m—units that can delocalise electrons through overlapping p-orbitals while
influencing the electronic properties of a compound.'® Although through-bond conjugation allows for
n—electron transfer across bonds in a system, through-space conjugation enhances m—electron
delocalisation through m-units that are interacting by intermolecular or intramolecular contacts.'* One
class of macrocycle that utilise through-space conjugation are cyclophanes, a cyclic system containing
at least two atoms in an aromatic ring linked via aliphatic chains.!® There have been many designs of
cyclophanes, with one being synthesised by Stoddart and co-workers'é, known as the little blue box
consisting of two 4,4'-bipyridinium units linked by p-xylene rings, to even bigger macrocycles such as

a terylene diimide (TDI) cyclophane that also contain p-xylene linkers by Wiirthner ez. al (Figure 1.1)."7
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Figure 1.1 Structures of the little blue box (left)!® and terylene diimide cyclophane (right)!”.

Through-space interactions can be measured by the distances between two m—units within the
compounds (intramolecular) and the distances between two molecules (intermolecular) in the single
crystal structures. Wang et. al.'® synthesised a series of cyclophanes that include donor-acceptor m-units
connected by ortho-xylene units that exhibit both intra- and intermolecular interactions. One of the
compounds, named C8BDT-NDI, was synthesised by a Stille coupling reaction of a naphthalene
diimide (NDI) moiety and a benzo-dithiophene (BDT) tin compound and single crystals of the

cyclophane were grown by slow evaporation of toluene. X-ray diffraction analysis of C8BDT-NDI



demonstrates a closely packed structure with a distance of 3.4 A between the BDT and NDI units, ideal
for through-space charge transfer. Packing arrangement of the cyclophanes show interactions between
o-xylene linkers and the BDT donor unit of one molecule to the acceptor unit (NDI) of another with a

n—n distance of 3.7 A further reinforcing the through-space conjugation (Figure 1.2)
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Figure 1.2 Single crystal X-ray structure of C8BDT-NDI (alkyl chains omitted for clarity) showing the intra- and
intermolecular interactions.'

Theoretical calculations using density functional theory (DFT) at the B3LYP-D3BJ/6-31G(d) level in
the gas phase were run to further establish the donor—acceptor interactions of C8BDT-NDI and the
other synthesised cyclophanes. All four compounds show the HOMO localised on the donor units and
the LUMO on the acceptor units, as expected, while the o-xylene linkers have minimal contribution in
either energy level (Figure 1.3). Cyclophane C8KZ-NDI has the largest bandgap of this series (2.38
eV) because of the least destabilised HOMO energy level due to the carbazole unit having the weakest
electron-donating strength of the three donor units. C§DN-PDI, a cyclophane made of a dihydroindolo-
indole unit coupled with a perylene diimide (PDI) unit, has the most stabilised LUMO energy (—3.34
eV) and destabilised HOMO energy (—4.82 e¢V) compared to C8BDT-NDI, C8KZ-NDI and C8DN-
NDI likely due to the strong electron deficient nature of the PDI unit and electron-donating capabilities
of C8DN. The cyclophanes have a band gap energy ranging between 1.48-2.38 ¢V, the small band gap
can be attributed to the intramolecular through-space conjugation between the donor and acceptor units
within the macrocycle. This demonstrates how through-space conjugation has a positive influence on

compounds and employs properties that enable the use as functional electronic materials.
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Figure 1.3 Geometry optimised MOs of C8BDT-NDI, C8KZ-NDI, C8DN-NDI and C8DN-PDI at the B3LYP/6-31G(d)
DFT level.'

1.2 Aromatic diimide macrocycles

Rigid macrocycles that consist of aromatic diimide (ADI) linkers connected via an organic bridge have
become vital redox—active compounds due to their ability to transfer electrons through the linkers by
through-space conjugation.!*! The most common ADI linkers are naphthalene diimide (NDI),!*2223
pyromellitic diimide (PMDI),?***2¢ and perylene diimide (PDI)?"** that engage in redox reactions to
form multiple reduced states involving two electrons for each ADI. Barendt and coworkers have
synthesised a cyclophane called the pink box containing two PDI units linked by p-xylene units at the
bay position of the ADI (Figure 1.4.a).>° The PDI macrocycle was formed by a multi-step synthesis that
utilises a copper (I) catalysed “click” cycloaddition of an azide and alkyne in high-dilution conditions
to obtain the compound in a 22% yield. Single crystals of the pink box were grown by slow vapour
diffusion of methanol into a chloroform solution of the sample to provide further product confirmation
and to establish any intramolecular interaction between the PDI units. X-ray analysis of the macrocycle
shows axial chirality by each ADI unit because of the twisted (21°) aromatic framework which is
complementary to the homochiral 7—r stacking between the PDI units of the pink box (Figure 1.4.b).
The intramolecular n—n distance between the PDI units is 3.7 A demonstrating the through-space
conjugation that allows for communication between the ADI units that stabilises the macrocycle for use

as functional chiroptical materials.
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Figure 1.4 (a) Structure and (b) single crystal structure of the pink box.>

Due to the unique structural, optical and electronic properties, the ADI units have been employed in a
series of cyclic dimers, trimers and tetramers linked by #rans-1,2-diaminocyclohexane bridges. (Figure
1.5).231 Each type of macrocycle offers different properties from the structural features to
supramolecular chemistries to the electronic behaviour across each type of ADI. The synthesis of
cyclohexane ADI macrocycles requires equal equivalents of aromatic dianhydride and either (R,R)- or
(S,9)-trans-1,2-diaminocyclohexane reacted in N,N-dimethylformamide (DMF) or acetic acid at reflux

for 24 h before purification by column chromatography to obtain the desired products.

PDI Tetramer

Figure 1.5 ADIs PMDI, NDI and PDI alongside schematic dimer, trimer and tetramer structures.



The smallest ADI, PMDI, has been used in procedures by Gawronski et. al.?® to synthesise a dimer, (-)-
2PMDI, consisting of two PMDI units that are connected by two cyclohexane bridges enabling the ADI
units to stack over each other and a trimer, (—)-3PMDIA that has three PMDI units and cyclohexane
bridges that take the form of a molecular triangle. To investigate how the organisation of the PMDI
units influences the electronic properties, alongside (—)-2PMDI and (—)-3PMDIA, a reference
molecule, PMDI-ref, containing one PMDI unit capped by a cyclohexane group was synthesised for
comparison with the cyclic dimer and trimer. The redox properties were examined by Stoddart and
coworkers by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) analysis in a DMF
electrolyte solution and recorded in a sweep covering 0 to -2.0 V (Figure 1.6).2° DPV analysis gives
greater insight into the redox processes than CV analysis because of the poor resolution of the CV
reduction peaks. PMDI-ref shows two reduction peaks at —0.69 and —1.38 V (V vs Ag/AgCl) and
(—)-2PMDI, whilst showing an almost identical CV profile to the reference molecule, has two additional
peaks adding up to four reduction peaks at —0.41, —0.70, —1.73 and —1.92 V (V vs Ag/AgCl).
(—)-3PMDIA has a profile with six single electron reductions peaks in two groups of three transitions

at —0.61,—0.70, —0.77 and —1.33, —1.55, -1.72 V.
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Figure 1.6 (a) DPV and (b) CV analysis of 1.0 mM solutions of PMDI-ref, (—)-2PMDI and (-)-3PMDIA in 0.1 M TBAPFs
in DMF. Scan rate: 10 mV s™1.20

To illustrate how increasing the m—surface area of the ADI within a macrocycle will influence the
electronic properties, the smaller ADI molecular triangle (—)-3PMDIA, was compared with the larger

molecular triangle, (—)-3NDIA, synthesised by Stoddart and co-workers.!” CV analysis of the two



molecular triangles and their reference compounds (one ADI unit capped with cyclohexane) were
carried out in a CH,Cl, electrolyte solution to give the CV waves in Figure 1.7.2 Compared to the
reference compounds, both (—)-3PMDIA and (—)-3NDIA exhibit three times the amount of electron
processes as expected due to the increased number of ADI units in the molecular triangles. While (—)-
3NDIA has a wave with six single electron processes, (—)-3PMDIA only shows three single electron
processes due to the other three processes occurring after the cut off for the voltage range in CH,Cl.
The half potential of the first reduction peak for (—)-3NDIA is more easily accessible than (—)-3PMDIA
because the NDI units are more electron-deficient compared to the PMDI units. This experiment
indicates that by increasing the m—surface area of the ADI unit within a molecular triangle, the

electronics are improved by more easily accessible reduction peaks which is optimal for use in energy

applications.
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Figure 1.7 CV analysis of 1 mM solutions of Ref-NDI, (—)-3NDIA, (-)-3PMDIA and Ref-PMDI in 0.1 M TBAPFs in
CHCl».3?

Alongside the molecular triangles containing three identical ADI units and three cyclohexane bridges,
there have also been a series of isosceles molecular triangles that contain differing ADI units.?”*? By
employing alternate ADIs, characterisation of the through-space electron transfer pathways between the
differing sizes of m—conjugated units can be established. Four isosceles triangles have been synthesised
using PMDI and NDI as well as the largest ADI PDI in varying mixes of the three, (—)-2NDI-1PMDIA,
(—)-2PMDI-1NDIA, (-)-2NDI-1PDIA, and (—)-2PMDI-1PDIA (Figure 1.8 and Figure 1.9). One of the
main differences of the isosceles molecular triangles to the equilateral compounds is their single crystal
packing arrangements. Molecular triangles (—)-3NDIA and (—)-3PMDIA form into one-dimensional
(1D) columnar arrangements to form a prism like structure with interactions between the NDI and PMDI
units, respectively.'®?® However, the isosceles molecular triangles adopt a different formation
highlighting the effects of the alternate ADI units, (—)-2NDI-1PMDIA does not display n—r stacking of

the NDIs between two molecules or any interactions between a NDI and PMDI units. The switch of an



NDI for a PMDI unit means that there are no longer hydrogen bond interactions of the carbonyl oxygen
on the ADI to a hydrogen atom on another molecule which is necessary for the columnar stacking
(Figure X.X). In the case of (—)-2PMDI-1NDIA, the molecule triangles employ two types of helical
supramolecular structures to form a (P)-dimer and an (M)-dimer due to two different interactions of the
ADI units. The (P)-dimer forms because of n—r stacking between the PMDI and NDI unit of two
molecules with a distance of 3.4 A between the two, while the (M)-dimer is formed due to interactions
between the NDI units of two different molecules with the same n— stacking distance (3.4 A) (Figure

1.8).
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Figure 1.8 Single-crystal structures of a) (—)-2NDI-1PMDIA and b) (—)-2PMDI-1NDIA alongside their packing
arrangements.>?

The PDI isosceles molecular triangles form similar packing arrangements to each other of close to face-
to-face m—m stacking (3.4 A) between two PDI units of two molecules the compound. Although the PDI
units are almost parallel, there is a slight offset in (—)-2PMDI-1PDIA of 0.6 A vertically and 1.3 A
horizontally and (—)-2NDI-1PDIA shows a greater offset of 4.0 A vertically and 2.0 A horizontally.
This is likely attributed to the fact that in (—)-2PMDI-1PDIA the PDI units are more bent because of
the smaller size of the PMDI units compared to NDI allowing a larger n—surface area for n—r stacking.
Also, the steric constraints of the cyclohexane bridges are lessened which support the overlap of the
PDI units across the two molecules compared to (—)-2NDI-1PDIA (Figure 1.9). There was also a lack

of hydrogen bonding seen between the carbonyl oxygen on any of the ADI units with a hydrogen atom



on another molecules ADI for both (—)-2NDI-1PDIA and (—)-2PMDI-1PDIA as well as an absence of

interactions between NDI and PMDI units respectively.

a b

Figure 1.9 Single-crystal structures of a) (—)-2NDI-1PDIA and b) (—)-2PMDI-1PDIA alongside their packing
arrangements.?’

Geometry-optimised DFT structures of (—)-2NDI-1PMDIA and (—)-2PMDI-1NDIA were calculated at
the B3LYP/6-31G* level of theory while (—)-2NDI-1PDIA and (—)-2PMDI-1PDIA were calculated at
the M06-2X-D3BJ/6311G(d,p) level of theory in CH>Cl,. Although direct comparison of the energy
levels for the four compounds cannot be made due to the different functionals used, insight can still be
made from the positions of the molecular orbitals (MOs) of the HOMOs and LUMOs (Figure 1.10).
For (-)-2NDI-1PMDIA and (-)-2PMDI-1NDIA the HOMOs are localised on the NDI units in both
compounds while for (—)-2NDI-1PMDIA the LUMO and LUMO+1 are also localised on the two NDI
units indicating the through-space conjugation between the NDI units for the first reductions. (—)-
2PMDI-INDIA also sees a similar pattern with the LUMO located on the single NDI unit in the
compound however, the LUMO+1 is seen on the two PMDI units meaning the di- and tri-reduced states
occur between the two conjugated ADI units. The PDI isosceles molecular triangles exhibit different
patterns of where the MOs are localised, (—)-2NDI-1PDIA shows that although the HOMO is located
on the PDI unit, the HOMO-1 is located on the two NDI units. The LUMO of (—)-2NDI-1PDIA is
located on the PDI unit with partial conjugation to the NDI units meaning that the mono-reduced state
occurs on the PDI unit with the di-reduced state on the NDI units. For (—)-2PMDI-1PDIA the HOMO-1
is delocalised across the cyclohexane bridging units and the PDI unit connecting the two bridges while

the HOMO and LUMO are located on the PDI unit.
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Figure 1.10 Visual representation of the HOMO, LUMO, and LUMO+1 of (-)-2NDI-1PMDIA and (—)-2PMDI-1NDIA
calculated at the B3LYP/6-31G* level of theory,*? and the HOMO-1, HOMO, and LUMO of (—)-2NDI-1PDIA and (-)-
2PMDI-1PDIA calculated at the M06-2X-D3BJ/6311G(d,p) level of theory in CH2Cl2.27

A shape-persistent chiral molecular square, (+)-4NDIO and (—)-4NDIO, has been synthesised
containing four NDI units and four cyclohexane bridges to investigate how the electronic
communication differs from that of that smaller NDI macrocycles.>' A stepwise synthetic approach
isolated 4NDIO in an overall yield of 8 % which is an improved yield from the one-pot condensation
route (~1 %) (Figure 1.11). The first product formed from the stepwise reaction is (—)-2NIA, two NDI
units connected by one cyclohexane unit, then (—)-2NIA is reacted with two equivalents of a Boc
protected cyclohexane to make (—)-2NIA-Boc. The Boc protected compound is then deprotected with
TFA to form (—)-2NIA-NH; which is then reacted with (—)-2NIA in DMF at reflux to isolate (—)-
4NDIO in a 20 % reaction yield and an 8 % overall yield.
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Figure 1.11 A Stepwise procedure to synthesis (—)-4NDIO and B One-pot condensation reaction to form (—)-4NDIO.3!

X-ray diffraction analysis of single crystals of (+)-4NDIO grown by slow vapour diffusion of n-hexanes
into a chloroform solution of (+)-4NDIO, shows a rigid macrocycle structure with an internal face-to-
face cavity height of 11 A (Figure 1.12). The superstructure of (+)-4NDIO, displays two distinct
molecules of the tetracycle that are held together by intermolecular hydrogen bonding (3.2 A) of the
carbonyl oxygen on one ADI interacting with the hydrogen atoms on the NDI unit on another molecule
of (+)-4NDIO. The top (+)-4NDIO is twisted by 45° compared to the teracycle underneath and the two
(+)-4NDIO molecules stack to form infinite channels and the nanotubes of (+)-4NDIO stack closely

together to form an ordered packing arrangement.
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Figure 1.12 Single-crystal structures of a) Two (+)-4NDIO molecules down the ¢ axis, b) Two (+)-4NDIO molecules down

the b axis and c¢) Overall packing arrangement of (+)-4NDIO down the ¢ axis.?!

To compare the electronics of (—)-3NDIA and (—)-4NDIO, CV analysis was conducted in an electrolyte
solution in CH»Cl; to establish the reduction potentials of the electron processes in the macrocycles
(Figure 1.13). The CV wave of (—)-3NDIA shows six distinct reversible one electron processes because
of the strong global conjugation seen between the NDI units of the molecular triangle however, the
tetracycle wave is less resolved. DPV analysis of (—)-4NDIO presents the first reduction peak at —0.71
V forms the mono-radical anion followed by a three-electron process at —0.85 V to form the tetra-
reduced (—)-4NDIO. Then at —1.32 V a broad four-electron process occurs, which is surprising that the
complete multi-electron reduction of (—)-4NDIO requires a small Columbic energy penalty meaning
the tetracycle is an appealing compound for use in electronic materials because of the ability to accept

up to eight electrons.
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Figure 1.13 a) CV analysis of (—)-3NDIA and (—)-4NDIO and b) DPV of (—)-4NDIO
(0.5 mM in CH2Cl2, 0.1 M TBAPFs, 50 mV s!, 298 K).3!

1.3 Overview

Up until now, the investigation of redox-active molecular triangles based on ADIs and 1,2-trans-
diamines has been limited to the use of rigid cyclohexane vertices, which serve to pre-organise and
ultimately guide the kinetically controlled macrocyclisation. No other trans-1,2-diamine bridges have
been utilised to date, despite the fact that even slight shifts in the dihedral angle and macrocycle
geometry could have profound influences on macrocycle assembly and packing (i.e. in the single-
crystalline in the solid state) and through-space conjugation between ADI linkers, as shown by prior
examples where the size of the ADI unit was varied to achieve these effects. This Master’s by Research
project has set out to expand the synthetic chemistry of ADI molecular triangles to include both acyclic
and polycyclic aromatic frans-1,2-diamine bridges for the first time. Contrary to the fundamental belief
that a rigid precursor offers the preorganisation necessary to encourage the macrocyclisation reaction, 2
acyclic derivatives have been employed to challenge the requirement for preorganisation. In this work,
PMDI is used as a convenient and symmetric ADI building block, and both pre- and post-synthetic
strategies have been explored to manipulate the bridge geometry. The influence of bridge geometry on
the structural, electronic and electrochemical properties of novel PMDI molecular triangles is
established using a combination of X-ray crystallography, absorption spectroscopy, electrochemistry,
spectroelectrochemistry, and computational chemistry. The introduction of new functionality to
molecular triangles at the vertex opens new opportunities for additional post-synthetic structure
modification and novel supramolecular assembly or energy transfer phenomena that are currently not

accessible with former ADI molecular triangle designs.
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Figure 1.14 Structures of PMDI vertex modified molecular triangles.

2. Results and discussion

2.1 Macrocycle synthesis with chiral frans-1,2-ethanes

The first chiral acyclic molecular triangle synthesised utilised a commercially available diamine with
two phenyl groups connected by an ethane bridge, (S,5)-1,2-diphenyl-1,2-ethylenediamine. The
diamine was reacted with pyromellitic dianhydride (PMDA) in a similar procedure to 3PMDIA
(referred to as CHA in this thesis). Although DMF is a common solvent in ADI macrocyclisation
reactions, the solvent molecules decompose into dimethylamine at the high temperatures needed to
facilitate the reactions which can complicate the purification therefore acetic acid is a viable alternative
as long as the diamine is soluble. After the diamine and PMDA were reacted in acetic acid for 16 h, the
reaction mixture was purified by automated flash column chromatography on a silica column using a
5% gradient of acetone in CH>Cl, before a trituration with acetone is used to remove any of the
polymeric byproducts formed during the reaction. The molecular triangle, (S,S)-DPEA, was isolated as
an off-white solid in a 21% yield, which is typical for this class of compound. '2%31-33 After the success
of synthesising the first ADI molecular triangle with chiral acyclic aromatic vertices that was previously
thought to be unattainable due to the less preorganised precursor, another acyclic derivative was applied
with an extended m—system to test whether the design can be applied to other systems. A naphthyl
diamine, (S,S)-1,2-di(naphalen-2-yl)ethane-1,2-diamine was reacted with PMDA under the same
conditions used to isolate (S,S)-DPEA before purification by automated flash column chromatography

on a silica column with a 5% gradient of acetone in CH,Cl; followed by an acetone trituration to remove
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the reaction by products. (S,S)-DNaphA was isolated as an off-white solid in a 39%, a nearly two-fold
increase compared to (S,S)-DPEA demonstrating how less preorganised acyclic precursors can be
applied in macrocyclisation reactions and that the steric hinderance of the dinaphthyl diamine may assist

in the reaction.

Product characterisation was carried out using atmospheric pressure chemical ionisation high-resolution
mass spectrometry (APCI-HRMS) which confirmed the protonated (S,S)-DPEA species, [M+H]", at
m/z = 1183.2968. 'H NMR analysis of (S,S)-DPEA shows the characteristic PMDI aromatic proton
signal as a singlet at 6 = 8.06 ppm alongside the aromatic protons of the phenyl vertices between 7.00
and 7.80 ppm (Figure 2.1). The PMDI proton signal was observed to be further downfield than those of
the parent (S,S)-CHA macrocycle (6 = 8.03 ppm) and although there is only a 0.03 ppm difference, this
suggests that the introduction of aromatic rings to the diamine bridge has a deshielding effect around
the macrocycle structure because of the additional electrons altering the overall electronics of (S,S)-
DPEA. There is also a notable downfield shift of 1.84 ppm of the protons on the ethane bridge next to
the imide group in the modified molecular triangle due to the aromatic system adjacent to the

environment, another indication of the change in electronics of the macrocycle.
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Figure 2.1 '"H NMR spectra (400 MHz, CDCls, 298 K) of (S,S)-DPEA.

(S,S)-DNaphA was characterised by APCI-HRMS confirming the species [M+H]" at m/z = 1483.3938.
"H NMR spectroscopic analysis conducted on (S,S)-DNaphA shows the characteristic PMDI aromatic
proton signal as a singlet at Jx 8.10 ppm and analogous signals for the dinaphthyl rings appearing
between 7.20 and 8.00 ppm (Figure 2.2). The PMDI proton signal was observed to be even further
downfield than those of (S,S)-DPEA (8.06 ppm) and CHA macrocycle (8.03 ppm), with an overall
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downfield shift of 0.07 ppm from the parent macrocycle suggesting that increasing the size of the
aromatic vertices further influences the deshielding around the macrocycle structure to a much greater
degree. There is also a downfield shift 0.21 ppm of the alpha protons next to the nitrogen atoms
compared to (S,5)-DPEA, due to the additional electrons from the naphthyl rings adding to the

electronics of the entire compound.

(S,S)-DNaphA
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Figure 2.2 "H NMR spectra (400 MHz, CD2Clz, 298 K) of (S,S)-DNaphA.

Unfortunately, due to solubility issues good quality single crystals of (S,S)-DNaphA were unable to be
grown but, single crystals of (S,S)-DPEA were grown and analysed by X-ray diffraction to provide not
only product confirmation but also provide detailed insights into what impact, if any, the lack of rigidity
of the vertex has on macrocycle geometry and solid-state assembly behaviour. After several attempts to
screen appropriate conditions, high quality crystals of (S,5)-DPEA were grown via slow vapour
diffusion of acetone into a chloroform solution of the sample. Interestingly, the two triangles, (S,S)-
DPEA and (S,S)-CHA, show similar cavity size of 9.6 A measured as the distance between one of the
vertices to the PMDI unit opposite to it, implying the rigidity of the pore formed by the PMDI is still
maintained independent of the flexibility of the vertices. By modifying the vertices to remove the strain
((S,S)-DPEA), the average N-C-C-N dihedral angle decrease from 51.01° for the parent macrocycle,
(5,5)-CHA, to 46.26° because the flexibility of the vertices allows the most favourable conformation
that aligns the PMDI units (Figure 2.3). Inspection of the X-ray superstructure can also inform their
supramolecular behaviour in solution (to an extent) as well as the properties in the solid state as porous
materials. For instance, the superstructure of (S,5)-CHA shows a tubular arrangement of these triangular

nanoprisms to form continuous one-dimensional (1D) channels that are stabilised by intermolecular 7—
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7 stacking (3.18 A) of adjacent PMDI units (Figure 2.3.a). On the other hand, (S,S)-DPEA reveals edge-
to-face m-stacking (4.93 A) of the phenyl vertices with no apparent interaction of the PMDI units or a
uniform tubular arrangement that is seen in the superstructure of parent macrocycle, (S,S)-CHA (Figure
2.3.b). This is likely due to the positioning of the phenyl rings causing steric hinderance between
adjacent molecules of (S,S)-DPEA. Therefore, the vertex engineering of molecular triangles not only
influences the electronic properties of the molecule but also modulate the self-assembly of these
molecules. Further insights into the impact of the strain induced by the vertices on the properties of the
molecular triangles can be achieved by the development of rigid analogues of these systems, which will

be explored in the following section
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Figure 2.3 Single crystal structure and packing arrangements of (a) (S,S)-CHA and (b) (S,S)-DPEA.

2.2 Macrocycle synthesis with chiral trans-1,2-cyclohexanes

Investigations into how a more rigid system on the vertices of PMDI molecular triangles will influence
the structural and electronic properties by inducing more strain into the macrocycle compared to the
acyclic counterparts can be made by employing an oxidative cyclodehydrogenation reaction on (S,S)-
DPEA and (S,S)-DNaphA. Given the established chemistry for Scholl oxidation to occur between 1,2-
diphenyl compounds (Figure 2.4), this chemistry was explored in the context of (S,S)-DPEA and (S,S)-
DNaphA to see if it would be possible to post-synthetically prepare cyclohexane bridged molecular
triangles in a single atom-efficient step. Although the exact mechanistic pathway of the Scholl oxidation
is unknown, two pathways have been proposed that form an arenium cation or a radical cation.** Both
of the pathways eliminate H, with assistance of a Lewis acid and a catalyst to form a new C-C bond as
shown in Figure 2.4 by the reaction of o-terphenyl.>>* A variety of oxidants can be used in a Scholl

oxidation such as 2,3-dichloro-5,6-dicyano benzoquinone (DDQ) alongside a sulfonic acid, iron (III)
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chloride (FeCls), aluminium (III) chloride (AlCl3), molybdenum pentachloride (MoCls) and copper (II)
chloride (CuCl,).>"°

LA = Lewis acid '

Q
-~ Q0

H LA

OO~ &

I

Figure 2.4 Mechanistic pathways of the Scholl oxidation of o-terphenyl by an arenium cation (top) and radical cation
(bottom) intermediate.

Here, (S,5)-DPEA was subjected to a series of oxidation reactions using DDQ and FeCls to establish
which conditions facilitate the reaction and if so, optimise the synthesis of (S,S)-DHPA. Firstly the
diphenyl molecular triangle was reacted with DDQ and methane sulfonic acid in CH,Cl, at 0 °C under
inert conditions, to prevent any side reactions with air or moisture, (Table 2.5, entry 1) for two hours
while being monitored by 'H NMR analysis. Then (S,S)-DPEA was reacted with DDQ again but with
trifluoromethane sulfonic acid, a higher strength acid, under the same conditions as the first reaction
and was also monitored by 'H NMR analysis (Table 2.5, entry 2). Finally, (S,S)-DPEA was reacted with
FeCls in CH2Cl, and CH3NO; (to help with the solubility of FeCls) at room temperature under an inert
atmosphere (Table 2.5, entry 3). Unfortunately, none of the reactions allowed for conversion of (S,S)-
DPEA to (S,S)-DHPA and only the starting material was seen in the reaction mixture by '"H NMR

analysis.
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(S,S)-DHPA
Condition | Oxidant Acid Solvent Temperature | Time/h Conversion?
{by 'H NMR)
1 DDQ CH3S0;H CH.Cl, 0°C 2 SM
DDQ CF;SO3H CH.Cl, 0°C 2 SM
3 FeCI3 - CHzclzl'CHgNOz rt 2 SM

Figure 2.5 Oxidation conditions for conversion of (S,S)-DPEA to (S,S)-DHPA.

Although the oxidative cyclodehydrogenation reaction of (S,S)-DPEA was unsuccessful, because (S,S)-
DNaphA has additional electron density on the vertices compared to the other acyclic molecular
triangle, there is a likely chance that the naphthyl groups will serve as directing groups for the C-C bond
formation. (S,S)-DNaphA was subject to an array of NMR scale reactions in deuterated solvents so
direct monitoring of the reaction could be conducted, firstly (S,S)-DNaphA was reacted with FeCls in
CD:Cl, and CD;NO; at room temperature under inert conditions for 72 h with '"H NMR monitoring at
frequent intervals until 72 hours (Table 2.6, entry 1). The molecular triangle was also reacted with AICls,
MoCls and DDQ with trifluoromethane sulfonic acid at room temperature under inert conditions for 72
h as well (Table 2.6, entries 2, 3 and 4). Even with the variety of oxidants used, there was no conversion

of (S,S)-DNaphA to (S,S)-DHNaphA in any of the reactions seen by 'H NMR analysis.

(S,S)-DNaphA
Condition | Oxidant | Additive Solvent Temperature | Time/h Conversion
(by 'H NMR)
1 FeCls - CD,Cl,/CD3NO, rt 72 SM
2 AICl3 - CD.Cl, rt 72 SM
3 MoCls - CD.Cl, rt 72 SM
4 DDQ CF3;S0O3;H CD.Cl; rt 72 SM

Figure 2.6 Oxidation conditions for conversion of (S,S)-DNaphA to (S,S)-DHNaphA.
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Even though these initial attempts at oxidative cyclodehydrogenation reactions have not afforded the
desired products (S,5)-DHPA and (S,S)-DHNaphA, there are still options to induce harsher conditions
such as increasing the temperature and adding stronger acids to aid the reaction. If the reaction
conditions can be established for the oxidation reaction, the possibilities open to synthesise the
completely aromatised form of (S,S)-DHPA and (S,S)-DHNaphA, (S,S)-PhenA and (S,S)-HeliA
respectively (Figure 2.7), to investigate how an even more strained system influences the global

conjugation of the macrocycles.

ﬁ %\ Oxidation /?( \?} Oxidation ﬁ O
Gl Gl ofell

(S,S)-DPEA (S,S)-DHPA

(S,S)-DNaphA (S,S)-DHNaphA (S,S)-HeliA

Figure 2.7 Structures of vertex engineered PMDI molecular triangles.

Another way to form (S,S)-DHPA is by synthesising the dihydrophenanthrene diamine precursor and
then reacting with PMDA in a macrocyclisation. Originally the synthesis of diamine 6 was attempted
according to procedures reported by Liu et. al*® because the dihydrophenanthrene diamine is not
commercially available, which took advantage of orthogonal protecting group and diastereomeric
resolution strategies to isolate pure 1,2-trans-diamine enantiomers. In our hands, while it was possible
to reproduce the synthesis of (R R)- and (§,5)-6 faithful to the original report, the yields of the
diastereomeric resolution steps were always low owing to the difficult separation by column
chromatography. To eliminate the complicated diastereomeric resolution step, a robust enantiomeric
resolution procedure was employed that utilises enantiopure tartaric acid to isolate the enantiomers of
diamines as salts.**? A racemic mixture of trans-1,2-diaminocyclohexane is reacted with either D-(-)
or L-(+)-tartaric acid, depending on whether the (S,S)- or (R,R)- enantiomer is required to be isolated,
in water and acetic acid at room temperature before being placed in the fridge overnight. Then the
tartrate salt of the diamine precipitates out of the solution and is washed and filtered for isolation. Before
the enantiomeric resolution steps, compounds 2-4 were synthesised using a Suzuki homo-coupling of

2-bromobenzaldehyde to form dicarbaldehyde 2, then aldehyde-imine 3 is synthesised by a nucleophilic
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attack of S-tert-butylsulfinimide on 2. Finally, the fully protected diamine 4 is made by an aminative

cyclisation reaction as a mixture of the (S,S)- and (R,R)- isomers (Figure 2.8).%

(0] (0] (0]
z \ '/
Br (i) (iii)
1 2

Figure 2.8 (i) Bapin2, Pd(OAc)2, PPhs, K2COs, 1,4-dioxane, N2, 80 °C, 24 h (ii) (S)-tert-butylsulfinimide, Cs2CO3, CH2Cla,
N2, 40 °C, 12 h (iii) 2,2-diphenyl glycine, K2COs, THF-H20 (7:3 v/v), 40 °C, 48 h.

. >4p

;4
=N =N, HN-S]
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(S,S5)-4 (RR)-4

The first stage before the enantiomeric resolution step is to obtain the racemic mixture of diamine 6, by
a global deprotection on (S,5)-4 and (R,R)-4 using a strong acid and reacting for one hour before
isolating the dichloride ammonium salt from the reaction mixture. The salt is then neutralised to obtain
rac-6, with product confirmation by '"H NMR analysis (Figure S1.22). Then the racemic mixture is
reacted with either D-(-) or L-(+)-tartaric acid in water and acetic acid at room temperature before being
placed in the fridge (4 °C) overnight. Unfortunately, unlike the cyclohexane counterpart, the
dihydrophenanthrene salt does not precipitate out of the reaction mixture so an aqueous work-up is then
performed instead to isolate either the (S,S)- or (R, R)-tartrate salt 7 in a 66% or 71% yield (with respect
to the corresponding starting enantiomer in the racemic mixture of 6), respectively, before being
neutralised with a base to isolate the free diamine, (S,5)-6 or (R,R)-6 (Figure 2.9). The difference of the
yields between (S,S)-6 and (R,R)-6 is likely due to the difficulty of isolating the diamine due to the

compound favouring both the aqueous and organic layers.

Ph p k)
(5,54 [0}
Ph + % 51%
=N H‘N- S
Ph \ '0
(RR)-4

(RR)-T

Figure 2.9 (i) 6 M HCI, THF, rt, 1 h (ii) (D)-(-)-tartaric acid, H2O, AcOH, rt to 4 °C
(iii) (L)-(+)-tartaric acid, H20, AcOH, 1t to 4 °C (iv) K2COs3, H20, CH2Cl2-MeOH (2:1 v/v), rt.

Diamine (R,R)-6 is reacted in a one-pot condensation with PMDA in DMF at reflux overnight to obtain

a crude mixture of (R,R)-DHPA, polymeric and higher order macrocyclic counterparts. DMF is used as
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the solvent in this reaction rather than acetic acid due to there being increased reactivity of diamine 6
with acetic acid that elicit side reactions that complicate the purification. The reaction mixture was then
purified by automated column chromatography and an acetone trituration, removing most of the
reaction impurities. However, 'H NMR analysis (Figure 2.10) shows the presence of a higher order
macrocycle that could not be removed. From previous work within our research group, the unknown
macrocycle has been confirmed as the tetrameric counterpart to (R,R)-DHPA known as (R,R)-DHPLO,
due to the similarities seen by "H NMR analysis of the unmodified derivative. [The same procedures
were carried out for the (S,5) enantiomer and similar observations to the (R,R) were seen.] As the two
macrocycles have similar polarity, purification by a recrystallisation using acetone and hexane after
automated flash column chromatography was necessary (and only achieved successfully once) to obtain
a small sample of (S,S)-DHPA from a mixture of (S,S)-DHPA and (S,S)-DHPO that was analytically
pure enough for '"H NMR analysis. Although attempts of separation by recrystallisation and trituration
were made, isolation of a significant amount of pure DHPA and DHPO for complete structural,

electronic and optical characterisation was not successful for either enantiomer.
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Figure 2.10 '"H NMR spectra (400 MHz, 298 K, CDCl3) of (R,R)-DHPA and (R,R)-DHPO.

The mixture of macrocycles was characterised by APCI-HRMS, confirming the species [M+H]" at m/z
= 1177.2488 and 1569.3209 respectively. 'H NMR spectroscopic analysis carried out on (S,S)-DHPA
and (S,5)-DHPLO shows a singlet at 8.28 ppm corresponding to the molecular triangle PMDI proton
environment alongside three other singlets from 8.20 to 8.40 ppm that represent the molecular square
(by comparison to a pure sample of (S,S)-DHPA, Figure 2.11). There is a significant shift in the PMDI

proton signal compared to CHA likely due to the improvement of electronic communication around the
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compound thanks to the bond linking the aromatic rings. In the aromatic region from 6.70 to 7.95 ppm

there are signals corresponding to the dihydrophenanthrene vertex protons of both (S,S)-DHPA and

(S,S)-DHPO that show broadening due to there being overlapping peaks.
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Figure 2.11 'H NMR spectra (400 MHz, 298 K, CDCl3) of a mixture of (S,S)-DHPA and (S,S)-DHPO (top) and pure (S,S)-
DHPA (bottom).

Comparison of the molecular triangles synthesised so far show an increasing downfield shift of the

PMDI proton signal, from 8.03 to 8.28 ppm, indicating a positive change in the global conjugation due

to the electronic influence of vertex groups on the overall electronic structure. There is also a change in

the chemical shift of the alpha protons next to the imide group with the biggest difference between

(S,5)-CHA and (S,S)-DNaphA (2.05 ppm) demonstrating how the extended n—system is contributing to

the electronics of the molecular triangles (Figure 2.12). In particular, the Ad effect of the PMDI aromatic

proton signals appears to correlate to the increasing rigidity of the diamine linker — a promising

indication that macrocycle electronics could potentially be tuned via vertex engineering.
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Figure 2.12 '"H NMR spectra (5.0-8.4 ppm) of (S,5)-CHA, (S,S)-DPEA, (S,S)-DNaphA and (S,S)-DHPA highlighting the
PMDI (pink) and the cyclohexane proton environments (blue).

The molecular triangles presented in this thesis have shown symmetrical structures which is confirmed
by a singlet for the PMDI proton environments in 'H NMR analysis and further confirmation through
X-ray crystal analysis. However, 'H NMR analysis in CDCl; of (S,S)-DHPA shows a singlet for the
PMDI aromatic proton signal at 8.28 ppm but also an additional three singlets at 8.37, 8.27 and 8.21
ppm accounting for a tetracycle, confirmed by APCI-HRMS. Previous work in our research group has
shown that in different solvents the parent tetracycle, (S,S)-CHIO, can adopt either a D4, C; or a mixture

of the two conformations, confirmed by single crystal structures and '"H NMR analysis (Figure 2.13).

| ®
. . S
D4 Cz
"open” "closed”

Figure 2.13 Schematic representation of tetracycle D4 and Cs4 conformations.

The "H NMR spectra of (S,5)-CHO in different solvents show the evidence of the two conformations
by the PMDI aromatic proton signals, the D4 conformation is displayed by a singlet with an integration
of 8 at 7.95 ppm in DMF-d7 and the C, conformation as three singlets with an integration ratio of 2:4:2
at 8.20, 7.76 and 7.58 ppm in THF-ds (Figure 2.14). Further confirmation of the two conformations is
shown in the single crystal structure of (S,S)-CHO, in DMF and water the D4 “open” conformation is
seen while the single crystals of the tetracycle grown in THF and hexane adopts the C, “folded”
conformation. "H NMR analysis of (S,5)-CHO in CD,Cl, shows four singlets between 7.5 and 8.3 ppm
with integration ratio of 1:6:2:1 for the PMDI aromatic protons meaning that in dichloromethane the
tetracycle is in a mixture of the D4 and C> conformations while (S,S)-CHIO in CDCl; displays the PMDI
proton signals as three singlets 8.25, 7.87 and 7.57 ppm similar to THF-ds.
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Figure 2.14 Solvent-dependent "H NMR spectra (6.6-9.0 ppm) of CHO in DMF-d7, CD2Cl>, CDCl3, and THF-ds,
highlighting the PMDI proton environment (pink) as well as the single crystal structures.

When conducting the solvent-dependent 'H NMR studies of the mixture of (S,S)-DHPA and (S,S)-
DHPO, a similar pattern to the parent tetracycle (S,S)-CHO in DMF-d;, CD,Cl,, CDCl; and THF-ds.
Unfortunately, due to the overlap of the aromatic proton signals, direct quantitative analysis is unable
to be conducted but comparison to the parent tetracycle (S,S)-CHDO can be made. The 'H NMR spectra
of (S,S)-DHPA and (S,S)-DHPLO in DMF-d; display two singlets at 8.26 and 8.14 ppm meaning the
tetracycle (S,S)-DHPO is adopting the D4 conformation while the compound in CD,Cl, shows three
singlets between 8.10 and 8.40 ppm which means that the sample contains a mixture of the tetracycle
in both the D4 and C> conformation (Figure 2.15). '"H NMR analysis of the molecular triangle and
tetracycle mixture in CDCl; and THF-ds shows three singlets for the PMDI aromatic protons of (S,S5)-
DHPLO alongside the singlet for the PMDI proton environments of (S,S)-DHPA with an integration

ratio of 1:2:1 likely meaning the tetracycle is adopting the C; “folded” conformation.
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Figure 2.15 Solvent-dependent '"H NMR spectra (6.6-9.0 ppm) of DHPA & DHPO in DMF-d7, CD2Clz, THF-ds and
CDCls, highlighting the PMDI proton environment of DHPO (pink) and DHPA (blue).

Fortunately, and despite challenges in reproducibly separating (S,S)-DHPA and (S,S)-DHPL, it was
possible to grow high quality single crystals of (S,S)-DHPA from a small amount of pure product. The
single crystals were grown by slow vapour diffusion of methanol into a chloroform solution of the
sample. By modifying the vertices of the molecular triangle to increase the strain ((S,S)-DHPA)
compared to (S,5)-CHA, there was a decrease in the average N-C-C-N dihedral angle from 51.01° to
50.33° due to the rigidity of the dihydrophenanthrene vertices limiting the degrees of freedom available
for the macrocycle (Figure 2.16). The X-ray superstructure of (S,S)-DHPA exhibits a similar continuous
tubular packing arrangement with the channels formed also supported by intermolecular n-n stacking
(3.27 A). There is an additional twist of 58° of one of the layers of molecular triangles due to the steric

constraints of the dihydrophenanthrene units stacking over each other.
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Figure 2.16 Single crystal structure and packing arrangements of (a) (S,S)-CHA and (b) (S,S)-DHPA.

2.3 Electronic properties analysis

Computational analysis was carried out at the B3LYP-D3BJ/6-31G++ level of theory in CH.Cl,
(IEFPCM) for all seven (S§,S)-molecular triangles to obtain the geometry-optimised structures (Figure
2.17). Although there are slight differences of values between the DFT and single crystal structures, this
can be attributed to the different solvent systems and the general pattern can still be confirmed for the
compounds that have not been synthesised yet. In comparison to CHA (48.21°), DPEA has a similar
average dihedral angle (@) of 48.49° while the n-extended acyclic molecular triangle DNaphA shows
a decrease of 1.76° compared to the parent macrocycle, due to the less rigid nature of the vertices
allowing for a closer alignment of the PMDI units. For the more rigid macrocycles, DHPA and
DHNaphA, there is a decrease of 0.51° and 1.49° respectively compared to CHA because the increased
rigidity from the phenanthrene and dihydronaphthyl vertices limiting the degrees of freedom of the
entire macrocycles. The completely aromatised molecular triangles PhenA and HeliA have @ close to
zero (1.00° and 2.66° respectively) meaning the PMDI units of the compounds are completely parallel

to each allowing for better electronic communication between the units.
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Figure 2.17 Geometry-optimised DFT structures of CHA, DPEA, DNaphA, DHPA, DHNaphA, PhenA and HeliA
calculated at the B3LYP-D3BJ/6-31G ++ level of theory in CH2Cl IEFPCM).

Before proceeding to collect experimental data on the electronic and electrochemical properties of the
novel triangles, computational analysis to visualise and predict the arrangement of their molecular
orbitals, which are shown in Figure 2.18 at an isovalue of 0.004. This analysis shows a small
stabilisation of 0.14 eV across the LUMO levels of the compounds and a destabilisation of the HOMO
levels by 1.92 eV, it can also be noted that while on CHA the HOMO is located on the whole molecule,
further modification from the acyclic to the cyclic vertices shows the HOMO localised on the vertices.
Alongside the current electrochemical data (Figure X.X), there is a good indication that as the LUMO
energy decreases, the molecular triangles will be more readily reduced, which is ideal for the use in
energy materials. The fully aromatised PhenA and HeliA have an increased bandgap of 0.14 and 0.25
eV respectively, compared to their counterparts DHPA and DHNaphA with the LUMO energy levels
being of similar values (~ —3.94 eV) while the HOMO energy levels have the greatest difference of 0.15
and 0.25 eV for the diphenyl and dinaphthyl derivatives respectively. All the molecular triangles in
Figure 2.18 demonstrate degenerate HOMO and HOMO-1 energy levels as well as degenerate LUMO
and LUMO+1 levels, apart from DNaphA which shows the quasi-degenerate MOs (Figure SX.X).*
Therefore, the DFT models suggest that the vertex engineering by introducing strain as well as electron
density to the molecular triangles influence the optical and electronic properties— (i) decrease in Eg
going from CHA to DPEA to DNaphA — due to electron density of the vertices (ii) further E, reduction
going from DPEA and DNaphA to DHPA and DHNaphA, attributed to the strain induced at the

vertices. The computational structural models obtained are in good agreement with the experimental
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structures collected from X-ray diffraction analysis, therefore the theoretical models can be used to

predict the optical and electrochemical properties of the compounds and used as a comparison.
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Figure 2.18 Computational molecular orbital energy diagram of CHA, DPEA, DNaphA, DHPA, DHNaphA, PhenA and
HeliA (B3LYP-D3BJ/6-31G ++ in CH2Cly, isovalue = 0.004).

Therefore, in order to understand the influence of the vertices engineering on the optical properties,
absorption spectra of CHA, DPEA and DNaphA were recorded in CH,Cly, displaying n—r* transitions
at ~310 nm and ~320 nm while DNaphA has an additional blue-shifted transition at 306 nm (Figure
2.19). Although there is overlap of the transitions at ~310 nm and ~320 nm for all the compounds,
DNaphA shows a much greater overlap of these transitions as well as the one at 306 nm. The similarities
of the spectra imply that the vertices of the molecular triangles are not the main influence in the
absorption profile, but the PMDI units are the most influential. At ~320 nm the molar absorption
coefficient increases from CHA to DPEA to DNaphA with values of 5830, 7930 and 8680 M™! cm!,
respectively. The increase of the molar absorption coefficients is due to the enhanced conjugation
attributed to the aromatic vertices on the molecular triangles influencing the optical properties. The
increase in the molar absorption coefficients further reflects the ease of the HOMO to LUMO transition.
This result matches with the trend in E; obtained from the DFT models of the frontier molecular orbitals
of the compounds. While the frontier molecular orbitals of DNaphA showed potential for charge
transfer due to their spatial separation, there was no obvious charge transfer band in the absorption
spectrum. More insights into this potential charge transfer property of DNaphA can be gained by
additional optical analyses, such as emission and excitation studies, which is anticipated to be performed
in the future. However, this result may be implying that DNaphA may not be the best donor compound
which is why the oxidation product DHNaphA may allow for better donor qualities.
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Figure 2.19 Concentration-dependent UV-Vis absorption spectrum of CHA, DPEA and DNaphA in CH:Cl: (5 uM-80 uM).

Table 2.20 Experimental and theoretical data for CHA, DPEA, DNaphA, DHPA, DHNaphA, PhenA and HeliA from
absorption, electrochemical and DFT analysis in CH2Cla.

ErLumo / eV Enomo / €V Egap / €V
Exp. DFT | Exp. | DFT | Exp. | DFT
' CHA 356 | -380 | -692 | -784 | 336 | 403

DPEA -3.61 -3.87 -6.71 -7.03 3.10 3.16
DNaphA -3.61 -3.88 -6.22 -6.20 2.61 2.32
DHPA - -3.93 - -6.47 - 2.53
DHNaphA - -3.94 - -5.91 - 1.97
PhenA - -3.94 - -6.61 - 2.67
HeliA - -3.94 - -6.16 - 2.22

Cyclic voltammetry (CV) analysis is a key experiment to probe electron transfer processes in a variety
of compounds by relating electron transfer to chemical differences.* In the case of ADI macrocycles

the electron transfer processes are reduction and oxidation reactions that occur on the ADI unit. For
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CHA, DPEA, and DNaphA, the electrochemical processes occur on the PMDI unit which is a two-
electron acceptor. Due to there being three PMDI units it is expected to see six single electron reduction
peaks in the CV profile with each peak relating to a reduced state of the molecular triangle. The CV
traces of CHA, DPEA, and DNaphA (Figure 2.21) show that the latter two macrocycles have a more
easily accessible onset reduction potential of —0.65 V compared to CHA (—0.73 V), meaning DPEA
and DNaphA require less energy to be reduced (Table 2.20). For the second group of reductions to
obtain the quad-, quin- and hexa-reduced states, a similar pattern is observed where the fourth reduction
peak is more easily accessible at —1.46 and —1.45 V for DPEA and DNaphA respectively while the
fourth reduction for CHA is accessed at —1.53 V. This demonstrates that the acyclic molecular triangles
have more accessible reduced states even at the hexa-reduced states compared to that of the parent
molecular triangle CHA, showing that the increase in the global conjugation rendered by the vertices
have a positive influence on the electronics. DFT analysis shows the same trend in the LUMO energy
levels of CHA, DPEA, and DNaphA with a 0.24-0.27 eV difference between the theoretical and
experimental values (Table 2.20). Additionally, the experiment E, values were found to decrease with
respect to the increase in global conjugation attributed by the vertices (Table 2.20), similar to the trend
observed from the computational models. The modified molecular triangles also have better resolution
of the peaks corresponding to the higher order reduced states, such as the tetra-, quin- and hexa-reduced
between —1.40 and —1.80 V, due to the flexibility of the macrocycles allowing better reorganisation,
overlap and communication between the PMDI units. This result is supported by computational analysis
of the molecular orbitals that show the LUMO, LUMO+1 and LUMO+2 MOs are quasi-degenerate and
display global conjugation across the three PMDI units (Figure S5).

DNaphA 0.65100 mv-1 g1

DPEA

100 mv-' s

20 15 1.0 05 0.0
Potential (V vs Ag/AgCl)
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Figure 2.21 Solution-state CV analysis of CHA, DPEA, and DNaphA from -2.0 Vto 0.0 V (V vs Ag/AgCl).

On comparing the experimental data obtained for the isolated compounds from CV and SEC analyses
and the theoretical analysis from DFT, there is good agreement of the values and the same trend is seen
across the LUMO, HOMO and band gap energies. The theoretical values for the frontier molecular
orbitals of DHPA and DHNaphA are the most promising due to the decrease in band gap and LUMO
energies compared to their less rigid counterparts DPEA and DNaphA respectively. Although we have
hypothesised that by inducing even more strain into the vertices by fully aromatising DHPA and
DHNaphA to form PhenA and HeliA would improve the electronics even further, DFT predictions
show that the LUMO energy remains consistent for DHPA, DHNaphA, PhenA and HeliA, whilst the
HOMO energies differ by <0.7 eV. The calculated band gap for DHPA and DHNaphA are greater than
PhenA and HeliA, contradicting the initial hypothesis that completely aromatising the molecular

triangles will improve the electronic properties for energy storage materials.

Spectroelectrochemical (SEC) analysis is a technique that combines both absorption and CV studies to
investigate how the optical properties differ for the charged states of a compound. For the case of the
synthesised molecular triangles so far, a voltage is applied to a sample (1.0 mM) of the compound in an
electrolyte (0.1 M TBAPFs) solution in CH»Cl, to reach the tri- and hexa-reduced states, based on the
previous CV analysis conducted, and an absorption spectrum is recorded to note any changes in the
transitions. For CHA, DPEA, and DNaphA, the tri-reduced states exhibit a red-shifted Amax from 320
nm to ~720 nm, which suggests that the tri-reduced state can delocalise the three electrons around the
macrocyclic structure without any columbic repulsion (Figure 2.22). This is why the hexa-reduced
states of CHA, DPEA, and DNaphA exhibit a smaller red-shifted Amax compared to the neutral state
from 320 nm to ~400 nm demonstrating that there is greater columbic repulsion of the paired electrons
which leads to a higher energy compared to the tri-reduced states. To further investigate the influence
of the vertices on the reduced states, theoretical calculations are on-going of the reduced states so further
insights can be made. Overall, the current results imply that by careful vertex engineering of the
molecular triangles, fine-tuning of their optical and more importantly, electronic properties can be
achieved, which could potentially define their ability as functional materials towards energy storage

application.
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Figure 2.22 Solution-state SEC analysis of ImM solutions of a) CHA, b) DPEA, and c) DNaphA in 0.1M TBAPFs in
CH2Cl2 based on the CV analysis above in Figure 2.21.

3. Conclusions

Two molecular triangles with acyclic vertices, (S,S)-DPEA and (S,S)-DNaphA were synthesised with
diphenyl and dinaphthyl groups and their properties analysed in the solid and solution state. Single
crystals of (S,S)-DPEA revealed shallower dihedral angles (46.26°) compared to the parent macrocycle
(S,5)-CHA (51.01°) because the flexibility of the diphenyl vertices allows for the most favourable
conformation to align the PMDI units. The superstructure of (S,S)-DPEA shows edge-to-face m—n
stacking (4.93 A) of the diphenyl vertices with no apparent interactions between the PMDI units likely

due to the steric hinderance of the aromatic bridges.

To begin investigating how strain influences the structural and electronic properties of the PMDI
molecular triangles, a series of oxidative dehydrogenation reactions were employed on (S,S)-DPEA and
(S,S)-DNaphA to form the cyclic analogues, (S,S)-DHPA and (S,S)-DHNaphA respectively. Although
there was no success in the oxidative dehydrogenation reactions, synthesis of the dihydrophenanthrene
diamine precursor allowed for the formation of (S,S)-DHPA and the tetracycle counterpart (S,S)-
DHP [O. Solvent dependent '"H NMR analysis of (S,S)-DHPA and (S,S)-DHPO shows the dynamic
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behaviour of the tetracycle that adopts either a D4 “open” or C; “folded” conformation that is seen with
the parent compound (S,S)-CHO. Single crystals of (S,S)-DHPA show a decrease in the dihedral angle
(50.33°) because of the rigidity of the dihydrophenanthrene vertices limiting the degrees of freedom

available for the macrocycle.

Electronic analysis of (S,S)-DPEA and (S,S)-DNaphA reveals a more easily accessible onset reduction
potential in the CV analysis compared to (S,5)-CHA which is a pattern seen for the higher order reduced
states including the hexa-reduced molecular triangles. Computational analysis of the molecular triangles
synthesised and analogue compounds that have yet to be prepared have shown that even though there
is a slight variation in the theoretical values compared to the experimental, the same pattern of improved
LUMO energies with modification to the vertices is seen. (S,S)-DHPA and (S,S)-DHNaphA exhibit the
best improvement in the computational band gap energies (2.53 and 1.97 eV) of the vertex modified
PMDI molecular triangles due to the most stabilised and destabilised LUMO and HOMO energies

respectively.

This thesis has outlined how modifications to the vertices of PMDI molecular triangles have a positive
influence on the macrocyclic structure, supramolecular chemistries and the global conjugation between
the ADI units. Therefore, if the predicted electronic properties of the cyclic derivatives of (S,S)-DPEA
and (S,5)-DNaphA can be accessed, the macrocycles will be great contenders for use as energy storage

materials.
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5. Experimental details

5.1 General remarks

Materials. All reagents and solvents were purchased from commercial suppliers and used without
further purification unless stated otherwise. Automated flash column chromatography was performed
on a Teledyne Combiflash NextGen 300+ with pre-packed silica (SiO2) columns from the same supplier.
Analytical thin-layer chromatography was carried out on pre-coated aluminium-backed silica gel sheets
impregnated with F254 indicator (Merck) and were typically visualised under UV light (254 nm and
365 nm) and/or with the use of dip stains (i.e. KMnQOy) as a general oxidising stain and ninhydrin for

amine-containing compounds.

NMR spectroscopy. Nuclear magnetic resonance (NMR) spectra were recorded using a 400 MHz JEOL
ECS400D instrument (‘H and *C NMR data acquired at 400 and 101 MHz, respectively). Chemical
shifts (J) are reported in parts per million (ppm) and referenced to the residual non-deuterated solvent
peaks (CDCls: 6u=7.26, dc = 77.16; D,0: du=4.79; CD2Cly: on=5.32, dc = 53.84). Coupling constants
() are reported in hertz (Hz) and '"H multiplicities are described using the following convention: s =
singlet, d = doublet, t = triplet, q = quartet and m = multiplet. 'H and '*C signals were assigned with the
help of 2D NMR (COSY, HSQC, HMBC) experiments.

Mass spectrometry. High-resolution mass spectrometry (HR-MS) was recorded at 298 K on a Bruker
Daltronics microTOF spectrometer using electrospray ionisation (ESI) or atmospheric pressure

chemical ionisation (APCI) as the ionisation technique.

Single-crystal X-ray analysis. X-ray single-crystal diffraction data were collected at 110 K on an
Oxford Diffraction SuperNova diffractometer with Cu-Ka radiation (I=1.54184 A) using an EOS CCD
camera. The crystal was cooled with an Oxford Instruments Cryojet. Diffractometer control, data
collection, initial unit cell determination, frame integration and unit-cell refinement were carried out
with CrysAlisPro. Face-indexed absorption corrections were applied using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm within CrysAlisPro. OLEX2 was used for
overall structure solution, refinement and preparation of computer graphics and publication data. Within
OLEX2, the algorithm used for the structure solution was ShelXT. Refinement by full-matrix least-
squares uses the SHELXL algorithm within OLEX2. Atom-to-atom distances and torsional angles were
measured using Mercury version 4.2.0. Crystallographic images of the compounds were produced using
Mercury version 4.2.0, where non-essential hydrogens and solvent molecules have been omitted for

clarity.
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Absorption spectroscopy. Solution-state absorption studies were recorded on an Agilent Technologies
Cary 5000 UV—vis—NIR spectrophotometer using standard 10 mm path length quartz cuvettes at 298 K

using anhydrous solvent.

Electrochemical measurements. Cyclic voltammetry measurements were carried out at room
temperature using a Gamry Reference 3000 potentiostat interfaced to a PC using a standard three-
electrode system. All solution-state electrochemical experiments were performed using a glassy carbon
working electrode (BASi; 0.071 cm?). The working electrode surface was polished routinely using a
0.05 pum alumina—water slurry on a clean felt surface immediately before each use. A Pt wire was used
as the counter electrode and the reference electrode was an Ag/AgCl aqueous electrode stored routinely
in a 3 M KCl aqueous solution. Samples were prepared at 1.0 mM concentrations in dry, degassed
CHxCl, (by freeze-pump-thaw under nitrogen) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) as the electrolyte. Samples were further sparged with a fine stream of
argon gas for a few seconds (and up to a minute) to expel residual trace oxygen from air prior to each
measurement. Cyclic voltammograms were typically acquired at a scan rate of 100 mV s’ unless
otherwise noted and electrochemical potentials (V) are reported with respect to the Ag/AgCl reference

electrode.

Spectroelectrochemical analysis. Spectroelectrochemistry (SEC) experiments were performed in situ
at room temperature using an optically transparent thin-layer electrochemical (OTTLE) cell (path length
approx. 0.2 mm with two CaF, windows separated by PTFE spacers) fitted with a Pt wire mesh working
electrode, Pt wire counter electrode and an Ag wire pseudo-reference electrode. The OTTLE cell was
operated by the aforementioned Gamry Reference 3000 potentiostat in chronoamperometry mode and
the spectra recorded with the Cary UV-vis-NIR photospectrometer. All SEC samples were prepared at
1.0 mM concentrations in dry, degassed CH,Cl, (by freeze-pump-thaw under nitrogen) containing 0.1
M tetrabutylammonium hexafluorophosphate (TBAPF¢) as the electrolyte and analysed under a

constant applied voltage based on the potentials determined by cyclic voltammetry.

Computational modelling. Density functional theory (DFT) calculations were prepared on GaussView
6.0 and submitted to the University of York Viking High Performance Computing cluster and run on
Gaussian 16 using Becke’s three-parameter exchange functional with the gradient-corrected correlation
formula of Lee, Yang and Parr (B3LYP)*>*¢ paired with the split valence double-zeta 6-31G** basis set,

PCM solvation model (CH>Cl) and dispersion corrections (D3BJ)*” applied unless stated otherwise.
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5.2 Experimental details

(5,5)-DPEA: In a flame-dried round-bottomed flask under N, pyromellitic dianhydride (256.9 mg,
1.178 mmol, 1.0 equiv.) was stirred in glacial acetic acid (10 mL) at 80 °C until dissolved. Meanwhile,
(S,S)-diphenylethylene diamine (250 mg, 1.178 mmol, 1.0 equiv.) is dissolved in additional glacial
acetic acid (15 mL) and then added dropwise to the reaction mixture which was then left to stir at 120
°C under N; for 24 h. The crude reaction mixture was analysed by TLC (SiO2: 5% acetone in CH,Cl,)
to confirm the reaction had completed, before the mixture was concentrated before purification by flash
column chromatography (SiO.: 0-5% acetone in CH,Cl,), before a trituration with acetone was

conducted to give (S,S)-DPEA (97.2 mg, 82.15 pmol, 21%) as an off-white solid.

"TH NMR (400 MHz, CDCls, 298 K): du 8.06 (s, 6H"), 7.63 (d, J = 7.6 Hz, 12H°), 7.18 (m, 18H"*), 7.01
(s, 6H"). BC NMR (101 MHz, CDCls, 298 K): dc 165.9', 164.7, 136.6%, 136.2°, 135.5, 129.4, 129.1%,
129.0, 119.4°, 54.7*. HRMS (APCI, +ve) Calculated for C72H43N6O12 = 1183.2933, found [M+H]" =
1183.2968 (error -3.0 ppm).

Q
(S,S)-DNaphA Q

(S,5)-DNaphA: In a flame-dried round-bottomed flask under N,, PMDA (69.8 mg, 320.1 pumol, 1.0
equiv.) is stirred in glacial acetic acid (5 mL) at 80 °C until dissolved. (S,S)-1,2-di(naphthalen-2-
yl)ethane-1,2-diamine (100 mg, 320.1 umol, 1.0 equiv.) is dissolved in additional glacial acetic acid (5
mL) and then added dropwise to the reaction mixture which is then left to stir at 120 °C under N,
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overnight. The crude reaction mixture is analysed by TLC (SiO2: 5% acetone in CH»Cl,) before the
mixture is concentrated before purification by flash column chromatography (SiO2: 0-5% acetone in

CH,Cl,), to isolate (S,S)-DNaphA (61.4 mg, 41.4 umol, 38.8%).

'"H NMR (400 MHz, CD,Cl,, 298 K): dn 8.10 (s, 6H"), 7.95-7.45 (m, 39H™), 7.28 (s, 8H"), 7.22 (s,
10H?). 13C NMR is currently unavailable for this product. HRMS (APCI) Calculated for CosHssNeO12
= 1483.3872, found [M+H]"= 1483.3938 (error -4.4 ppm).

General Procedure A: Oxidative cyclodehydrogenation of molecular triangles

In a flame-dried round-bottomed flask, the (S,S)-DPEA (1.0 equiv) and either DDQ (7.0 equiv) or FeCls
(30.0 equiv) were cycled three times under N> using air-free Schlenk techniques before being dissolved
in CH,Cl, along with any required additives. The reaction mixture was stirred at either 0 °C in an ice-
water bath or at rt, and reaction progress was monitored by 'H NMR analysis, typically by sampling an
aliquot (1.0 mL) from the reaction mixture, evaporating to dryness and redissolving the residue in

deuterated solvent.

P - %
Gl el

(S,S)-DPEA (S,S)-DHPA

Attempt 1: Applying General Procedure A with (S,S)-DPEA (30 mg, 0.0254 mmol, 1.0 equiv.), DDQ
(40.3 mg, 0.1775 mmol, 7.0 equiv.), CH,Cl, (15 mL) and methanesulfonic acid (0.19 mL) at 0 °C, no
starting material conversion (e.g. to form the desired (S,S)-DHPA product) was observed by 'H NMR

analysis after reacting over 2 h.

Attempt 2: Applying General Procedure A with (S,S)-DPEA (30 mg, 0.0254 mmol, 1.0 equiv.), DDQ
(40.3 mg, 0.1775 mmol, 7.0 equiv.), CH>Cl, (15 mL) and trifluoromethanesulfonic acid (0.32 mL) at 0
°C, no starting material conversion (e.g. to form the desired (S,S)-DHPA product) was observed by 'H

NMR analysis after reacting over 2 h.

Attempt 3: Applying General Procedure A with (§,S)-DPEA (30 mg, 0.0254 mmol, 1.0 equiv.), FeCl;
(123.4 mg, 0.7607 mmol, 30 equiv.), CH>Cl, (60 mL) and CH3NO; (2 mL) at rt, no starting material
conversion (e.g. to form the desired (S,S)-DHPA product) was observed by 'H NMR analysis after

reacting over 2 h.
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General Procedure B: NMR scale oxidative cyclodehydrogenation of molecular triangles
In an oven-dried NMR tube, (S,S)-DNaphA (1.0 equiv) and an oxidant were cycled three times under
N: using air-free Schlenk techniques before being dissolved in CD,Cl, along with any required additives

and stirred at room temperature for 72 h.
DD, SRS
&0 &

ﬁoo%\ o ﬁoo%\

O el D O =0
Y o aY g

(S,S)-DNaphA (S,S)-DHNaphA

o7z

Attempt 1: Applying General Procedure B with (S,S)-DNaphA (15.2 mg, 0.0103 mmol, 1.0 equiv.),
FeCls (49.9 mg, 0.3077 mmol, 30 equiv.), CD2CL (0.61 mL) and CD3NO, (0.09 mL), no starting
material conversion (e.g. to form the desired (S,S)-DHNaphA product) was observed by 'H NMR

analysis after reacting over 72 h.

Attempt 2: Applying General Procedure B with (S,S)-DNaphA (15.2 mg, 0.0103 mmol, 1.0 equiv.),
AICI3 (41.0 mg, 0.3077 mmol, 30 equiv.) and CD>Cl, (0.70 mL), no starting material conversion (e.g.
to form the desired (S,S)-DHNaphA product) was observed by '"H NMR analysis after reacting over
72 h.

Attempt 3: Applying General Procedure B with (S,S5)-DNaphA (15.2 mg, 0.0103 mmol, 1.0 equiv.),
MoCls (16.8 mg, 0.0616 mmol, 6.0 equiv.) and CD,Cl, (0.70 mL), no starting material conversion (e.g.
to form the desired (S,S)-DHNaphA product) was observed by '"H NMR analysis after reacting over
72 h.

Attempt 4: Applying General Procedure B with (S,S)-DNaphA (15.2 mg, 0.0103 mmol, 1.0 equiv.),
DDQ (16.3 mg, 0.0718 mmol, 7.0 equiv.), CD>Cl; (0.62 mL) and trifluoromethanesulfonic acid (0.08
mL), no starting material conversion (e.g. to form the desired (S,S)-DHNaphA product) was observed

by 'H NMR analysis after reacting over 72 h.

Compounds 2, 3, and 4 were synthesised according to the procedures outlined by Liu, F. et al.,** with

spectroscopic data being consistent with literature.
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Dicarbaldehyde 2: Applying a literature procedure*® without modification, dicarbaldehyde 2 (2.87 g,
13.7 mmol, 51%) was isolated as a yellow oil.

'"H NMR (400 MHz, CDCls, 298 K): du 9.84 (s, 2H"), 8.07 (dd, J= 7.7, 1.5 Hz, 2H?), 7.67 (td, J= 7.7,
1.8 Hz, 2H°), 7.60 (t, J= 7.7 Hz, 2H"), 7.36 (dd, J= 7.4, 1.2 Hz, 2H®). ®C NMR (101 MHz, CDCl;, 298
K): dc 191.2', 141.3% 134.77, 133.6°, 131.8°, 128.9%, 128.7°. HRMS (ESI, +ve): Calculated for
C14HsNaO, = 231.0417, found [M+Na]* 231.0418 (error -0.6 ppm). Spectroscopic data are consistent

with literature.*

Aldehyde-imine 3: Applying a literature procedure*® without modification, alydehyde-imine 3 (2.01 g,
6.42 mmol, 47% yield) was isolated as a yellow oil.

TH NMR (400 MHz, CDCl3, 298 K): du 9.79 (s, 1H"), 8.41 (s, 0.44H'* minor isomer), 8.38 (s, 0.54H"
major isomer), 8.16-8.10 (m, 1H'%), 8.03 (d, J= 7.9 Hz, 1H?), 7.68-7.62 (m, 1H°), 7.59-7.54 (m, 3H**!"),
7.34-7.27 (m, 2H>'%), 1.17 (s, 5.4H'® minor isomer), 1.11 (s, 5.4H'® major isomer). 3C NMR (101
MHz, CDCls, 298 K): c 191.5', 161.3'4, 142.6, 140.0, 134.6, 134.5, 133.8, 133.7, 132.9, 132.8, 131.9,
131.80, 131.7, 131.6, 131.5, 131.4, 129.1, 129.1, 128.8, 128.8, 128.6, 128.5, 57.9'%, 22.7'°. HRMS
(ESI, +ve): Calculated for CisH21NO,S = 314.1209, found [M+H]" 314.1204 (error 1.5 ppm); calculated
for C1sH20NNaO,S = 336.1029, found [M+Na]* 336.1029 (error -0.1ppm); calculated for CisH20KNO,S
= 352.0768, found [M+K]" 352.0770 (error -0.4 ppm). Spectroscopic data are consistent with

literature.*°
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Protected dihydrophenanthrene diamine (S,S)-4 and (R,R)-4: Applying a literature procedure*
without modification, protected dihydrophenanthrene diamine (S,5)-4 and (R,R)-4 (2.29 g, 4.79 mmol,

55% yield) was isolated as a white solid.

"H NMR (400 MHz, CDCls, 298 K): 6y 7.81 (m, 3H), 7.64 (d, J = 8.2 Hz, 1H), 7.52-7.18 (m, 14H),
7.06 (d, J= 7.8 Hz, 1H), 4.85 (t, J = 8.2 Hz, 0.44H""* minor isomer), 4.77 d, J= 7.1 Hz, 0.56H"!*
major isomer), 4.73-4.76 (m, 1H"'%), 3.33 (d, J = 7.8 Hz, 0.41H"° minor isomer), 3.05 (d, J= 7.7 Hz,
0.50H"° major isomer), 1.11 (s, 4H'"), 1.10 (s, 5SH'7). BC NMR (101 MHz, CDCls, 298 K): dc 170.4,
169.5, 139.8, 139.3, 137.7, 136.7, 136.5, 136.5, 135.8, 135.6, 135.4, 133.8, 133.8, 133.4, 133.3, 132.5,
130.4, 130.3, 130.2, 129.1, 129.0, 129.0, 128.9, 128.7, 128.6, 128.5, 128.4, 128.2, 128.1, 128.1, 128.0,
127.9,127.7,127.4, 124.2, 124.1, 124.1, 124.0, 66.6, 66.2, 61.5, 59.9, 56.4, 56.2, 22.8, 22.5. HRMS
(ESI, +ve): Calculated for C3;H31N>OS = 479.2152, found [M+H]" 479.2149 (error +0.5ppm);
calculated for C3;H3N>NaOS = 501.1971, found [M+Na]* 501.1967 (error +0.8 ppm). Spectroscopic

data are consistent with literature.*

rac-6

Racemic trans-9,10-dihydrophenanthrene-9,10-diamine rac-6: A round-bottomed flask containing
4 (1.30 g, 2.72 mmol, 1.0 equiv.), THF (15 mL) and 6 M HCI (6.5 mL) was stirred at rt for 1 h before
being concentrated to remove the majority of THF solvent. Diethyl ether (3 x 15 mL) was then added
to wash the aqueous layer containing the chloride salt of the diamine before neutralising it with NaHCO3
to ~pH 7. A polar mixture of CH,Cl,-MeOH (2:1 v/v, 3 x 30 mL) was then used to extract the free
diamine from the aqueous layer before the combined organic layers were dried (Na,SO,), filtered and

concentrated to obtain the product rac-6 (0.29 g, 1.39 mmol, 51%) as a blue oil.

TH NMR (400 MHz, CDCls, 298 K): du 7.79 (dd, J = 7.6, 1.4 Hz, 2H?), 7.47 (dd, J = 7.3, 1.4 Hz, 2H°),
7.35 (m, 4H*"), 3.86 (s, 2H?), 1.80 (s (br), 4H"). HRMS (ESI, +ve): Calculated CisH;sN» = 211.1230,
found [M+H]" 211.1227 (error +1.5 ppm).
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trans-9,10-Dihydrophenanthrene-9,10-diammonium tartrate salt (S,S)-7: D-(-)-tartaric acid (214.3
mg, 1.428 mmol, 0.5 equiv.) was dissolved in water (0.75 mL) in a reaction vessel before rac-6 (500
mg, 2.380 mmol, 1.0 equiv.) in a small amount of water and acetone (to assist with transferring) was
slowly added to ensure there was no precipitation. Once addition was complete, glacial acetic acid (0.15
mL) was slowly added whilst ensuring the temperature did not exceed 90 °C. The reaction mixture was
left to stand in the fridge (4 °C) overnight to encourage crystallisation of the desired tartrate salt, (S.S)-
7. The aqueous mixture was washed with CH>Cl, (3 x 3 mL) to remove any unreacted starting materials
or unwanted organic-soluble isomer byproducts, leaving behind predominantly the desired monotartrate
salt. The aqueous layer was concentrated to obtain the tartrate salt (561.7 mg, 1.559 mmol, 66%%*) as a

pale orange solid. *With respect to the corresponding starting enantiomer in the racemic mixture of 6.

'H NMR (400 MHz, D,0, 298 K): 6y 7.98 (d, J = 7.7 Hz, 2H7), 7.58 (td, J= 7.7, 1.5 Hz, 2H°), 7.51 (d,
J=7.7,2H"), 7.42 (td, J= 7.7, 1.3 Hz, 2H°), 4.79 (s, 2H"), 4.17 (s, 2H?), 1.81 (s, 2H'). 3C NMR (101
MHz, D,0, 298 K): 5c 178.4%, 132.3%, 132.2%, 131.5™, 129.7%, 125.3", 124.7*, 73.82, 50.3°.

+ 3 )Ol, 1
NH w2 OH
3 -0 v,
o,k -
‘NH; NP oH
o)
(RR)-7

trans-9,10-Dihydrophenanthrene-9,10-diammonium tartrate salt (R,R)-7: The diamino-tartrate salt
(R,R)-7 (396.9 mg, 1.101 mmol, 71%%*) was obtained as a pale orange solid using L-(+)-tartaric acid
instead of D-(-)-tartaric acid using the procedure above. * With respect to the corresponding starting

enantiomer in the racemic mixture of 6.

'H NMR (400 MHz, D,0, 298 K): 6u 8.09 (d, J = 7.8 Hz, 2H®), 7.69 (dd, J = 7.8, 7.4 Hz, 2H°), 7.62
(d,J=7.3 Hz, 2H®), 7.53 (t, J = 7.8, 7.3 Hz, 2H"), 4.92 (s, 2H?), 4.38 (s, 2H*), 2.02 (s, 2H").

(S,S)-6

(8,5)-9,10-dihydrophenanthrene-9,10-diamine (S5,5)-6: (S,5)-7 (561.7 mg, 1.559 mmol, 1.0 equiv.)
and K»,CO3 (215.4 mg, 1.559 mmol, 1.0 equiv.) were dissolved in water (2 mL) and left to fully dissolve
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for ~10 min. CH>Cl,-MeOH (v/v 2:1, 6 mL) was added to the reaction mixture and left to react while
monitoring the aqueous layer by TLC. The combined organic layers were dried with Na,SOs, filtered

and concentrated to obtain the free diamine (5,5)-6 (159.3 mg, 0.758 mmol, 49%) as a brown oil.

IH NMR (400 MHz, CDCls, 298 K): 6y 7.80 (dd, J = 7.6, 1,9 Hz, 2H%), 7.48 (dd, J= 7.1, 1.3 Hz, 2H°),
7.39 (td, J = 8.0, 1.8 Hz, 2H**), 7.34 (td, J = 7.6, 1.4 Hz, 2H*"), 3.86 (s, 2H?), 1.57 ((br)s, 4H").

Spectroscopic data was consistent with literature.*’

(R,R)-6

(R,R)-9,10-dihydrophenanthrene-9,10-diamine, (R R)-6 (285.2 mg, 1.357 mmol, quant.) was

obtained using (R,R)-7 in a similar procedure as stated above.

'H NMR (400 MHz, CDCl, 298 K): 6n 7.79 (d, J = 8.0 Hz, 2H?), 7.47 (dd, J = 7.2 Hz, 1.2 Hz, 2H),
7.41-7.30 (m, 4H*%), 3.85 (s, 2H?), 1.74 (s (br), 4H"). Spectroscopic data was consistent with literature.*’

O N 20 °:"“'j ° O ogzgo . 03;{0
S et

(S,5)-DHPA and (S,S)-DHPO: In a flame-dried round-bottomed flask under N>, PMDA (165.4 mg,
0.758 mmol, 1.0 equiv.) is stirred in dry DMF (8 mL) at 80 °C until dissolved. (S,S)-6 (159.3 mg, 0.758
mmol, 1.0 equiv.) is dissolved in additional DMF (8 mL) and then added to the reaction mixture which
is then left to stir at 120 °C under N overnight. Once cooled to rt, the crude reaction mixture is analysed
by TLC (SiO,: 15% acetone in CH>Cly) to confirm product formation by comparison with known
product. The mixture is concentrated before purification by flash column chromatography (SiO2: 0-15%
acetone in CH>Cl,) was performed to obtain (S,S)-DHPA and (S,S)-DHPO as an impure mixture before
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purification by an acetone trituration to isolate an inseparable mixture of (S,S)-DHPA and (S,S)-DHPO
(30.5 mg, 7.2%, 31.5:68.5 respectively by 'H NMR analysis).

'H NMR (400 MHz, CDCls, 298 K): ou 8.37 (s, 1H), 8.28 (s, 1H), 8.27 (s, 1H), 8.20 (s, 1H), 7.86 (d, J
=7.6 Hz, 5H), 7.47 (t, J = 8.0 Hz, 5H), 7.31-7.21 (m, 5H), 6.90-6.83 (m, 5H), 6.80 (s, 1H), 6.78 (d, J =
4.8 Hz, 1H), 6.75 (s, 1H). HRMS (APCI, +ve): Calculated C-»Hs7N¢O1» = 1177.2464, found [M+H]"
1177.2533 (error +5.8 ppm).

(R,R)-DHPA and (R,R)-DHPLI: In a flame-dried round-bottomed flask under N,, PMDA (296.1 mg,
1.357 mmol, 1.0 equiv.) is stirred in dry DMF (15 mL) at 80 °C until dissolved. (R,R)-6 (285.2 mg,
1.357 mmol, 1.0 equiv.) is dissolved in additional DMF (15 mL) and then added to the reaction mixture
which is then left to stir at 120 °C under N, overnight. Once cooled to rt, the crude reaction mixture is
analysed by TLC (SiO2: 5% acetone in CH,Cl,) to confirm product formation by comparison with
known product. The mixture is concentrated before purification by flash column chromatography (SiO:
0-15% acetone in CH,Cly) was performed to obtain (R,R)-DHPA and (R,R)-DHPO as an impure
mixture before purification by an acetone trituration to isolate an inseparable mixture of (R,R)-DHPA

and (R,R)-DHPO (25.6 mg, 3.4%, 43:57 respectively 'H NMR analysis).

TH NMR (400 MHz, CDCls, 298 K): 6y 8.37 (s, 1H), 8.28 (s, 1H), 8.27 (s, 1H), 8.20 (s, 1H), 7.87 (d, J
— 7.2 Hz, 5H), 7.46 (t, J = 7.2 Hz, 5H), 7.27 (t, J = 8.0 Hz, 5H), 6.86 (dd, J = 7.6, 3.2 Hz, 5H), 6.81 (s,
1H), 6.78 (d,J = 4.8 Hz, 1H), 6.75 (s, |H). HRMS (APCL, +ve): Calculated C7,H3:N¢O12 = 1177.2464,
found [M+H]" 1177.2488 (error -2.0 ppm). Calculated CosH49N3sO16 = 1569.3261, found [M+H]"
1569.3209 (error -2.0 ppm).

6.0 Supplementary data

6.1 NMR spectra
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Figure S1.24 3C NMR (101 MHz, CDCls, 298 K) spectrum of (S,S)-7.
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Figure S1.28 'H NMR (400 MHz, CDCl3, 298 K) spectrum of (R,R)-7.
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Figure S1.31 'H NMR (400 MHz, CDCls, 298 K) spectrum of (S,S)-DHPA and (S,S)-DHPO.
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Figure S1.32 'H NMR (400 MHz, CDCls, 298 K) spectrum of (R,R)-DHPA and (R,R)-DHPO.

6.2 X-ray diffraction analysis

Single crystals of CHA<(CH3),CO, suitable for X-ray diffraction, were grown by solvent vapour

diffusion of n-hexane into an acetone solution of the sample (~ 0.5 mg mL™). Crystal data for

Cs1HNgO13 (M = 946.90 g mol™'): monoclinic, space group P21, a = 18.4875(6) A, b =7.5954(2) A, ¢

=32.8636(14) A, a=90°, B =

102.305(4)°, y = 90°, ¥ = 4508.7(3) A%, Z = 4, T = 110.00(10) K, p(Cu

Ko) = 0.852 mm™!, Dcalc = 1.395 g cm, 27856 reflections measured (8.11° <20 < 134.128°), 12313
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independent reflections (Rin= 0.0968, Rsigma = 0.1103) which were used in all calculations. The final R,
was 0.0549 (I > 20(I)) and wR> was 0.1151 (all data).

a)

View down a axis.

Figure S2.1 X-ray crystal structure of CHA showing a) single molecule of CHA and b) the packing arrangement down the a
axis.

Singles crystals of DPEA+(CH3),CO, suitable for X-ray diffraction, were grown by slow vapour
diffusion of acetone into a chloroform solution of the sample (~ 5 mg mL™). Crystal Data for
Cs1HsoNgO1s (M = 1356.34 g mol™): orthorhombic, space group P2:2:21, a = 13.7752(3) A, b=
18.6907(5) A, ¢ =29.2788(5) A, a. = 90°, B = 90°, y = 90°, V= 7538.4(3) A3, Z=4, T=110.2(7) K,
u(Cu Ka) = 0.685 mm’!, Dcalc = 1.195 g cm?, 38867 reflections measured (5.61° < 20 < 136.5°),
13733 independent reflections (Rine = 0.0963, Rgigma = 0.0703) which were used in all calculations. The
final R, was 0.0995 (I > 2o(I)) and wR> was 0.2831 (all data).
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Figure S2.2 X-ray crystal structure of DPEA showing a) single molecule of DPEA and b) the packing arrangement from the
top-down.

Single crystals of DHPA*CH3Cl, suitable for X-ray diffraction, were grown by slow vapour diffusion
of methanol into a chloroform solution of the sample. Crystal data for CgoHss3Cli2.62N6O15.79 (M =
1800.70 g mol™): triclinic, space group P1, a = 16.71353(16) A, b =17.0891(2) A, c = 17.1389(3) A, a
= 116.9106(15)°, p = 98.2938(10)°, y = 101.1013(10)°, ¥ =4130.94(11) A3, Z=2, T=110.00(10) K,
w(Cu Ko) = 4.445 mm™!, Dcalc = 1.448 g cm™, 48129 reflections measured (6.944° <20 < 134.152°),
19599 independent reflections (Rine = 0.0361, Rgigma = 0.0422) which were used in all calculations. The
final R; was 0.1032 (I > 2o(I)) and wR> was 0.2925 (all data).
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View down c axis.

Figure S2.3 X-ray crystal structure of DHPA showing a) single molecule of DHPA and b) the packing arrangement down

the ¢ axis.
CHA+(CH3),CO DPEA-+(CH3),CO DHPA-« CH;Cl
Empirical formula Cs1H42N6O13 Cs1H50N6O15 CsoHss3Cl12.62N6O15.79
Formula weight 946.90 1356.34 1800.70
Temperature / K 110.00(10) 110.2(7) 110.00(10)
Crystal system monoclinic orthorhombic triclinic
Space group P2, P2,2,2, P1
alA 18.4875(6) 13.7752(3) 16.71353(16)
b/A 7.5954(2) 18.6907(5) 17.0891(2)
c/A 32.8636(14) 29.2788(5) 17.1389(3)
a/° 90 90 116.9106(15)
B/° 102.305(4) 90 98.2938(10)
y/° 90 90 101.1013(10)
Volume / A3 4508.7(3) 7538.4(3) 4130.94(11)
z 4 4 2
Peale/ g cm™ 1.395 1.195 1.448
p/ mm! 0.852 0.685 4.445
F(000) 1976.0 2828.0 1836.0
0.208 x 0.029 x 0.268 x 0.104 x 0.348 x 0.201 x
Crystal size / mm®
0.023 0.076 0.132
Radiation CuKa Cu Ka Cu Ka
(A=1.54184) (A=1.54184) (A=1.54184)
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20 range for data collection / °
Index ranges

Reflections collected
Independent reflections

Data / restraints / parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A=

Flack parameter

8.11 to 134.128
21<h<22
9<k<3
-38<1<39
27856
Rin = 0.0968
Ryigma = 0.1103
12313 /44 /1317
0.981
R, = 0.0549
wR; = 0.0997
R, = 0.0960
wR, = 0.1151
0.22/-0.23
0.0(2)

5.61 to 136.5
-16<h<16
22<k<22
20<1<35
38867
Rin = 0.0963
Riigma = 0.0703
13733 /0 /924
1.118
R, = 0.0995
WR, = 0.2663
R, =0.1161
wR, = 0.2831
1.27/-0.49
0.46(19)

6.944 to 134.152
-19<h<10
20<k<20
20<1<20

48129
Rin = 0.0361
Ryigma = 0.0422
19599 / 62 / 2258
1.392
R, =0.1032
wR, = 0.2867
R, =0.1064
wR, = 0.2925
1.60 /-1.17
0.054(9)

6.3 Absorption spectra

Solution-state absorption studies were recorded on an Agilent Technologies Cary 5000 UV—vis—NIR

spectrophotometer using standard 10 mm path length quartz cuvettes at 298 K using anhydrous solvent.

a) b)
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Figure S3.1 a) Concentration-dependent UV-Vis absorption spectrum of CHA in CH2Clz
(5 uM-80 uM) b) Beer—Lambert plot at 320 nm.
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Figure S3.2 a) Concentration-dependent UV-Vis absorption spectrum of DPEA in CH2Cl2
(5 uM—80 uM) b) Beer—Lambert plot at 321 nm.
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Figure S3.3 a) Concentration-dependent UV-Vis absorption spectrum of DNaphA in CH2Clz
(5 uM—80 uM) b) Beer—Lambert plot at 321 nm.

6.4 Electrochemical data

Samples were prepared at 1.0 mM concentrations in dry, degassed CH>Cl, (by freeze-pump-thaw under

nitrogen) containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) as the electrolyte.

Electrochemical potentials (V) are reported with respect to the Ag/AgCl reference electrode.
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Figure S4.1 Solution-state CV analysis of CHA, DPEA, and DNaphA from -2.0 Vto 0.0 V
(V vs Ag/AgCl).
Samples were prepared at 1| mM concentrations in dry, degassed CH2Cl, (by freeze-pump-thaw)
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) as the electrolyte and analysed

under a constant applied voltage.
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Figure S64.2 Solution-state SEC analysis of CHA, DPEA, and DNaphA based on the CV analysis above in Figure SX.X.

6.5 Computational analysis
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Figure S5.1 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO-2 of CHA.
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Figure S5.2 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of DPEA.
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Figure S5.3 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of DHPA.
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Figure S5.4 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of DNaphA.
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Figure S5.5 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of DHNaphA.
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Figure S5.6 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of PhenA.
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Figure S5.7 Visualised HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 of HeliA.

6.6 Cartesian coordinates

Table S6.1 Cartesian coordinates of geometry-optimised CHA at the B3LYP-GD3BJ/6-31G ++ level
of theory in CH,Cl,, isovalue = 0.004.

C

H

Z

© © ©O

5.61165950

5.40418334

4.82995841

5.00897929

7.92200107

9.29775089

-8.15586989

-9.22322284

-7.62093414

-6.54660950

-9.17493065

17.45116493

17.56206805

16.22821377

16.13794687

17.48587007

-8.71152522 17.15615650

10.50441880 -9.40833439 17.19689606

11.62355931

-8.67489678 16.80657529

13.05239037 -9.09194455 16.72666751

12.90997660 -6.87661448 16.03871079

11.53965386 -7.33175057 16.39959581

10.33511658 -6.63107841 16.37143374

9.21655637 -7.36385285 16.76384184

7.79007633 -6.94232676 16.85449208

7.06638263 -8.07943474 17.25146201

13.75950389

-7.98576063 16.22509188

7.56306548 -10.28862550 17.89405491

13.54763593 -10.18599925 17.03769779

13.27113923 -5.75459964 15.65611654

0]

0]

7.31015395 -5.81939830 16.63604384

15.68473714

15.57567323

15.20513158

15.34710422

14.28466591

13.46513968

12.69471328

12.02736182

11.12396396

11.27187615

12.12388290

12.90573213

13.57362970

14.47716297

14.83303657

-9.09652966

-10.02972141

-7.92498203

-6.98830644

-10.52061226

-10.28388667

-11.17925865

-10.62363846

-11.27348834

-9.01628580

-9.25988826

-8.36733145

-8.92297555

-8.27412212

-9.27272436

15.07480998

15.63324100

15.96337775

15.41833206

13.53105173

12.31127943

11.57142651

10.48144759

9.49032553

8.95683671

10.15335679

10.88507579

11.97502428

12.96743541

13.88964969

10.67762883 -10.25329620 8.63397286

14.47616928 -11.58605726 14.13418361

10.81402210 -12.47219557 9.41007347
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© © © ©O

e

11.10067800 -7.95708959 8.33688508

14.85983495 -7.09428466 12.99612020

8.44612557 -11.14010302

8.68998712 -12.17392307

9.74330036 -10.41140791

9.49319225 -9.38931158

7.48008144 -11.38355319

6.96105863 -10.45669394

6.46810647 -10.73794483

6.06987376

5.50827033

5.67129016

6.16063227

6.64187802

7.03931998

7.59658548

-9.62488001

-9.55178222

-7.38553504

-8.31490036

-8.03475329

-9.14793494

-9.22180576

7.87111226 -10.57805577

5.32941414 -8.18706601

7.55930346 -12.61953651

5.23899295 -10.48948907

5.56263631

-6.15224079

7.78627123 -8.29129731

7.44342571 -11.13694034

6.52949596 -11.65176715

7.17449979 -10.10229018

8.05979094 -11.83387181

7.93245512

8.18991795

7.51021385

7.21501391

10.25211476

11.29488837

12.56800639

13.30614938

14.68464998

13.85879522

12.80366283

11.52574983

10.78723155

9.40681496

9.16329701

14.96678718

10.29217380

15.45112968

13.80713350

8.60851107

6.76285302

7.07946368

6.51548980

5.53513978

H

H

7.35295772 -11.79661418

8.22501833 -12.89572575

9.39710165 -11.18526873

9.21255743 -10.16156036

9.84803813 -11.73705518

10.38348820 -11.13935429

11.30112404 -10.61244885

10.66312033 -12.15728938

16.03314951

15.87245764

15.67882486

17.52849540

18.11222088

17.68632236

18.02468792

17.98410759

19.07274283

17.16810246

17.28092596

17.48932110

5.15553041

5.38719156

5.72003659

3.64294945

3.32157443

3.44259144

-7.88117383

-8.80676273

-7.04749878

-7.71379131

-7.71815352

-6.73407884

-8.82411747

-9.79158609

-8.65030772

-8.90076561

-7.98027391

-9.73787703

-7.42011629

-6.35163726

-7.81021354

-7.61886765

-7.06412225

-8.68221467

4.69810925

5.76807107

5.13026631

4.77394144

4.29731221

6.31284883

6.02847570

6.61198072

17.26174609

17.82857266

17.87824558

16.93165369

17.85946942

16.45801301

15.98624181

16.50720024

15.71607433

14.70819466

14.12192654

14.07842712

18.72538596

18.63274121

19.57964838

18.93919125

19.82833640

19.13486120
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C 2.83511734 -7.16470249 17.70869523 H 6.40198779 -11.74704504 12.95618875
H 2.93594977 -6.07643239 17.58784596 H 12.98523164 -7.31810812 10.62780505
H 1.76922272 -7.37222014 17.85845446 H 12.61721495 -12.22900682 11.82713321
C 3.32164961 -7.86395530 16.42507590 H 6.70492245 -7.02594544 11.13628030
H 2.78526196 -7.48023803 15.55007164 H 10.56726299 -10.44432792 17.50694164
H 3.13032849 -8.94250664 16.48661234 H 10.27277828 -5.59394159 16.06515081

Table S6.2 Cartesian coordinates of geometry-optimised DPEA at the B3LYP-GD3BJ/6-31G ++ level

of theory in CH,Cl,, isovalue = 0.004.

C 2.13853798 3.64715902 -1.04582220 H 9.20667547 -2.60158125 -1.00147006
C 2.59229899 2.33707771 -0.50407450 C 9.15519689 -3.21794895 1.06892083
C 2.21680408 2.27603094 0.84915580 H 10.23484178 -3.23310069 1.17717533
C 1.49609417 3.53383702 1.18583891 C 8.33457776 -3.55563289 2.15285641
C 3.27145200 1.29791278 -1.13758578 H 8.77432056 -3.83384044 3.10505984
H 3.55767310 1.33971646 -2.18139732 C 6.94170154 -3.53714399 2.00790414
C 3.55637167 0.19981283 -0.32783376 C 5.59394101 -6.17813084 -1.27147771
C 3.19943951 0.14776982 1.03081318 C 6.07221865 -7.48507756 -1.11463533
C 2.51365612 1.18371352 1.66241541 H 6.66178244 -7.94203291 -1.90270474
H 2.23243274 1.14430428 2.70767536 C 5.79123337 -8.19675900 0.05877249
C 4.24950308 -1.07127295 -0.67283144 H 6.16213037 -9.20879398 0.18447384
C 3.67896972 -1.14993941 1.57998473 C 5.03093798 -7.59510135 1.07175862
C 4.84140048 -3.19636771 0.66542651 H 4.81135554 -8.14086195 1.98379756
H 4.42843299 -3.54399825 1.61295364 C 4.55473858 -6.28826320 0.91537220
C 6.35686622 -3.18342048 0.78240623 H 3.96721139 -5.83238748 1.70374385
C 7.18394438 -2.84627325 -0.30267873 C 4.83348479 -5.57078987 -0.26051256
H 6.74577472 -2.56950965 -1.25457254 C 4.35301024 -4.14328224 -0.46553710
C 8.57599128 -2.86267030 -0.15770160 H 4.74866223 -3.78251891 -1.41537967
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C

C

C

C

2.29027349

0.82211062

0.59606212

1.91592982

-0.21657769

-0.04489120

-1.49401447

-1.72114876

-0.68207268

-0.85412497

-2.81219881

-3.19092307

-5.24597178

-5.61057225

-5.88341424

-6.70480481

-6.86318883

-7.32418546

-7.95935013

-7.12497398

-7.60532034

-6.30436676

-6.14734590

-5.68677193

-7.90940041

-9.29115200

-3.89782274

-1.90214542

-3.82257103 -1.66824559

-3.97926504

-4.13258651

-3.63395175

-3.50731565

-3.62103644

-3.79924344

-3.97981678

-4.11129439

-3.43396391

-3.75345198

-3.37560281

-3.23424329

-4.63506939

-5.40731342

-5.09839424

-6.56622308

-7.15294253

-6.96248058

-7.85853785

-6.19510166

-6.49626818

-5.03618365

-1.78564783

-1.59890037

-0.28966410

0.38069522

-2.57824937

-3.64018106

-2.02071472

-0.64491006

0.26614627

1.32742929

-2.68639033

-0.41440439

-1.83206655

-0.81421796

-2.39617556

-1.56059438

-0.53168997

-2.04514084

-1.38957002

-3.37394234

-3.75335085

-4.21291062

-5.24369466

-3.72863836

-1.60265214

-1.72515976

H

C

H

C

H

C

C

-9.90271707

-9.88505308

-1.51538718

-1.52337515

-0.83249163

-2.99314609

-10.95706188 -1.38196863 -3.08472245

-9.08930644

-9.54074485

-7.70658343

-7.09096101

-7.10713187

-5.60525852

-5.22116388

-4.19649112

-3.58362127

-3.96009895

-4.80092832

-2.76752567

-2.47124103

-2.35826549

-2.75012131

-3.56225826

-3.86088817

-1.48128889

-2.14515824

-0.60461262

-0.56863439

-1.30260132

-1.82936482

-1.63396175

-1.57899358

-1.81936769

-1.90957342

-1.89646391

-2.11567488

-2.24703198

-0.05266812

0.99484801

0.73574883

-0.49261423

2.06916575

2.26720836

2.86928064

2.62173615

1.54428197

1.34796965

4.07156950

3.67627429

5.64751232

548711213

6.97257570

7.68307701

-4.14072850

-5.12593474

-4.01764442

-4.90753286

-2.75120241

-2.66632201

-3.67847592

-3.03083216

-2.16926095

-0.83983017

-0.82890308

-2.51846947

-3.54131349

-1.45316570

-0.12605857

0.22373995

1.24623868

-1.46006552

0.73325163

0.38445502

1.46240665

0.12316024

1.21263763
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H

C

H

C

H

N

N

-1.73619990

-2.46673677

-2.86718792

-2.58227219

-3.07328391

-2.05844620

-2.14361025

-1.42051798

1.86041138

2.63522951

2.75755245

3.24800192

3.84520039

3.08372136

3.55229593

2.30958450

2.17882404

1.69345477

0.84763516

0.80990844

1.46242308

4.26850021

7.27379397

8.91490031

9.45560510

9.44653575

2.21411446

1.01814434

1.86945499

-0.27273478

10.40191457 -0.42684501

8.74042258

9.14788070

7.50994159

6.91028878

7.96373188

8.07896959

8.86889126

9.68665246

8.71474674

9.41194248

7.65964864

7.54391340

6.75138945

5.63254401

5.76388607

4.30001656

-1.84419419

-1.36504204

-2.36733487

-1.17002565

1.80506090

2.30408834

3.37629121

1.42580886

1.81594779

0.04318440

-0.64369666

-0.45574851

-1.52751175

0.41874740

-0.16750478

-1.24931889

0.00757953

0.50134716

H

H

2.88755906 -4.05035836 -0.63208814

-3.78230028

-4.88272221

-3.50022532

-0.92905073

-1.67096940

-2.16298989

-1.37146218 4.49018330 -0.12236142

2.30942932

1.00948268

4.72175374

3.60516136

2.90316151

2.13878899

-3.03441200

-3.81091518

-4.14724910

-5.32961507

-0.94010526

-2.27620851

5.81617799

6.30634847

-7.45993371

-5.05241810

-1.02148978

4.11384319

3.86031286

-1.40401440

-1.57026949

-3.85356903

-4.29590011

-3.24916899

-3.91223795

-0.16424764

-1.04244325

4.61085941

3.84749494

-5.62576430

-3.80272859

-1.84052511

-4.45135471

6.97086624

-2.17977705

2.27913575

-1.77052214

2.74220236

-2.97690623

1.58996715

-3.89265358

0.64539237

-4.26290857

0.14920304

-2.43720844

1.95243910

-2.17956720

2.84745216

-0.61798805

_4.38442442

-2.02126625

1.39238494 6.21500375 2.49213066

Table S6.3 Cartesian coordinates of geometry-optimised DHPA at the B3LYP-GD3BJ/6-31G ++ level
of theory in CH,Cl,, isovalue = 0.004.

C

2.36782071

3.67053888

-1.36534473

C 2.89958824 2.40475236 -0.79258592

C 2.86222178 2.51181036 0.60935222

C 231604176 3.85299502 0.95677310

C

H

3.37614904

3.41235983

1.26889465 -1.44462911

1.19014146

-2.52430079
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C

H

C

3.80155178

3.75421610

3.28898723

3.26045605

4.36108704

4.27333108

5.11183247

4.95683427

6.59034531

7.42656014

7.02108601

8.78886368

9.42817515

9.31476029

10.36584162 -3.69435986 -0.71339010

8.48247381

8.89791218

7.11494819

6.21362736

6.69843452

7.75916884

5.82830139

6.22263422

4.45234232

3.77121450

3.95381010

0.24134273

0.34380502

1.48459334

1.56656016

-1.09366118

-0.92801972

-3.10922716

-3.34938802

-3.23641319

-2.12197483

-1.12651551

-2.27901806

-1.40663540

-3.56324643

-4.68180354

-5.66912445

-4.54031912

-5.70917263

-6.99624918

-7.14731320

-8.08567194

-9.06926555

-7.90316892

-8.74334306

-6.62508881

-0.60485993

0.79715991

1.44916969

2.52883717

-0.95321285

1.36911853

0.42620738

1.48343930

0.09147912

-0.01003949

0.13081819

-0.29364978

-0.37619390

-0.47903601

-0.37145231

-0.53780669

-0.07353888

0.07004522

0.36548209

0.53004321

0.47264780

0.70491038

0.28939422

0.37158410

0.00831645

H

C

C

H

C

C

C

C

H

C

2.88775216

4.81897933

4.31998990

4.51219217

1.99696137

0.63459189

0.74586674

2.17988218

-0.58767567

-0.67440613

-1.69011737

-1.57716838

-0.35661113

-0.27103544

-3.12669145

-2.93772114

-5.24746273

-5.37717445

-6.09412469

-5.54411590

-4.47882336

-6.35898192

-5.92087190

-7.73474037

-8.37210394

-8.29025319

-6.48590323

-5.53296799

-4.13499741

-3.92295987

-3.87853395

-3.70539475

-3.72555686

-3.92425745

-3.55110774

-3.54480239

-3.40516849

-3.41278225

-3.57986677

-3.59493115

-3.22569389

-3.22590807

-2.86966066

-2.61336658

-4.08941403

-5.36982434

-5.51355173

-6.47397949

-7.46307395

-6.29119485

-7.13822585

-5.01210070

-0.13080560

-0.09282516

-0.42560082

-1.48274496

-1.36743137

-0.79498972

0.60696728

0.95474704

-1.44686314

-2.52651729

-0.60684030

0.79509842

1.44697201

2.52663223

-0.95455114

1.36745217

0.42617048

1.48305281

0.09555248

-0.00213819

0.13853597

-0.28120969

-0.36076576

-0.46578554

-0.69645654

-0.36179755
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H -10.96954343 -0.86571456 0.70561070

C

H

C

C

C

-9.35358835

-7.48629901

-8.05126071

-9.40858553

-10.06727140 -3.15541056 0.53584590

-9.92041900

-9.07760416

-9.46736982

-7.72121937

-7.07015349

-7.20449636

-5.74366245

-5.65545368

-4.36416068

-3.53282146

-3.60691697

-4.49601281

-2.78634107

-2.73655170

-2.10757879

-2.17209309

-2.92895258

-2.98541015

-1.23117081

-1.32870392

-4.88131127

-3.89565538

-2.53173628

-2.31092557

-1.01377636

0.08840361

1.09752113

-0.11597965

0.73904810

-1.41019061

-1.67364984

-1.94704292

0.21278335

1.30613401

1.22090567

0.07846496

2.28606467

2.35699940

3.16733221

3.07449455

2.10266759

2.03689989

4.31990233

4.15818738

-0.52701472

-0.06842275

0.07207985

0.36835412

0.47257343

0.28530144

0.36494971

0.00345971

-0.13918696

-0.09440704

-0.42718450

-1.48405358

-1.36982719

-0.79767542

0.60430677

0.95252505

-1.44979466

-2.52947235

-0.61011288

0.79186585

1.44399713

2.52367622

-0.95793886

1.36426633

C

H

H

H

C

H

C

H

C

C

C

H

C

H

C

H

C

H

C

C

H

N

N

0.13804597 5.97749169 0.42434262

0.42192665

-0.49432907

-1.87794184

-2.53460880

-2.42654796

-3.50197042

-1.58031776

-1.99495412

-0.19505044

0.44995735

0.36957232

1.83288886

2.70184700

2.29931056

4.08091789

4.73300427

4.61473839

5.68337228

3.76041634

4.17570593

2.38147565

1.42400353

1.14590220

2.01258001

4.59202411

5.96257106

7.32015995

7.48305320

6.63155805

8.74038369

8.85489616

9.84079783

10.81590682

9.68312560

10.53874801

8.42915264

8.23680025

9.30207507

10.29472067

9.09696559

9.93164396

7.81605042

7.64925925

6.74333098

5.75187406

6.94273454

5.80893038

5.86833116

4.48165154

-1.75327943

1.48204843

0.09106557

-0.01150200

0.12657471

-0.29286111

-0.37610317

-0.47515195

-0.70782730

-0.36684531

-0.53097403

-0.07082430

0.07394036

0.37227258

0.53880047

0.47983827

0.71435670

0.29408498

0.37640493

0.01051511

-0.13041979

-0.09079473

-0.42534106

-1.48300088

-0.26589443

0.26886591
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2.87647880 -3.97724377 -0.26746832

-3.81291884

-4.88825035

-0.77380950

2.25523820

2.15247566

4.59484929

4.42406897

-3.09436747 0.26765429

-0.50008453 -0.26968976

4.84766823 0.26458419

3.99336419

4.34933238

-1.56012678

-1.23622065

-2.55463808

2.07992915

-2.07672521

2.55810360

© o ©o© ©O

C

0]

2.33309163 -3.94416004 -2.55660497

2.69079727

-3.64844853

-3.27903304

-4.58864442

-4.84573414

-0.94703398

-1.13564888

-4.03254459

-3.19926219

-3.19903129

-0.04610055

-0.30925391

4.75846710

4.44110500

2.07803364

-2.07773609

2.55663184

-2.55893910

2.07588713

-2.08112535

2.55338017

Table S6.4 Cartesian coordinates of geometry-optimised DNaphA at the B3LYP-GD3BJ/6-31G ++
level of theory in CH,Cl,, isovalue = 0.004.

C

C

H

C

H

1.88776317

2.42362719

2.37985021

1.86093631

2.91940712

2.97388505

3.35235658

3.27241553

2.79157580

2.74764264

3.97813116

3.79695361

4.80023988

4.40597562

4.37580169

4.78889603

3.50274124

2.24164888

2.32969793

3.68247532

1.12758938

1.07410623

0.09405327

0.15484499

1.28103159

1.34095301

-1.19765219

-1.13523240

-3.23908212

-3.61432904

-4.21207441

-3.84380481

-0.84627080

-0.29286954

1.10712833

1.47172775

-0.96478216

-2.04512757

-0.14079802

1.26145548

1.93155364

3.01213776

-0.52013530

1.79600130

0.83335623

1.77837531

-0.30654269

-1.24528522

C

C

C

C

2.36534219

0.89104452

0.61405780

1.91005635

-0.11112167

0.10350016

-1.40931912

-1.68895238

-0.68585976

-0.90052033

-2.70048099

-3.16619822

-4.28421852

-3.53950681

-3.46695306

-4.22720702

-4.06479418

-3.97570607

-4.15689901

-4.26130083

-3.74561011

-3.57290865

-3.74697248

-4.01571680

-4.21093979

-4.38459927

-3.47737014

-4.02277086

0.09491258

1.08654274

0.57559831

-0.69965021

-1.82168494

-1.64062473

-0.27422864

0.45103540

-2.58219198

-3.62976406

-2.07425633

-0.72261635

0.22481985

1.27219131

-2.76837239

-0.55505408

-3.11768070

-2.29053274

-0.98320381

-0.93483792
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C

H

C

C

C

H

C

C

C

© © ©o ©O ©

C

-2.99541795

-3.07277574

-2.35382545

-2.23341070

-2.79490627

-2.72512653

-1.71684753

-1.44951630

-0.55079593

1.01058182

1.12972897

1.56666967

4.18224690

2.91702642

-3.70698365

-4.65123960

-1.20479778

1.72220138

1.74276672

4.28872531

3.89965314

3.01335653

2.08867970

-2.87394621

-3.82815242

-4.55517265

2.32426319

2.73352976

3.00059252

2.45325916

1.23015376

0.82551102

4.34700087

3.39441938

5.79280143

5.67409660

5.70181014

433641010

-1.90640535

-4.18450279

-3.63658343

-0.95878873

4.52687485

3.80565630

4.14685055

-1.57664072

-1.50246495

-4.06673297

-4.37257434

-3.15259673

-4.32592473

0.13768271

-2.63740999

-3.63725287

-1.59813195

-0.30977103

0.04444310

1.04672245

-1.57257066

0.53072129

0.13323607

-0.04537697

-1.13140081

0.25326156

0.67448649

-0.52454141

-1.80383899

-2.24736691

-0.26403060

-2.03757107

2.61140482

-1.66013790

2.97349146

-2.87489626

1.67458237

-3.95435843

0.44404322

-4.32443818

© © ©O

@

H

C

C

H

-4.47069034

-1.39129360 0.06602715

-1.63973553  5.18659572 -2.47942279

-1.05267033 3.20617704

1.76992229

2.11898259

2.06836991

2.75635627

1.89964019

2.69357809

1.80658728

3.11165430

3.05120782

291612324

3.72942835

2.88778372

3.68823521

4.02006228

3.99575036

3.90919801

4.50487443

-1.11770463

-1.89549378

-0.86845157

-2.45347762

-2.08597792

-1.39760582

6.87894884

7.85000767

7.09588299

9.06034716

7.69855433

8.25685956

6.34193167

10.06648822

9.27200605

8.41066615

11.23257558

9.90214889

10.48360176

11.44300715

11.99410943

10.64123948

12.36327909

6.42984241

7.56451427

5.96108064

8.26834853

7.94440834

6.62031034

1.68894738

0.47970418

-0.44662228

1.85659493

-0.05759290

-1.50065206

2.26349655

2.58315216

-1.00190091

1.33153651

3.31544413

-0.58966406

-2.05204283

1.72501474

0.78616417

-1.31542487

2.77668567

1.09560490

1.39310381

1.21942303

2.71529258

2.32198120

0.21884772

3.80542682
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-0.25511439

-3.24806845

-2.20032391

-1.19598362

-3.77094737

-3.43522854

-2.75222475

-3.52090902

-4.37501949

-2.55842827

-3.93710863

-0.82964781

-5.46122806

-5.15450923

-5.16580463

-5.52179393

-6.94979583

-7.72356648

-7.56438610

-9.13455136

-7.25970272

-8.92922276

-6.95600419

-9.95206486

-9.75330435

-9.39484788

5.08682569

9.43832863

7.78587736

6.25432352

10.10196834

9.80091665

8.49117935

9.62367545

10.99254179

8.12380604

10.15472942

6.47101684

-2.09406550

-3.41554559

-2.21814034

-3.31337600

-1.80339822

-1.97738384

-1.42417510

-1.79869849

-2.27258732

-1.23523052

-1.29482140

-1.99046493

-1.42016202

-0.94830746

2.86470123

2.14975378

3.64995624

4.80814362

3.24418745

1.14304608

4.75725361

4.55960089

3.10431119

5.76090093

5.40961651

-0.67806922

-2.73418389

-1.96763268

-3.77677047

-0.94641825

-2.67670907

-3.80740260

-1.44880941

-3.76849070

-4.74430860

-1.38038707

-0.55998799

-4.91903532

-2.52834127

-0.44215093

C

C

C

-11.32179561 -1.81675096

-9.48010405 -2.27904445
-11.16617792 -1.24665053
-11.93423752 -1.44087916
-11.93693035 -1.96734856
-11.63123296 -0.96001658

-13.01039878 -1.30775323

-5.87928418

-6.92991184

-5.54520368

-7.69859513

-7.19508499

-6.26680062

-4.72539176

-8.79597005

-7.36179509

-6.01030148

-9.52930838

-9.04828044

-8.13489654

-9.19550956

-10.36500811

-4.58015781

-5.17412278

-5.01851923

-6.21128638

-4.83776457

-6.02804405

-4.54722644

-6.82177193

-6.64917119

-6.35753372

-7.82145051

-6.48561668

-7.68252460

-8.25602542

-4.84721628

-5.85367067

-2.48724054

-3.62070778

-5.72838172

-1.54842967

-3.57890794

-2.61748822

-1.94398859

-3.93170328

-2.54148030

-0.94555758

-4.53501713

-4.46156086

-1.86902928

-3.86750727

-5.53772376

-2.48079825

-0.86747185

-4.46963795

-3.79254367

-8.27952555 -1.96184646

-7.87787367 -8.01181102 -5.47225337

-9.77959160

-9.04182845

-4.26051426

4.92953633 -5.60390780 -0.06056529

5.88071295 -6.10583453 -0.92922664
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C 4.53940481 -6.37005385 1.07638206 C 6.94748269 -3.70753317 2.03397921
C 6.48876905 -7.37301444 -0.70868315 C 7.08652322 -2.60737666 -0.12582348
H 6.18922387 -5.52317969 -1.79282628 C 8.36685736 -3.72550977 2.13254153
C 5.10651894 -7.60514211 1.31393721 H 6.36273606 -4.14057056 2.84057123
H 3.79808571 -5.97406866 1.76035677 C 8.46427186 -2.60439688 -0.05702760
C 7.47995391 -7.89878109 -1.58627175 H 6.58794745 -2.19057974 -0.99399647
C 6.09483045 -8.14166466 0.43902587 C 9.03905154 -4.28838463 3.25507893
H 4.80764409 -8.18395730 2.18301744 C 9.14458154 -3.16299474 1.06375725
C 8.05745155 -9.13055533 -1.33983218 H 9.05057892 -2.17876628 -0.86613710
H 7.77602715 -7.31330160 -2.45183451 C 10.42023527 -4.29658864 3.31807902
C 6.70677965 -9.40764868 0.66463171 H 8.44680567 -4.71356393 4.06013197
C 7.66718217 -9.89191174 -0.20453357 C 10.56521746 -3.18511285 1.15888099
H 8.81312540 -9.52246813 -2.01281817 C 11.19015192 -3.73981448 2.26080072
H 6.40692115 -9.98658452 1.53338574 H 10.92386744 -4.72938852 4.17631742
H 8.12883026 -10.85716724 -0.02343890 H 11.15054914 -2.75902228 0.34921392
C 6.31308347 -3.16855532 0.93146532 H 12.27343268 -3.75302193 2.32346659

Table S6.5 Cartesian coordinates of geometry-optimised HeliA at the B3LYP-GD3BJ/6-31G ++ level

of theory in CH»Cl,, isovalue = 0.004.

C 0.01942317 0.03155425 0.01160231 C 1.75158924 0.07500652 3.25989212
C 0.04098391 0.05315385 1.49924563 H 2.78635757 0.07777492 3.58004529
C 1.38446612 0.06264173 1.91537180 C -1.51557037 0.07451148 4.95963360
C 2.24538879 0.04760644 0.70120501 C 0.71052215 0.09015450 5.64972068
C -1.02153275 0.05495562 2.40114212 C -1.03560343 0.15655200 7.46622906
H -2.05623538 0.04271670 2.08100716 H -0.11701271 0.37811101 8.01859026
C -0.65443016 0.07153439 3.74557273 C -1.66289849 -1.14077520 7.95701773
C 0.68907854 0.08143716 4.16182718 C -1.57056606 -2.33839054 7.21273803
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H

C

C

C

-0.96681734

-2.24157363

-2.15384425

-3.10497629

-3.20886012

-2.37703985

-2.29090060

-2.18346055

-2.24865350

-2.34128669

-2.40602467

-2.28995833

-2.29432520

-2.23468083

-2.06358526

-3.00909974

-2.53015192

-1.74278770

-0.45998163

-0.40429540

-2.12111319

-3.11008665

-1.13320477

-2.36673295

-3.47073792

-4.39675991

-3.42503295

-2.20854103

-1.08974088

0.16316549

0.18676303

1.45306172

2.65055215

3.60087914

2.61111403

3.53448007

1.37238445

1.29280553

1.02862842

3.32925865

4.51124279

4.41950780

3.17656803

5.56956144

5.64285254

6.52734697

6.31315369

7.62668233

7.06713168

8.75437333

9.51651319

9.15742447

9.95663753

11.39211692

12.07319137

11.31386271

11.83440760

9.93555738

9.36807188

9.25806382

7.74785280

7.26404203

6.33895219

5.89410643

6.46349797

7.28051135

5.07004571

4.63436595

4.84849682

0.14960045 6.43613078 5.41811864

0.52644326 5.37989537 6.24579403

H 1.51281173 5.31078324 6.68803307

C

C

C

H

C

C

C

-1.19172422

0.93350270

0.49679287

1.58126084

-0.18016099

-0.87937275

-0.86869583

-1.56991642

-2.08839576

-1.66255722

-0.96020770

-0.12067162

0.76590791

1.55939942

2.28693384

2.27118990

2.82874927

1.56574025

1.59527221

0.85399600

0.19506953

-0.89045716

-0.22824421

7.77264772

7.62353081

9.60500359

9.65386004

10.84110153

10.80107075

9.89482725

11.90914769

11.88553491

13.07534434

13.12362954

12.01375910

12.02244915

13.12728557

13.05111082

11.89307346

11.84858738

10.76841893

9.85017421

10.82049129

9.58868334

9.62671954

7.57982400

4.03612130

4.98113151

3.48501808

3.62356224

4.05904670

5.28632695

5.88051721

5.73246014

6.68580348

4.92578836

3.67063503

3.30187453

2.10720474

1.71819411

0.46506753

-0.29846847

-1.22720428

0.15926404

-0.41558068

1.35321597

1.95562625

1.82149848

0.49324511

0.56043539 6.38631843 0.08192480

1.84013797 6.49134402 0.65598503

1.89212966

7.75155001

1.44557014
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C

H

C

H

C

0.18964499 5.31253328 -0.72586167

-0.79439468  5.23244559

1.17853528

2.45814271

2.83057778

3.81687887

1.12887517

3.24920339

2.79078904

3.73659538

2.96166112

3.01632617

3.02041258

3.06667679

3.13081905

2.97328574

2.90875296

3.01770326

3.10631273

3.93913943

3.83875203

2.97886075

2.89463328

2.30698954

1.70679962

2.39458641

4.34917698

4.45493722

5.53077719

5.61439355

3.08805786

3.26426059

1.19370998

0.94476831

1.23316016

2.45380803

3.39124606

2.45745792

3.39395166

1.24052677

-0.00762069

0.00614479

-1.22528749

-2.35201021

-3.54785314

-3.56426532

-4.47482791

-2.42226037

-2.42742652

-1.24532599

-1.17144096

-0.91828433

-0.34404474

0.45963948

0.89950506

-1.70789723

-0.75763933

-2.11851099

-1.62726609

-3.63027390

-4.33978551

-3.79584791

-5.71866078

-6.26379601

-6.44641386

-5.73250353

-4.29701066

-3.46533782

-3.79619243

-3.00158792

-1.87043986

-1.28556130

-1.48534183

-0.58283392

-2.26254635

C

H

C

1.76497870

0.84598214

1.36921098

-0.63963748

-1.66205142

0.08145766

0.61879719

2.38612410

-0.95763465

3.48206891

-2.75209167

1.68748660

-3.70967519

0.53653369

-2.14753476

2.08947233

-1.38476097

2.84363233

0.19239432

4.42763193

4.63910478

4.92395170

2.65882923

2.89464507

2.53328271

2.69853961

0.06358434 -1.80647540

0.26857177 -2.36460516
0.05536089 -0.40150670
0.11266575 6.06194526
2.55864001 7.14209726
8.36644222 4.13529443
8.34178383 1.32746488
2.47438953 -1.54723051
-0.01303249 -0.74635780
0.02781118 0.63551684
0.04635454 5.02566269
0.06608098 6.40869379
3.04893946 6.09170645
2.74412173  7.96000737
8.22840449 3.39373102
7.94226919 5.28602409

7.88837312  0.17999259

8.21871996

2.63838552

2.99100544

-4.68008962

-2.31717145

-1.19458470

1.23873704

-2.13514193

0.06412644

2.08613697

-2.38228313

-0.49766109

-3.33446618

-4.82863238

-6.48461792

-7.87017567

-5.96499163

-8.56802341



2.55477922 -1.15973060 -7.86183441 -5.73064527 -3.16834690 11.62999087
5.70789933 -3.42036648 -5.10629604 -4.34377856 -1.22099225 11.08420074
5.54970332 -4.62472032 -4.37029154 -1.63213795 -1.80994537 14.12290478
4.53374044 -5.58177427 -2.73826516 -1.90972892 0.36995780 15.30733549
6.16143117 -5.48807111 -4.61033107 -2.24576962 2.45051794 13.99512393
6.45699915 -3.36479935 -5.88953349 3.15231344 14.26948064 0.40034800
5.06936060 -1.40518846 -5.39219514 1.76771463 14.31833481 2.61643618
2.35407276 -2.07476572 -8.40965854 -1.19373424 14.24240740 2.81670276
2.63053532 0.07356148 -9.65083092 -2.47361677 14.18060251 5.31780833
2.96849310 2.18743579 -8.39372089 4.07344347 14.13661799 0.98069285
-2.17152019 1.48842539 13.49662070 1.44263263 14.21802349 3.64649237
-1.93447931 -0.98019811 12.17522537 -2.97818559 14.13775937 6.27854185
-4.19612400 -2.14746242 10.54536278 -0.73845596 14.26488584 1.83528419
-3.90502855 -4.54888463 9.11514495 -2.63931518 15.26863147 4.48469543
-1.80836898 -1.93395624 11.68042464 -2.01098084 15.28402746 3.21118708
-3.79723358 -5.46592848 8.54330289 2.43047179 15.40081264 0.68681748
-4.81837072 -4.46703063 10.14679521 2.29311002 15.50368624 2.17729771
-4.97957981 -3.24379977 10.85030350 1.48919337 15.54886718 0.14616502
-1.83210325 -0.90949761 13.55116279 240289992 16.37574193 2.81383704
-1.97647749 0.33236753 14.22506113 -2.18117840 16.11884548 2.53911151
-5.42988548 -5.32436505 10.40801964 -3.26541695 16.10141782 4.78727417

Table S6.6 Cartesian coordinates of geometry-optimised PhenA at the B3LYP-GD3BJ/6-31G ++ level
of theory in CH,Cl,, isovalue = 0.004.

C 2.25562274 3.71241423 -1.13312433 C 2.41933688 3.79792810 1.19959157
C 2.80653671 2.41745577 -0.65634645 C 3.16737556 1.29181212 -1.39338032
C 2.94223763 2.48104693 0.74226239 H 3.04871718 1.23804721 -2.46865814
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C

H

C

H

3.69672329

3.88360809

3.50066776

3.62975657

4.15995549

4.53319118

5.16432943

6.58848181

7.47229846

7.06687233

8.84347689

9.51110897

9.36877976

10.44244309 -3.81914276 0.15962959

8.51940244

8.95191890

7.11102471

6.19527660

6.64685212

7.70704789

5.75486894

6.12908605

4.36425954

3.66940040

3.88984963

2.82229775

0.24213693

0.32306616

1.44149538

1.49947793

-1.09288521

-0.93695586

-3.08416302

-3.27263145

-2.16600641

-1.16184005

-2.35676925

-1.50301296

-3.66685440

-4.76234608

-5.75408968

-4.60264148

-5.73406974

-7.07802082

-7.29196412

-8.13930517

-9.15736996

-7.90043429

-8.73260504

-6.59950960

-6.41886108

-0.64607641

0.74594442

1.48568661

2.55954909

-1.10301984

1.20333055

0.03297013

0.07674464

0.12616209

0.13561017

0.15498550

0.19153496

0.13554674

0.08124459

0.06099592

0.04760760

-0.01831523

-0.02464297

0.01056383

-0.06908538

-0.07201181

-0.10346428

-0.12888556

-0.10331183

-0.12271130

C

C

C

C

C

C

H

C

H

C

H

C

C

4.78529976

4.30412779

2.07807358

0.69198126

0.73350665

2.13682362

-0.50028790

-0.53599407

-1.64518166

-1.59551552

-0.40636913

-0.37260060

-3.07108053

-2.97786950

-5.23774298

-6.06288963

-5.49280777

-4.41574116

-6.29734865

-5.84997506

-7.70132299

-8.33363440

-8.27770613

-9.35654831

-7.48365815

-8.06384740

-5.50136166

-4.14577131

-4.08887663

-3.75043405

-3.38958264

-3.48578813

-3.78798972

-4.07225445

-3.44963801

-3.09168628

-3.04527077

-2.77703397

-3.42156989

-2.82863248

-2.89594085

-4.07380837

-5.37074278

-5.48102580

-6.49771796

-7.48499660

-6.35690808

-7.23813901

-5.09645040

-5.01987710

-3.92195848

-2.58769673

-0.06837276

-0.05950417

-1.25140117

-0.81922809

0.53940623

1.00903120

-1.54353976

-2.58811587

-0.82090940

0.53831051

1.26054584

2.30938044

-1.25618150

1.00602633

-0.06648812

-0.08399635

-0.12886522

-0.14803925

-0.13896716

-0.17217071

-0.10465612

-0.11556300

-0.04973463

-0.01413393

-0.03287420

0.04586933
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-9.46380015 -2.36688365 0.08442345

-10.14468088 -3.20755868 0.05752019

-9.99068030

-11.06606451

-9.13525771

-9.55136713

-7.76279000

-7.10582898

-7.20545935

-5.78263233

-4.28442730

-3.49014905

-3.64222298

-4.59902998

-2.71553299

-2.62313707

-2.07413177

-2.17615619

-2.97794380

-3.08028812

-1.21750010

-1.32727201

0.09984099

-0.48608636

-1.89272462

-2.53648261

-1.08542590

-0.94648639 0.17993795

0.03701004

1.03727629

-0.14373754

0.71705712

-1.44524911

-1.64353927

0.01200539

1.17991565

1.30058145

0.25376269

2.06246324

1.98548815

3.05528729

3.14320008

2.27858006

2.36277067

4.17078582

4.27843340

5.97666962

7.28952085

7.46176926

6.59033779

0.15224368

0.18109674

0.22885125

0.14737661

0.16467787

0.08356428

0.03519371

-1.09620707

-0.63846835

0.75473732

1.21136280

-1.38761210

-2.46404135

-0.65082221

0.74941000

1.49458151

2.56960095

-1.12963319

1.20542786

0.02203777

0.00850590

-0.00482605

-0.01156227

H

H

-2.44934851

-3.52688363

-1.60865005

-2.04234030

-0.22942110

0.38887385

0.37342274

1.81834709

2.72799562

2.35600401

4.09968323

4.77211689

4.62380467

5.69670813

3.76275815

4.16397266

2.35861798

1.45745594

1.99937666

4.63530795

2.89656300

-3.81687058 -3.03645903

-4.91750381

-0.76244491

2.07562428

8.72968737

8.85114921

9.86362796

-0.01123519

-0.02139859

-0.00520402

10.85779368 -0.00901374

9.71461202

10.60273358

8.43147498

8.24407427

9.33145509

10.34767105

9.12453737

9.97558991

7.81389883

7.65691486

6.72944092

5.72312878

6.92062250

5.80021123

4.47689625

-1.75710682

-3.90386559

0.00355735

0.00505919

0.00858783

0.00726716

0.00109274

0.00406948

-0.01060276

-0.01512800

-0.01886520

-0.03162977

-0.01122477

-0.01996799

0.00555094

0.02072329

0.03066005

0.05029476

-0.10777390

-0.11279584

-0.50633902 0.05644419

4.83659773

4.09324186

0.03368697

-2.29401991

2.35125774 4.24832492 2.34842850
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0]

0]

0]

4.14200840

4.94371782

2.47035701

-1.56986491

-1.22923571

-4.47753695

-2.24367843

2.32981500

-2.35577286

O 2.58979622 -3.26305379 2.13734859

O -3.54755807 -3.69314089 -2.36244025

0]
0]
0]
0]

0]

-3.36154176

-4.39123209

-5.07022221

-0.96073281

-1.13101787

-2.50065521

-0.45172046

0.07728579

4.50193914

4.68775959

2.13432222

-2.23755417

2.33809612

-2.29135379

2.35494628

Table S6.7 Cartesian coordinates of geometry-optimised HeliA at the B3LYP-GD3BJ/6-31G ++ level
of theory in CH,Cl, isovalue = 0.004.

C

C

0.27977488

0.16422070

1.46178435

2.43426777

-0.97933062

-1.97868727

-0.74309073

0.55532274

1.69841097

2.69758805

-1.71715455

0.44067415

-1.47557013

-1.87938767

-1.74633413

-1.24084456

-2.23665818

-2.10529864

-3.01839764

0.08781497

0.05976127

0.01131164

-0.08042332

0.05748955

0.05873946

0.04687160

0.07238035

0.03378214

0.01754361

-0.00867859

0.12193123

0.11530852

-1.10602663

-2.35172855

-2.36549196

-3.50885616

-4.45450381

-3.48072164

-0.00905397

1.47312090

2.01473617

0.89196174

2.27030013

1.85249685

3.64392322

4.18502711

3.38814153

3.80605006

4.76776925

5.66664763

7.27804226

7.89200370

7.19504038

6.23732455

7.72986205

7.21389830

8.93034096

C

C

C

-3.17324554

-2.42951648

-2.28032526

-2.29263481

-2.43944682

-2.45547333

-2.60418078

-2.19393269

-2.11328654

-2.03856620

-1.62866626

-2.17267708

-1.50083048

-0.32267255

-0.19362888

-1.91173154

-2.81803969

-1.07843208

-2.24936268

-1.07325320

0.13621370

0.18548984

1.45031603

2.65256923

3.60126588

2.61271699

3.53273298

1.36120004

1.31897640

3.10166601

4.34606344

4.51052948

3.34656924

5.26219202

5.13066627

6.36658186

9.64545824

9.20661879

9.98423195

11.44218756

12.09742817

11.31805380

11.82358455

9.97805111

9.41259971

9.29578680

7.93033370

6.25550708

5.80768734

6.55748372

7.47952930

4.84295546

4.26465190

4.68741939

0.08568540 6.55223227 5.45529953
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C

C

0.50481191

1.40303800

-1.22522687

0.69213904

0.09170090

-0.26687276

-0.84295882

-0.90132197

-1.31715955

-1.72369805

-1.37030430

-0.82302640

-0.10725992

0.69387041

1.36376485

1.93839800

1.99918444

2.46514452

1.51285150

1.62781350

0.89087265

0.54624997

-0.03033424

0.58240802

1.73116075

1.86624044

5.62424551

5.76306981

7.52285452

7.85801089

9.61202662

10.84269128

10.84076936

9.91035511

11.99680554

11.99653015

13.20442744

13.22631014

12.06098166

12.05765219

13.21437126

13.15135006

11.93486719

11.90663791

10.77701885

9.82989344

10.81024547

9.59380371

7.79929836

6.48594234

6.31464417

7.49228284

6.40905521

6.99823137

3.76923529

5.07081125

3.35909397

4.00017724

5.30996243

5.86000567

5.86720174

6.87341624

5.10330881

3.77725817

3.28847955

2.07436095

1.55579726

0.23813991

-0.46288031

-1.44133169

0.11725327

-0.39409674

1.38906589

2.06466356

0.38832212

0.04079856

0.83458093

1.72658838

C

C

0.18117171

-0.70400150

1.00941728

2.16947018

2.56308838

3.45663319

0.90001393

2.84562980

2.34212480

2.76118426

2.91625623

2.82744789

3.18874536

3.33746977

3.18471374

3.03963558

3.01646164

3.16830548

3.92223488

3.76987243

2.97951161

2.84946771

2.47915896

1.96641468

2.61051043

2.19599170

5.53971166

-0.90274174

5.66844535 -1.51355489

4.42197029

4.26875017

5.20409846

5.08238890

3.24282728

3.01229593

1.20527638

1.22045918

2.45747753

3.38933504

2.46930659

3.40749567

1.25020412

-0.00064698

-0.01792245

-1.20894241

-2.38971055

-3.60627448

-3.61342109

-4.54866595

-2.44798055

-2.44411686

-1.21655088

0.01542226

-1.01188736

-0.23213676

0.72126080

1.32114961

-1.91704867

-0.63768122

-2.29788093

-3.66104462

-4.36944197

-3.82500441

-5.70776952

-6.23253232

-6.46076504

-5.77893090

-4.32028521

-3.51540942

-3.92361984

-3.18311760

-1.98791904

-1.45300685

-1.48128252

-0.52725420

-2.20360401

-1.61912640

89



N

1.66321054

0.02170161

-0.29406134

-0.94434337 0.09373964 5.95221179

-1.33335030 2.53632423 7.24427138

-0.13046082 8.37571140 4.03800929

0.77757172

2.03199953

8.34087592

2.43419809

1.42085231

-1.64000741

-0.61884265 0.15481775 -0.85566658

3.65477714 -0.25508089 0.94208509

-2.94134729 -0.15737254 4.71982821

1.34024994

0.17695271

6.51296292

-3.25488036 2.63483052 5.88503580

0.69704479 3.10607735 8.30065025

-2.10311157 7.73372393  2.92458852

1.67831036 8.42537040 5.54981625

-1.01248741

2.73281718

0.03039898

3.91207217

4.47409326

4.90695940

2.79367357

3.23680752

2.57625721

3.06457613

2.80525797

5.61453330

8.35329899 -0.11400621

7.72270239

2.99150807

2.54423255

-4.77124559

-2.36132842

-1.15742835

1.27714783

-2.09792128

0.11906517

-1.10140222

-3.49937437

2.57777623

-2.75697301

-0.22491436

-3.58883189

-4.94847359

-6.56748929

-7.87990068

-6.08003799

-8.61867668

-7.95177602

-5.30014037

C

H

H

H

H

H

H

H

C

C

5.37281741

4.32029789

5.91595526

6.36673363

5.12256203

2.60354938

3.09248602

3.37813112

-2.48091280

-2.03422176

-4.15088016

-3.71246647

-1.81514038

-3.55682444

-4.60400778

-4.84876334

-2.03574613

-2.29676710

-5.13942432

-5.59577101

-4.36862142

-1.82471666

-2.31670530

-2.62362127

2.68975334

1.70017166

-4.72749725

-5.69100646

-5.61891278

-3.44388988

-1.43056889

-1.99896213

0.15039375

2.23251379

1.50834624

-0.95222543

-2.20485993

-4.64093839

-1.90203880

-5.57157411

-4.57993540

-3.33933840

-0.86568524

0.36781414

-5.46806053

-3.27165426

-1.26473702

-1.74922311

0.42286780

2.47375973

14.41239072

14.38394681

-4.64084204

-3.03242518

-4.93635027

-6.08014086

-5.45476194

-8.52705127

-9.70273114

-8.37636625

13.51599859

12.25419142

10.67653571

9.36611345

11.78596894

8.82863389

10.42332852

11.05772394

13.63693396

14.27877145

10.74191434

11.84173268

11.16426293

14.23028008

15.36205396

13.99223123

-0.00955594

2.44923358

90



C -1.11071895 14.35722256

-2.03277499 14.35424980

3.74580377 14.34869106

1.59056239 14.23364380

-2.41280279 14.32858762

-0.81842657 14.35262560

-2.23016096 15.46860258

2.96289811

5.60997587

0.27669974

3.51797253

6.62677599

1.92179357

4.81295349

-1.79567759 15.45044450 3.46638119

1.96762720

2.15641499

0.91273204

2.46684843

15.48011049 0.46538997
15.57227629 1.95271670
15.51264849 0.17044125

16.41134185 2.56489312

-2.01051053 16.29392657 2.81870470

-2.74774314 16.33805112 5.20413256
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