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Summary

Chapter 1 introduces the main concepts of this thesis: photodynamic therapy (PDT),
chlorins and photosensitizer arrays. In the case of PDT multiple topics are
discussed, namely, the qualities of an ideal photosensitizer, the photochemical
processes which facilitate cytotoxicity, different classes and generations of
photosensitizers, and its applicability to cancer. Chlorins are introduced as the close
relative to porphyrins they are. Initially, their spectroscopic differences are
discussed. Following on from this, their natural origins, leading into their synthesis
both from porphyrins and via de novo syntheses. The subject of chlorins in PDT is
discussed, and why there is a need for a geminal-dimethyl hydroporphyrins. Lastly,

the theory and prior utilization of photosensitizer arrays in PDT is discussed.

Chapter 3 focuses on the synthesis of gem-dimethyl hydroporphyrins 3.36a and
3.36b, along with their photophysical analyses to determine their suitability as PSs
in PDT. This chapter provides some of the basic science that is not currently present
surrounding gem-dimethyl hydroporphyrins. Their photophysical properties were

indicative of this class of compound being a suitable core for PS generation in PDT.

Chapter 4 builds on the results presented in Chapter 3. Upon the knowledge that
this core is suitable for PS generation, the system must be made more applicable
to PDT through the implementation of bioconjugation handles, and more generally
the implementation of motifs that aid the solubility of this class of compounds in
agueous media. Western half 4.72 was synthesized according to literature
procedures, and throughout the sequence we present crystal structures of synthetic
intermediates. Collection of multiple crystal structures along the synthetic pathway
of organic compounds is something we believe to be good practice to assist data
science investigations and offers potential insight into the electronic structure of
intermediates. Further to this, we observed an unexpected diastereomeric
resolution in 4.65, an uncharacterized yet known by-product in this synthesis.
Eastern half 4.71 was designed with two orthogonal bioconjugation strategies, one
novel and the other sparsely utilized. With the aim of solubilizing these systems in
agueous media, the synthesis of alkyne 4.69 was attempted. Unfortunately, its

synthesis was unsuccessful. We sought to broaden our study and compare the



synthesized chlorins to a series of analogous porphyrins. Photophysically all
compounds presented typical spectra for their class; however, we were unable to
determine a system for successfully determining the singlet oxygen quantum yield
of all the desired species. In vitro evaluation of these five compounds exhibited stark
contrasts regarding the solubility of these species, furthermore the lack of
fluorescence of certain systems rendered multiple candidates non-suitable as PSs
for PDT. Of the three most suitable candidates, two where chlorins. This work is the
first example of geminal-dimethyl chlorins being utilized as PSs in PDT. Further to
this it highlights the utility of sparsely substituted tetrapyrroles in PDT, however it

further compounds the discussion of synthetic arduousity vs. photodynamic efficacy.

Chapter 5 deals with a different strategy of enhancing the efficacy of PDT. Instead
of enhancing the efficacy of a single PS, Chapter 5 surrounds the generation of
novel PS arrays for PDT. The scaffold utilized was 1,1,2,2-tetraphenylethylene,
given its myriad application and general utility through the phenomenon Aggregation
Induced Emission (AIE). We utilized BODIPYs as our PS of choice, given their
synthetic ease, and well-studied utility as PSs in PDT. Through varying the distance
between the TPE and BODIPY cores differing responses were observed in every
property analysed. We find that the addition of an ethynyl-linker enabled the
retention of the AIE phenomenon and presented the subsequent array with more
possible applications in the future. Regardless, both arrays synthesized were shown

to suitably generate singlet oxygen, exhibiting their utility as PSs for PDT.
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V. Nomenclature

The nomenclature in the presented thesis is in line with nomenclature in the requisite
fields, and inherently therefore different to CAS and IUPAC numbering systems, in
some cases. Presented in Figures | and Il below is the nomenclature that will be
used throughout. i
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meso O O
V——/

X X
porphyrin 17,18-dihydroporphyrin tetraphenylethylene
chlorin TPE

Figure I. Nomenclature of relative motifs used throughout the thesis. Positive and negative charges

on the N“2 and B respectively are implied in IXa,b and have been excluded for clarity.iiii

The nomenclature of pyrroles, and pyrrolidines, remains unchanged from

undergraduate level organic chemistry. The introduction of differing pyrrolines being

XixX



the only major distinction, with the A! species (IV) exhibiting a double bond between
N1-C? whereas the A3 species (lll) exhibits a double bond between C3-C%. The C?
and C® positions of pyrrole (1) are labelled as the alpha/a-positions and the C2 and

C* positions are labelled as the beta/B-positions.

Non-direct linking of two pyrrole units produces a variety of species — obviously upon
experimental conditions, vide infra. The joining of two pyrrole moieties, each by the
a-positions, to a methane (-CHz-) bridge yields di(1H-pyrrol-2-yl)methane (V). In the
case of V, this is actually the name of the compound presented but more typically
this class of compounds is referred to as ‘dipyrromethanes’ (abbreviated to DPM).
In this case, the free a-positions are the 1 and 9 positions whereas the 3 are the

2,3,7 and 8 positions.

If the linkage is instead a methene (-CH-) bridge, the name changes to dipyrrin (VI).
Older literature may refer to this class of compounds as ‘pyromethenes’. This name
will not be used herein, it is provided purely for historical context. Whilst V is
symmetrical, VI is not and thus the numbering system in changes due to the higher
oxidation state of one of the N-atoms, and thus the numbering starts on this ring
(possessing the imine functionality) in an anti-clockwise fashion. Regardless of
dipyrrin, or DPM, the 5-position is labelled as the ‘meso’ and the labelling for the
types of pyrrolic positions (a and ) remains continuous. Lastly, VIl is a motif that

will be heavily discussed herein, a 2,3,4,5-tetrahydrodipyrrin.

DPMs and dipyrrins can be transformed into boron-dipyrromethenes or, more
typically, BODIPYs (IXa). These ‘BFz-chelates’ of dipyrrins take their name and
nomenclature from the s-indacene scaffold (VIII). The expanded name for ‘BODIPY’
is 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene. An analogous system is the Aza-
BODIPY (IXb). Whilst not directly synthetically accessible from DPMs, nor dipyrrins,

there is still a tricyclic heteroaromatic core, i.e., they are highly analogous.

Tetraphenylethylene, Xll, and derivatives thereof are in contrast rather simplistic
moieties, in terms of nomenclature at least, and thus warrant no discussion but are

presented for completeness.

The structure of the simplest porphyrin (occasionally called ‘tetraphyrin[1.1.1.1]
where the numbers donate the amount of carbon atoms between two pyrrolic units),

porphine, is represented as X (Figure |) in the metal free form (or free base) for

XX



clarity. The four pyrrole rings are labelled A, B, C, and D starting in the top left,
proceeding in a clockwise fashion around the macrocycle. In all cases herein, the
A-ring of the tetrapyrrole will represent the ‘true pyrrolic ring’. meso-positions are
labelled as the 5, 10, 15 and 20 positions respectively, with the 2, 3, 7, 8, 12, 13,
17, and 18 positions as the 3. The NH-units in the core are labelled first, i.e., 21 and
23 respectively with imines at 22 and 24 positions, travelling around the inner core
in once again a clockwise fashion. As to retain the [18]1T electronic pathway of these
tetrapyrroles, the a-positions must remain undisturbed and fully conjugated,

however for completeness these are numbered 1, 4, 6, 9, 11, 14, 16, and 19.

The numbering for porphyrins and hydroporphyrins differ minimally in this thesis, but
greatly within the confines of IUPAC and CAS numbering. Other numbering
schemes are not presented herein as to mitigate confusion. The numbering for the

following discussions is analogous to that presented in Figure I.

Porphyrins which have been reduced are broadly labelled ‘hydroporphyrins’, in an
analogous manner to the comparison between furan and tetrahydrofuran (THF). If
a single meso position is reduced, the compound is named a phlorin (XVI, Figure
). If two meso positions are reduced, the species is then a porphodimethene, either
a 5,10- or 5,15-species (XIll and XIV respectively). Further reduction of meso
positions yields a porphyrinogen, XVa, an intermediate ubiquitous in porphyrin
syntheses. If instead, the meso-positions are not merely reduced but possess non-
H atoms, then the structure is termed a calix[4]pyrrole, XVb. These species can be

grouped as ‘meso-reduced hydroporphyrins’.

What has yet to be addressed is the fact that a phlorin (XVI) is also a
dihydroporphyrin, and in this case tautomerization can occur between phlorins and
chlorins (XI) (green highlight, Figure Il). This relationship ‘links’ the two otherwise

vastly different sets of hydroporphyrins.

Naturally occurring B-reduced hydroporphyrins are typically represented with the
first reduced ring in the lower left-hand corner, per historic convention. Literature in
this field still follows the same convention, i.e., dictates that the reduced ring is in

fact the D-ring, and that is what is presented herein."

XXi
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Figure Il. Nomenclature of meso- and [(-reduced hydroporphyrins, displaying the tautomeric

relationship between phlorins (XVI) and chlorins (XI).

Reduction of a porphyrin at the B-positions yields a chlorin, XlI, which is drawn in

the/as the D-ring with the reduction occurring at the 17 and 18 positions — in spite

XXii



of CAS & IUPAC nomenclatures. Reduction of the subsequent 3-positions in the B-
ring (12 and 13 positions) then yields a bacteriochlorin, XVII, Figure Il. Lastly,
reduction of two adjacent pyrrole rings yields an iso-bacteriochlorin, XVIII.
Presentation of the structures of isobacteriochlorins is inconsistent and varies
between publications with apparent reduction of the B- and C- or C- and D-rings.
Regardless, the relationship between reduction of rings adjacent, or opposite, to one

another defines their properties and name therefrom.

Other structure types of great importance when discussing natural hydroporphyrins
are phorbines (XIX), and purpurins (XX). The term purpurin has multiple definitions,
vide infra, however in this thesis purpurins refer to 17,18-
dihydrocyclopenta[op]porphyrins. Phorbines are further reduced, and are instead
131,132,17,18-tetrahydrocyclopenta[mn]porphyrins, where the 13! and 132 positions

are part of the exocyclic E-ring (Figure Il, bottom). For purpurins, the exocyclic ring

The aim of this section is to introduce the reader to the nomenclature presented in
the thesis herein and it is not intended to replace the wealth of literature already

surrounding the subject. The readers are directed to the appropriate references. v
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1. Introduction

1.1 — Photodynamic Therapy (PDT)

1.1.1 Photodynamic Therapy: A Brief Walk Through A Photosensitive Past

Photodynamic therapy (PDT) is a treatment characterized by the administration of
a photo-active dye, photosensitizer (PS), and light of a suitable wavelength with the
aim of destroying diseased or unwanted tissue, such as tumours.? The use of a
PS with the aim of destruction of bacteria,®# fungi,[ or viruses,!®! however, whilst
utilizing identical concepts, typically comes under the headings of photodynamic

antimicrobial chemotherapy (PACT), or photodynamic inactivation (PDI).

I
002Na

1.1
Br O \ Br
NaO (0] o
o Br Br
Pz
N

1.2

0-_OH
OH HO

0™ oH Ho" O 0™ oH Ho™ O

1.4 1.5
Figure 1.1: Structures of historically relevant compounds in PDT and PDI.

Understandably an abstract concept at first, however, PDT has been utilized since
the building of the Great Pyramids of Giza. The Ancient Egyptians orally consumed
plants growing on the banks of the River Nile, Ammi majus, containing psoralens
(1.1, Figure 1.1) in their treatment of vitiligo.”! This utilization of psoralens for the
treatment of vitiligo is now accepted worldwide.!?l In 1900, Raab described the killing
of Paramecia upon incubation with acridine dyes (1.2) and irradiation.[® In the first

example of oncological PDT, von Tappeiner treated a skin cancer with topically



applied eosin (1.3) and visible light.’! In the same year, Finsen displayed the
treatment of Lupus wvulgaris through the photodynamic inactivation of
Mycobacterium tuberculosis, via photosensitization of endogenous coproporphyrin
Il (1.4).11011.12] For this work, he was awarded the 1903 Nobel Prize in Physiology
or Medicine “whereby he has opened a new avenue for medical science”.l*®l In one
of the most infamous incidents in the history of PDT, Meyer-Betz self-administered
200 mg of hematoporphyrin (1.5), whereupon he experienced extreme
photosensitivity for 8—-10 weeks post treatment.[*4 The true list of historical events
in the world of, more loosely, phototherapy would constitute an encyclopaedia all of

its own; however, comprehensive lists have been presented previously.!*®!

1.1.2 Photodynamic Therapy: Underlying Principles
At its very core, PDT requires three elements to be successful:

1. A suitable PS
2. Light which can excite the PS
3. Molecular dioxygen (O2)

A seemingly simple list at first glance, if one of these conditions is not fulfiled PDT
is subpar or entirely unsuccessful. Given the depth and history of PDT, criteria for a
perfect PS for oncological applications have been listed multiple times

previously;16.17]

A. Strong absorption in the red/near-infra-red (NIR) part of the
electromagnetic spectrum (600 nm < A < 800 nm)

B. High quantum yield of triplet formation (where E(T1) > 94.7 kJ mol?)
C. High singlet oxygen quantum yield (SOQY or ®a)

D. Low dark toxicity

E. Simple formulation of the drug and long shelf life

F. Selective tumour uptake and rapid clearance from the body

G. Facile synthesis of a single isolable molecule from readily available

starting materials



H. Options for facile derivatization to introduce improvements
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Figure 1.2. Simplified Jablonski diagram displaying the main photochemical processes occurring
upon excitation of a PS; absorption (red arrow), internal conversion (bronze arrow, IC), fluorescence
(yellow arrow), intersystem crossing (green arrow, ISC) and phosphorescence (purple arrow).
Vibrational levels are shown to allow visualization of internal conversion. Rotational energy levels,

and non-radiative decay pathways have been omitted for clarity.

Given the truly interdisciplinary nature of PDT, these requirements can all be
influenced at different points in the development of the drug. For example, A, B, and
C can only be determined via detailed photophysical analyses. D, E, and F require
detailed biological evaluation. Lastly, G and H are influenced by the synthetic
chemist/s that designed the molecule in question. It must be noted herein that there
are distinct differences in requirements for PSs which are to be utilized in PDT for

cancer, as opposed to PACT.[18]

Light which can excite the PS is arguably the most essential criteria (Figure 1.2),
except the necessity for a PS. Without generation of the excited state of the PS,
there is no PDT, instead there is dark cytotoxicity. There are two types of
photochemical reaction that can occur from the first triplet excited state (T1) of a PS.
Without molecular oxygen, generation of excited state radical PSs can cause
cellular death via Type | reactions. In contrast, Type 2 reactions occur via an energy
transfer from the T1 state with molecular oxygen to produce singlet oxygen (Figure



1.3). It must be noted that whilst the wavelength of absorption of a PS is an important
topic in anti-cancer PDT, for PACT this consideration is of lesser importance, and

instead the efficiency of the generation of the T1 state takes importance.
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Figure 1.3. Reactions that occur from the first excited triplet (T1) state of the PS which result in 102
(type 1) and other ROS (type 1) that can cause intracellular damage and eventually lead to cell death.

The species in question are highlighted in coloured boxes for each different process.
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Figure 1.4 Molecular Orbital diagram for molecular dioxygen displaying the electronic configurations
of the 3 possible electronic states; ground state X3Zg (red), and excited states a'Ag (green) and bZg*
(blue). The a - X transition has been highlighted in purple for clarity, vide infra. Values presented

herein are for an unperturbed O2 molecule.l*!



One of the most toxic components of PDT is derived from the article necessary for
life: molecular dioxygen.l?%! The oxygen that living things use to respire, and plants
produce in photosynthesis is something arguably forgotten about on a daily basis.
A peculiar molecule in some ways — existing preferentially in a spin-triplet ground
state (X3Zg), research on Oz and energetic states thereof began with the
Schumann-Runge bands.l?Y The initial definition of the energy levels we know of
within O2 today was given by Mulliken in 1928,?2 and further updated, again by
Mulliken, in 1932.2%8 Eventually, Mulliken won the Nobel Prize in 1966 “for his
fundamental work concerning chemical bonds and the electronic structure of

molecules by the molecular orbital method”.[24

As observed in Figure 1.4, O2 has two low-lying excited states: the alAg and the
b'Zy which are at 94.7 kJ mol! and 157.8 kJ mol! above the ground state
respectively (for an unperturbed O2 molecule).*! In both gas and solution phases it
is observed that the a € b transition is much faster than the X < a transition,?®! and
thus, typically when referring to "singlet oxygen” in PDT the reactive species being
referred to is the al/q state. Described by Kasha as “the electronic transition that is
most forbidden in nature”,l?8! the half-life of the a state has been reported in the
range of 64—72 mins in the unperturbed molecule. Both a and b states of 'Oz are
highly reactive, and there are classical examples in both chemical and biological
settings which exemplify this (Scheme 1.1).

Whilst it may seem that 'Oz appears to be a “wild” species, with an inherent inability
to be tamed, it has been successfully used in a multitude of syntheses. The first
report of the use of 'Oz in a synthetic context was in the Foote-Wexler reaction, for
the oxidation of olefins, furans, and cyclopentanones.?l The seminal publication
exemplified the "ene”, [4+2] and, [2+2] reactivity of 1Oz observed and utilized since.
[27.28] Whilst 102 has been observed to oxidize olefins, it has also been utilized in the
oxidation of thioethers to sulfoxides,’?® and phosphines to phosphine oxides,
(Scheme 1.1). 1% Although a catalogue of results exists for the use of 1Oz in chemical

syntheses, it is described as "still a relative newcomer” 128l
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reaction products from PDT induced 02 sensitization (bottom, 1.14 - 1.19b). X =S, P, and R =
a|ky|, ary|_[27,28,29,30,36,36,37]

In the context of PDT, however, there is a desirability for the 102 to remain untamed,
and damage cellular components, or organelles, within its close vicinity. The

distance travelled by Oz within the cell is difficult to calculate. Factors including the



diffusion coefficient of 1Oz, D, and the lifetime of 'Oz, Ta, amongst others. In a very

broad assumption, it could be proposed that the distance O2 can travel (d) is equal
to:[31

d= /30TsD .........Eq.1.1

Realistically, cells are not homogenous and thus equation 1 is an improper method
to determine 'O: distance travelled. Instead, photobleaching experiments and
extrapolation of data from model systems indicate 1a = 10-320 ns.[323 The distance

travelled by 102 has been proposed to be 10-55 nm by Dysart and Patterson. 34

Different parts of the cell will contain different molecules, in the broadest sense, and
these different types of molecules undergo differing reactions with *O2. Three typical
examples of PDT-induced 'O sensitization include the reactions of cholesterol,
tryptophan, and guanine. Cholesterol undergoes an “ene” type of reaction to
produce the 5a-OOH adduct,®® 1.15, as shown in Scheme 1.1. In contrast,
tryptophan undergoes a [2+2] reaction with *O2 to form mixtures of adducts 1.17a
and 1.17b,38 and a similar stereoselectivity issue is observed upon the reaction of
guanine with 1Oz yielding 1.19a and 1.19b.B71 This, therefore, indicates that
destruction of cellular material/components occurs — independent of the region in
which 102 is produced. Recently, Senge and Callaghan exemplified the ability to
control and thus successfully utilize *O2 for PDT.83° Through the utilization of N-
substituted 2-pyridones on the meso-positions of their porphyrins, they were able to

capture 'Oz via [4+2] cycloaddition, and release it upon heating the system to 40
°C.[]

From the prior discussion regarding 1Oz, it is evident to see the "Achilles’ heel” of
PDT is hypoxia. Hypoxia is the term used to describe tissue with an insufficient
oxygen supply, regardless of the reason for the low oxygen content. With a lack of
oxygen, there is a lack of reactive oxygen species (ROS), i.e., 102, superoxide and
peroxide radicals and ions. In 2010, Allison and Sibata proposed a Type Il
mechanism for PDT, i.e., oxygen independent PDT, a system in which the excited
state of the PS can effectively transfer energy to cellular organelles/biological

material and facilitate cellular death therefrom.[40]
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Scheme 1.2 Synthesis of Type-Ill PSs (1.22a-d)via the combination of the julolidine core (1.20a)
with the Nile Blue framework (1.21a) and subsequent heteroatom swapping as to improve the singlet

oxygen quantum yield, ®.*%42 Sulphate counterion for 1.21a omitted for clarity.

Recently, the first examples of a series of PSs capable of this Type-Ill mode of action
were reported. This set of PSs were designed using desired properties present in
two separate motifs; the julolidine moiety (Scheme 1.2, 1.20a) is a sterically bulky
electron donating amine which itself has a wealth of uses,[*3444% and Nile Blue
(Scheme 1.2, 1.21a) a visible dye (Amax(EtOH) = 626 nm) which is once again a well-

used system.!*¢l The authors utilized, what they call, the “door-bolt” mechanism,



whereby due to the steric bulk of the julolidine unit the synthesized probes cannot
fit in the space between the double strands present in DNA, but they can fit into a
"spacious RNA pocket”.[*!] This selectivity coupled with heightened RNA levels in
cancer cells can therefore, loosely, be described as selectivity. Coupled with this,
the swapping of the oxygen atom to a heavier analogue in the Nile Blue core (or
more generally the phenoxazine motif) decreases the Si1-T1 energy gap, heightening
ISC, and enabling further reactivity from the T1 excited state (through heightened T1
population) enabling further cellular damage.[*? Whilst this is a promising initial
report, further research must be done in order to understand the true action of the
PS in these instances, and if it is possible to incorporate this Type-lll reactivity into

pre-existing PS-core structures as to remove the blight to PDT that hypoxia is.

1.1.3 Photodynamic Therapy: Classes of Photosensitizer (PS) — The PS Zoo

Given the criteria set out at the beginning of Section 1.1.2, it is evident to see that
multiple types of compounds can fulfii at least some of these criteria and
subsequently trailed for their efficacy concerning PDT. Within the introduction

multiple PS family types have already been introduced.

Tetrapyrrolic PSs (1.4 and 1.5, Figure 1.1 as well as 1.23, 1.24, 1.25, 1.26, Figure
1.5) possess many defining characteristics that make them suitable PSs. Namely,
this class of chromophores are extraordinarily absorbent in the visible region and
are able to generate 'O2. The syntheses of these can vary anywhere from
exceedingly simple to extraordinarily difficult. To generate symmetric porphyrins,
chlorins, bacteriochlorins or phthalocyanines may take only one (porphyrin,
phthalocyanine) or two steps (chlorin, bacteriochlorin). Unfortunately, it is likely that
symmetric tetrapyrroles of this nature are unsuitable for PDT for multiple reasons.
Such is the extent of their success that the majority of publications on the subject
surround PSs of these cores. A discussion on the syntheses of the cores of 1.23

and 1.24 along with their utility as PSs will be presented vide infra.
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with minimal substitution for clarity. For 1.32, R = alkyl.

BODIPY (1.27) and Aza-BODIPY (1.28) cores can be grouped given that they are
both heteroatomic variants of the s-indacene core (for clarification see

10



Nomenclature) and differ mostly in their syntheses. Whilst BODIPYs can be
synthesized in either 1- or 2-pot procedures consisting of only three steps each,
Aza-BODIPYs require the synthesis, and isolation of three intermediates, and are
synthesized over four steps. As a result of the meso-N in 1.28, the substitution
patterns obviously vary, but the same groups can be effortlessly installed. Both 1.27
and 1.28 undergo proto-deborylation in acidic media. The major difference between
the two structure types is a (roughly) 100 nm change in the wavelength of
absorption, with aza-BODIPYs exhibiting a longer wavelength of absorption
dependent upon the electronic nature of the substituents along with

solvatochromism.

Phthalocyanine (1.26, Pc) and derivatives thereof are tetrabenzol[b,qg,l,q]-
5,10,15,20-tetraazaporphyrins. Synthesized through the tetramerization of
phthalonitriles (or other analogous materials e.g., phthalonitriles, diiminoisoindoles)
their complexity more often than not arises from the modification of the original
phthalonitrile. These compounds have an intense absorption in the red region of the
spectrum. Recently, their characteristics and promise as PSs for PDT was outlined

in great detail.[*”]

Metal dipyrrinato complexes (1.29) are similar to BODIPYs (1.27), however, differing
in the moiety being chelated by the dipyrrin ligand. Dipyrrins alone are typically
yellow in both solid and solution state, and present an absorption band of low
intensity around 450 nm. The recent developments in the field of dipyrrinato metal

complexes was recently summarized.[4849]

Metal polypyridyl and phenylpyridyl complexes (1.30a,b) have recently found some
success in PDT. Notably the development of TLD1433,15% a heteroleptic polypyridyl-
dipyrido[3,2-a:2',3'-c]phenazine ruthenium(ll) complex, has gone someway to rattle
the PDT community, as the first ruthenium complex to successfully enter clinical
trials. Further to the field of this class of compounds in PDT, in recent years the
Gasser group have continually pushed the field of [Ru(bipy)s]** PSs for PDT.54 In
2020, Senge & Wiehe examined the utility of heteroleptic (dipyrrinato)iridium(lll)
complexes towards S. Aureus, amongst other bacterial strains, and multiple

complexes were found to be promising PACT agents.[®2]
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Xanthene dyes (1.31) are more typically used as fluorescent tags in the modern day,
as opposed to PSs,53 excluding their use in blood sterilization,54555¢1 despite the
initial breakthrough with the use of eosin (1.3) in the clinic. In saying this however,
rose bengal has found distinct popularity for aPDT in particular.®”] Analogous to
xanthenes are rhodamines, and these again have been greatly investigated in
recent years as fluorescent probes, as well as some investigation into their PDT
efficacy.l®® In a similar vein, phenoxazine/phenothiazine PSs (1.32) have found
greater applicability to aPDT than the oncological variant. Notable in this category
are methyl- and toluidine-blue which are both routinely analysed with regards to their

utility against Gram-positive and Gram-negative bacteria.l

Arguably a distinctly different structure, hypericin (1.33) is a naphthodianthrone.
Despite first appearances, it is naturally produced by plants in the genus Hypericum,
particularly Hypericum perforatum.[6% Its phototoxicity has been well studied, and
efforts are ongoing to synthesize derivatives that modify its solubility and enhance
its capability as a PS.[61.62]

There are points to be drawn from these structure types even from an initial glance:
lower molecular weight/smaller systems are more likely to be internalized by any
cancer cells to a higher degree than larger motifs. Further to this is the principal of
heavy metal toxicity. Despite the success of TLD1433, vide supra, it is the only
ruthenium-based drug to make any headway in PDT. Another point can be drawn

from the UV-Visible absorption spectra of these compounds.

Compounds 1.21, 1.26, 1.31, and 1.34-1.39 present genuine examples of PS core
structures (Figure 1.6). Whilst it could be seen that this is an ill-though-out mixture
of synthetic dyes and biologically relevant pigments, the utility of protoporphyrin IX
dimethyl ester (1.37, or PPIX DME) has been unequivocally stated previously.[63.64]
Chlorophyll a is lesser used, but other chlorins derived from natural pigments, e.g.,
chlorin es have found great applicability to PDT. Compound 1.39 presents possibly
an even more successful core structure with TOOKAD® being used for low-risk
prostate cancer.l%® Solvatochromism between compounds and spectra can be

disregarded for the statements which follow.
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1.34 1.35 1.36

1.37 1.38 1.39

phytyl _

Figure 1.6. Structures of compounds for which the UV-Visible spectra are presented below in Figures
1.8 and 1.9; 3,5-bis(methyl)-8-phenyl-BODIPY (1.34), bis(5-phenyldipyrrinato)zinc(ll) (1.35),
ruthenium(ll) tris(2,2’-bipyridine) dichloride (1.36), protoporphyrin IX dimethyl ester (1.37),
chlorophyll a (1.38), and bacteriochlorophyll a (1.39). The structures of 1.21, 1.26 and 1.31 are

presented in Scheme 1.2 and Figure 1.5 respectively.

When considering PDT for oncology, it is worthy of note that solid tumours tend to
mimic healthy tissues in their structure and thus are rarely a single layer, but instead
three-dimensional structures with heterogeneous regions regarding exposure to
oxygen and nutrients.[®] Assuming a tumour with no regions of hypoxia, and equal
distribution of PS throughout the tumour (an ideal scenario), administration of light
of differing wavelengths would treat different parts of the tumour. As depicted in
Figure 1.7, the wavelength dependence of tissue penetration is a stark reminder
that other chromophores will interfere with the PDT response.
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Figure 1.7. Wavelength dependent penetration of light through biological tissue. 800 nm light will

reach a maximum of 1.0 cm depth. Depths extracted from ref.[l

Considering Figure 1.7, we can see that the longer the wavelength of absorption of
PS, the deeper the penetration of the light used. This enables activation of more PS
molecules throughout the tumour, inducing greater cellular damage, and more
tumour treatment. However, we can also observe that this is not a linear relationship
between wavelength of light and depth of penetration. The maximum depth of
penetration is at 800 nm where the depth reached is ca. 10 mm, after this point the
absorption of water detracts from PS activation. There are great gains to be had by
increasing the wavelength of absorption from 500 nm - 600 nm, but the gain is

even larger still in the change from 600 - 700 nm.

Figures 1.8 and 1.9 are segregated in such a way to exhibit PS of non-porphyrinoid
and porphyrinoid types. If we consider Figure 1.8, the longest wavelength of
absorption is for 1.21 at 628 nm; otherwise, the values range from 445 nm (1.36) to
503 nm (1.34). Evidently, PSs based on these core structures would only be able to

treat very small, or surface tumours.

At first glance, the same issue could be posed to 1.27, and 1.37-1.39 in Figure 1.9.
It is correct that these compounds show intense absorptions in the region of 300—
450 nm; however, these are not the sole absorptions of these compounds. The

majority of them show multiple intense absorptions > 650 nm.
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Figure 1.8. UV-Visible absorption spectra for a variety of non-porphyrinoid PSs; 1.21 (ethanol), 1.31
(ethanol, basic), 1.34 (toluene), 1.35 (toluene) and 1.36 (water). All data was taken from
PhotoChemCAD.["1.721 Absorption spectra were normalized to the absorption peak of greatest
absorption in the range of 300-825 nm.
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Figure 1.9 UV-Visible absorption spectra for a variety of porphyrinoid PSs; 1.26 (chloronaphthalene),
1.37 (chloroform), 1.38 (diethyl ether), and 1.39 (toluene). All data was taken from
PhotoChemCAD.["*721 Absorption spectra were normalized to the absorption peak of greatest

absorption in the range of 300-825 nm.
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A greater discussion on the reasons behind this will be presented in Section 1.2.1,
vide infra. Thus, these compounds have the capability to treat deeper tumours,
larger tumours, or more generally a larger amount of tumour (assuming equivalent

efficacy across PS core structure, i.e., the ideal scenario).

For this discussion, sonodynamic therapy (SDT) has been excluded,® and whilst
interstitial PDT is greatly helping remedy the issue presented in Figure 1.7,17% this
cannot be a sole excuse to not increase the wavelength of absorption of a PS.

Thus, with the desire to minimize the number of treatments for the patient, it is
advantageous to eliminate as much of the tumour as possible. The most successful
way of doing this then is by ensuring as much of the tumour (containing PS) is
irradiated at once — and the best way to do this is to ensure that the PS utilized has

the longest wavelength of absorption possible.

1.1.4 Photodynamic Therapy: Generations of Photosensitizer (PS)

Classes and generations of PSs are two different things. The term “classes”
represents merely the differing structural types at play. Discussion of generations of
PSs becomes rather more troublesome, given there is no formal definition of the
differing generations. To outline this concept more accurately, it makes more sense

to discuss it from a historical perspective.

Although in Section 1.1.1., the phototoxicity Meyer-Betz experienced was initially
claimed to be the result of the hematoporphyrin (Hp), it was found by Schwartz that
Hp had rapid clearance from the body and thus could not have resulted in such
extended phototoxicity.[”®! Instead, porphyrin-oligomers resultant from Nencki's
isolation of Hp, from blood, were responsible for the prolonged phototoxicity.l”4
Schwartz’s preparation enriched the generation of these oligomers, through the
treatment of Hp, or PPIX, first with sulfuric acid in acetic acid, then strong alkali -
and this was labelled hematoporphyrin derivative (HpD).[”®! Lipson continued
experimenting with HpD in vivo,[”>76771 and eventually successfully treated a women
exhibiting breast cell metastasis with HpD through selective irradiation of the tumour
field.[’8] This was the inaugural and seminal work cementing PDT as a cancer

therapy. Clinical trials with differing formulations of HpD begun in the 1970s.[79:80.81l
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Dougherty endeavoured to remedy the concerns from Schwartz's results with
ultrafiltration in the mid-1970s to yield Photofrin 11®.[82.83] Again, further purification in
the 1980s by QLT PhotoTherapeutics and American Cyanamid, including the
development of lyophilization (freeze drying) yielded the final drug Photofrin® which

has not changed since the late-1980s.

Herein lies the issues with Photofrin®: nobody truly knew what the active
ingredient(s) were. Initial analyses via mass spectrometry in the 1980s suggested
that Photofrin® was mostly dimers, and thus that it was these yielding a phototoxic
response.®¥ However, more recent experiments have identified a nonamer,! and
gel permeation chromatography suggests that the median for this mixture is instead
trimeric.1®8l |t is postulated that the majority of the linkages between the porphyrins
are ethereal, from the 3- and 7-positions of the porphyrin core, but ester linkages
were also confirmed by Kessel.[B] People have also proposed meso-meso linked
porphyrin dimers. High performance liquid chromatography (HPLC) of Photofrin®
was found to yield a broad profile.[8 The lack of knowledge surrounding the
composition of Photofrin is further complicated by the lack of knowledge surrounding
the phototoxicity profiles of the individual components. Presumably, ether and ester
linked bisporphyrins would act as two individual PSs, unless T1-11 co-facially stacked.
Meso and/or B- B linked bisporphyrins typically present vastly differing photophysical
properties to porphyrins, and whether oligo-porphyrins present phototoxicity given

their greatly lessened solubility is another factor entirely.

Photofrin® is a first-generation PS for PDT, but HpD was the first, first generation
PS for PDT. A large amount of drug development in PDT thus initially aims to
overcome the flaws of these drugs, but first and foremost; utilize a single, isolable,
compound that can be fully characterized. That, in itself, is as close to a formal
definition of a second-generation photosensitizer as exists. The addition of active

targeting moieties to this system generates a third-generation system.

An example of a prominent second-generation PS is 1.40, 5,10,15,20-tetrakis(3-
hydroxyphenyl)chlorin a.k.a. m-THPC, Temoporfin or Foscan®. It is used for the
treatment of squamous cell carcinoma of the head and neck.[®d  Originally
synthesized by Bonnett et al. in 1989,°1 1.40 has gained attention in recent years

as a promising third-generation PS,[®2 following suitable modifications.
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Figure 1.10. Structures of second-generation PSs m-THPC (1.40), &-aminolevulinic acid (1.41a) and
its methyl and hexyl ester (1.41b and 1.41c, respectively) derivatives, along with third-generation PS

(1.42a) synthesized by Yap et al.l89 and cetuximab sarotalocan (1.42b).[100
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The topical application of &-aminolevulinic acid (1.41a) to a tumour surface yields
the enzymatic production of endogenous protoporphyrin IX (PPIX) which act as a
PS in only the region of application i.e., the desired region. Given that the rate
limiting step in the conversion of protoporphyrin IX into heme is insertion of iron (via
ferrochelatase),[®® this means that all of the generated PS is consumed and
presents little to no phototoxicity after 24 h.[%, It was found that the utilization of
methyl (1.41b) and hexyl (1.41c) esters of the acid yielded a much greater PDT
response, as the increased lipophilicity of these drugs enabled greater penetration
of the dermis, and for 1.41c a 50-100-fold increase in rate of conversion to
protoporphyrin IX.[?% It is these compounds that form the basis of Day-Light PDT

which consists in the use of sun as a light source.°¢!

In 2020, Yap et al.?® presented the synthesis of 1.42a; a porphyrin-amino acid
conjugate with a targeting amino acid side chain. The introduction of this targeting
moiety transforms the thoroughly utilized porphyrin,” from a second-generation to
a third-generation PS system. This targeting moiety was found to increase the
photodynamic efficacy in DU145-PSMA cells when compared to DU145 cells.
Concomitant with this, the addition of the Re'(CO)s ("cold” radioactive surrogate for
9mTcl) core through the administration of Schibli’s "Click-to-Chelate” principle, %!
yields an imaging modality through single photon emission computed tomography
(SPECT). This presents a third generation, theranostic,®® PS system.

In September 2020, the first antibody-PS conjugate received regulatory
approval.lt% Cetuximab saratolcan (1.42b) received approval for the treatment of
advanced and recurrent head and neck cancer. Its PS component is based on the
water-soluble silicon(IV) phthalocyanine, IR700, in this instance modified only
slightly to enable bioconjugation. In the instance in question, it is conjugated to
cetuximab, an epidermal growth factor receptor (EGFR) inhibitor. This 3 generation
PS exhibits a long wavelength of absorption (Aabs = 690 nm), and high affinity for
EGFR-expressing tumour cells, whilst sparing the tumour microenvironment and

surrounding healthy tissue.

Evidently, there are many multiple examples of PS systems of all generations.
Recently, the current state of third-generations PSs was summed up elegantly by
Gierlich et al.l'o4
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1.1.5 Photodynamic Therapy: Cancer

In the current day and age, the most prevalent use of PDT, excluding dermatology
with treatments for e.g., actinic keratoses,!1%? is in an oncological setting. Whilst the
classical definition of oncology refers to "tumours and boils”, 1% herein we shall refer

to cancerous tumours.

Cancer is a general term for multiple diseases resulting from uncontrollable division
of cells, of nearly any type and from almost any part of the body, as a result of DNA
damage or mutations. Whilst we typically refer to cancerous tumours as solid groups
of neoplastic tissue, not all cancers exhibit themselves in this manner: namely blood
cancers, i.e., leukaemia’s. Cancers can be classified as benign (harmless, in of
themselves) or malignant (harmful). Cancers can also spread, and form new
tumours in different parts of the body, in a process called metastasis. Of all deaths

from cancer, 90% of these are a direct result of a metastatic cancer.

Cancer is a leading cause of death worldwide, along with; strokes, ischaemic heart
disease, and diarrheal diseases.!'%4 In 2020, the World Health Organization (WHO)
estimates cancer to be responsible for nearly 10 million deaths. The most common
cancers, in terms of new cases in 2020, were breast, lung, colon and rectum,

prostate, skin (non-melanoma), and stomach.[10°]

There are multiple differing treatments for cancer, the choice of which is typically
dependent on multiple factors including the size and location of the tumour.
Resection (surgical removal) is the primary method of treatment for the majority of
isolable solid tumours. Chemotherapy is the treatment of cancer through the
administration of chemotherapeutic drugs. This treatment modality works via the
killing the most rapidly dividing cells, a defining feature of cancer. Radiotherapy is
the utilization of ionization radiation to eradicate the tumour, but it can also be used

in a palliative care regime. For this discussion, we will exclude palliative care.

With such a variety of treatments available, it begs the question as to why PDT

should be the new modality for cancer therapy.

- PDT is a non-invasive treatment (excluding interstitial PDT) subsequently
minimizing post-treatment infections which can be deadly post-surgical

resection.
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- Chemotherapy is a treatment which affects the whole body, with dreadful side
effects as a result of the destruction of healthy cells as well as cancerous
ones. In contrast, PDT involves irradiation of a specific region of tissue,
containing the PS, mitigating systemic side effects.

- Whilst radiotherapy is non-invasive and does have a targeting aspect, albeit
spatial, inherently built in as a result of advances in computed tomography
(CT), side effects stem from radiation-induced toxicity.

- In contrast to radiotherapy and chemotherapy, resistance cannot be
developed to PDT

- Given the inherent mechanisms of PDT, it is possible to stimulate anti-tumour

immunity, a promising avenue of research for the future of PDT.

- In a world where the cost of living is continually spiralling out of control, PDT
does not require special facilities. There are no necessary radiation facilities,
and given the lack of toxicity prior to irradiation there are no particular
measures necessary in preparation of the drug prior to administration, in

contrast to chemotherapy.

All this is to say that whilst there are multiple methods, all of which can eradicate
cancerous cells, differing cancers cannot all be treated in the same manner and in
more cases than not, underlying health conditions of the patient may mean that one
treatment is preferential over another. A prime example would be incompatibilities
between elderly patients and general anaesthesia for surgical resection of the

tumour mass.

Thus, in a world which strives for ever more personalized medicine, a greater option
of available cancer treatments makes for a world with a greater cancer survival

rates.
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1.2 — Chlorins

1.2.1 Chlorins a.k.a. Dihydroporphyrins

Porphyrins are the red pigments of life, with their etymology deriving from the Greek
‘TTopTVvpa’ (porphura) meaning ‘purple’.1%1 We have already elaborated how they
can be used as PSs, and in Nomenclature their structure was labelled and named.
Porphyrins make our blood red, and are responsible for the function of the P450
group of enzymes,!1°1 amongst many other things besides.

H
H
1.44 1.45
porphyrin chlorin
[18+4]m [18+2]m
D, (M = 2H) C,, (M =2H, M"
Dyp (M = M")

Figure 1.11. Core structures of the simplest porphyrin and chlorin in their free base forms (for clarity),
with the 18tr-electron system shown in bold, along with the number 1T of electrons and symmetry of

each system.

Chlorins are only slightly different, with the etymology of ‘chlorin’ deriving from, the
Greek ‘XAwpodg (chloros) meaning ‘green’ (and chlorophyll being ‘xAwpog +
‘@UAN\OV’ (phyllon) meaning leaf). Chlorins are also tetrapyrroles, structures with four
pyrrole rings joined together in a ring linked by methene (-CH=) bridges. They are
another of “natures annulenes”.l1%! |n the simplest and most analogous comparison,
the difference is only an extra two hydrogen atoms, added across a Cg-Cp double
bond; hence, the name dihydroporphyrins. Instead of red, they are the green
pigments of life, responsible for photosynthesis. Despite the growing worldwide

population, chlorins are still the most abundant class of tetrapyrrole on Earth.[109]

The biggest difference comes from the names of the structure types, and their
symmetries. As listed in Figure 1.11, the symmetry of the porphyrin macrocycle
changes upon the core substituent. If the porphyrin is free base (i.e., nho metal

centre), the core exhibits a D2n point group, and installation of a metal centre
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increases that symmetry to Dasn point group. In contrast, regardless of the centre of

the chlorin core, the symmetry approximates to a Cpy point group.
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Figure 1.12. UV-Visible spectra of 5,10,15,20-tetraphenylporphyrin (1.46, H2TPP) and 5,10,15,20-
tetraphenyl-17,18-dihydroporphyrin (1.47, H>.TPC) in toluene, normalized at the peak of highest
intensity. All data was taken from PhotoChemCAD.['1.72

Presented in Figure 1.12 are the UV-Visible absorption spectra of porphyrin 1.46
and chlorin 1.47, otherwise analogous aside from two hydrogen atoms. The
spectrum of 1.46 (red, Figure 1.12) is dominated by an intense absorption at c.a.
419 nm. This band is named “Soret” after the man who discovered it.[% Aside from
this, there are four peaks of much lower intensity in the range of 500-670 nm. In
contrast, the spectrum of 1.47 (green, Figure 1.12) shows two bands between 400—
450 nm, at ca. 405 and 420 nm. Aside from these, there are multiple absorptions
between 500-630 nm, at which point there is an absorption of much greater intensity

around ca. 650 nm.

The origin of the intense absorption, in the case of 1.44, is the combination of two
aw =2 eg, transitions, which are called “B” transitions. As a result of the degeneracy
of the e g, set of orbitals, these transitions are equivalent, and become additive to

produce a Soret band (Bx + By). In the case of 1.45 the eg orbitals are no longer
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degenerate, and thus the two transitions are of differing energies; hence, the
splitting of this band.[*1]

The Q-transitions (Q for quasi-allowed) in the spectrum of 1.44 arise from axy =2 eg,
transitions, thus yielding one for each x and y direction. However, this does not
explain why there are four transitions, instead of two. It is vibrational overtones of
these bands which yield the second set of two Q-bands: Qy(1,0), Qy(0,0), Qx(1,0),
and Qx(0,0), see Frank-Condon principle. As the symmetry is increased from D2 to
Dsn upon metallation of the porphyrin core, the x and y axes become degenerate
and this yields two Q-bands: Q(1,0) and Q(0,0).

ey (M)

egx & €y (%) PR e, — ey (M)

1.44 1.45

Figure 1.13. Structures of 1.44 and 1.45, displayed with x and y axes along with the molecular
orbitals (HOMO-1, HOMO, LUMO, LUMO+1) responsible for the transitions observed.

In the case of 1.45, the "Q-transitions” are actually allowed due to reduced
symmetry. These Q-bands are mostly poorly defined, and alternating with vibrational
overtones as the x-axis is surveyed.!'??l The Qy(0,0) band, however, is the outlier. It

arises from the a1y = ey transition and is strongly allowed.[113:114,115,116]
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1.2.2 Chlorins in Nature: The Omnipresent Tetrapyrroles
The setting in which most are familiar with chlorins is likely to be the plants in the
garden. These chlorins are chlorophylls, and they are found in the chloroplasts of

oxygenic photosynthetic organisms (Figure 1.14, 1.38, 1.48-1.51).

|
phytyl

1.38, 1.48 - 1.51 1.52-1.55
R? = R” = CHj, R® = CH=CH,, 1.38, Chl a R’ = R'2 = R%0 = CHj3, R® = C,H;5, 1.52, Behl ¢
R? = CH3, R® = CH=CH,, R = CHO, 1.48, Chl b R” = CH3, R® = R'?2 = C,Hs, R?® = H, 1.53, Bchl d
R?=R’ = CH,, R®=CHO, 1.49, Chi d R” = CHO, R® = R"? = C,Hs, R?® = CH,, 1.54, Bchl e

R? = CHO, R® = CH=CH,, R” = CHj3, 1.50, Chl f R” = CHO, R® = R'2 = C,Hs, R?° = H, 1.55, Behl f
R%=CHs;, R®*=R’” = CHO, 1.51, Chl g

phytyl _ : : |

Figure 1.14. Structures of naturally occurring chlorins: chlorophylls a, b, d, f, and g as well as

originally incorrectly labelled bacteriochlorophylls c, d, e, and f.

Further to these, are bacteriochlorophylls (1.52-1.55). These are isolated form
photosynthetic bacteria. In total, there have been numerous natural chlorophylls
isolated and found, albeit some incorrectly named (1.52-1.55, Figure 1.14), in
contrast to bacteriochlorophylls a, b, and g which are true bacteriochlorins. In all
cases, there is an extra ring, the E-ring. This nomenclature is displayed in Figure
1.15.

Chlorophyll a (Chl a) is the pigment responsible for the green colour present in the
majority of plants, and is present in both photosystems | and II. Chl b is the second
most abundant and is identified as an “accessory pigment”, and is not found in
reaction centres. These were both discovered in 1817 by Pelletier and

Caventou,!117:118.119] byt it wasn’t until Stokes’ work c.a. 50 years later that realized
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the extract of Pelletier and Caventou contained two compounds.l*?% Eventually,
these were separated by Tswett, 12l however some accredit this accolade to
Willstatter and Isler.?2l As with natural porphyrins, the correct structure was initially
proposed by Fischer in 1940, albeit with the omission of stereochemistry.l123]
Multiple years and research groups eventually contributed to the understanding that
led to Fischer’s result. The structure of Chl a was unequivocally assigned through,
arguably, one of the greatest total syntheses of all time from Woodward and co-
workers.[1?4 Interestingly, this occurred before the first assigned NMR spectra of
either Chl a or Chl b had been reported. Whilst no crystal structures of chlorophylls
containing the phytyl chain exist, Strouse’s 1975 structure of ethyl chlorophyllide a
dihydrate is presented below, 1?5 along with the numbering system and structure of
phorbines.

meso

1.56

1.57

Figure 1.15. Left: structure of phorbine (1.56) along with Lindsey’s numbering system (see
Nomenclature, vide supra) and ring labelling and right: Strouse’s 1975 crystal structure of ethyl
chlorophyllide a dihydrate (1.57, CCDC No. 1101397),112 atoms represented as spheres. Image
generated from Olex2.[126]

Chl d was isolated form the photosystem | reaction centre complex of Acaryochloris
marina, in which the ratio of Chl d:Chl a was found to be 180:1.12271 Originally thought
to be a possible artifact, it was confirmed as a main-player in global photosynthesis
when it was found in both sea- and freshwater sediments upon administration of

near infra-red (NIR) light.[128.129]
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Chl g is somewhat a strange one. Isolated in low yield from Acaryochloris marina,
again, upon the introduction of the chlorophyllide a oxygenase gene. The structure

of Chl g was assigned at 7-CHO-Chl d, and instead this was named Chl g.[130]

Chl f has been left until last as it was the most recently discovered. Initially isolated
in 2010 upon culturing cyanobacteria under red light,[*31 it has now been isolated
from multiple bacteria in both Australia,!**? and Japan.[*3® Its structure, which is
essentially 2-formyl-2-demethyl-Chl a, was fully assigned by Scheer in 2013.1134 |t
is the most red-absorbing chlorophyll with A(Qy) = 707 nm (methanol, logioe =
4.85).13%]

Of course, Chl chemistry is steeped in history, and rather a vast subject. Thus, this
short summary includes a miniscule percentage of the work in the field, which has

been continually catalogued fastidiously elsewhere.[}i.136]

The bacteriochlorophylls presented have lesser known about them, in reality.
Bacteriochlorophylls (Bchls) c, d, and e were isolated in the 1960s & 70s, from
photosynthetic bacteria,[*3"l and whilst Bchl f had been predicted, its existence came

only recently, and was as a result of a deliberate mutation. 138l

1.2.3 Chlorin Syntheses: Nobody Said It Was Easy

Clearly, nature has had some fun in its syntheses of hydroporphyrins. Derived from
primordial soup, engineered by enzymes over millennia to yield the biologically
active cofactors we have today. Whilst scientists can extract Chls, their synthetic
chemistry is somewhat arduous, and unpredictable. Understandably, chemists
desire to make hydroporphyrins of their own for multitude reasons. Modification of
the chlorin periphery can enable studies of; the spectral properties of these
molecule, self-assembly properties in biologically important settings, and the design
of architectures which support artificial photosynthesis." Of course, the application
of these molecules to PDT is also of great interest, vide infra. To explain how they

can, we must revert back to porphyrins, briefly.

It must be made clear that whilst some modifications of the porphyrin core result in
molecules with “chlorin-like” UV-Visible absorption spectra, these molecules will not

be included in this thesis. Notable examples in this subject include the majority of
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Briickner’s breaking and mending work — desymmetrization of the macrocyclic core

has yielded a shifted wavelength of absorption.[3°

Syntheses of hydroporphyrins can be split into two broad categories: A. synthetic
manipulation of porphyrins to yield chlorins, and B. outright chlorin syntheses. Thus,

an initial recap on porphyrin syntheses is necessary.

Using 1.58a
Rothemund: CsHsN
sealed tube, R
150°C, 24 h
R R Adler-Longo: H3CCH,CO,H,
141 0C, 0.5 h,
;/ \; o) c.a.upto20 %
| > R
N J . B R
H R Lindsey: 102 M F3CCO,H
anhydr. CH,Cl,
p-chloranil
1.58a,R=H 1.59 c.a.upto47% R
1.58b, R = Et
1.60
Using 1.58b
Sessler: p-TsOH, CgHg
A, 02
c.a.65%
Using 1.61
Linstead: CH3CO,H,
reflux., Oy,
\ <40%
I\ N— >
N Hanauer: Similar conditons
H 52 - 65%
1.61
1.62

Scheme 1.3. Synthesis of synthetic porphyrin workhorses; As-porphyrins through Rothemund, [140.141]
Adler-Longo,*#2 and Lindsey syntheses,'43 with R = alkyl, aryl and octa-B-substituted
octaethylporphyrin via Linstead,4®! Hanauer,[15% and Sessler's methods.[152]

The first synthetic chlorins were devised from synthetic porphyrins. Synthetic
chemistry of non-natural porphyrinoids began with Rothemund’s synthesis, 140141
followed by Adler-Longo,'#? and eventually Lindsey rounded up the As-syntheses
in 1986 (Scheme 1.3).431 These syntheses all consisting of a pyrrole-aldehyde
condensation yielding the simplest meso-substituted porphyrins. As the years have
gone on, other methods have been developed to yield porphyrins of differing

substitution patterns.'#4l Whist it is entirely feasible to do mixed Adler-Longo or
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Lindsey porphyrin condensations, separation of differing porphyrins can be
excruciatingly tiresome. With advents in dipyrromethane chemistry came the
MacDonald [2+2] condensation,[14>146] and organolithium chemistry from Senge

yielding porphyrins of mixed substitution patterns,!'471 to name other milestones.

:* - ;‘
—_—>
o
1.63 1.64

Na
(H3C),CH(CH,),0OH

—_—

1.65

1.62 —_—

1.67
'Diimide
Source'
—
1.69 1.71
Na
(H3C),CH(CH,),0OH

from CIFeOEP 1.70

Scheme 1.4. Methods for generation of chlorins from porphyrins utilizing Na/isoamyl alcohol or

osmium tetroxide and their rearrangements to oxochlorins.[158.159.160,161,162,163]
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Further to the meso-substituted porphyrins, B-substituted porphyrins present
another synthetic workhorse to the tetrapyrrole community. Key to this field is
2,3,7,8,12,13,17,18-octaethylporphyrin (1.62). The synthesis of which has been
modified continually; initially synthesized by Fischer in 1937,1148] refined by
Linstead,**°] refined then by Whitlock and Hanauer,!*%% and then by Dolphin.[*1 The
synthesis of 1.62 was then made practical by Sessler,*52 however the contributions
of Inhoffen to this field should not go un-noted.[*53154 Together, the tetra-meso and
octa-f substituted porphyrins have become the workhorses for the synthetic

tetrapyrrole community.

It was found that in all Rothemund, Adler-Longo and Lindsey porphyrin syntheses,
the respective chlorins are also by-products. Between 1943-1946, Calvin and co-
workers isolated H2TPC, (1.47) upon investigation of the Rothemund synthesis. It
was found that chelation of zinc enabled greater stability of, and hence isolation of

H2TPC and further experimentation therefrom.[155:156.157]

In 1927, Fischer et al. yielded 17,18-dihydro-2,3,7,8,12,13,18,18-octamethyl-17-
oxo-porphyrin (1.64, Scheme 1.4) upon the treatment of octamethylporphyrin 1.63
with sulfuric acid in hydrogen peroxide a.k.a. "piranha solution”.!*%8] In the 1930s,
again Fischer treated various porphyrins with elemental sodium in isoamyl alcohol
to vyield trans-etiochlorin | (1.66) and II, along with trans-octaethylchlorin
(1.71).1159.160.161] |t was then Inhoffen who utilized osmium tetroxide to generate
vicinal-dihydroxy chlorins (1.67) which themselves could be rearranged into 17-oxo-
18,18-disubstituted chlorins (1.68).[162.163]

Modern attempts at chlorin synthesis typically rely on milder conditions still. Initially
the Whitlock diimide reduction, first presented in 1969, 164 utilized p-toluenesulfyonyl
hydrazide, 1.72, in hot pyridine with added potassium carbonate. This resulted in
the formation of the chlorin (1.47) and bacteriochlorin, as well as returning some
starting porphyrin (1.46). Whilst stereochemistry of the reduced ring is not an issue
for consideration when meso-substituted porphyrins are the starting materials in
question, in the case of 1.62, this procedure was found to generate only the cis-
isomers. Little has been modified from the original procedure, and the area which

has received the greatest attention is the diimide source (Scheme 1.5).
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With the advent of 1.75, the reaction could be undertaken in neutral conditions at
only slightly elevated temperatures.l'%% This not only made the reaction safer but
also increased the possible substrate scope, through the lack of use of strong bases.
1.77, however requires mild acidic treatment at room temperature.1%6l Thus, the use
of diimide reductions vastly expanded the generation and availability of chlorins to
the synthetic chemist.

'‘Diimide Source'
1.46 - 1.47

K,CO3 CsHsN

- NHz K H\N N,'"
=
JOR el
1.72 1.73 1.74
MeOH, 35 °C o\\s,:o WK
- . H N=N
1.75 1.76 1.74
o) H30C02H, r.t.
N oK 0 nooA_ A
i~ —_— C N=N
KO™ "N )J\OK i
o)
1.77 1.78 1.79 1.74

Scheme 1.5. Evolution of diimide source from the original Whitlock diimide reduction for the
conversion of porphyrins to chlorins and bacteriochlorins, utilizing the conversion of 1.46 to 1.47 as

prime example.[164165,166]

One other common method for generation of chlorins is cycloaddition. In 1997,
Cavaleiro and co-workers presented the reaction of tetraarylporphyrins with o-
benzoquinodimethane which yielded naphtho[2,3-b]porphyrins, 67l exemplifying the
reactivity of the Cp-Cp double bonds as dienophiles in Diels-Alder reactions. Only
two years later, they presented the reaction of tetraarylporphyrins with azomethine

ylide (1.82, Scheme 1.6) yielding N-methylpyrrolidine fused chlorins (1.84),168 and
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isobacteriochlorin bis-adducts as a result of a 1,3-dipolar cycloaddition reaction.
Other cycloadditions have been performed across Cg-Cpg double bonds with;
pentacene,'®? azomethine ylides derived from proline derivatives,7% nitrile

oxides,"Y and methylpyrazoles,*”? amongst other dienophiles.

As shown throughout, natural tetrapyrroles contain a variety of substituents which
take multiple steps to append to typical synthetic porphyrins. An example of which
being the vinyl group. In 1994, Smith and co-workers treated a series of natural
porphyrin dimethyl esters (including PPIX DME, 1.37) first with dimethyl acetylene
dicarboxylate, 1.85, in which a [4+2] cycloaddition where the Cp-Cg and 3-vinyl
moiety acted as the diene and 1.85 as the dienophile.[!”3l Resulting conversion of
the 1,4-diene to the 1,3-diene with DBU and partial hydrolysis yields the drug we
know of today as benzoporphyrin derivative mono-acid Ring A (BPDMA, 1.86a and
b). The structural assignment was confirmed by the authors through both

crystallographic assessment and NOE experiments.

~ OH (o) (o)
N
Hol L
1.80 1.81
CeHsCH3,
Ny, A, 10 h
@@
N
CeFs \wj/ CeFs
1.82
CeFs CeFs > CeFs CeFs
CeFs /N CeFs
1.83 1.84

Scheme 1.6. Cavaleiro and co-workers’ reaction of azomethine ylide with TPPF20 (1.83) to yield an

N-methylpyrrolidine fused chlorin.[168]

Two structures of BPDMA, 1.86, are presented due to conflicting rules of
nomenclature. Moss states the A-ring of a tetrapyrrole must be drawn in the top-left
corner and as a pyrrole.l! Convention states the reduced ring must be drawn as the

D-ring in the bottom left corner. The majority of the literature surrounding this drug
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constitutes A as drawn in Scheme 1.7, and whilst this does show the involvement
of the 3-vinyl group in this reaction, it violates both statements. From here on out

thus, the representation B will be used for BPDMA.

From cycloaddition to cyclization. In 1986, Morgan and Tertel reported the synthesis
of 1.90.1174 Whilst technically the structure type is a “purpurin” (not a 1,2,4-
trinydroxy-9,10-antheaquinone), first identified by Conant and Moyer the term has
become a word used for a tetrapyrrole with an electron withdrawing meso group. 7]

For further definition on nomenclature, the readers are referred to Nomenclature,

vide supra.
1.37
COzMe
Vi i) 1,2-DCE, A, 72 h
i) DBU, CH,Cly, r.t.
MeO.C iii) Hydrolysis
1.85
R'0,C CO,R!
R'0,C CO.R’

A B

1.86a, R'=Me, R2=H
1.86b, R' = H, R2 = Me

Scheme 1.7. Reaction of PPIX DME (1.37) with dimethylacetylene dicarboxylate (1.85), and
subsequent steps, to vyield Benzoporphyrin Derivative Monoacid Ring A (1.86) with two

representation of the structure, see text.["173]

Etioporphyrin | (1.87, Scheme 1.8) underwent metallation, meso-formylation, 76!
Wittig reaction and finally demetallation to yield 1.88. Heating a solution of 1.88 in
glacial acetic acid in the presence of air yields 1.89. Subsequent metallation with
tin(ll) chloride yields tin(IV) etiopurpurin 1.90. The importance of this compound in

PDT will be discussed vide infra.
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Thus, the toolbox of the synthetic chemist is vast when it comes to non-natural
chlorins. Natural chlorins have presented more of a challenge, in contrast to the
natural porphyrins which were synthesized by Fischer prior to even the Rothemund
porphyrin synthesis.

The greatest example of natural chlorin syntheses, and one of the great total
syntheses, must be Woodward’s synthesis of chlorophyll a.[*?4 Misleadingly labelled
as Woodward’s synthesis, it comprised work over multiple decades, and studies of

many chemists before the first team he assigned to this project.

Woodward’s synthesis initially generated A-D and B-C halves. From there the
intermediate generation of purpurins (both traditional, and meso-formyl
hydroporphyrins) led to chlorin es trimethyl ester, which could be turned into Chl a

through the use of “well-trodden paths”.[177]

i) Ni Metallation

i) meso-Formylation
iii) Wittig

iv) Demetallation

L
’

=
1.87 CO,Et
1.88
HsCCOLH, A
N,, 24 h
SnC|2, H3CCOZH,
% MeOH, A, 3 h
~o 1 )
Et0,C Et0,C
1.90 1.89

Scheme 1.8.Synthesis of tin(IV) etiopurpurin (1.90) from etioporphyrin | as reported by Morgan and

Tertel.[174.176]
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As noted prior — Woodward’s synthesis relied on the generation of separate ‘halves’
which were then combined to yield the tetrapyrrolic intermediates. Looking at the
chlorin core, there are two ways it can be divided to yield ‘halves’ (Scheme 1.10).
The two methods bisect the core from top to bottom yielding East-West halves
(Scheme 1.10, left), whereas disconnecting from left to right yields North-South
halves (Scheme 1.10, right). Aside from these methods, construction of the chlorin

core may occur in a stepwise fashion, appending one ring to another and passing

through a tricyclic intermediate.
CO,Et
bt
EtO,C

N
H
1.91
NH, CO,Me
CO,Et
/ \ / \_ cl Z/ \; / \
N | N N { N
H NG H H e} H
CN
1.92a 1.92b 1.92c 1.92d
A -ring B - ring C -ring D - ring
1.38
49 steps

Scheme 1.9. Simplified scheme of Woodward’s synthesis of Chl a (1.38) from Knorr’s pyrrole 1.91,
passing through chlorin es trimethyl ester 1.93, as a relay point.[124.178]

Biologically relevant tetrapyrroles tend to contain little-to-no meso substituents, e.g.,
C15substitution in Chls, and meso-methyl groups in BChls and vitamin B12, and often

are octa-B-substituted, in stark contrast to a large proportion of synthetic porphyrins
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used today. In this case, there is one modern day synthesis which appears perfectly

suited to this type of systems.
R' R? A B
2 m
HN R 2
— p— Rt s
HN
c\ =N HN
R R X @‘\\/@

1.45
East-West North-South
Retrosynthesis Retrosynthesis
A-D and B-C halves A-B and C-D halves

Scheme 1.10. Retrosynthetic disconnection of chlorin 1.45, displaying the East-West method and
North-South Method.

Jacobi’s synthesis of chlorins is unique, for multiple reasons. As will become
evident, vide infra, it differs in the initial generation of C-D and A-B halves, i.e., the
implication of a North-South route. While the A-B half employs more typical and well

established dipyrromethane chemistry, the C-D half does not, (Scheme 1.11).1179:180]

For clarity, all rings are presented in the same orientation as displayed for 1.45 with
the D-ring represented with the green highlight, with the half containing the reduced
ring presented as a hydro-dipyrrin and the other half presented as a dipyrromethane.
Groups R1-R# are oriented such that R!is appended to the A-ring and R# to the D-
ring, with two of those groups being able to provide the meso carbon atoms

necessary to yield the final tetrapyrrole.

Initially beginning with a pre-functionalized pyrrole and a pent-4-ynoic acid
containing a geminal dimethyl group, the pseudo-Sonogashira coupling yields
pyrrole-enelactam 1.96.1281 From this, the route differs depending on the groups that
are necessary to append to the a-positions of the dipyrrins. Subsequently, the
conditions for this reaction differ greatly from the majority of porphyrin and
hydroporphyrin syntheses — merely a percentage of trifluoroacetic acid in

dichloromethane (Scheme 1.12).[182]

This route has been used to synthesize multiple methyl-propionate appended
chlorins, i.e., side chains of distinct similarity to those found in nature.l'8l This

method has not yet been applied to Bonellin (Scheme 1.13).
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N [Pd] HNTN\
| COztBU R12
HO,C \ / —_— N
——R'® ©
R12 R R'5 R
1.94 1.95 1.96
(H3C0)3CH TiszMez
F3;CCO,H CgHsCH3, A
CHO CO,'Bu
HN HN
0 S \\ R12 \ R12
0] o X
R1% R13 R15 R13
1.100 1.97
i) MeLi i) HCI/DMF
i) 'NHj' ii) 'NH3'
CHO (H3CO);CH CO,'Bu
R12 R12
N - N
R15 R13 R15 R‘I3
1.101 1.98
Se0, SeO;
OHC CHO OHC CO,'Bu
=N HN N\ =N HN \
X =~ R12 S ~ R12
R15 R13 R15 R13
1.102 1.99

Scheme 1.11. Jacobi’'s construction of a C-D half for chlorin synthesis. R'?, R13, R® = alkyl,

aryl.1179.180,181]



3 5 7
r2 \\ // = R® RS R
2 8
NH HN % F3CCO,H/CH,Cl, R R
o
—_— >
J Y
12
N HNT) 2 R
A S R15 R
R15 R13
1.108

1.103-1.107 Top
1.99 or 1.102 Bottom

Scheme 1.12. General Scheme representing Jacobi’s construction of chlorins from A-B and C-D

halves.[182]

Bonellin is a naturally occurring tetrapyrrole continuing a geminal dimethyl moiety,
1.109. It is produced by the green spoon worm, Bonellia viridis, (class Echiura,
phylum Annelida).[*84 It is found in the North-Eastern Atlantic ocean, as well as the
Mediterranean sea. Among marine biologists, it is noted for displaying “exceptional
sexual dimorphism” and the toxicity of the pigment within its skin.[18] Bonellin allows
us to compare two (again) very different routes to hydroporphyrins. The two

syntheses of (x)-bonellin dimethyl ester were presented by F. P Montforts, and A.

R. Battershy.
X =
Hypothetical \_NH HN—Z

Jacobi
Retrosynthesis 1.110
p—
H
HO,C l—N\_-C0,Bu
= \ /
HO,C CO,H
M902C MeOZC
1.109 - Bonellin

1.111 1.112

Scheme 1.13. The structure of Bonellin and retrosynthetic analysis as if it were to be synthesized

through a Jacobi style chlorin synthesis.

Whilst chronologically, Montforts synthesis was the last to be presented, its

complexity warrants its initial discussion. For this synthesis, Montforts took a [3+1]
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approach, a method he first reported in 1981 with the synthesis of 17,18-dihydro-
18,18-dimethyl 2,3,7,8,12,13-hexamethyl-porphyrin.[186]

Each ring was meticulously prepared, some utilizing a mere bromination (ring A,
1.114, Scheme 1.14),1*¥] or oxidation (ring B, 1.116) whereas ring C required three
steps; starting from Hagemann’s ester 1.119, derivatization to the enol ether,
followed by ozonolysis, aldehyde deprotection and finally intramolecular cyclization
in the presence of an ammonia source to yield 2-pyrrolone 1.120. D-ring precursor
1.117 was carried over from another giant of total synthesis; vitamin
B10.1188,188,190.191,192] gyhsequently, treatment of 1.117 with Lawessons’ reagent, and
conversion into the pyrrolidine-ylidene upon treatment with a brominated allylic
malonate yields the D-ring.

The B,C-half 1.121 was generated upon condensation of B- and C-ring counterparts
1.116 and 1.120, respectively, to yield an a-oxo-dipyrrin and conversion to the thio
derivative was completed with Lawesson’s reagent. Formation of the sulphur
bridged B,C,D-tricycle 1.122 was performed under base catalysis, which then
underwent acid mediated sulfide contraction to yield a free-base B,C,D-tricycle. In
the free base form this intermediate was found to be extremely unstable, and readily
oxidized. This problem was overcome via the complexation of nickel, i.e., to yield
1.123. Treatment of 1.123 with H2/Pd-C removed the B-ring ester protecting group
and enabled a classical pyrrole-aldehyde condensation to yield 1.124, which upon
zinc chelation, elimination of cyanide, ring closure and oxidation yielded racemic
bonellin dimethyl ester with the 1.124 - (x)-1.109-Me2 step occurring in 42% yield
over two steps. The initial construction of each ring and appending one to another

in a stepwise fashion yields a synthesis of multiple steps.

The elegance of Battersby’s synthesis is derived from its simplicity, at least in
contrast. Battersby’s approach was starkly different, an East-West style [2+2]
synthesis (Scheme 1.15).11%1 Henry reaction of 1.125 followed by reduction yields
1.126, which undergoes Michael addition with 1.127 under base catalysis to yield
pyrrolo-nitrohexanone 1.128. Under McMurry-Nef conditions, this yields the A,D-
half, dipyrrin 1.129. In an unprecedented step, the D-ring had been built onto the A-

ring, as opposed to a mere combination of two pre-functionalized rings.
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1 step 1 step
e - - -
NH — A NH NH — B NH
S S Y Y
Br CO,Bz CO,Bz
1.113 1.114 1.115 1.116
(o}
NC/,. 2 steps 3 steps
NH —— — /\):C«\NH
MeO,C (@] CO,Me MeO,C (0]
1.117 1.118 1.119 1.120
BZOzC =
HN %
> tBuO,C //
H |
NG/ S ¢
COyMe / CO,Me
1.118 1.121
CO,Me
1.122

(%)-1.109-Me,
25 steps

MeO,C MeO,C
1124 1.123

Scheme 1.14. A simplified representation of Montforts’ [3+1] synthesis of (+)-bonellin dimethyl

ester.[18¢]

Construction of the B-ring was simply a case of oxidation (1.131), whereas the C-
ring required oxidation to the A3-pyrrolin-2-one with m-CPBA, and removal of the
tert-butyl ester with trifluoroacetic acid and hydroxyl removal with triethylsilane to
yield 1.133. Lastly, to form the B,C-half the B- and C-rings were condensed, the tert-

butyl ester (1.131) transformed to a formyl group and the a-oxo moiety transformed
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to a a-methoxy through the use of trimethyloxonium tetrafluoroborate, a Meerwein

salt, yielding the dipyrrin 1.135 ready to condense.

X A
2 steps \ NH \ NH
= = O
A NH —_— _NH — —_— \
N NO, N
CHO 0 D\
NO, CN ﬁ
1.125 NG
1.126 1.127 NC
1.128 1.129
CO,'Bu CO,'Bu
— —
NH _— \(B?NH —
= = t
BuO,C._~ OHC._~
cno HN 2 steps HN—/
1.130 1.131 -
/ /
CO,'B o ,\/l
u
2 2 steps o) 7 MeO 7
: NH - > |cNH - CO,Me CO,Me
CHO (0] 1.134 1.135
MeO,C MeO,C
1.132 1.133
N OHC~_~
\A B
NH HN (£)-1.109-Me,
\ / 14 steps
\ ) c
D\
MeO 7
ﬁ CO,Me
NC
1.129 1.135 1.136

Scheme 1.15. A simplified representation of Battersby’s [2+2] synthesis of (+)-bonellin dimethyl

ester.[193]

Trifluoroacetic acid catalysis of 1.129 and 1.135 yielded the seco-chlorin
system/dihydrobilatriene 1.136. The ring-closure to yield (+)-1.109-Mez was a
photochemical one, as opposed to Montforts chemical closure. Irradiation of a
tetrahydrofuran solution 1.136 in a sealed tube for 14 days with a tungsten lamp
(1000 W) yielded the ring-closed system in only 36%. However, upon considering
the amount of returned starting material, the yield of the photochemical ring closure

step becomes 97%. The final stage of this synthesis was the conversion of the
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cyano-group, carried through from 1.127, to yield the methyl ester, which occurred
in 88% vyield.

The two syntheses vary drastically; A) Battersby’s synthesis was of a [2+2] style
opposed to Montforts’ [3+1], B) and as a result contained far fewer steps (14 vs. 25)
due to a more convergent synthesis (which was mainly a result of the symmetry
used in the retrosynthetic analyses), C) a photochemical ring closure over the
chemical method employed by Montforts.

Despite the differences exhibited here, it is evident to see that it is possible to
generate biologically relevant chlorins utilizing a pyrroline ring, whether it is built
onto another ring (as demonstrated by Battersby) or as a separate heterocycle and
attached in a stepwise fashion (as demonstrated by Montforts). Particularly, utilizing
the methodology of Montforts, we can hypothesize that given suitable time and vast
guantity of reagents, it is possible to synthesize entirely asymmetric chlorins, e.g.,
Chl ba.

1.2.4. Chlorins in PDT: What More Could We Want? Oxidation Resistance

Chlorins then have both been constructed elegantly by nature, and painstakingly by
scientists. Some have even made their way into medical treatment. The most
successful chlorin drug is surely BPDMA (1.86, Scheme 1.7), whilst food additives
containing ‘chlorophyllin® are widely used, the medical benefits remain
unclear.[*®419] Whilst not used for oncology it is used to treat age related macular

degeneration (ARMD) worldwide.

Other chlorins used in PDT include: mTHPC (1.40 Figure 1.10) and Laserphyrin™
(a.k.a Talaporfin Sodium or mono-L-aspartyl chlorin es, 1.139, Figure 1.16).
Laserphyrin™ was approved in Japan for the treatment of lung cancer,19:1971 with a
strong absorption (log € = 4.60) at 664 nm. Its rapid clearance from the body, and
selective tumour localization make it a promising candidate for the treatment of

future ailments.

However, two chlorins do not PDT fix. There is a continual stream of development

towards new PSs, of all core structure types. A lot of work has already gone into
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modification and bioconjugation of the rhodochlorin scaffold in order to enhance its

efficacy as a PS.[198.199.200]

1.137 1.138 1.139

Figure 1.16. Structures of chlorin PSs in PDT; 1.137 chlorin es, 1.138 HPPH or Photochlor®, and
1.139 Talaporfin Sodium or Laserphyrin™.

A compound already discussed for its synthetic methodology, tin(IV) ethyl
etiopurpurin, otherwise known as Purlytin, or Rostaporfin,[1741761 (1,90, Scheme 1.8)
has been in Phase I/l clinical trials for cutaneous cancer, metastatic breast cancer,
AlDs-related Kaposi’'s sarcoma and ARMD.[?01.2021 Amazingly, in one Phase I/l
clinical trial for breast cancer, treatment exhibited a complete response from >90%
patients.l?%% However, Rostaporfrin is itself not the solution to all of the problems;
namely exhibiting dark toxicity and prolonged photosensitivity, and evidently from
the structure water solubility (although this can be circumvented with formulations)

is an issue.l204

Another compound of note is 1.138, known as Photochlor, or HPPH, it is a hexyl-
ether derivative of phytochlorin.l?%] Akin to Rostaporfin, it too is in a multitude of
clinical trials.?% |ts most promising features, however, are low cutaneous

phototoxicity and high absorption at 665 nm.[207]

However, there is a glaring issue here resolved by only a handful of the compounds
discussed thus far; Bonellin, Rostaporfin and BPDMA. Even so, BPDMA is not used
in an oncological PDT clinic and Bonellin has not yet been considered as a PS for
PDT.

The issue lies in the oxidation state of the macrocycle, or should it be said: how easy

it is or is not to change that oxidation state (Scheme 1.16). Inherently, porphyrins
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are the fully oxidized examples here. Attempted oxidation of a porphyrin is likely to
return the porphyrin, and some degradation products (ring-opened, meso-oxo, and
any multitude of meso-3 porphyrin linkages or multi-porphyrin arrays). The point of
note, however, is that the electronic properties and symmetry of the macrocycle

have not changed.

Oxidation some
> + degradation
products
HR\ H
H H
1.44 1.44
porphyrin
Oxidation some
- + degradation
products
HTRY
H
1.45a 1.44
chlorin
Oxidation +1.45b
> some
+ degradation
products
1.45b 1.140
modified chlorin
R = non-H

Scheme 1.16. Scheme depicting the oxidation products from typical mild oxidation of top: porphyrin,
middle: chlorin and bottom: gem-disubstituted chlorin.

The oxidation of a chlorin prepared by a Whitlock Diimide reduction, however, will
yield the porphyrin. Whilst it is easier to oxidize the bacteriochlorin to the chlorin and
the chlorin to the porphyrin in the case of these reactions, it cannot be argued that
the chlorin>porphyrin conversion does not occur. Herein lies the problem. If a PS
has been designed to specifically exist as a chlorin, as a requirement for enhanced
PDT (as exhibited by Figure 1.7), any oxidation or “adventitious dehydrogenation”’

will undo all of the work by the synthetic chemist who made the molecule.
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Instead, the generation of a chlorin of type 1.45b prevents this adventitious
dehydrogenation, whilst the chlorin is oxidized to the oxochlorin, 1.140, a
transformation we have observed with vicinal-dinydroxyl chlorins and their
transformation to octaalkyl oxochlorins (1.68, Scheme 1.4) which yields a minimal

change in the spectroscopic properties of the tetrapyrrole.
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1.3 — Photosensitizer Arrays

1.3.1 Multi-PS Systems: The Theory

Throughout this thesis thus far, the promise of successful PDT was dependent upon
the three factors listed previously (Section 1.1.2). However, these discussions have
assumed the nature of the PS to be a monomeric species, i.e., a single molecule
PS (excluding the multiple components of Photofrin®.)

In the strive for ever more effective PDT, the concept of PS design is prevalent,
aiming for success in the categories listed in Section 1.1.2. Whilst PS design is a
lengthy process with many caveats, it begs the question: why not use multiple
already approved/well understood PSs in one system? The concept being that
within the same PS system there are multiple independent PSs and each would
provide their own PDT affect. As has been highlighted previously (Section 1.1.3),
differing PS cores have differing benefits and drawbacks. However, any PS system

should be improved by the addition of other PS cores in the same system, in theory.

Whilst at first, this seems like an abstract concept, nature has once again beaten us
to it. Multi-PS, or multi-chromophore, systems exist throughout nature ranging from
light-harvesting pigment-protein complexes,?%l i.e., the special pair of chlorophylls

in photosystem 11,299 to nucleic acids.

1.3.2 Multi-PS Systems: Spatially Arranged Chromophores — Don’t Fret

Aside from natures endeavours, chemists have been trying to arrange
chromophores spatially since the 1990s.[21% Multi-chromophoric arrays are a subject
of immense current interest for multiple reasons. This field has enabled the study
and application of many spacers used to separate chromophore units — fuelling
developments in rigid hydrocarbon scaffolds,® given that the distance between the
two chromophores in question is such a crucial factor. On the other hand, the
photophysical consequences of such constructions are also of great interest. When
two chromophores of suitable spectral overlap between emission spectra of a donor
and absorption spectra of an acceptor motif, are placed within 1-10 nm of one
another there is the possibility to observe FoOrster Resonance Energy Transfer
(FRET).[211
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1.141

1.142

Figure 1.17. Structures of FRET systems based on pyrrolic fluorophores; BODIPY (1.141, top) and

phthalocyanine (1.142, bottom).[2122131 Structures are displayed in “FRET on” mode.

FRET systems broadly encompassing pyrrolic fluorophores are vast in number,
function, and structure type. Compound 1.141 was designed with the aim of Hg?*
sensing.[?? The toxicity of Hg is well understood, with it causing damage to central
nervous and endocrine systems.[?4 Originally, a thiourea linkage Is present
between the phenylamine and the ring-closed form of the rhodamine dye, however
upon sensing Hg?*, the thio-motif is cleaved and a 1,3,4-oxadiazole ring is formed
enabling the rhodamine fluorescence to be observed. A distinct change in the
emission spectrum is observed with a decrease in the emission of the BODIPY
emission at Aem = 514 nm, and an increase in emission at Aem = 589 nm, arising from
the rhodamine. The calculated efficiency of FRET in this system was found to be
99%, and the Ro value (distance at with energy transfer efficiency is 50%) was found
to be 58.9 A, further indicative of a highly efficient system. The response for Hg?*
was the highest of all M™ ions surveyed, with Ag+ being the only other to provide a

response.
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Compound 1.142 instead was used for PDT. Whilst still containing a rhodamine
motif, the authors utilize a Pc for their PS core. In prior works combining these two
cores, the rhodamine was spaced form the silicon(IV) centre via PEG chains,[?13]
and FRET was observed (with the rhodamine being the donor and the Pc being the
acceptor). In this instance, the authors propose PDT via FRET post in situ
biorthogonal copper-free strain promoted alkyne-azide cycloaddition (SPAAC).[219]
The authors were able to perform this SPAAC reaction in T-24 cells, as observed
via diminishing fluorescence form the rhodamine motif. Whilst no Ro or ICso values
were presented, the authors claim >90% phototoxicity at 0.5 yM, upon irradiation at
Aex =531 nm at E = 5.6 mW/cm? for 0.5 h.

1.143

Figure 1.18. Structure of a rigid chromophore array based on tetraphenylmethane (TPM) and

viologen building blocks.[216:217]

In one example of a rigid chromophore array, 1.143 comprises of the
tetraphenylmethane (TPM) core. Appended to this is a viologen motif, which enables
appending a ruthenium porphyrin.[?21 The authors find that excitation of either the
viologen motif or the ruthenium porphyrin yields quenching via photoinduced
electron transfer, occurring at room temperature. The charge separated state was
found to exist for 800 ps, over four times longer than observed for the monomeric
adduct. This work highlights the ease in which mutlichromophoric systems can be

formed, in highly predictable shape persistent architectures.

1.3.2 Multi-PS Systems: In Theory, But In PDT?
There are multi-PS systems that are continually used in PDT; namely hydrogels.[?18l
These, along with other 3D polymer scaffolds, aim to overcome to the solubility

issues of traditional and successful PSs, but these are not PS arrays. In the same
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vein, the use of nanoparticles (NPs) of Ag or Au is another strategy which has the
same downfalls.[?1%

In the application of PS arrays, there are, to our knowledge, currently no examples
of rigid PS arrays being used as PSs for PDT. However, multi-PS systems have

been utilized to great effect.

NH

|
z
z
|

1.144

Figure 1.19. Structure of multi-PS system utilized by Bryden et al., in 2018.1220 pPyridazinedione is
bonded across a disfulfide bridge in trastuzumab.
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In 2018, Boyle et al. presented the synthesis and in vitro evaluation of antibody-
porphyrin conjugate 1.144.2201 Antibody drug conjugates have continually proven
themselves to be highly effective in medicinal chemistry, despite their downfalls.[221a
However, the utilization of bridging disulfide bonds with motifs of interest has been
shown to go some way to overcoming many of the issues with porphyrin-antibody

drug conjugates.[221b]

Through the synthesis of a second generation dendron, bearing four alkyne motifs,
the conjugation of four porphyrin motifs via traditional CUAAC chemistry is enabled.
Successful SPAAC yielded a drug-to-antibody ratio of 15.4 porphyrins to one
trastuzumab, a HER2 targeting antibody, as determined via UV-Visible
spectroscopy, close to the theoretical maximum of 16. Further experimentation via
SDS-PAGE highlighted the lack of partial re-bridging or unconjugated antibody

fragments at lower molecular weights.

Conjugate 1.144 was analysed in vitro against BT-474 and MDA-MB-468 cell lines,
with BT-474 cells those that overexpress native levels of HER2 receptor. Cells were
irradiated at 20 J cm of broad-spectrum illumination as opposed to a specific
wavelength. Dark toxicity was not presented for conjugate 1.144 even at 1 uyM
across both cell lines, and 1.144 presented a LDgo of 37 nM, vastly lower than the
typical values of monomeric porphyrinoid PSs for PDT. Across all experiments, no
toxicity was observed for trastuzumab alone, indicating that the phototoxicity
observed is as a direct result of porphyrin conjugation. The mid and facile synthetic
procedures utilized highlight the utility of this kind of system in enabling higher
efficacy of PDT.
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2. Objectives

PDT has continually shown itself to be an effective modality in the destruction of
diseased, or otherwise undesired tissues, viruses, and bacteria. There is an ongoing
struggle to find a PS core that fulfils all the criteria set out to yield the perfect PS.
Given this, whilst the aim of this thesis in general is to enhance the efficacy of PDT,

the work can be broken down into two main aims.

The first of which is to understand the efficacy of oxidation resistant chlorins, i.e., of
structure type 1.45b as PSs for PDT. Given the importance of the wavelength of
absorption of the PS — it is of paramount importance to retain a longer wavelength,
through the prevention of adventitious dehydrogenation. Upon determination of the
photophysical characteristics of this motif, it will then be appended with
bioconjugatable handles. In doing this, there is the possibility in future to yield 3
generation PSs. These compounds will undergo photophysical analyses to
determine whether the structural changes necessary to yield bioconjugation will
hinder the desirable photophysical characteristics. Lastly, these will undergo in vitro
biological evaluations to fully understand their efficacy as PSs. Coupled with in vitro
analyses of analogous porphyrins, this will give an indication of their utility in PDT.

The latter is taking another popular approach. Whilst one tack is to increase the
efficacy of a PS core structure through either modulation of its photophysical
properties, or implementing bioconjugatable handles to increase selectivity, and
thus efficacy, another is merely to add more PSs to the same system. This work will
surround the modulation of the 1,1,2,2-tetraphenylethylene (TPE) scaffold, a rigid
D2n symmetric core which can hold multiple PSs in one molecule. It is hypothesized
that the generation of TPE-photosensitizer arrays will enable greater efficacy of the
PS system. Further to this, assuming the TPE system retains its aggregation

induced emission (AIE) properties could yield a theranostic PS system.
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Chapter 3.

10-Aryl Chlorins — The Principal Elements




3. 10-Aryl Chlorins — The Principal Element

3.1 Introduction

3.1.1 From Battersby to Lindsey

As detailed vide supra in Section 1.2.3, the generation of bonellin was performed by
Battersby and Montforts.['86.1%3] Aside from Fischer’s generation of oxo-chlorins, 58]
these were the first examples of geminal-dimethyl chlorins conceived via de novo
syntheses. Despite the prominence of bonellin in the synthetic literature surrounding
the subject of gem-dialkyl tetrapyrroles (or those possessing Cp centred spirocyclic
moieties), there are multiple other examples of this class of compound present in

nature.

Heme d (3.1, Figure 3.1), termed “the green heme” 1?22l contains a spirolactone at
one Cp and hydroxyl and methyl groups at the other, and is found in Escherichia coli
grown at low p0:2.?2% Faktor | (3.2) is the result of handling precorrin | (an
intermediate in the synthesis of vitamin B12 from uroporphyrinogen 111),224] in open
air. It is a chlorin that also possesses a gem-dimethyl moiety. An analogous
isobacteriochlorin, siroheme, contains the same groups in both C- and D rings.[?2%]
Tolyporphins are glycosylated 7,17-dioxobacteriochlorins, with tolyporphin A (3.3)
presented in Figure 3.1.1226 |n all cases oxidation resistance is found on the

respective rings.

However, excluding tetrapyrroles, nature is riddled with gem-dimethyl groups. Some
well-known examples include: (-)-trans-A°-tetrahydrocannabinol (3.4),1227:228] (1R)-
(+)-a-pinene (3.5) and penicillin G (3.7).122°1 Fasamycin A (3.8, Figure 3.1) is another
antibiotic;?3%  however, it exhibits activity against methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis.
Its synthesis has been visited on multiple occasions.[?3% (-)-Spiromalbramide (3.6)
is a fungal indole alkaloid which recently had its biosynthetic pathway elucidated.?3!]
All of this goes to show that in fact, that gem-dialkyl moieties are not as uncommon
as may be perceived, given their existence in multiple vastly differing sections of the

natural world.[232.233]
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Figure 3.1. Structures of a variety of naturally occurring gem-dialkyl tetrapyrroles (top) with gem-
dialkyl centres labelled in green and gem-dimethyl containing motifs from other parts of nature

(bottom) with gem-dialkyl centres labelled in blue.[222:223224.225.226,227,228,229,230,231]

At the turn of the millennium, the Lindsey group sought to construct oxidation
resistant chlorins of their own. Through a survey of the literature, it became apparent
to them that previous synthetic routes utilized by Battersby to chlorins and
isobacteriochlorins “were particularly attractive”.[?3*l These routes had been
developed as a direct result of the initial synthesis of bonellin.['8 Two general

approaches had been applied, both consisting of the linking of two dipyrrolic
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species, i.e. a [2+2] style syntheses, with the difference residing in the final

cyclization step being performed either photochemically or thermally (Scheme 3.1).

CO,Et

Battersby 3.9 Battersby
Thermal Photochemical
Route Route

X N
M NN
N N
\ \
3.10 3.1 : 3.10 3.12

Scheme 3.1. Retrosynthetic analysis on one of Battersby’s chlorins utilizing thermal routes (left) and

photochemical routes (right).[235236]

Whilst both methods successfully yielded chlorins, they both have downfalls.
Thermal ring closure was performed in the presence of Cu(ll) salts and gave copper
chlorins in yields of no higher than 7%,23% with subsequent demetallation performed
with 1,3-propanedithiol in trifluoroacetic acid. In contrast, the photochemical route
returned a significant amount of free base chlorin, i.e., up to 50%;[238] although,
however these syntheses required extended irradiation of dilute solutions. Chlorins,
using either method, were not generated in masses greater than 10 mg. Low yields
aside, the functional group compatibility of the a-positions of all 3.10-3.12 yielded
no regioisomeric products, in comparison to the mixed pyrrole-aldehyde

condensations typically used today.

Given these findings, the Lindsey group set out to develop new halves using
Battersby’s thermal route as a template, despite the lower yields observed, given
their initial hypothesis that this route would provide a greater substrate scope with

evermore diverse substituents.[234
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Starting instead from pyrrole-2-carboxaldehyde (3.13, Scheme 3.2, with Battersby’s
synthesis in Scheme 1.15 for comparison), a Henry reaction with nitromethane to
yield the (E)-2-(2-nitrovinyl)pyrrole (3.14) was employed. Subsequent reduction to
the nitroethyl intermediate, followed by caesium fluoride catalysed Michael addition
with mesityl oxide (3.20) to yield pyrrolo-nitrohexanone (3.16) which upon treatment
with titanium(lll) chloride under McMurry-Nef conditions yielded 2,3-dihydrodipyrrin
3.17.234 Issues arose with the preparation of 3.17, and it was only a year later before
the group changed their synthesis to use 2,3,4,5-tetrahydrodipyrrin 3.18.12%7 It was
possible to generate the N-oxide 3.19, and deoxygenate this to yield the desired
tetrahydrodipyrrin. In 2005, Ptaszek’s refinements yielded the single step cyclization
and deoxygenation from 3.16.[238 Yields for chlorins increased from 0-10% with
3.17 to 15-40% upon use of 3.18.

CH3NO,, NaOAc NaBH,
MeNH,-HCI, MeOH THF/MeOH
[N o MNHOMOH [} Jono, _IHMOH Y o,
N N N
H 75% H 60% H
3.3 3.14 3.5
Zn/HCO,NH, 0 3.20
THF CsF
| CH4CN
60% 3.20 65%
\ N TiCl,
\ \ NH4OAc o
NH NH H,0
\ -~ S
N N 20-30% \_NH NO,
3.16
3.18 3.7

TiCly, LIAIH,  Zn
Et;N HCO,NH, =

\ Zn
oo
65% 81% N® 86%
\
3.19

Scheme 3.2. Syntheses of 2,3-dihydrodipyrrin 3.17, 2,3,4,5-tetrahydrodipyrrin 3.18 and intermediate
N-Oxide 3.19.[234.237,238]

Understandably, through repeated iterations of this synthesis and improvements,
more and more has been learnt about it. Of note, two by-products: 2-(2-pyrrolyl)-

1,3-dinitropropane results from the synthesis of 3.14; however, it was described as
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“ostensible”.?38] Analogous by-products have been noted upon the utilization of B-
aryl substituted pyrroles.[?*?l The other by-product is a tricyclic system, (3.21,
Scheme 3.3) 1,9,9-trimethyl-5,11-diaza-tricyclo(6.2.1.02¢)undeca-2(6),3-diene,
initially formed upon generation of 3.19 from 3.16, it was obtained but not identified
in the original 2000 manuscript.[?34 The formation of this structure was explored
further in 2001 via the treatment of 3.19 again with TiCls, along with the treatment
of 3.18 with trifluoracetic acid in acetonitrile. Whilst no yield in either case was
provided, the rate of reaction was described as “very slow”?3"] upon the use of the

latter procedure.

AN X
\ NH \ NH
00
N® N
\ \
3.19 3.18
) F3CCO,H
TiCly
aqg. NH,OAc SSSCTJM)

s
N
H

3.21

Scheme 3.3. Generation of tricyclic by-product 3.21 along with 3.21 in the crystal (CCDC No.
1119659).2371 Image generated in Olex2.[1261 Thermal ellipsoids are at 50% probability.

CO,Et
Ar/\/ 2 Ar X
3.22 Ar NH
o
O\\ E— / \ Z —_— \ N
s ON< O — N —
\\O Ne H \
3.33
323 3.34

Scheme 3.4. Generation of 7-aryl substituted dihydrodipyrrins (3.24), through utilization of the van
Leusen pyrrole synthesis, and analogous syntheses presented in Scheme 3.2.[239]
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In the same journal issue as the initial synthesis of 3.17, the same group presented
the synthesis of B-aryl substituted analogues.l?3®l The generation of aryl pyrroles
through the use of the van Leusen synthesis (3.33, Scheme 3.4),[24! followed by an

analogous synthetic sequence yielded 7-aryl substituted dihydrodipyrrins (3.34).

Whilst specific developments in the synthesis of hydrodipyrrins were necessary to
yield chlorins, the synthesis of porphyrins from dipyrrins had been continually
undertaken for multiple years prior, particularly with Fischer’s early syntheses of
natural porphyrins.[?412421  However, these were meso-free dipyrromethanes
(DPMs), as opposed to the meso-substituted DPMs desired by the Lindsey group.
In 1994, it was noted by Lee and Lindsey that the chemistry of meso-substituted
dipyrromethanes had “been rather undeveloped”.[?*4! Prior to this, only one report
exists from Ashley and co-workers, in which 5-(4-pyridyl)dipyrromethane was
synthesized through the combination of pyrrole, pyridine-4-carboxaldehyde in
methanol with HCI gas in a yield of “about 70%”".[243]

N MeOH/HCly,s
// \\ | = "about 70%"
N - >
H - Ashley and co-workers
O 1974
3.25 3.26 3.27

pyrrole:RCHO:TFA, 40:1:0.1
47-86%

Lindsey and co-workers
1994

R
/)
N — — S =
H © \ /
InCl3, neat pyrrole NH HN

No chromatography
3.25 3.28 45-79% 3.29

//—;U

Lindsey and co-workers
2003

Scheme 3.5. Main iterations and refinements in the synthesis of meso-substituted DPMs by Ashley

and co-workers,?43 and by Lindsey and co-workers.[245:246] R = alkyl, aryl.

In 1994, the initial method for generation of dipyrromethanes utilized a ratio of
pyrrole:aldehyde:acid of 40:1:0.1 where the acids analysed were either

trifluoroacetic acid or boron trifluoride diethyl etherate, with yields ranging from 47—
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86%.1244 In 1999, further investigations were conducted with the aims of mitigating
formation of N-confused DPMs and modifying the pyrrole:aldehyde ratio as to
increase yield. The generation of N-confused DPMs “appears to be universal”.[?4% |t
was also found that an increased pyrrole:aldehyde ratio increased the yield of the
isolated DPM. The last refinement in DPM synthesis came in 2003, where the
utilization of a Lewis acid, indium(lll) chloride, as opposed to boron trifluoride diethyl
etherate, or Brgnsted acid, i.e., trifluoroacetic acid, was found to yield exclusively
the dipyrromethane via recrystallization.[?*6] The solvent for the reaction, pyrrole,
could be recovered in ca. 90% and therefore recycled. These dipyrromethanes were

Vilsmeier-Haack formylated, and brominated following general procedures.?4"]

With the two halves constructed, variations in the condensation conditions were also
investigated. Whilst diverse hydrodipyrrin structures have been synthesized,[2*¢! the
synthesis of these chlorins typically occurs from a 2,3,4,5-tetrahydro-1,3,3-
trimethyldipyrrin (3.18) and a 1-bromo-9-formyldipyrromethane (3.30). Whilst the
first chlorins to be synthesized by the Lindsey group were 5,10-diaryl chlorins and
the subsequent dipyrromethanes were 9-benzoyl as opposed to 9-formyl, a greater
discussion on those methods utilized will be presented vide infra, and hence for this

discussion the DPMs will be the formyl derivatives.

Step 1:

\ = Pyrrole-Aldehyde Step 2:
NH Condensation Oxidation
—_—— ——
N
\
3.18 3.30 I n
2,3,4,5-tetrahydro-biladiene-ab
Step 3:
Tautomerization
Step 5: Step 4:
Ring Closure Complexation
R D — -
Step 6:
"HBr" Elimination
3.31 v mn

Scheme 3.6. Proposed intermediates in the Lindsey chlorin synthesis (I-1V), utilizing 2,3,4,5-
tetrahydro-1,3,3-trimethyldipyrrin 3.18, and 1-bromo-9-formyl-5-substituted dipyrromethane, 3.30. R

= alkyl, aryl.[234249]
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Akin to every constituent element of these chlorins, the final synthesis has been
refined multiple times. In the first step, there is an acid catalysed pyrrole-aldehyde
condensation linking the A- and B-rings in the generation of a 2,3,4,5-
tetrahydrobiladiene-ab (I, Scheme 3.6). This intermediate is then oxidized, and
subsequently tautomerizes to yield two-NH moieties in the core, as well as ene-
imine tautomerization in the D-ring. This allows for the chelation of a zinc(ll) centre
which enables closure of the tetrapyrrole ring system via an [181r]-electrocyclization.
Following this, HBr is eliminated, and the chlorin is yielded.

Subsequent publications have systematically investigated conditions for the pyrrole-
aldehyde condensation, the oxidant (with AglOs, p-chloranil, benzoquinone, MnO2,
MnO2/AglOs, and KaFe(CN)s-3H20 being examined) the base used (NaHCOs,
piperidine), and solvent (DMF, CsHsCHs, 1,4-dioxane). Eventually, the conditions

found to be most fruitful are those presented in Scheme 3.7.[250

In 2007, the final refinements (for now) were made to the synthesis. Condensation
of the two halves with p-toluenesulfonic acid monohydrate in a mixture of CH2Cl2
and CH3OH at a concentration of 26 mM was found to produce the highest yield of
product the biladiene-ab intermediate. Halting the reaction with 2,2,6,6,-
tetramethylpiperidine, a sterically hindered non-nucleophilic base, and using it again
for the subsequent metallation steps, it outperformed piperidine. Through multiple
other investigations, the most suitable oxidant was found to be silver(l) triflate,
acetonitrile as the solvent, and, because of the capability to form the initial complex
and further synthetic utility, the use of anhydrous zinc(ll) acetate was

i) p-TsOH-H,O (5 eq.)
CH,Cl,:CH30H (4:1) ﬂ
N rt,0.5h H

ii) 2,2,6,6-TMPi (7.4 eq.)

- R 2,2,6,6-TMPi
N
\ iii) 2,2,6,6-TMPi (25 eq) O, ,OAg
/S\
Zn(OAc), (15 eq.) 0" cF,
318 330 AgOTf (3 eq.) 3.31
: : CH4CN, 80°C, 20 h : AgOTf

Scheme 3.7. Ideal refined conditions for the Lindsey chlorin synthesis, starting from the same

starting materials as utilized in Scheme 3.6.[250]
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As a result of building upon the years of work by Battersby, along with those who
came before, and continual refinement of procedures therein,[238246 the Lindsey
chlorin synthesis has become ubiquitous today. Whilst the Montforts style synthesis
does present the occasional application and use,?>!1 and the Jacobi style synthesis
lead the way for the North-South bacteriochlorin synthesis, 822521 the number of

publications of those is dwarfed by those utilizing the Lindsey style synthesis.

3.1.2 Ground-breaking Uses of the Lindsey Chlorin Synthesis

Given then the synthetic advances between 1999 and the present day, what has the
Lindsey chlorin synthesis given to the tetrapyrrole community of current? Displayed
in Figure 3.2 are some prime examples of the achievements made using the Lindsey

chlorin synthesis.

It has enabled the synthesis of non-natural purpurins, 3.32, and other chlorin-imides.
These compounds fill the “photophysical gap” between chlorins and bacteriochlorins

with regard to their UV-Visible/spectroscopic properties!?

Compound 3.33 is a chlorin bearing four distinct meso substituents.[16] An
achievement already arduous on porphyrins,?>4 the innate understanding of the

selectivity of reactions on the chlorin periphery has enabled such achievements.

Compound 3.34 is a 12-acetyl substituted chlorin, generated through selective
bromination of the eastern half. Molecules of this type have enabled the study of 12-
vs. 13-substitution of these macrocycles, both positions of which lie on the aiy style
HOMO.[2%5]

Lastly, 3.35 was a compound yielded from an attempted synthesis of N-confused
chlorins by the Borbas group.[?>¢! N-confused porphyrins, in of themselves, present
great interest to the synthetic chemist due to their vastly different reactivity,
coordination chemistry and spectroscopy in comparison to regular porphyrins.
Borbas and co-workers systematically flipped the A-ring, C-ring, and B-ring in their
attempts. Eventually, 3.35, a dihydro-trimethylcorrin was obtained in 4%, upon
modification of the Lindsey conditions.
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Whilst they were unable to yield their desired product, the results produced further

understanding of this system, along with exposing evermore the utility of this

synthesis.

3.35

Ph

Mes
(6] Oo" "0
3.32
p-Tol
Ph Mes

4Py
3.33

Ph p-Tol

Mes

Figure 3.2. Structures of breakthroughs made whilst using the Lindsey chlorin synthesis.[116.253.255,256]
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3.2 Results and Discussion

3.2.1 Aims and Objectives

The aim of this chapter is to evaluate the utility of the 10-aryl-17,18-dihydro-18,18-
dimethylporphyrin core for photodynamic therapy (PDT). Whilst that core itself can
be constructed; its sparsely substituted nature lends itself to other applications as
opposed to that desired herein. We envisioned two additions to the core structure

to facilitate such future endeavours utilizing this core in PDT.

Wa W

3.36a 3.36b

Figure 3.3. Structures of targets in this chapter.

In generation of 3.36a, we provide a synthetic handle which can be modified via Pd-
catalysed cross-coupling reactions. These coupling reactions could yield
porphyrin/tetrapyrrole arrays, or via coupling to a boronic acid/ester containing a
group suitable for conjugation, yielding a third generation PS. Otherwise, the utility
is endless given that from this position, the desired photophysical properties would

not change drastically change upon conjugation.

In contrast, the aim of generation of 3.36b was in order to be able to eventually
generate fused hydroporphyrin systems. This modification would drastically extend
the wavelength of absorption of the molecule, enabling it to perform as a better PS
as to increase the wavelength of absorption of the compound, along with

phototherapeutic window of the drug.

Upon the successful synthesis of 3.36a and 3.36b, detailed photophysical analyses
of these cores will provide the necessary information to determine whether or not

these compounds have the capability to be a suitable core for PSs in PDT.
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3.2.2 Synthesis, Photophysical and Crystallographic Analyses of 10-Aryl
Chlorinsf

Given the nature of the chlorins desired, we proposed to utilize Lindsey’s [2+2]
chlorin synthesis which had been refined multiple times, as detailed vide
supra.l234.238.250 Gjven the previous substrate scope presented for this synthesis,

there was certainty in the formation of the desired products.[?4°!

To start with: the western half. Given its continual refinement it was possible to
synthesize on suitable scale. The synthesis of this “deceptively simple

precursor”,[?38] began from pyrrole-2-carboxaldehyde (3.13, Scheme 3.8).

CH3N02, 3.0 eq.

KOAc, 2.0 eq.
MeNH,-HCI, 2.0 eq. LiBH4, 3.0 eq.
N N N
H 92% H 88% H
3.13 3.14 3.15

(@]
3.20, 1.7 eq,
| DBU, 3.0 eq.
0,
3.20 7%

Zn°, 15.3 eq.
N HCOzNH4, 15.3 eq.
NH THF 0
- A
N \_NH NO,
48%
3.16
3.18

Scheme 3.8. Synthesis of 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin (3.18) using refined procedures

form pyrrole-2-carboxaldehyde (3.13) over four steps.[238

Initially, a Henry reaction to yield (E)-2-(2-nitrovinyl)-1H-pyrrole (3.14), it was quickly
found that older batches of 3.13 decreased the yield of this step. A suitable
purification was found to be the utilization of a silica plug with diethyl ether as the

eluent. Upon drying under high vacuum, this yielded a light-orange powder, typical

T The detailed photophysical characterization of the compounds presented in this
chapter, along with synthesis of dipyrromethanes 3.40a and 3.40b was performed
by Z. Melissari. The crystallographic data presented in this chapter was collected,

solved, and refined by Dr. B. Twamley.
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of 3.13. Through utilization of refined procedures and purification of 3.13, this

intermediate was yielded cleanly in 92%.

Initially the use of LiBH4 was chosen by the Lindsey group as to prevent the
reduction of B-pyrrolic esters.[?571 However, it was found that its utilization in the
procedure with an unsubstituted pyrrole to be particularly fruitful. Treatment of 3.14

with three equivalents LiBHa4, for only 15 mins, yielded 3.15 in 88% as a yellow oil.

Compound 3.15 was found to be remarkably sensitive to a majority of factors;
notably, upon light exposure the yellow oil quickly darkened to a black tar, storage
at —20 °C did slow this process; however, between samples we saw little difference
when storing 3.15 under an argon atmosphere or air. Thus, when isolated 3.15 was
immediately carried forward upon confirmation of the products nature via thin layer
chromatography (TLC) and *H NMR spectroscopy. The observation of triplets in the
NMR spectrum ca. & = 3.32 and 4.60 ppm (CDCI3) were indicative of successful

reduction.

Immediate addition of mesityl oxide (3.20) and 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) to 3.15 resulted in the generation of a viscous black oil. DBU is the base
catalyst for the reaction, and it was also found to be suitable as the solvent by
Ptaszek.[?38 Whilst intermediates prior were suitable to be purified via silica plug (as
to minimize time in contact with silica, i.e., to prevent acid catalysed degradation),
3.16 required column chromatography. Despite this necessity, on scales less than
10 mmol, 3.16 was routinely produced in yields of 70-77%. Starting from 10 g of
3.13,12 g, i.e., > 50 mmol of 3.16 was yielded, 46% over three steps.

The generation of 3.18 was initially far more troublesome. The purity, and structure,
of 3.16 had been assigned to the best of our capability, even utilizing *H-*>N HSQC
experiments to confirm the presence of two nitrogen environments. The first issue
encountered was the quality of the Zn metal used. Over time, Zn will form an oxide
coating if not properly stored under an inert atmosphere, and this will then prevent
Zn° from being exposed to the reaction mixture, unable to perform the electron
transfer steps necessary to complete the reaction. A procedure was devised by
which Zn powder was stirred in dilute hydrochloric acid (1 M) for 18 h, followed by
filtration and washing with: 1) H20 as to remove excess acid, 2) EtOH to aid in the

removal of water, and finally 3) Et20 as to remove all prior solvent and aid in drying
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of the solid. This new Zn°® was then dried extensively under high vacuum to remove

any residual solvent.

Upon surveying Ptaszek’s experiments, 38! there was one set of conditions which
solely produced 3.18 and returned no starting material, nor produced any 3.17: 15
equivalents each of Zn® and HCO2NH4 in methanol heated to reflux. This experiment
was carried out in order to discern a retention factor (Ry) for 3.18 in order to monitor
future experiments via TLC. It was found that a new product was formed, and it
presented an Rf = 0.24 (SiO2, EtOAc) as a purple spot upon staining with p-

anisaldehyde.

The ZnO, along with the knowledge of the R; was then applied to more fruitful
conditions, as determined by Ptaszek, (those presented in Scheme 3.8) and upon
stirring at elevated temperatures for substantially longer than reported (40 °C, 26 h
instead of r.t.,, 2 h),[238] the desired 3.18 was eventually isolated as clear orange
crystals. Thus, 3.18 had been yielded in 30% over 4 steps. Whilst it was possible to
scale up the syntheses of 3.16 and other intermediates prior, we observed a drastic
decrease in yield upon attempted up-scaling of this final step, and this was only

performed on ca. 5 mmol scales.

The eastern half syntheses began from the respectively aryl aldehyde (3.37a or
3.37b. Scheme 3.9) in an acid catalysed condensation. In these syntheses,
trifluoracetic acid was utilized as the acid catalyst. Further to this, dichloromethane

was utilized as a co-solvent to mitigate the use of pyrrole.

3.38a,b were then subsequently formylated with phosphorus(V) oxytrichloride in
N,N-dimethylformamide, following reported procedures in good yield.[?*"] Lastly,
bromination with N-bromosuccinimide in THF yielded the dipyrromethanes ready to
condense in 70% and 55% respectively,1?%%! and both 13% over three steps. Whilst
initially 3.37a,b were produced on multigram scale, 3.40a,b were typically isolated
on ca. 300-400 mg scale, i.e., <1 mmol. This is partly due to the exceedingly arduous
task of separating multiply brominated dipyrromethanes via column
chromatography, but also because of the sensitivity of 3.40a,b to myriad factors, in

a manner similar to 3.15 presented previously.
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pyrrole, 10 eq.
F3CCOZH, 0.1 eq. R

R CH,Cl,
T oD
\_NH HN—7

3.37a, R = p-CgH,Br 3.38a, 48%
3.37b, R = 1-naphthyl 3.38b, 56%
DMF
POCI,
R NBS 1 eq. R
N\ NH HN—/ = N\ NH HN-Z
\ Br \
o) o)
3.40a, 70% 3.39a, 39%
3.40b, 55% 3.39b, 42%

Scheme 3.9. Synthesis of 1-bromo-9-formyldipyrromethanes 3.41a and 3.41b for chlorin
condensation, from aryl aldehydes 3.38a and 3.38b over three steps.[247:255 g = p-CeH4Br, b = 1-

naphthyl.

Combination of western half 3.18 with the respective eastern half 3.40a,b in the
presence of p-TsOH-H20 yielded the A-B ring linkage. Halting the condensation with
TMPi and concentration of the reaction mixture yielded an orange solid, distinctive
of dipyrrin chromophores, i.e., that presented in a 2,3,4,5-tetrahydrobiladiene-ab
(Intermediate 1, Scheme 3.6). Further addition of Zn(OAc)2, TMPi, AgOTf and
heating at reflux in acetonitrile returned an almost black solution 20 h later. TLC
analysis of the reaction mixture yielded a green spot which upon UV-illumination
presented red fluorescence, a common characteristic of the basic tetrapyrrole cores.
Column chromatography gave the desired chlorins as deep purple-green
dichromatic solutions, which became violet solids upon removal of solvent in 37%
(3.36a) and 36% (3.36b) respectively.

Treatment of these chlorins with excess TFA in dichloromethane resulted in a drastic
colour change of the solution from purple to a deep green. Quenching the reaction
with NaHCOs, and subsequent aqueous work-up yielded the free base chlorins in
rather moderate yields of 46 and 41%, respectively. Typically, demetallation of zinc

tetrapyrroles occurs in no less than 90% vyield, using the conditions described.
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Initially, we assumed acidolysis of the chlorin, given the three free meso-positions,

ideal sites for ring opened products to develop.

X N
\ NH HN /
R
N HN
\ \\
Br
3.18 3.40a
3.40b

i) p-TsOH-H,O (5 eq.)
CH,ClI,:CH30H (4:1)
rt., 0.5h

ii) 2,2,6,6-TMPi (7.4 eq.)

iii) 2,2,6,6-TMPi (25 eq)

Zn(OAc), (15 eq.)
AgOTf (3 eq.)
CH3CN, 80 °C, 20 h

3.36a, M = Zn, R = p-CgH,Br, 37%

3.36b, M = Zn, R = 1-naphthyl, 36% .
I) F3CCOzH
CH,Cl,
ii) NaHCO4
3.41a, M = 2H, R = p-CgH4Br, 46%

3.41b, M = 2H, R = 1-naphthyl, 41%

Scheme 3.10. Synthesis of target chlorins 3.36a,b and their demetallation to yield free base chlorins
3.41a,b.1250]

During our collation of these results, Borbas and co-workers presented a publication
regarding the demetallation kinetics of 10-aryl chlorins.[?58] The substrate scope
encompassed 3.36a amongst multiple other novel chlorins, and as opposed to
guenching the reaction with NaHCOs (or any other inorganic salt solution) they
utilized triethylamine. Using this method, it was found that the yield of the free base

chlorin 3.41a was 91%, a vast improvement on the procedure utilized herein.
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Further to the demetallation of these chlorins, was their initial synthesis. A
comparison of the two shows drastically different yields for the formation of 3.36a,
primarily due to Borbas and co-workers’ utilization of the crude mixture of the
respective brominated DPM, e.g., 3.40a. Thus, whilst our yield of 3.36a was 37%
(97 mq), the yield of Borbas was 21% (12 mg). The results from their work indicated
that chlorins with an electron rich 10-aryl group, e.g., p-CéeHsOCHs, demetallated
with a rate constant of k = 3.7 x 102 min?, whereas a -CsFs appended chlorin
demetallated with a rate constant of k = 0.192 x 102 min', a 19-fold decrease.?5®

The steady state photophysical analyses of 3.36a, 3.36b, 3.41a, and 3.41b are
presented below. These chlorins were found to exhibit typical spectra as presented
by the Lindsey group previously. The tabulated data is also presented in Table 3.1

below.
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Figure 3.4. UV-Visible absorption spectra of 3.36a, 3.36b, 3.41a, and 3.41b in ethanol at room

temperature. These analyses were performed by Z. Melissari.

All of the structures presented exhibit B-bands in the blue-violet region around 400
nm, (Figure 3.4) with minimal differences in wavelength of absorption (ca. 1-2 nm)
at this band. For zinc chlorins 3.36a and 3.36b, there is little to no absorption prior
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to the Qy absorption, aside from the B bands, in contrast to the free-base derivatives

which show distinct transitions in the region of 480-510 nm.

The Qy absorptions differ minimally between 3.36a and 3.36b, and the same
argument is applied for 3.41a and 3.41b — indicating a minimal electronic difference
between the p-CeH4Br and 1-naphthyl groups. Instead, the difference is between
the free base and zinc chlorins. In both cases, as noted vide supra, the lowering of
the symmetry of the macrocyclic core (with respect to porphyrins) has produced an
intense absorption at a longer wavelength of absorption. Instead, demetallation of
the chlorins results in a ca. 30 nm red-shift, or bathochromic shift, in the Qy band.
This shift is indicative of a reduction in the energy gap between the frontier molecular
orbitals. This is further evidenced given that the Zn(ll) central ion has been shown
to act as a Lewis acid, accepting electron density from the macrocycle core, and

subsequently lowering the HOMO energy.[?59.260]
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Figure 3.5. Emission spectra of 3.36a, 3.36b, 3.41a, and 3.41b in ethanol at room temperature. Aexc
=558 nm (3.36a), 561 nm (3.36b), 500 nm (3.41a), 640 nm (3.41b). These analyses were performed
by Z. Melissari.

The emission spectra of these chlorins are presented in Figure 3.5. The emission

detected herein is the S1>So transition, as determined by Kasha, any decay of
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S2(Sn)—>S1 is too fast to detect in this experiment. Both 3.36a and 3.36b show the
Qy(0,0) around 610 nm, and a vibronic shoulder i.e., the Qy(1,0) band at ca. 660 nm.
Likewise, The free base chlorins 3.41a and 3.41b exhibit their Qy(0,0) at ca. 638 nm
and the Qy(1,0) shoulder at 700 nm, along with other vibronic satellites between
650—-680 nm.

In combination with other dyes, it is possible to determine the quantum yields of
fluorescence for these compounds; in the cases of 3.36a,b and 3.41a,b cresyl violet
was used as a standard, with ®; = 0.56 (EtOH).[?%1 Through the application of
equation 1, it is possible to determine fluorescence quantum yields for the chlorins

presented.

Oy = [ii gg] = ] .............. Fq.31

Where Oy is the quantum yield of fluorescence of the sample, ®r is the reference
fluorescence quantum vyield, A(A) is the absorbance of each species at the
wavelength of excitation and D is the integrated area under the corrected emission

spectrum.

Table 3.1. Tabulated photophysical data for 3.36a, 3.36b, 3.41a, 3.41b. Aexc = 558 nm (3.36a), 561
nm (3.36b), 500 nm (3.41a), 640 nm (3.41b) [a] — The Stokes shift was calculated from the
corresponding UV-Visible absorption and emission spectra in EtOH. [b] For ®s, cresyl violet used as
standard (®r = 0.56, EtOH).[261 [c] For 3.36a,b, rose bengal used as standard (®, = 0.86, EtOH)[253]
and for 3.41a,b, m-THPC used as standard (P, = 0.65, EtOH).1262 (Typical errors are ®; = + 10%,

and ®, = + 10%. These analyses were performed by Z. Melissari.

B & Qy absorptions Aem (NM) Stokes Shift o 0,

Aabs (Nm) (log1o0€) (cm)E
3.36a 405 (5.40) 604 (4.61) 609 163 0.04 0.90
3.36b 405 (5.54) 605 (4.76) 611 162 0.08 0.85
3.41a 407 (5.08) 638 (4.43) 637 74 0.08 0.70
3.41b 407 (5.24) 639 (4.64) 638 50 0.14 0.60

For the zinc chlorins, the fluorescence quantum yields are 0.04 (3.36a) and 0.08
(3.36b), respectively, whereas for free base chlorins they are 0.08 (3.41a) and 0.14
(3.41b), respectively. These results are comparable with those presented in the

literature.[250]
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Equation 1 can also be applied to determine the singlet oxygen quantum yield
(SOQY, or ®a). For reference in this instance m-THPC was used for the free base
chlorins with ®a = 0.65 in EtOH,[?? and Rose Bengal for the zinc chlorins with ®a
= 0.86 in EtOH.[2%31 Whilst typically it is ideal to use the same probe for a range of
compounds, this choice is dictated by the wavelengths of excitation. The method
used to determine ®a herein is the direct method, i.e., direct detection of the
luminescence produced by *O2 at ca. 1270 nm, as noted in Section 1.1.2, Figure
1.4. Once again, between 3.36a and 3.36b there is a minimal difference in this value,
and the same argument applied for the 3.41a and 3.41b. The biggest difference is
the change in SOQY between the two classes of chlorin. These tetrapyrroles will
effectively undergo ISC to yield a Ti state, which can then react with molecular
oxygen (302) to yield Oz via energy transfer. Enhancement of the S1>T1 transition
can be executed through the addition of halogens, or transition metals. This is
otherwise known as the heavy atom effect.[264.265.266] A higher population of the T1
state means a higher probability of reaction with 202 and thus generation of 1Os-.
Hence, without the zinc there is less T1 population, and lower ®a for 3.41a,b. Whilst
3.36a and 3.41a both possess a heavy atom in the form of Br, the yields are not
higher than those for 3.36b and 3.41b as it is not incorporated into the macrocyclic
core, and thus the heavy atom effect is not present therein.

As noted in Section 1.1.2., there are certain criteria that will determine a PSs
applicability in PDT. The compounds presented herein have exhibited a strong
absorption in the red-region of the electromagnetic spectrum, along with a high
SOQY. It has been shown that a single molecule is isolable, vide infra, from readily
available reagents. Further to this, there have been options for further derivatization

added to these molecules.

Lastly, during our synthesis of these chlorins, we were able to successfully generate
crystals of both 3.36a and 3.36b which were suitable for analysis via single crystal
X-ray diffraction experiments. Both sets of crystals were grown through slow

evaporation of a mixture of dichloromethane and hexane at room temperature.

In the crystal of 3.36a the asymmetric unit consists of three separate molecules of
the desired compound, as well as dichloromethane and hexane solvates which were

partially occupied (Figure 3.6). The asymmetric unit presents the three molecules in
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a pseudo-trefoil arrangement which at first glance appear to be orchestrated by C-
H--Br interactions. Analysis of the data, however, indicates that this is not the case,
and the only interactions of note are between C’-H’...N?® (C-ring) of an adjacent
chlorin with D...A distances of 2.63 A. Across all three molecules, the Zn(ll) centre
was found to be ca. 0.315 A displaced from the chlorin plane and all three molecules

of 3.36a show very minimal distortion between one another when overlayed.

Figure 3.6. Single crystal X-Ray structure of 3.36a with asymmetric unit (top) and one independent
molecule (bottom). Image generated in Olex2.[261 Thermal ellipsoids indicate 50% probability. Data

collected, solved, and refined by Dr. B. Twamley

The out of plane distortion of the zinc centre can be rationalized upon the
examination of the interaction between two adjacent asymmetric units (or two

adjacent trefoils) of 3.36a. Distinct Zn...N interactions are observed between the Zn
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centre of one chlorin and N?? (from the B-ring) of an adjacent chlorin molecule
(Figure 3.7). These interactions exhibit D...A distances of 2.69 A.

Figure 3.7. Zn...N interaction between two molecule of 3.36a resulting in the out-of-plane distortion
of the zinc centre. Image generated in Olex2.11261 Thermal ellipsoids indicate 50% probability. Data

collected, solved, and refined by Dr. B. Twamley

Figure 3.8. Single crystal X-Ray structure of 3.41a with asymmetric unit (top) and one independent
molecule (bottom). Image generated in Olex2.128] Thermal ellipsoids indicate 50% probability. Data

collected, solved, and refined by Dr. B. Twamley
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In contrast, 3.36b presents the asymmetric unit as an anti-parallel stacked dimer
(Figure 3.8). No solvates were present in this crystal. No H-interactions were
observed, nor any 1r-stacking between chlorin macrocycles. In contrast to 3.36a, the
two molecules in the asymmetric unit show differing distortions with one being
almost entirely planar in the C20N4 core, whilst the other exhibits distortion in the A-
and B-rings upon overlay. Interestingly, it was possible to identify the H-atoms in the

core specifically at N°! and N3,
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3.3 Conclusions and Future Work

In this chapter, the synthesis of 10-aryl substituted chlorins 3.36a and 3.36b was
presented, along with the generation of their free base counterparts, 3.41a and
3.41b. Both halves of the chlorin, prior to condensation, 3.18 and 3.40a and 3.40b
were synthesized using multiply refined procedures but were still low yielding. In
contrast, the yield of 3.36a and 3.36b were exemplary for a tetrapyrrole, indicating
the vast efficacy of the condensation procedure used. Borbas’ presentation of the
use of triethylamine in the demetallation procedure, along with the kinetic analyses
presented, enables refinement further of the procedure for the generation of free
base chlorins. Crystallographic analysis of 3.36a and 3.36b indicated a highly planar
structure in both cases, with a well-defined substitution pattern.

Photophysical analyses of these compounds provided key information towards the
analysis of these structures as possible PSs for PDT. Namely, they possess large
molar extinction coefficients, high SOQY in polar media, and have a long
wavelength of absorption. All of these factors, as outlined in the Introduction, make

them suitable candidates for preliminary investigations as PSs for PDT.T

T [Pd] catalysed cross-coupling reactions performed on 3.36a, along with the in vitro
analyses of 3.36a, 3.36b, 3.41a, and 3.41b will be presented in the doctoral thesis
of Z. Melissari.
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Chapter 4.

Bioconjugatable 5,10-Diaryl Chlorins — A Step

Forward




4. Synthesis, Photophysical, and in vitro Evaluation of
Bioconjugatable 5,10-Diaryl Chlorins and Analogous trans-A:B>
Porphyrins

4.1 Introduction

4.1.1 Taking Steps Closer Towards Chlorophyll Mimicry
Further progress towards the generation of evermore substituted chlorins was not
fueled by a specific natural product, instead a desire to generate macrocycles that

“contain diverse substituents in specific patterns or that contain no substituents at
all”.[249]

A discussion on the generation of 2- and 3-aryl Western halves was presented vide
supra, Scheme 3.4; however, this methodology is presented in Scheme 4.1 for
completeness. Excluding brominations, discussion presented vide infra, the first
novel substitution was at the 17- and 18-positions.l?”71 The 17-substutition was
obtained upon the treatment of a solution of the chlorin in toluene with basic alumina
(activity 1), to yield racemic 17-hydroxy chlorins. Upon addition of DDQ, the 17-
carbonyl chlorins were yielded. In the same publication, the 18-position was
appended with a spiro-cyclohexyl moiety (i.e. X = (CH2)4, 4.12, Scheme 4.1) as
opposed to the typical gem-dimethyl unit.

The groundwork for C?°-subsituttion was initially laid in 1953 by Gairaud and
Lappin,?”® and then by Yadav and co-workers in 2001.279 The addition of electron
deficient olefins to the 2-position of pyrroles was performed under InCls catalysis, to
yield substituted 2-(2-nitroethyl)pyrroles, and transformation into the respective 5-
substituted dihydrodipyrrins (4.10, Scheme 4.1).

As noted in Section 3.1, there has been vast development in the synthesis of DPMs,

and their formylation/acylation/aroylation. [237:247.280]

The utilization of differing bromination strategies has been paramount in fulfilling the
objectives of the Lindsey group, and more generally furthering the field of gem-
dimethyl chlorin synthesis. Selective bromination strategies have been generated

for the; 2-positions,?®l 7- and 8-positions,[?8?l 12- and 13-positions, 2591 15-position
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of chlorins and 20-positions of oxo-chlorins,?83 and the 15-position under acidic

conditions.[284]
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4.1.2 New Halves, New Opportunities

All of this being said, however, no other functionalization has had such an impact as
the bromination at the 3- and 13-positions.[?8 The initial 2006 work from Laha et al.
became the modern-day genesis to the chlorin bible, particularly in the field of
generating chlorin arrays, as opposed to the chlorophyllin based arrays of
Dougherty and Pandey.[?8 Akin to the non-brominated variant which had been
refined prior,?87! the novel 8-brominated western half (4.6, Scheme 4.1) was also
refined by Krayer et al. in 2009.[288l

R3 4.17, R3=R"3 = H, R1°=Mes

418, R®= CCTIPS, R"™®=H, R"% = Mes
4.19, R® = H, R"® = CCTIPS, R'" = Mes

R10 4.20,R®=R™ = CCTIPS, R"? = Mes
4.21, R®=H, R" = COCH,3, R'? = Mes
4.22, R3 = R"3 = COCHj3, R = Mes

" 423 R3=R"¥=R"0=H
R 4.24,R® = R13 = CCTIPS, R0 = H
4.17-4.25 4.25,R3 = CCTIPS, R'® = COCH3, R = H

Figure 4.1. Structures for which photophysical data is presented below in Table 4.1.

Table 4.1. Selected photophysical data for multiple 3- and 13-subsituted chlorins. Data taken from

Ref.[285] All data recorded in toluene at room temperature.

Compound Aabs(Qy) (fwhm) (nm) loge(Qy)

With 10-substitutent (R = mesityl)

4.17 606 (12) 4.81
4.18 627 (12) 4.73
4.19 626 (11) 4.92
4.20 646 (12) 4.76
4.21 632 (14) 4.84
4.22 662 (18) 4.54

With no 10-substituent (R*° = H)

4.23 606 (12) 4.81
4.24 645 (12) 4.93
4.25 655 (17) 4.75

This development, in particular, is so important due to both of these positions (3-
and 13-) lying on the HOMO of the chlorin macrocycle. Such substitutions upon [Pd]-

catalyzed cross-coupling reactions yield vast modifications to the UV-Visible
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absorption spectra of these molecules; notably in extending their wavelength of
absorption (4.17-4.25, Figure 4.1 and Table 4.1, vide supra).[?8]

S/
S
i o)

4.26

4.28a E%{

4.28b e

Q

4.30 4.31

Figure 4.2. Novel chlorin architectures derived from the generation of 3- and 13-substituted chlorin

macrocydes |[289,290,291,292,293,294,295,296,297]
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These developments have yielded the generation of: 3,13-heterocycle substituted
chlorins (4.26, Figure 4.2) 289 15 3'-directly linked chlorin dimers (4.27),[2°0
“strongly conjugated hydroporphyrin dyads” (4.28a-c),?®!l mr-conjugated chlorin
dimers,[?°2, chlorin lanthanide complexes (4.29),12%I chlorin-chalcones (4.30),12941 3-
methoxy and 3-N,N-dimethylamino-chlorins,?%! and chlorin-BODIPY arrays
(4.31).[296.297]

4.1.3 Applications to Bioconjugation and PDT

Whilst the leaps in chlorin chemistry, as presented vide supra, have been significant
it quickly becomes apparent that the molecules 4.17-4.31 may be (at the very least)
unsuitable for biological application, notably PDT. This poses a quandary: how does
one utilize 3,13-substitution of chlorins to make them more suitable for PDT? Whilst
the first gem-dimethyl tetrapyrrole to be observed intracellularly was 4.23 in the year
2009, it possessed no functionality.[2%€]

Bioconjugation is not a new trend, however, it is the defining distinction between
second and third generation PSs. Bioconjugation strategies have been honed on

porp hyrinS continual |y [299,300,301,302,303,304,305,306]

In this thesis, bioconjugation is defined as the conjugation of a biologically active
motif to a PS. The biologically active motif may be one of a wide range of molecules;
biotin as a prime example, any number of peptides, or larger systems such as an
antibody. In this regard, even easily accessible compounds such as 5-(4-
aminophenyl)-10,15,20-triphenylporphyrin  could be called “bioconjugatable”,
whereas 5,10,15,20-tetrakis(phenyl)porphyrin is not. Whilst it is well understood that
the attachment of a triphenylphosphonium motif to a PS enables enhanced
mitochondrial uptake, and possibly greater PDT efficacy, this is not a molecule of

biological relevance and thus, this is not an example of bioconjugation.

A survey of the literature shows that the bioconjugation strategies (along with
strategies utilized to enhance water solubility) involve the 5- and 10-positions of the
macrocycle, which appears to be for three reasons; 1) these positions can be easily
modified utilizing DPM chemistry, 2) there are no regioisomeric products (resulting
from multiply brominated starting materials), and 3) incorporation of differing

substituents at the meso-positions of the macrocycle leaves the B-positions (i.e. 3-

84



and 13-positions) free for functionalization as to modify the spectroscopic properties

of the macrocycle.

4.32 4.33a, R=CH,
433b, R= CHchs

(CH,CH,0),CH;

0}
(CH,CH,0)4CH3

o

(CH,CH,0)4CH3

4.34 4.35

Figure 4.3. Eastern half synthons used in the synthesis of chlorins with pre-installed bioconjugation

handles, and solubilization motifs in the case of 4.35.[295.296,307,308]

In the first example of gem-dimethyl chlorin bioconjugation, Borbas and co-workers
presented 4.32 and 4.34 in 2012 (Figure 4.3).3971 Complimentary synthetic routes
were developed to yield two different linkages between the chlorin periphery and
cyclen ligands: 4.32 was hydrolyzed to yield an aliphatic carboxylic acid whereas
4.34 was reduced to yield an aromatic amine. In contrast, the generation of 4.33a,b
is far simpler than either 4.32 or 4.34. In 2015, Ptaszek utilized 4.33a in the

generation chlorin-BODIPY arrays.[2%!

Compound 4.35 combines the bioconjugation strategy used by Borbas (4.32, Figure
4.3); however, shuffles this round to the 5-position of the macrocycle and utilizes
PEG-chains at the 10-position to enhance solubility in polar media.[%! Other
bioconjugation strategies have prevailed through [Pd]-catalyzed cross-coupling at
the 15-positions, yielding 4.36, through the utilization of the same motifs as
presented in 4.32 and 4.35, along with phosphonate solubilizing motifs (Figure
4.4).12%]
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Aside from this already presented in Figures 4.3 and 4.4, little has been utilized to
enhance the polarity of these chlorins. One publication utilizes the addition of p-
CeH4CO2Et and p-CsHsN moieties to yield ABCD-chlorins, again through [Pd]-
catalyzed cross coupling reactions, but no solubility studies nor any relevant

biological experiments were performed.[1¢l

Figure 4.4. Bioconjugatable chlorin bearing its conjugation handle in the 15-position, installed via

[Pd]-catalyzed cross-coupling, with a swallow-tail solubilizing moiety at the 10-position.[116.299]

At this point, it must be made clear that there are few, if any, examples of literature
utilizing gem-dimethyl chlorins for PDT. There is, however, respective literature for
tetramethyl bacteriochlorins, in the sea of literature regarding other bacteriochlorins
for PDT.[% In 2010, Bocian, Holten, Lindsey, Hamblin and co-workers presented
the evaluation of a series of three “stable synthetic bacteriochlorins” in a work
targeted at successfully utilizing PDT to overcome melanomas resistance to PDT, a
phenomenon attributed to high melanin levels, by excavating the PS at wavelengths

at which the pigments melanin and eumelanin have little to no absorption. 10l

The structures analyzed are presented in Figure 4.5. All three compounds were
found to exhibit no dark toxicity after 24 h. The effectiveness of the compounds was
found to be 4.38 > 4.37 > 4.39, with 4.38 killing over 2 logs of C-mel cells at a [4.37]
= 0.25 uM, and fluence of 5 J cm= (as measured by mitochondrial activity).[310l
Shortly afterwards, the same authors published an in vitro study of broader scope —
encompassing an extra nine bacteriochlorins and found a number of these new
substrates exhibiting great promise as PSs, i.e., LDso = 15 nM (HelLa), at “modest
fluences” of 10 J cm2 of NIR light.[311]
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4.39

Figure 4.5. Synthetic bacteriochlorins analyzed for PDT efficacy against melanoma by Bocian,

Holten, Lindsey, Hamblin, and co-workers.[310

The closest that this class of chlorins has come to utilization in PDT is as their
utilization in energy-transfer dyads. In 2008, the first synthetic chlorin-
bacteriochlorin energy-transfer dyads were synthesized by Lee et al.[}13, and it was
noted that these systems exhibited energy transfer from the chlorin to the
bacteriochlorin with a yield of >99% in all cases. Further to this, they exhibited

exceptionally large Stokes shifts as a result, i.e., up to 110 nm.

Five years later, Yu & Ptaszek further investigated these systems in which the
acceptor (bacteriochlorin core) was modified and found little to no difference in
energy transfer yield.®'# It was noted that these systems, given their multiple narrow
and tunable emissions in the NIR spectral window made them excellent candidates
for in vitro imaging. In 2019, 4.40 (Figure 4.6) was presented, along with two

bacteriochlorin-BODIPY dyad systems, and one other bacteriochlorin-chlorin
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dyad.['?l The positioning of the PEG-chains (i.e., the 10-position of the chlorin) was
a deliberate design tactic as to hinder any aggregation between tetrapyrrole cores.
The in vivo studies performed exhibited the utility of this class of compounds for
cancer detection, and possibly applications such as fluorescence guided surgery
(FGS).18

Whilst it is enjoyable to see chlorins used in such applications, it is still not a gem-
dimethyl chlorin in PDT. Instead, gem-dimethyl bacteriochlorins are used in their
place, and there are two main reasons for this. The first being photophysical —
bacteriochlorins have a longer wavelength of absorption than chlorins as a result of
a much smaller HOMO-LUMO gap (see Figure 1.9). This trend is applicable
regardless of whether the bacteriochlorin is of natural or synthetic origin. As
displayed in Figure 1.7 the longer the wavelength of penetration, the greater the

efficacy of treatment.

N/(CH2CH20)3CH3

\
(CH,CH,0)3CH34

4.40

Figure 4.6. Chlorin-bacteriochlorin energy-transfer dyad designed for use as a NIR-fluorescence

probe for cancer detection.[312

The second reason is down to their synthesis. Regardless of whether the East-West
or North-South synthetic route is utilized, their synthesis is the dimerization of a
single dihydrodipyrrin. From there, bromination and [Pd]-catalyzed cross coupling
reactions can be performed. In contrast to this, chlorins require the synthesis of two
distinct different halves: a tetrahydrodipyrrin and a DPM (Scheme 4.2).1257,315,316]

Inherently then, dimerization (in the case of bacteriochlorins) yields identical

substitution patterns occurring across the 2,3- and 12,13-positions with further
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diversity enabled by selective bromination strategies and other such modifications
thus forth. To our knowledge, no mixed condensation between two dihydrodipyrrins

of differing substitution has been reported.

Whilst the synthesis of two halves is more arduous than the synthesis of just one,
this apparent disadvantage yields far greater diversity in the resultant tetrapyrrole
through pre-installation of desired handles/motifs. Dipyrromethane chemistry is
dominated by modification of the 5-position (i.e., choice of aldehyde) and
formylation/acylation/aroylation to modify another meso position, and bromination
chemistry to yield B-substituents. The inclusion of a wider variety of motifs greatly
enhances the ability to add moieties which increase the suitability of these
molecules for PDT (be this via the addition of motifs to enhance solubility or enable
radiolabeling, i.e., 3@ generation PSs). In every case, the research group(s) in
guestion must way up the desired spectroscopic characteristics of the molecule

being designed, versus the synthetic utility of the resultant tetrapyrrole.

N N
WH ) NH
\
N N
\ O \
o<
4.41 5 4.43 4.44
4.42 5 4.45

Scheme 4.2. Synthesis of bacteriochlorins and chlorins from hydrodipyrrin precursors, and
dipyrromethanes. For 4.42, X = H, OCHs dependent upon acid catalysis employed.[36 Substitution
patterns have been kept as simple as possible for clarity, except R?® and R'2%3 to highlight the

dimerization of 4.41.
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4.2 Results and Discussion

4.2.1 Aims and Objectives

In Chapter 3, the syntheses of 3.36a,b and 3.41a,b were presented; oxidation
resistant chlorins that could be used as 2" Generation PSs for PDT. In the
introduction to this chapter it has already been shown that despite the wealth of
knowledge surrounding bioconjugation to porphyrins, there is little in the way of the
same chemistry performed on the 17,18-dihydro-18,18-dimethylporphyrin scaffold.
Further to that, there is little in the terms of strategies for solubilization of these

motifs.

The aim of this chapter is to develop multifunctional chlorins that can easily be
transformed into 3" Generation PSs, through the application of the general structure
4.46.

4.46

Figure 4.7. Core structure of the target products of this chapter.

These structures will contain orthogonal bioconjugation handles at the 5- and 10-
positions of the macrocycle (blue circles), given their ease of introduction as shown

in Figure 4.3.

Further to this, with the developments in generation of brominated halves for chlorin
syntheses and the resultant changes in the UV-Visible absorption spectra, we aim
to use this strategy to further increase the wavelength of absorption (red circles).
Additionally, this strategy will also be applied in a manner such to increase the
solubility of the resultant chlorin in polar, or even aqueous media.

These chlorins will be evaluated in a manner akin to those presented in Chapter 3,
however focusing on the photophysical parameters necessary for PDT, along with

in vitro analyses of the successful candidates.

90



4.2.2 On the Synthesis of 5,10-Diaryl Chlorins and Analogous trans-A:zB:>
Porphyrins?

4.2.2.1 Eastern Half

Given the desire for orthogonal bioconjugation handles, it was necessary to choose
a “C-terminus” and an “N-terminus”. The N-terminus being of heightened importance
given the ability to yield a myriad of functional groups for which to bioconjugate with,
as opposed to a C-terminus in which options seem more limited.

We initially rationalized the generation of a 10-(p-nitrophenyl)chlorin as an early
target; however, its synthesis is remarkably low yielding given its structure type,
3.8% as reported by Borbas in 2012.13%71 Given previous work by the Boyle group, 8%
97,3171 we then rationalized the utilization of an acetamido motif. The work of the Boyle
group has continually utilized an AsB-porphyrin with three 4-pyridyl motifs, and a p-
acetamidophenyl on the remaining meso position (i.e., 1.42, Figure 1.10). This
acetamido group is then deprotected to yield the amine, and utilized in amide

couplings, or further transformed into an azide for CUAAC reactions.

4-Acetamidobenzaldehyde (4.47, Scheme 4.3) was cleanly transformed into DPM
4.48 via a TFA catalyzed DPM synthesis, yielding the product in 85% as a white
powder upon trituration with pentane. Upon repeated attempts following a reported
procedure for DPM formylation,[314 4.49 was not yielded as the desired product.
Whilst a crude was obtained as a deep red oil, attempted purifications routinely
yielded the same red oil, with minimal difference in the resultant *H-NMR spectrum
post chromatographic purification. The only separable component of this red oil was
unreacted 4.48. Given the inability to fully characterize an intermediate, a new route
had to be found.

At this point, Borbas’ benzoylation of DPMs to yield appeared particularly attractive.
As noted, the first synthesis of gem-dimethyl chlorins by the Lindsey group utilized
chlorins of a 5,10-diaryl core.[?*¥ Thus, whilst the question of where and how the

¥ The crystallographic data presented in this chapter was collected, solved and
refined by either Dr. B. Twamley or Dr. C. J. Kingsbury. The respective
crystallographer is acknowledged in each figure caption.
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bioconjugation handle will be placed has been resolved a further question remains.
What should be at the 10-position?

)(i i) F3CCO,H
NH ii) NaOH
0o
e
7\
« N
o H
85% 4.48
4.47
i) POCI;/DMF
0°C,2h
ii) NaHCO3

0°Ctort, 36h

4.49

Scheme 4.3. Attempted synthesis of a Western half for chlorin condensation bearing an acetamido

motif to introduce a bioconjugation handle.14

Ptaszek’s generation of 4.33 initially seemed favorable;[2°¢l however, our desire was
to also expand the library of bioconjugation opportunities. The same reasoning
applies to 4.32.3971 The following two initial design criteria were implemented: the
10-substitutent could not contain any ortho-substituents, as this could later introduce
atropisomerism into the structure, a factor which has only recently received a
thorough evaluation with regards to PDT,[%! the 10-substituent must contain
multiple anchor points for attachment of motifs, i.e., akin to the multiple PEG chains
appended to 4.35.3%8] At this point, multiple substitution patterns are possible to yield
C-termini. However, the motif chosen then was 3,4,5-trimethoxyphenyl.

A group that is common in pharmacophores,318 antimitotic agents,° and
polyphenol chemistry, 2% it has widespread use. Whilst unlikely to be used explicitly
as the trimethoxylphenyl unit, i.e., fully protected, the applications must be noted.
This group is particularly useful given the ability to selectively deprotect the p-

methoxy unit with e.g., boron(lll) trichloride or methanesulfonic acid,?% or all three
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with boron(lll) tribromide.322 This approach could yield highly functional 3,5-X-4-Y-
substituted phenyls.

Thus, 5-(3’,4’,5’-trimethoxyphenyl)dipyrromethane (4.51, Scheme 4.4) was likewise
synthesized in a TFA catalyzed DPM synthesis, utilizing dichloromethane as a co-
solvent to mitigate the use of pyrrole in the reaction. Post-column chromatography

4.51 was yielded as a colorless crystalline solid in 30%.

o F4CCO,H
0 o rt,2h
—_— >
7\
4.50 30% 4.51

Conditions
Table 4.2
14-68%

4.52

Scheme 4.4. Synthesis of eastern half 4.52 with preinstalled bioconjugation handles.

In stark contrast to the ease of synthesis of 4.51, the synthesis of 4.52 is best
described as either arduous, or at the very least non-facile. Initially, 4.51 was treated
with ethyl magnesium bromide and p-nitrobenzoyl chloride (4.53) in toluene
following the procedure reported by Borbas;2%"l however, whereas they reported a
yield of 58%, we observed yields of 26%. Initially, this low yield was put down to
poor reagent quality, and as previously noted it is possible to purify 4.53 via hot
recrystallization from benzene.[?23] Instead, a hot recrystallization was performed in
toluene, and upon cooling an amount of colorless white crystals ca. 2-3 mm in
length were yielded in a yellow solution. These were filtered off and found to be
remarkably offensive in odor, presumed to be p-nitrobenzoic acid. Concentration of
the toluene solution initially yielded a yellow oil, which became an amorphous yellow

solid upon extended drying under high vacuum. The benzoylation was then reported
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utilizing Borbas’ procedure on a greater scale — only to generate 4.52 in an almost

identical yield.

In spite of the low yields, what also became apparent was the limited solubility of
4.52, and it was found that an initial method of purification for 4.52 was precipitation

from diethyl ether.

As well as the reaction with the neat benzoyl chloride, methods of acylation of
dipyrromethanes consider the utilization of pyridyl thioesters. The methodology first
reported by Masashi et al.,[324 utilizes the generation of S-(2-pyridyl)thioesters from
the respective acyl chloride and 2-pyridinethiol (4.54). In their work, they found great
success in generating a wide variety of benzophenones. This strategy was not

applied to pyrrolic motifs however until 2000, by Lindsey and co-workers.[325]

X rt.,2h -
J@)Lm HSJ\/Nj " omon J@)L S
CH,Cl,
O,N 69% O,N
4.53 4.54 4.55

Scheme 4.5. Synthesis of S-(2-pyridyl)thioester 4.55.1324.325]

To this end, non-recrystallized 4.53 was combined with 1 eq. 4.54 in CH2Cl2, and
4.55 was yielded cleanly in 69%, a yield in line with those reported previously, e.g.,
73% for p-tolyl and 72% for p-methoxyphenyl etc.[32% Whilst there is one report of
455 in the literature prior,3%8 there is no synthesis of it reported, nor any

characterization data.

Multiple attempts were made utilizing solvent mixtures listed for the precipitation of
previously generated S-(2-pyridyl)thioesters; however, none were suitable.
Eventually, hot recrystallization from ethyl acetate yielded the desired 4.55 as long
colorless needles. These crystals were found to be suitable for X-ray diffraction
analyses. Compound 4.55 was found to crystallize in the orthorhombic space group

Pna2; (No. 33) with no solvate, and no major H-interactions worthy of note.

Upon successful synthesis and characterization of 4.55, it was applied to the
synthesis of 4.52. Instead of toluene used previously, the choice was made to
perform the reaction in THF as to increase the solubility of all the reactants. Initial

attempts were made utilizing 4.55 as a suspension in THF; however, this diluted the
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reaction mixture and as the reaction time remained constant — this reduced the yield
(Entry 3, Table 4.2).

Figure 4.8. Single crystal X-Ray structure of thioester 4.55 with structure (top left), with asymmetric
unit (bottom left) and view of packing along the (001) direction (right). Image generated in Olex2.[12¢]

Thermal ellipsoids indicate 50% probability. Data collected, solved, and refined by Dr. B. Twamley.

Table 4.2. Experimental changes to increase the yield of 4.52. * Yield decreased via improper

purification.
Entry Acyl c-hloride (4.53) or S Method of Purification Isolated Yield of

Thioester (4.55) 452
1 4.53 (Neat solid) CsHsCH3s Precipitation (Et20) 27%
2 4.53 (Neat solid) CsHsCH3 Precipitation (Et20) 26%
3* 4.55 (suspension in THF) THF Column chromatography 14%
4 4.55 (Neat solid) THF Precipitation (Et20) 25%
5 4.55 (Neat solid) THF Wash with refluxing iPrOH 68%

In the next attempt, 4.55 was added as a neat solid, and in a return to precipitation
as the method of purification, the yield was no higher than that for the use of the
thioester (entries 1 & 2). In the last attempt, the crude material was combined with
iPrOH post-work up and heated to reflux for 2 h before being passed through a glass
frit (entry 5). This procedure yielded a vibrant yellow powder and black filtrate. The

yellow powder was found to be analytically pure 4.52, in excellent yield.
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Lastly, bromination — a necessity in the synthesis utilized. Initially, we targeted
mono-bromination as typically a myriad of differing bromination products is yielded,
even if the equivalents of bromination reagent are carefully controlled. Initial
treatment of 4.52 with non-recrystallized N-bromosuccinimide (NBS) (1 eq.) yielded
two bands upon column chromatography. The first fire engine red band

serendipitously yielded crystals upon standing at room temperature.

From the initial ¢ scan of the crystal obtained we are able to discern that the crystals
were the structure 4.57, which crystallized with no solvate, and in the monoclinic
space group P21/n (no. 14). Compound 4.57 was found to be a mixture of dipyrrins;
non-brominated, mono- and di-brominated in percentages of 13.2%, 35.4%, 52.3%,
respectively, as determined via analysis of residual electron density peaks in the
SC-XRD data. The formation of these dipyrrins is an unsurprising result in hindsight,

in the process of bromination, NBS had also oxidized any species in the vicinity.

Interestingly, the packing of 4.57 was not changed even when differing numbers of
bromine atoms had been appended. Further to this, the hydrogen atom was placed
as exhibited in Scheme 4.6, determined via the lesser C-N-C angle within the pyrrole
versus pyrroline rings. Lastly, we could evidently observe 11-11 stacking between two
molecules of 4.57 extending across the entire molecule excluding only the

trimethoxyphenyl ring which was rotated 53.5° away from the dipyrrin plane.

The second band of this was a mixture of mono- and di-brominated dipyrromethanes
as determined by electrospray ionization mass spectrometry (ESI-MS) with a ratio
of roughly 3:1 for m/z = 617.9711 (n = 2), to m/z = 540.0595 (n = 1), and *H-NMR
spectroscopy as determined by multiple resonances in the range of & = 5.49-5.60

ppm, (amongst others) indicative of multiple meso-protons in respective DPMs.

Through the use of these conditions, we were unable to isolate an analytically pure
sample of a mono-brominated mono-acylated DPM. Instead, the mixture 4.56 was
yielded. Given this, it was decided that for future experiments it was more suitable
to brominate 4.52 with much lesser equivalents of NBS and purify via silica plug as
to remove ‘baseline contaminants’ prior to use in a chlorin condensation reaction.

This procedure has been continually used by the Borbas group to suitable affect.[307]
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Recryst.

NBS (1 eq.)

THF

-78°C,1h
B — e

n.d.

Non-Recryst.
NBS (1 eq.)
THF
-78°C,1h

L
’

n.d.

Scheme 4.6. Synthesis of bromo-dipyrromethane 4.56, and generation of bromo-dipyrrin 4.57 upon
the use of non-recrystallized NBS (top). Asymmetric unit of 4.57 with all parts shown (bottom left)
and packing diagram of 4.57 showing the Tr-11 stacking between two molecules, looking along the
(011) direction (bottom right). Images generated in Olex2.1*261 Thermal ellipsoids indicate 50%

probability. Data collected, solved, and refined by Dr. C. J. Kingsbury.
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4.2.2.2 The Western Half and Unexpected Diastereomeric Resolution

As noted, vide supra, the most well utilized elaboration to the gem-dimethyl
hydroporphyrin core was that of the 3- and 13-positions (see Figure 4.2). It was
noted at the time by Lindsey and co-workers that this would work provide “the
foundation for tuning the spectral properties of chlorins in a systematic manner” to
eventually yield chlorins suitable for application in artificial photosynthesis and

photomedicine.[28%]

The synthesis of 4.6 differs minimally from that of 4.43. Obviously, there is a
bromination step involved, but also there are the respective protection and de-
protection steps. In the initial synthesis of 4.6, no N-protection was utilized and as a
result it was inadvertently found that the non-protected variant of 4.61 (Scheme 4.7)
was explosive.?8 Upon the discovery of this, they decided on utilizing a p-
Toluenesulfonyl protection strategy citing its ability to generate crystalline

products,®27 as well as its ease of removal.

Again, akin to 4.43, this synthesis has been refined. In 2009, Krayer published
refinements with the aims of; lessening consumption of reagents and solvents,
limiting use of chlorinated solvents, limiting chromatography, and improving
yields. (328

Both sets of synthesis, i.e., 4.43 and 4.6, start from pyrrole-2-carboxaldehyde. Initial
investigations on this step in particular by Anderson and Lee indicated that with NBS
the 4-isomer was found to be the major product when low temperatures were used
along with short reaction times. Increasing the temperature to r.t or higher will
promote the generation of the 4,5-dibrominated product, albeit in 1.4%.132°] Other
procedures implementing Br2, or other bromination agents, did not yield such a
favorable product distribution.[?%1 Thus, application of their findings yielded 4.5 via

recrystallization in 87% yield.

Treatment of 4.5 with NaH, and subsequently p-TsCl yielded the protected analogue
via recrystallization in 76% vyield. Interestingly, in the original 2006 publication, there
is no isolation of 4.60, and instead it is only isolated in Krayer’'s 2009 refinements.[328]
The Henry reaction was performed simply utilizing 4.59 and Krayer’s refined
conditions, which yielded the 4.60 as a vibrant yellow solid in 92%.
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Multiple refined procedures for the transformation of 4.60 into 4.61 have utilized
silica in the reaction mixture, or Montmorillonite K10, with NaBH4 as the reducing
agent,1287.330 with the aim of facilitating the purification in situ. In our experience this
reduced the yields significantly. Coupled with this, as we found in Chapter 3, LiBH4
out-performed NaBHa4. Thus, application of these conditions typically yielded the
desired 2-(2-nitroethyl)pyrrole 4.61 in 69%.

NaH (1.6 eq.)
Recryst. TsCl (1.1 eq.)
NBS (1.1 eq.) THF
(o]
THF Br 0°,1h Br
J\ o 0°C,05h rt, 3h
v~ —— I\ 0 —— [\ 0
H 87% N 76% N
H |
Ts
4.58 4.5 4.59
KOAc (0.86 eq.)
i O\\S’/O H3CNH,.HCI (0.89 eq.)
X{ AcOH (0.5 mL)
| HsCNO, (3 eq.)
EtOH
4.64 Ts = tosyl r-t-; 3h
LiBH, (1.05 eq.) Y 92%
B THF B
' -10°C, 0.25 h "
/N NO, < '\, NO,
l\ll 51% (see text) l}l
Ts 69%* Ts
4.61 4.60
Br zZn% (20 eq.)
4.64 (3.0 eq.) N HCO,NH, (20 eq.)
DBU (0.36 eq.) \ o THE
rt., 1h \TS 60 OC, 2 h
— EEEE——
NO, .
51% 65%
(0]
4.62 4.63

Scheme 4.7. Synthesis of protected western half synthon 4.63 over 6 steps from pyrrole-2-
carboxaldehyde (4.58).[285.328]

One of the benefits of Krayer’'s refinements is the scales at which they can be

performed on. The utility of the refinements were fully displayed when the synthetic
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sequence began with 38 g of 4.58, i.e., 400 mmol. In the work presented herein, the

scale presented was half that of Krayer, with representative yields at every step.

As noted, vide supra, yields for the reduction step with LiBH4 were continually
achieved in the range of 65-69% on scales less than 50 mmol in the work
surmounting this thesis. Upon scaling up from 50 mmol for 125 mmol, we observed
a significant decrease in yield along with a large amount of white powder filtered off
during the recrystallization step (entry 5, Table 4.3).

Analysis of the powder via *H-NMR spectroscopy indicated it was the dimeric by-
product (Figure 4.9), as detailed briefly by Krayer, but not mentioned in the original
manuscript.l?831 Whilst the number of resonances increasing was something
immediately evident, another key feature was the observation of separate tosyl
moieties being in different environments, as presented by two tosyl-CHs resonances
atd =2.44 and 2.45 ppm.

Likewise, this continued throughout the spectrum with every individual environment.
Immediately noticeable are the 3-pyrrolyl protons at & =5.99 and 6.17 ppm, amongst
others. Through 'H-¥C HSQC, 'H-®*N HMBC, 'H-*C HMBC, selective TOCSY
DIPSI and selective NOESY experiments, we were able to provide a complete

assignment of the sample presented.

Table 4.3. Tabulated data for the production of dimer 4.65.1285328] = this work.

) Reducing agent Yield Yield
Entry Solvent, [4.60] Time Temp ] Scale
(Equiv.) 4.61 4.65
CHCIs/iPrOH
10271 15h rt. NaBH4 (2 eq.) 22.8 mmol 58% n.d.
(3:1), [0.088 M]
THF/MeOH
2[313] (unknown), Unknown 0°C NaBHa (2 eq.) Unknown 50% n.d.
[0.15 M]
3313 THF, [0.200M]  025h  -10°C  LiBHa4(leq.) 234mmol  77% n.d.
4[313] THF, [1 M] Unknown -10°C LiBHa4 (1 eq) Unknown 40% n.d.
5t
THF, [0.208M]  025h  -10°C LiBH4(1.05eq) 125mmol  51% 10%

This work
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Solvent

Time, Temp.
! N/ ~no, - > /N NO,
N N
Ts Ts
4.60 4.61

ENANTIOMERS

-
N/Ts
4
BF’QI,,
! N02
ENANTIOMERS
O,N*
Z N-T8
Br
(S,R)-4.65 (R,S)-4.65

Scheme 4.8. Top: General scheme for the reduction of 4.60, and generation of desired 4.61 along
with undesired dimer 4.65, a and [3 labels have been added to illustrate the dissymmetry of 4.65.
Bottom: All the diastereomers of 4.65 are presented, excluding chirality induced by the Ts motif, and

the enantiomeric relationships within the set.

Upon confirmation of the nature of this product, we attempted to rationalize its
formation in such a yield. Whilst it is evident that 4.65 is the result of the respective
nitronate of 4.61 attacking another molecule of 4.60, it should not have been
produced in such scale. In examinations prior, no yields of 4.65 have been
presented by other authors. For multiple entries in table 4.3, the amount of 4.65 was
described as ‘substantial’, whilst no actual yield was provided for any of the

refinement attempts undertaken.

The sample of 4.60 used was stored at 0 °C whilst protected from light and under

an Ar atmosphere albeit for 27 weeks prior to use as a result of obvious world
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events. We observed no physical changes in the appearance of this sample of 4.60
between the time of its preparation and the time of its use. No comments have been
made regarding the stability of 4.60, and whilst we cannot confirm its degradation,

we cannot exclude it either.

Post-NMR analyses, crystals of 4.65 serendipitously formed in the NMR tube. In our
SC-XRD experiments, 4.65 returned a space group of Pbca (No. 61) with no solvate.
Analysis of the asymmetric unit revealed (R,R) stereochemistry for that molecule of
4.65.

Given the inversion center present in the cell, inherently the (S,S)-diastereomer also
exists for 4.65. This is therefore implying that both (R,R) as seen in the asymmetric
unit, and (S,S) are present. In our *H-NMR spectroscopic analyses (along with the
respective 2D-NMR spectroscopic analyses undertaken) we observe only one set
of resonances for the aliphatic nitro-butane system, indicative of a single species in

solution or a pair of enantiomers.

>

Figure 4.10. Single crystal structure of 4.65 with (R,R)-4.65 (asymmetric unit) shown (left) and
packing diagram (right). Images generated in Olex2.[126] Thermal ellipsoids indicate 50% probability.

Data collected, solved, and refined by Dr. B. Twamley.

In the SC-XRD structure of 4.65 we observe two separate intramolecular hydrogen
bonds; with S=0...H exhibiting D...A of 3.071(3) 4, and N(O)=0...H exhibiting D...A
of 3.038(3) A (Figure 4.10, left) These interactions exist in both (R,R) and (S,S)
enantiomers, however in (R,S) or (S,R) enantiomers, the distances between these

donors and acceptors are too great to facilitate these contacts.
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Figure 4.9. Stacked 'H-NMR spectra of 4.60 (blue, left), 4.61 (green, middle) and crude 4.65 (red,

right), all in CDCls, conducted at room temperature.
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It could be argued that this C-H...O interaction involving the sulfonyl moiety is just
an artifact in the solid state. To investigate if this was present in the solution state,
'H-NMR analyses of the non-tosylated motif would be necessary. Unfortunately
however, given the explosive nature of the non-tosylated monomer i.e., non-
tosylated 4.61, this is not an experiment we desired to undertake until all other
experimental options had been thoroughly exhausted. Given the interactions

presented vide supra, however, this seems unlikely.

Considering that the purification of 4.61 is via hot recrystallization in iPrOH (c.a. 100
°C), i.e., a polar protic solvent, there is a large thermodynamic driving force enabling
the adoption of the most stable conformation for any particular molecule. Hence, it
is plausible that there could be a mechanism selectively driving the
thermodynamically favorable formation, and kinetic precipitation, of (R,R) and (S,S)

diastereomers of 4.65 (Scheme 4.9).

Further evidence for the strength of these intramolecular H-bonds was observed
upon analyzing the melting points of the three compounds involved, for 4.61 M.p.
127-130 °C (dec.), lit.?"11 125-127 °C, for 4.60 M.p. 162-168 °C (dec.), lit.?"1 164—
170 °C whereas for 4.65 (bulk) 220-223 °C (dec.), lit.?"11 115-117 °C.

Until this point, we have assumed the formation of all four diastereomers and from
there, selective mechanisms occur in solution to yield exclusively (R,R)-4.65 and
(S,S)-4.65. The other option would be for (R,S)-4.65 and (S,R)-4.65 to not form at
all. Looking at Scheme 4.8, bottom, we observe vast steric crowding between nitro-
and 2-(N-tosyl)-pyrrolyl motifs. Assuming retro-addition of the nitronate of 4.61, this
reaction step will cycle until there is a transition state of low enough energy to form
a diastereomer of 4.65 in which the molecule is stable. To ascertain this,
experimentation via density functional theory (DFT) calculations would be

necessary.

Whilst the structure of 4.65 has been unanimously assigned, we cannot rationalize
exactly why it formed in such a yield. To date thus, it is a joyous, anomalous, and

serendipitous result.
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4.65* [4.65-H]

l Protonation

Br Br
I 0
s N\ = N
B Ts H Ts
HTN02 OZNTH
\\\“‘. "”/,l 4 Br \\“\‘. "/”/, 2 Br
PR PR
O,N /N OoN /N
Ts Ts
(R,S)-4.65 (R.R)-4.65
No intramolecular Forms intramolecular
H-bond formation H-bonds
Re-epimerization Precipitates from soln.

Scheme 4.9. Proposed generation of diastereomerically resolved 4.56 via acid catalyzed
epimerization of the racemic bulk sample. Possible borane-based stabilization of [4.65-H]- has been
omitted.

Michael addition to 4.61 in DBU occurred cleanly, with minimized DBU and
increased equivalents of mesityl oxide (4.64) as per Krayer's refinements.[328] The
final cyclization step again required elevated temperatures and greater equivalents
of Zn® and HCO:2NH4; however, a much shorter reaction time. These two
intermediates, 4.62 and 4.63, were the only two in the entire sequence which
required column chromatography. As a result of this, 4.62 was limited to production
on a much lesser scale than intermediates prior. With regards to 4.63, the inability
to utilize magnetic stirring for such a suspension of Zn° limited the scale more so
than the necessity for column chromatography. Regardless, the protected
brominated western half 4.63 was yielded over 6 steps in 13.9%, with limited

chromatography, a true testament to the work of Krayer.[328l
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Concomitant with our serendipitous crystallographic endeavors of 4.65, we were
able to analyze a variety of the intermediates present in Scheme 4.7 via single
crystal X-ray diffraction; 4.59, 4.60, 4.62 and 4.63.

In all cases, the pyrrolic fragments present approximately consistent internal bond
distances throughout the series. Further to this the tosyl groups adopt consistent
structures with N-S and N-C bond torsion angles at c.a. 90°. Each asymmetric unit
presented contains one molecule of the title compound, and no solvates were
observed in any structure. Full crystallographic data will be presented in the

Appendix section.

Compound 4.59 was found to crystal in the chiral space group P2:2:21 (No. 19),
whilst itself not possessing a chiral center. Given the Flack parameter of -0.016(2),
it is apparent that the crystal analyzed contains a structure as presented below, with

the tosyl group pointing backwards ‘under’ the pyrrole.

Compound 4.60 comparably shows larger thermal ellipsoids than the other data

presented herein, but within the datasets shows excellent agreement.

Typically, the synthesis of bacteriochlorins requiring the bis(methoxy)methyl imine
in the reduced ring is more prevalent in the literature. As a result of this —
hydrodipyrrin structures typically contain this motif, and as a result of this
preference, the structures for intermediates we have present structures for herein
have remained untouched (for bis(methoxy)methyl structures see. CCDC 730192
and 730193,[3281 2125374331 and 2083662.332)). At current, no structure exists for

4.61; however, the structure of its constitutional isomer was presented in 2014.[333]
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Figure 4.11. Single crystal structures of 4.59, 4.60, 4.62 and 4.63 (top to bottom) with the asymmetric
unit shown (left) and a packing diagram (right) along the (100) direction for 4.59, 4.60 and 4.62, and
along the (110) direction for 4.63. Images generated in Olex2.[12681 Thermal ellipsoids indicate 50%
probability. Data collected, solved, and refined by Dr. C. J. Kingsbury.
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4.2.2.3 A Solubilizing B-Substituent

Substitution at the 3- and 13-positions of the chlorin macrocycle presents stark
differences to the UV-Visible absorption spectra of the chlorin, more so than meso-
modifications. This is as a result of the extension of the 1T-conjugation throughout
the system, hence why in Table 4.1 the considerations only include CC-TIPS or -
COCHs substitutions. For an analogous set of chlorins, if R32 = H, A(Qy) = 606 nm,
if R313 = Ph, A(Qy) = 623 nm and if R313 = CC-TIPS, A(Qy) = 646 nm.[334

Very few 3,13-di(ethynylaryl)substituted chlorins have been described in the
literature,[292:295,296,313,334,335] gnd the majority utilize phenylethynyl as the substituent
in question. Further to motifs that would not aid solubility in aqueous media include
9-phenanthryl- and 4-(phenylethynyl)phenyl along with the BODIPY-chlorin arrays
presented in Figure 4.2. This leaves us with few substituents mentioned in the
literature; (4-formylpheny)ethynyl, (4-N,N-dimethylaminophenyl)ethynyl, and (4-
methoxycarboxyphenyl)ethynyl.

The design of this motif presents major differences to the discussion for Eastern half
4.52: i.e., the motif designed will be a phenylethylene, and thus will not have the
opportunity to introduce atropisomerism, nor will it be utilized for bioconjugation, and
thus the groups appended should remain constant regardless of external factors. At
first thought, perhaps 4-ethynylpyridine, however pyridyl substituents in the

presence of zinc-tetrapyrroles can form coordination oligomers.[336]

A survey of the literature indicates that scientists struggle not only with the
solubilization of tetrapyrroles in agueous media, but also organic solvents. In 2001,
Screen et al.l’¥"] detailed their inability to solubilize a porphyrin polymer in organic
solvents, even with added base, which “precluded spectroscopic
characterization”.33"] Their solution was to append tetra-alkyl isophthalamides with
long alkyl chains in order to enhance the solubility — which it did. We rationalize that
replacing these long alkyl chains with something much shorter, e.g., ethyl, would

yield a final tetrapyrrole better suited for later in vitro analyses.

Whilst the syntheses presented herein and those of Screen et al.[33] have similar
products, differing routes are taken to yield them. Screen started from 5-
bromoisophthalic acid, aminated and then coupled with TMS-acetylene. Instead,
treating isophthaloyl dichloride (4.66, Scheme 4.10) with diethylamine in the
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presence of catalytic pyridine yielded N*,N! N3 N3-tetraethylisophthalamide (4.67)

quantitatively.

Bromination was performed using a method described by Balasubramanian and co-

workers.[238] As noted by the authors, the importance of bromoarenes in paramount

in the current chemical landscape. In spite of this, the majority of bromination

procedures utilize moisture sensitive Lewis acids, lengthy reaction times, and/or

poor yields. Initially, Lambert reported bromination of nitrobenzene with NBS in

aqueous H2S04.13% Later, Dolbier reported a new method utilizing NBS in TFA as

the solvent with H2SOa4 as the catalyst.[3*0l Balasubramanian demonstrated their

modified method to be meta- selective for deactivated aromatics, notably

demonstrated on 3-nitrobenzamide.

4.66

4.69

HNEt, (2.5 eq.)
C5H5N (Cat.)

CH,Cl, o o
50°C,4h
? /\N N/\
Quant. ) k
4.67
Recryst.
NBS (1.15 eq.)
Pd(OAc), (5 mol%) H,SO4
Cul (2.6 mol%) 50°C, 24 h
PPhs (7 mol%) 32%
TIPS-CCH (2.23 eq.)
Et;N 0 0
50°C,1h
- N N
n.d. ) K
Br
4.68

Scheme 4.10. Synthesis of a protected phenylethylene for coupling to the chlorin core to enhance

solubility.[337

Treatment of 4.67 with non-recrystallized NBS in concentrated H2SOa yielded the

desired 4.68 in 32% vyield, as well as returning the starting material in 30% yield.

Column chromatography was performed, however was initially unsuccessful.

109



Repeated attempts at column chromatography separated the majority of the desired
product, however. Fractions containing both 4.67 and 4.68 were combined and

again treated with 1.15 eq. NBS in concentrated. H2SOa, to yield further 4.68.

Both 4.67 and 4.68 could be recrystallized from diethyl ether and formed opaque
colorless crystals. Compound 4.67 (Figure 4.12) was found to differ minimally in
bond-lengths with respect to the analogous N*,N%,N3 N3 N5 N5-hexaethylbenzene-
1,3,5-tricarboxamide.3*3 The amide motifs were found to be pointing in anti-parallel
directions and rotated away from the phenyl plane by 73.5° and 96.0°, respectively.
Whilst a multitude of C-H...O interactions can be observed between amide oxygens
and the ethyl groups of adjacent amides, the major interaction of note is between
C5-H...O with D...A = 3.44 A, indicating the propensity of this position for
electrophilic aromatic substitution and thus exemplifying the selectivity of this

position for bromination.

Compound 4.68 presented again a structure with amides pointing in opposite
directions, rotated away from the phenyl plane by 91.9° and 107.4° respectively
(Figure 4.12). As a result of substitution of the C°, C-H...O interactions are instead
formed from C#® to an adjacent amide, with D...A = 3.34 A and 3.38 A. Subsequently
the structure forms an infinite polymeric chain along the crystallographic a-axis
(Figure 4.13).

In initial attempts to yield a phenylethylene, trimethylsilyl acetylene (TMS-acetylene)
was used in the Sonogashira coupling. Whilst the coupling progressed steadily as
observed by TLC, upon 'H-NMR analyses it was indicated from the multitude of
resonances in the aromatic region that there were multiple differing products, and
observation of the aliphatic regions indicated that the CC-TMS moiety was self-

cleaving.

Given the heightened stability of tri(isopropyl)silyl (TIPS) motifs, the conditions of
Screen et al.l3%"1 were applied with TIPS-acetylene (Scheme 4.10). In this instance,
no cleavage was observed and the desired phenylethylene was yielded as a brown
oil. Attempted deprotection of the TIPS-motif with either tetra(n-butyl)Jammonium
fluoride (TBAF) or K2CO3/CH3OH vyielded differing mixtures of products; however,
there was a constant blue emission upon irradiation with UV-light (365 nm),

indicative of 1,3-butadiyne formation.[342
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Figure 4.12. Single crystal structures of 4.67 (top) and 4.68 (bottom) with the asymmetric unit shown
(left) and a packing diagram (right) along the (010) direction for 4.67, and along the (001) direction
for 4.68. Images generated in Olex2.1128] Thermal ellipsoids indicate 50% probability. Data collected,

solved, and refined by Dr. C. J. Kingsbury.

Figure 4.13. C-H...O chain formed by 4.68 along the a-axis. Images generated in Olex2.1281 Thermal
ellipsoids indicate 50% probability. Data collected, solved, and refined by Dr. C. J. Kingsbury.

To further examine the utility of 4.68, an exploratory Suzuki coupling reaction was
performed with 4-formylphenylboronic acid, in the hope of later generating

photoactive arrays with heightened solubility in organic media. Analysis of the
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product 4.69 (Scheme 4.11) indicated the incorporation of triphenylphosphine oxide
in a ratio of roughly 4.69:PhsPO of 3:1. There are multitude reports of removal of
PhsPO from such mixtures, and the procedure of Batesky et al.l343 appeared fruitful
given their substrate scope for examination; containing multitude polar motifs upon

aromatic scaffolds.

ArB(OH), (2.8 eq.)

Pd(PPhs),, (2.7 mol%) 0 o
K2CO3 (3 eq)
0 0 THE Et,N O NEt,
60 °C, 16 h
Et,N NEt, _
Quant. ‘ 9
Br ph 2 pn
“ Ph
o X
4.68
04\©\ 469,x=033 ——
ZnCl, (2.0 eq.)
B(OH), EtOH
ArB(OH),

470, x=0 - X—

Scheme 4.11. Attempted synthesis of biphenyl 4.70 via Suzuki coupling from 4.68, and attempted

PhsPO removal.3431

This technique did not remove PhsPO to any discernible degree, as determined by
'H-NMR analyses. Whilst a suitable strategy at first glance, given the result
observed by *H-NMR spectroscopy and diminished vyield, it is likely that the 1,3-
bisamide structure presented in the desired product formed a coordination complex
preferentially with zinc ions in solution, as opposed to the desired ZnCl2(OPPhs)2

complex.

Given the failures observed in the deprotection of 4.69, coupled with laboratory
restrictions as a result of the COVID-19 pandemic, this approach not used and thus
not applied to future chlorins in this thesis. We have however presented the utility of
a novel solubilizing motif — with proven capabilities in [Pd]-catalyzed cross coupling

reactions.
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4.2.2.4 On the synthesis of bioconjugatable 5,10-diaryl chlorins

Respective eastern (4.52) and western halves (4.63) both required treatment prior
to their condensation. As noted in Section 4.2.2.1, the bromination of 4.52 exhibited
an inseparable distribution of products. Further compounded by the instability of
brominated-formylated dipyrromethanes it was decided bromination immediately
prior to condensation was the most suitable method. Treatment of 4.52 with
recrystallized NBS in THF, followed by immediate purification via silica plug (as to
remove baseline impurities) yielded 4.71 ready to condense. It is from this 4.71 that

equivalents for the subsequent steps were calculated.

Recryst.

NBS (1.1 eq.)
THF
-78°C,1h
—_—

92% (crude)

4.52 4.71

Br
TBAF (3 eq.)
THF \\
40°C,1h NH
—_—
d. N
n \
4.63 4.72

Scheme 4.12. Preparation of eastern (4.71) and brominated western (4.72) halves for chlorin

condensation. 328l

Compound 4.72 was prepared via deprotection using tetra(n-butyl)Jammonium
fluoride in THF. Initial attempts at this procedure via literature reports required
heating the solution to reflux.[?88 Whilst this, presumably, successfully cleaved the
tosyl group from 4.63, *H-NMR spectroscopy evidenced apparent decomposition of
all species of interest. Instead, it was found that maintaining the reaction at 40 °C
was suitable to facilitate this protection. 4.72 was generated within 24 h of use as to
mitigate decomposition.
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NaBH,4 (13 eq.)
THF/MeOH (4:1)
[4.71]1=0.06 M
0°C,0.5h

Y

n.d.

4.71 4.73

i) 4.43 0r4.72 (1.0 eq.)
TFA (0.1 eq.)
MeCN
rt., 0.5h

i) AgOTf (1.5 eq.)
Zn(OAc), (7.5 eq.)
TMPi (14.5 eq.)
MeCN

A

90°C, 20 h
For4.74, X =H, 8%
For 4.75, X = Br, 7%

474, X=H
4.75, X = Br

Scheme 4.13. Reduction of 4.71 and condensation with western halves, 4.43 or 4.72 to yield chlorins
4.74 and 4.75.1307.325]

Reduction of 4.71 with NaBHa4 yielded 4.73 cleanly in 0.5 h, as determined via TLC,
transforming it from a mustard yellow solid to a light-yellow vicious oil (Scheme
4.13). The procedure used for condensation herein is different to that presented
previously (Section 3.2.2). Combination of 4.73 with either 4.43 or 4.72 in the
presence of TFA for 0.5 h initially formed the respective 2,3,4,5-tetrahydrobilene-a.
Immediate quenching of the acid-catalyzed condensation with TMPi, along with the
addition of oxidizing agent AgQOTf and a source of zinc, Zn(OAc)z, yielded chlorins
4.74 and 4.75 in 8 and 7%, respectively, post column chromatography as green and

deep blue solids, respectively.

Initially upon the synthesis of 4.74, *H-NMR spectroscopy revealed a series of extra
resonances in the regions which we had observed the methoxy-protons, as well as
the protons present on the p-nitrophenyl moiety. Repeated column chromatography
of the sample in a less polar eluent revealed a brown band at a lower Rt than 4.74,
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and through UV-Visible spectroscopy initially it was confirmed as a zinc porphyrin,
vide infra. This result was indicative of insufficient 4.43 in the reaction mixture, and
subsequently, 4.73 had dimerized. This issue did not prevail in the synthesis of 4.75,
however. Whilst only a modest drop in yield between 4.75 and 4.74, it is in line with
the changes in yield presented previously for an analogous comparison of 5,10-

diaryl substituted chlorins.[?8°]

In contrast to 4.74, synthesis of 4.75 produced a separable amount of the 3,13-
dibrominated chlorin 4.75b , in 0.3% yield. The chlorins presented ARr = 0.02 (silica,
EtOAc:CesH14, 1:1), with the bis-brominated 4.75b exhibiting the higher Rr. The UV-
Visible absorption spectra of 4.75 and 4.75b are presented in Figure 4.15. Despite
the more favorable wavelength of absorption presented by 4.75b, given the minimal

amount of 4.75b isolated, it was not considered for in vitro analyses.
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4.2.2.5 On the Synthesis of Analogous trans-A2B2 Porphyrins

Whilst the generation of 4.74 and 4.75 was a success, yielding oxidation resistant
bioconjugatable chlorins which can be evaluated with regards to their efficacy as
PSs for PDT, the substrate scope for the study would be small.

We sought to broaden our study utilizing compounds that had a more familiar
structure to the majority in the PDT community, in particular something far more
accessible. By enhancing the accessibility of these ‘competitors’ it also sought to
answer the question as to whether the development of 4.74 and 4.75 was a
worthwhile endeavor in the synthesis of new PSs for PDT. Initial inspiration for which
came from the by-product formed in the synthesis of 4.74. Porphyrins take up the
largest class of agents evaluated with regards to PDT, as noted in Section 1.1.3.
Further to this, as a result of the COVID-19 pandemic, and subsequent restrictions
in research laboratories institution-wide, a simple one step synthesis seemed more

practical.

As noted, the dimerization in our prior case was Yyielded serendipitously. Instead,
Rao et al. had previously published a route for the generation of free base trans-
A2B2 porphyrins from mono-acylated dipyrromethanes which showed excellent
scalability.[32% Thus, utilizing the conditions outlined by Rao et al.l3?% free base
porphyrin 4.76 was yielded cleanly over a single step in 25% yield, which yielded a
suitable crop of porphyrin (422 mg) with ease (Scheme 4.14).

Analysis of 4.76 by *H-NMR spectroscopy serendipitously led to the formation of
crystal suitable for analysis via SC-XRD (Figure 4.14). The asymmetric unit was
found to consist of two halves of porphyrins, bisected through the C?°-C! and C*0-
C!! bonds, related to one another through an inversion center at the porphyrin core.
The main difference between the two ‘half porphyrins’ (Figure 4.14, bottom right)
was the H-bonding motifs present between the methoxy units and the present
CDCls.

The porphyrin core was found to be planar, within 0.04 A across the C20N4 core, and
exhibited mr-stacking at 3.65 A. As a result of the trans-A2B2 substitution pattern
consisting of both electron-donating and electron-withdrawing groups, a 5,15-
stretch was noted. Further to this, there is distortion of the Eq mode, in which a
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rotation of the pyrrole rings (NH containing) away from the porphyrin core by 5.85°

from the meso-Ca-plane is observed.[344:345:346]

4.52

i) NaBH4 (55 eq.)
THF/MeOH (3:1)
rt., 0.5h

i) TFA (8.8 eq.)
rt., 5 mins

iii) DDQ (2.4 eq.)
rt.,2h

iv) Et3N (9.7 eq.)
rt., 5 mins
MeCN

25%

M(OAc), (10 eq.)

4.76, M = 2H
CHCl3/MeOH (1:1)
70°C, x h
4.77,M = Zn 4.77, 4 h, 90%
‘ ,4h,
4.78, M = Pd 4.78, 16 h, 76%

Scheme 4.14. Synthesis of porphyrins 4.76—4.78 from 4.52 utilizing the procedure of Rao et al.[325
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Figure 4.14. Single crystal X-ray structure of 4.76 with; one independent molecule of 4.76 shown
(left), packing diagram along the (010) plane (top right) and the asymmetric unit containing residual
CDClz (bottom right). Images generated in Olex2.11281 Thermal ellipsoids indicate 50% probability.
Data collected, solved, and refined by Dr. C. J. Kingsbury.

Again, we sought to further the amount of 4.77 we had generated from the chlorin

synthesis and thus metallation of 4.76 with zinc occurred cleanly in 90%.

In the last broadening of the substrate scope, we sought another metalloporphyrin.
The use of metals in medicine has recently seen an explosion in drug
development, 3471 however aside from this we have already discussed the utilization
of [Ru(bipy)s]?* type PSs, and Sn(IV) ethyl etiopurpurin (Rostaporfin) (Section 1.2.3,
Scheme 1.8). We drew our inspiration from padeliporfin. Padeliporfin (WST-11) is a
semi-synthetic palladium(ll) bacteriochlorophyll arising from modifications to BChl a
(see Figure 1.6, 1.39) that has been approved for the treatment of adenocarcinoma
of the prostate in the EU,[48:349 giving hope to heavy metal containing PSs. Thus,
utilizing the same procedure as for 4.77, 4.78 was yielded in 76% albeit after a

longer reaction time (Scheme 4.14).

Whilst the numbers 4.74-4.78 have been used throughout to refer to the PS

candidates in question, to make the differences in structures more easily evident a
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change in nomenclature is necessary. Thus; 4.74 becomes ZnC!, 4.75 becomes
ZnC?, 4.75b becomes ZnC?-Br, 4.76 becomes H2P, 4.77 becomes ZnP and 4.78

becomes PdP.

ZnC' ‘
4.74 3 4.76

PdP

Figure 4.15. Structures of the compounds (chlorins left and porphyrins right) analyzed throughout
the rest of the chapter, with both compound numbers (4.74—4.78) and abbreviation (ZnC?, H2P, etc.)

presented for clarity.
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4.2.3 Photophysical Analyses of PS Candidates

As noted in Section 1.2.1 (Figures 1.12, 1.13) the differing symmetries present in
chlorins and porphyrins (approximate Coy for chlorins verses Dnn type for porphyrins)
yields vastly different spectral features.

ZnC?! and ZnC? and ZnC?-Br present typical spectra for the class of tetrapyrrole,
when compared with previous examples, 234 however the propensity of 3-bromo and
3,13-dibromochlorins to be used exclusively as intermediates in the synthesis of 3-
ethynyl- or other 3-aryl-chlorin type products from [Pd°]-catalyzed cross coupling

reactions, there is significantly less data present in the literature.

Chlorins ZnC?t, ZnC? and ZnC?-Br present B-bands of 415 (logioe = 5.30), 418
(logioe = 5.37) and 421 nm (logi0oe = n.d.) with increasing degrees of bromination
yielding increasing wavelengths of absorption. Further to this, bands of c.a. 102 x
lower intensity in the range of 500-600 nm, and an intense Qy absorption at 616
(logioe = 4.70), 618 (logioe = 4.73) and 624 (logioe = n.d.) nm respectively (THF)
(Figure 4.16). For ZnC! and ZnC?, whilst ZnC? presents the largest extinction
coefficient for the Qy band, it is of a lower intensity when compared with the
respective B-bands (0.229 vs. 0.251). Whilst the differences are minimal, they do
exist. The biggest difference across the spectra evidently being the extension (i.e.,
a red shift) of the Qy absorption by 6 nm in the case of ZnC?-Br. ZnC? instead shows
a greater fwhm when compared to ZnC?, akin to the properties observed for Ac-
appended chlorins (see Table 4.1). Data for the compounds presented herein is
presented in Table 4.4, vide infra.

ZnC! and ZnC? exhibit typical fluorescence spectra (Figure 4.17). In each case,
there is a strong Qy(0,0) fluorescence emission around 620 nm, with a feature that
is of a distinctly lower emission intensity present at around 680 nm (Qy(1,0)).

The porphyrins presented herein exhibit vastly different spectra within their own
series for a multitude of different reasons. Initially and most obviously there is a
comparison between free base and metalloporphyrins. H2P exhibits Don symmetry,
and as a result of asymmetry along x- and y-axes along with vibronic overtones, four
Q-bands are yielded. In the cases of ZnP and PdP, the symmetry of the core is
heightened to Dan, i.e., the x- and y-axes are now equivalent. This yields one Q-

band, with the vibronic overtone yielding the second.
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Figure 4.16. Normalized UV-Visible absorption spectra of ZnC?, ZnC? and ZnC?-Br in THF at room

temperature.
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Figure 4.17. Normalized Emission spectra of ZnC* and ZnC? in THF at room temperature. Aexc = 418
nm.
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All three porphyrins present typical Soret bands (Bx + By) in the 420-430 nm range
with expected shifts between the three presented (Figure 4.18). H2P (red, Figure
4.18 exhibits four Q-bands of decreasing intensity in the manner IV >[Il > 11 > |, i.e.
an etio-type spectra. In the cases of ZnP and PdP, the Q(1,0) band is of greater
intensity than the Q(0,0) band. This difference is greatest in PdP, where the Q(0,0)
is only c.a. 0.18 of the intensity of the Q(1,0) (Inset, Figure 4.18).

In stark contrast to ZnC! and ZnC?, the absorption of longest wavelengths in all
three cases (Hz2P, ZnP and PdP) is 50-100 times smaller than that of the Soret
band. Out of all five PS candidates, H2P presents the longest wavelength of

absorption (648 nm).

The fluorescence peaks of these porphyrins are, in general, far broader than those
of ZnC* and ZnC? presented in Figure 4.17. For HzP, the features of the emission
are far better resolved than in the cases of ZnP, with H2P exhibiting two distinct
features, one around 650 nm and the other around 720 nm, whereas ZnP presents

a distinct feature at 620 and a second around 650 nm (Figure 4.19).

Across the series, a variety of Stokes shifts are present from 78 cm™ for ZnC? to
2718 cm! for PdP. All photophysical data is presented in Table 4.4.

The fluorescence quantum yields of the PS candidates were calculated using
H2TPP (1.46) as a reference using the following equation:

Q)x _ (1 - 1O_AR) . nxz . fIPL(X)
Q10 (0 (1M00) gy

where ¢x is the quantum yield of the sample, and ¢r being the quantum yield of the
reference. Ar represents the absorption of the reference compound at the
wavelength of excitation, (with the utilization of 1 — 10*R a recommendation made
by Wiirth et al.I3%2), n is the refractive index of the sample, and Ipc is the intensity of
the photoluminescence. This general form of the equation can be applied to both

singlet oxygen quantum yields, and fluorescence quantum yields.

H2P, ZnP both presented definitive fluorescence quantum yields of 0.09 and 0.06
respectively. As a result of the chelation of Zn, in ZnP, there is a greater Ti
population, and subsequently lesser Si population, resulting in a lessened

fluorescence response i.e., lesser So < Si decay, with respect to HzP.
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Figure 4.18. Normalized UV-Visible absorption spectra of HzP, ZnP, and PdP in THF at room
temperature.
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Figure 4.19. Normalized emission spectra of Ho.P and ZnP in THF at room temperature, Aexc = 418

nm. Regarding the omission of PdP, see text.
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Table 4.4. Tabulated photophysical data for PS candidates; H.P, ZnP, PdP, ZnC?! and ZnC?. [a] The intensity of the longest wavelength Q-band divided by the

intensity of the Soret band; [b] The Stokes shift was calculated from the corresponding UV/Vis absorption and emission spectra in THF; [c] Measurements were

performed by exciting the tetrapyrrole at Aexc = 424 nm with H2TPP in toluene (®¢ = 0.07) used as a reference;[33! [d] Measurements were performed by exciting

the compounds at Aexc = 418 nm with phenalenone in DMSO used as reference.[33¢ [e] ZnC* and ZnC? were excited at Aexc = 418 nm in THF. Typical errors for

the presented values are: (percentage of value) ®r + 10%, P + 10%.

As (nm) Aq (nm) Stokes Shift Correction Factor
Tetrapyrrole lo/Is®  Aem (M)t Pl Gy PR
[logio(es)] [logio(€Q)] (cme! See text
415 518 571 582 616 624,
4.74 | ZnC? 0.25 208 n.d. 0.005 0.74
[5.30] [3.89] [3.94] [3.95] [4.70] 680
418 520 574 585 618 622,
4.75/ ZnC? 0.22 78 n.d. n.d. 0.70
[5.37] [3.84] [3.98] [4.02] [4.73] 676
421 522 578 589 624
4.75b / ZnC?-Br 0.27 n.d. n.d. n.d. n.d. n.d.
[n.d.] [n.d.] [n.d.] [n.d.] [n.d.]
423 515 551 592 648 655,
4.76 | H2P 0.01 165 0.09 0.85 0.58
[5.75] [4.56] [4.23] [4.03] [3.85] 722
428 558 602 620,
4.77 1 ZnP 0.02 482 0.06 0.16 0.38
[5.81] [4.61] [4.19] 656
420 524 556 655,
4.78 | PdP 0.02 2718 0.00 See text 0.70
[5.59] [4.61] [3.86] 721
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Whilst PdP was found to produce a numerical fluorescence quantum yield of
<0.0005 (repeated in triplicate) in this instance, given that the emission is of such a
low intensity it is not a surprise that most publications refer to Pd-porphyrins as non-
fluorescent.l3%3 The utilization of metals (or other heavy atoms) does enhance
intersystem crossing, enabling greater T1 population, but this method does also
enhance recombination to the singlet state via Spin-Orbit Coupling (SOC).[354:355,356]
To et al. propose that relaxation of a photogenerated Si state to the So in Pd-
porphyrins via radiative decay may be fast enough to compete with intersystem

crossing, thus yielding fluorescence.357]

Initial attempts at measuring singlet oxygen quantum yields using direct
luminescence of 102 were performed in THF, akin to simple absorption and emission
measurements, with phenalenone (4.79) used as a reference.354 Phenalenone has
previously been described as a “universal reference compound” and thus seemed
the ideal candidate, with ¢, = 0.96 + 0.02.3%1 |nitial values of SOQY typically
exceeded 1, which is not possible. Upon comparison of the absorption spectra of
the solutions of phenalenone in THF pre- and post-irradiation there were drastic

changes in the spectra.
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— Pre-Irradition

Absorbance (A.U.)
>
1

4.79 05-

0.0

. T . ; :
300 350 400 450 500
Wavelength (nm)

Figure 4.20. Structure of phenalenone (4.79, left) and spectra of the solution of 4.79 in THF used to

determine singlet oxygen quantum yields both pre- and post-irradiation (right).
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Figure 4.20 displays the differing spectra pre- and post-irradiation. In red, the
expected spectrum of phenalenone, defined by So = Ss, ™ = 7" transition at ca.
355 nm, along with the broad band of the So &> S2, m = 1™ transition present at
350-400 nm.[358:359.360] |n stark contrast, the black trace shows two absorption bands
of equal intensity, an entirely different spectrum to that presented initially. Evidently,
there is an incompatibility in this system, i.e., utilizing phenalenone in THF for the
determination of SOQY.

Following on from this, we considered other options. Given the knowledge of the
solubility of all PS candidates in DMSO, we pondered as to whether this would be a

suitable system.

The measurement of 'O falls into two separate categories: direct and indirect.
Direct methods utilize the luminescence of 'Oz at c.a. 1270 nm to measure quantum
yields. The latter requires a chemical trap, i.e., something that reacts with *O2 which

results in a spectrophotometric change, or a change in another measurable variable.

In 2019, Lutkus et al.,361 measured the pressure change in a sealed system to
calculate the singlet oxygen quantum yields of certain singlet sensitizers in DMSO.
They were able to do this because DMSO can be oxidized by 02 to dimethyl
sulfone, and through oxygen consumption a decrease in pressure was observed.
This thus makes DMSO the 'Oz trap. This is the only example of 102 measurements
utilizing a method of this kind, and it appears not to have influenced the utilization

of DMSO in SOQY measurements across the literature.

Despite this, we proceeded to generate values of SOQY in DMSO. Given that
DMSO consumes some of the 'O2, according to Lutkus,?1 the values presented

herein therefore underrepresent the capacity of the PS candidates to generate 1O-.

Interestingly, ZnC! was found to produce minimal 'Oz, to almost a negligible
amount. The gem-dimethyl chlorin system has rarely been characterized with
regards to it SOQY, however in Chapter 3, it was illustrated that 10-aryl substituted
Zn-chlorins 3.36a and 3.36b both exhibited ¢ > 0.80 in EtOH. ZnC?! and ZnC?
however both possess a 5-aryl group as well, and in both cases, there are far more
rotational and vibrational means of decay plausible than in 3.36a and 3.36b (NO:2
and OCHs rotations).
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The SOQY values obtained for H2P and ZnP were typical for the compound class
presented and can be rationalized in the same manner to that performed for the

discussion of fluorescence quantum yield.

In stark contrast to the simplistic evaluation of H2P and ZnP, PdP presented a wholly
unexpected result. Irradiation at a dilute solution of PdP in DMSO (A(Aexc) = 0.3,
with Aexc = 424 nm), two peaks were presented the range being examined of 1240—
1340 nm., the raw data for which is presented in Figure 4.21. The traces have been

normalized to enhance visualization of this new peak.
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Figure 4.21. Trace of 1Oz luminescence as produced by 4.79 (black), H2P (red), and separated traces
for *O2 evolution by PdP (blue) and unidentifiable NIR emission (green). Data was normalized against

the peak of highest intensity, and the datapoint at 1240 nm was taken to be a baseline in every case.

The trace in black represents the 'Oz luminescence, as produced by 4.79, with an
intense peak centered around c.a. 1274 nm, i.e., an expected spectrum. The trace
in red represents the 'Oz luminescence as produced by H2P, again a typical peak
albeit narrower, but once again centered around c.a. 1274 nm. The traces in blue
and green are those from experimentation on PdP. In blue, i.e., from 1240-1298
nm, we have a trace that could be attributed to 'Oz, albeit exhibiting a distinct
hypsochromic shift of 9 nm. The latter half of this trace, in green, appears
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reminiscent of a shoulder or a second lesser intense peak which appears to have a

maxima at c.a. 1310 nm.

The NIR emission observed is peculiar given that as noted previously, Pd-
porphyrins are deemed non-fluorescent. The field of NIR emission has grown
extensively in recent years with a wide variety of compounds being studied for this
particular property.[3621 Both tetrapyrrole based pigments,[363 and metal complexes
have been studied in particular.[®%41 However, the emission present at c.a. 1310 nm
in Figure 4.21 appears to coincide with little else. It appears that the system applied
herein thus presents an incompatibility in the SOQY evaluation of PdP. Otherwise,
given the length of this wavelength of emission, it is highly unlikely that a singular

intramolecular fusion would yield such a response.

Whilst we were able to generate data for some of the PS candidates, we are actively
seeking a system for the direct detection of *O2 which works for all PS candidates

presented.
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4.2.4 In Vitro Analyses of PS Candidates

In vitro analyses of the five PS candidates were carried out on the 4T1 cell line. The
4T1 cells are epithelial, i.e., lining outer surfaces of organs and blood vessels
throughout the body. The growth and metastatic spread of this cell line in BALB/c
mice replicates stage IV human breast cancer.[36% In particular, the 4T1 cell line
represents a triple negative cancer type, i.e., a cancer that is estrogen receptor-
negative, progesterone receptor-negative, and HER2-negative.[366:367.368] Fyrther to
this, this cell line is also resistant to 6-thioguanine,®® a common leukemia

chemotherapeutic. All of this suffice to say it is difficult to treat.

Given the lack of water solubility present in the PS candidates presented herein,
stock solutions were made in DMSO. All stocks were generated using biological
grade DMSO and passed through 0.22 um filters for two reasons: to ensure the
stocks remained sterile, but also to ensure no large aggregates were present in
these stocks. Prior to administration of the PS to cells, the concentration of the
stocks was accurately determined via UV-Visible spectroscopy. Despite the differing
solvents, in the cases presented herein the minimal DMSO content was assumed
to have no effect on the absorption coefficients nor presented any solvatochromism,
i.e., v(DMSO) = 1/300 v(DMSO/THF).

Throughout the series, a vast range of concentrations were observed: ZnC! and
ZnC? both yielded stock solutions of suitable concentrations of 12.93 and 3.28 mM,
respectively, along with ZnP which yielded a concentration of 3.33 mM. HzP and
PdP both yielded lower concentrations of 0.14 and 0.22 mM respectively, i.e., a 102
range over the series. Whilst otherwise a nuanced observation, the concentrations
of the stocks presented determine the maximum concentration of PS that can be
analyzed before DMSO mediated cytotoxicity is present in the in vitro experiments.
Thus, H2P could only be tested until [H2P] = 2.8 uM, whereas ZnC* could be tested
until [ZnC*] = 258 puM.

Presented in Figure 4.22 are the results from the dark toxicity assays undertaken.
ZnP (Figure 4.22, top) presents the best dark toxicity profile from those presented
in the top panel, with minimal cytotoxicity even at 50 uM. In contrast, both ZnC* and
ZnC? both exhibit stark dark toxicity after 3 uM, with less than 20% cell viability for
ZnCt at 50 uM, and c.a. 30% cell viability for ZnC? at the same concentration. Whilst
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alarming at first glance, these values are well outside the ideal phototherapeutic

range and subsequently present minimal concern.

Given the lower concentration of stocks for H2P and PdP, these PSs were analyzed

over a much smaller window of concentrations, more akin to a phototherapeutic

concentration. Both HzP and PdP exhibit minimal dark toxicity, even at the highest

concentration analyzed [H2P,PdP] = 2.5 uM.
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Figure 4.22. Dark toxicity assays performed on the 4T1 cell line using the five PS candidates
presented herein ZnC?, ZnC?, H,P, ZnP, and PdP. Data is presented as the mean + SEM of three

independent experiments. Incubation time across all experiments was 24 h.
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No PS analyzed yielded a cell viability of 100% when normalized against non-
treated cells. This is due to the experiment requiring the minimal light exposure

possible throughout the experiment.

Interestingly, all porphyrins analyzed were non-toxic in the concentration ranges
analyzed, whereas the chlorins analyzed were cytotoxic at elevated concentrations.
Both chlorins ZnC! and ZnC? are more polar molecules than the porphyrins
presented, except perhaps ZnP, as evidenced by the concentrations of stock
solutions generated. However, given the differing responses between ZnP and
ZnCY2 we can rationalize this difference in terms of photophysical properties of the
PSs. Whilst the cells were exposed to the minimum amount of light necessary,
ZnC'? have a strong absorption at > 615 nm, at a longer wavelength and
significantly more intense than the absorption of ZnP. It is likely that that minimal
amount of light the experiment was exposed to activate enough PS at high

concentrations to yield the exhibited phototoxicity, in the dark toxicity experiment.

Given that minimal cytotoxicity was observed until ca. 3.125 uyM, a suitable
concentration range for analysis of phototoxicity was determined to be 0 — 2 uM. All
cells were irradiated at 415 nm. Whilst the goal of the thesis herein is to utilize the
gem-dimethyl-chlorin scaffold for PDT (thus, absorption at a longer wavelength,
deeper penetration of light and more successful treatment), for the sake of in vitro
analyses, in which the depth of tumor is much smaller than in the real world,
irradiation at the B-bands is the most viable option given that the PS is still becoming
activated. This being said, the B and Soret bands of the PS candidates presented
are not all the same. To rationalize this issue, and give all PSs the same light dose,

correction factors were applied to each of the PSs.[370

The key point in the utilization of correction factors is that it is more appropriate to
utilize the number of photons absorbed to assess the actual light dose given to the
system, and that this can only be truly understood when the spectral overlap
between the light source and PS candidate is considered, a principal which was only
recently been highlighted by F. Schaberle.[!

As noted by Beer-Lambert, the intensity of absorbed light by a homogenous solution
capable of absorbing light can be described through Equation 4.2, where the

intensity of light absorbed (labs) at a wavenumber of v cm™ is equal to the product of
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the initial light intensity (lo) at the same wavenumber and 1-10"W, all of which are

dependent on the frequency of the light.
Ips) = I,(v)(1 —1074M) ... ... .. Eq. 4.2

In an experimental setting, when light sources are used their outputs are typically
measured in energy type units; be it Watts (W) or Joules per second (J s?). It is
possible to relate the initial intensity of the light using equation 4.3.
P(v)
IO(V) = W Eq4 3
In which h is Planck’s constant, and P(v) is the power of the light source at a given
wavenumber. Thus then, the number of photons (Npn) is the summation of
wavelengths over a given time period and can be generated through the

combination of Equations 4.2 and 4.3 and is given in Equation 4.4.

Ny = At %(1 — 1074 . ......Eq.4.4

The ideal number of photons absorbed are considered by assuming all light power
(Pr) is emitted at a single wavenumber v; at the maximum absorption of the PS
candidate (Ar). Thus then, the light dose correction factor (LDC) is defined as the
ration of photons absorbed to the ideal number of photons (Equation 4.5):

P@) .. . —aw)
e Non_ AR =2 (110 )

NT a Pr _ Ay
ph AtUthCu 10-4r)

vue . EQ. 4.5

Whilst Equation 4.4 describes the calculation for the number of photons, it is not
considering the absorption of the PS candidate. Figure 4.23 shows emission spectra
of the 415 nm LED used, and the absorption of Hz2P. The region in which that LED
emits light that H2P can absorb is the overlap between the two graphs (hatched,
dark grey, middle). Integration of this area yields the correction factor for Hz2P. This
process was applied to all PS candidates and LDCs were observed from 0.38 for
ZnP to 0.74 for ZnC?, through the shifting of the Soret and B-bands of the respective
PSs.

132



—— 415 nm LED
——H,PP Soret
0.8 -

0.6 4

0.4 -

0.2+

Normalized Peak Intensity (A.U.)

0.0

l' L ettt ]
22000 23000 24000 25000 26000

Wavenumber (cm™)

Figure 4.23. Spectral overlap between the light source used for phototoxicity assays and HzP.

Determination of correction factor has been represented with H,P as an example.
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Figure 4.24. Phototoxicity assays performed on PdP at 1 and 2.5 J cm?2. Experiments were
performed in triplicates. Data is presented as the mean + SEM of three independent experiments.

Incubation time across all experiments was 24 h.

For the phototoxicity assays, initial experiments were performed at a light dose of 1
J cm?, followed by experiments conducted at 2.5 J cm™, i.e., relatively low light

doses.

Interestingly, PdP exhibited a phototoxicity profile akin to its dark toxicity profile, i.e.,
it exhibited little to no toxicity. Even more peculiar still, there was no significant

difference between the 1 J cm? and 2.5 J cm2 experiments (Figure 4.24). Whilst
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the minimal dark toxicity of PdP was promising, albeit over a minimal concentration
range, the marked absence of phototoxicity at either light dose warrants the ceasing
of investigation into the use of PdP as PS for PDT. This phototoxicity profile may be
indicative of a lack of internalization of the PS. However, given the lack of
fluorescence of PdP this could not be investigated either via flow cytometry (vide

infra) or by measuring PS-associated fluorescence on cell lysates.
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Figure 4.25. Phototoxicity assays performed on 4T1 cells using ZnC?, ZnC?, H,P and ZnP at 1 and
2.5J cm2, Experiments were performed in triplicates. Data is presented as the mean + SEM of three
(or less where applicable) independent experiments. Incubation time across all experiments was 24
h.

Of the remaining four PS candidates, three are successful in achieving near
complete cell death (Figure 4.25). ZnP was found to only yield c.a. 27% cell viability
at2 uM and 2.5 J cm. In contrast, all other PS candidates yielded < 1% cell viability

at the same concentration and light dose.

134



From the phototoxicity assays presented, we are only able to calculate ICso values
for H2P, ZnC! and ZnC? at 2.5 J cm™. To be able to calculate an accurate ICso value,
there must be a data point exhibiting complete cell death. Given that at no light dose
examined did ZnP exhibit complete cell death, no ICso can be calculated. Likewise
for all other PS candidates at 1 J cm?, complete cell death was not present at any
concentration analyzed. ICso values were calculated from a graph of logio[PS] vs.
normalized response, with a variable gradient least squares fit. ZnC* exhibited the
lowest ICso of all with 185 nM, followed in close second by H2P with an ICso = 197

nM. From the limited data currently present, ZnC? yielded an ICso of 231 nM.

These results were unexpected considering that ZnP display the highest ¢a while
ZnC!was very inefficient in producing singlet oxygen. We investigated whether this
poor activity was due to a lack of internalization of the PS. For this we utilized flow
cytometry. Cells were incubated with [PS] = 2 uM, a concentration at which no PS
presented dark toxicity, and incubated for 24 h prior to fixing with paraformaldehyde
and monitoring the flow cytometric response. We rationalized that given the
structural similarity between ZnC?* and ZnC?, a differing uptake profile was highly
unlikely and whilst uptake may be found to differ, any difference found would be

insignificant and within the realms of experimental error.

All PS candidates analyzed produced a typical profile of a maximum uptake at 24 h.
Of the three analyzed, H2P presented the best uptake, whereas ZnP produced the
worst, which correlated with the presented phototoxicity profiles. Whereas of the
three, ZnP had the better solubility in DMSO, HzP presents the better uptake than
ZnP. Further to this, H2P has a larger uptake than ZnC*. Whilst H2P does present a
higher fluorescence quantum yield (¢ (H2P) = 0.09 as opposed to ¢+ (ZnP) = 0.06)

it alone does not rationalize a 10-fold decrease in uptake.

Noted in the syntheses of H2P and ZnP was a distinct drop in polarity upon
metallation of H2P, as noted by TLC. Despite this, both H2P and ZnP have the ability
to form solvating hydrogen-bonds i.e., through the methoxy and nitro-aryl motifs.
However, the difference between the two lies in the core of these porphyrins — with
H2P being able to form H-bonds through the rotated A and C rings as noted in Figure
4.14, whereas ZnP is able to form Zn...OR’R”/OHz2 type interactions which can aid

in solvation.
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Figure 4.26. Uptake assays performed on HzP (top, red), ZnP (middle, purple), and ZnC* (green,
bottom). Fluorescence data was measured via flow cytometry. [PS] =2 yM in all cases. Fluorescence
measurements were normalized against the auto-fluorescence in the control cells and each individual
time point. In all cases, PS candidates were excited at 405 nm. For ZnC?, detection was using the
VL4 filter (615/24 nm). For HoP and ZnP, detection was using the VL5 filter (675/30 nm). For ZnP

Data is presented as the mean + SEM of three independent experiments.
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These core interactions may be of some importance, particularly upon the
comparison of ZnP and ZnC?. Whilst looking at Figure 4.26, it appears plausible to
suggest that ZnC! shows an uptake four-fold that of ZnP, the differing quantum
yields for the compounds render this comparison ineffective. For a truer comparison
of uptake, further experiments would be required in the form of cell lysis. Generation
of a calibration curve would be a more suitable approach to be able to directly

compare the uptake of these PS candidates.

Whilst these two PSs exhibit highly similar cores, the peripheral substitution differs
drastically. ZnC* and analogous structures have been shown to exhibit hydrogen-
deuterium exchange at the meso-positions, indicating protons ideally suited to
forming hydrogen-bonds through distinct electron deficiency. This is a process that

ZnP evidently cannot exploit.[71]

Following on from this, we wanted to further understand the photochemical
processes these PSs were undergoing upon irradiation. This is possible through the
use of certain photo-responsive probes. The two we chose to utilize were APF (4.79,
aminophenyl fluorescein, Scheme 4.15, top) and DHE (4.81, dihydroethidium,
Scheme 4.15, bottom).

Whilst we are aware of the limited production of 02 by ZnC?!, and much greater
production of Oz by H2P, we had no evidence of any Type | photochemistry. It is
precisely because of this lack of 'Oz generation from ZnC! we rationalized that it

may exhibit a greater Type | photochemical response.

Upon exposure of the non-fluorescent 4.79 to hydroxyl radicals, the amino-phenyl
residue is cleaved to yield a fluorescein (4.80) whose fluorescence is easily
detected. Dihydroethidium 4.81 is instead oxidized by superoxide radical anions to
yield the specific oxidation product, 4.82.372 Likewise, this also has a distinct, and
measurable fluorescence. We analyzed the two most cytotoxic candidates, H2P and
ZnC! at a series of concentration 0.125 — 1.00 uM at a range of light doses, from 0
-25Jcm?
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"OH : CO,H

4.81 4.82

Scheme 4.15. Transformation of probes APF (4.79, top) and DHE (4.81, bottom) upon interaction

with either hydroxyl radicals, or superoxide radical anions, respectively.

H2P shows an APF response that increases with both light dose, and concentration
of HzP. In contrast, ZnC! appears to show no APF response with increase in light
dose, and instead only a response with a decrease in concentration. The detection
of the fluorescence of 4.80 was done at 530 nm, which is only just exceeding an
absorption band of ZnC! at 518 nm (THF). Thus, it is proposed that the emission
from 4.80 is being absorbed by ZnC?, and most likely emitted as fluorescence at a
wavelength that was not being detected. This would explain the apparent increase
in emission intensity, i.e., if less ZnC! is present, less of the fluorescence form 4.80
can be absorbed, and subsequently more can be detected. Whilst this exhibits a
distinct incompatibility between ZnC* (and more generally chlorins) with fluorescin
based sensors, it provides an excellent case for chlorin-fluorescin energy transfer

dyads.

Both H2P and ZnC!? exhibited suitable DHE responses. H2P showed an excellent
response with easily visible increases in response with increased concentration of
H2P and light dose. Such was the response of DHE to H2P at 1 yM that from 1 J cm-
2 onwards that 4.82 was self-quenching. This self-quenching is observed as a loss

of linearity (Figure 4.27, top left, trace with up-right triangles)
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Figure 4.27. Analysis of ROS generation via the use of APF and DHE probes. Data is presented as

the mean + SEM of two independent experiments.

The fluorescence response from 4.82 is detected at 590 nm, just between two
absorption bands of ZnC!. Thus, positive responses were observed between
response from 4.82 vs. concentration of ZnC* and vs. light dose. Interestingly there

was minimal difference in response between concentration. This is indicative of

highly efficient production of Oz by ZnC?.

We attempted to utilize SOSG (singlet oxygen sensor green); however, upon
analysis of the raw data it became evident that the probe had degraded, and the
subsequent data was redundant. Further to this, as noted for APF, as a fluorescein-

based sensor, the data generated for ZnC*! would’ve been redundant.
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4.3 Are any of these PS candidates viable?
The discussion of viability of these PS candidates will discussed by subject in the
order they were initially presented.

The syntheses of ZnC* and ZnC? are realistically far too lengthy for these molecules
to be utilized outside of academic research. We are continually striving to make PDT
a mainstream cancer therapy, and this is not a possibility with ZnC* and ZnC?2. They
require the synthesis of two halves: 4.52 (the last isolable and stable eastern half
intermediate) and 4.63 (the penultimate intermediate in the western half, that is the

most suitable for long term storage).

Eastern half 4.52 required the synthesis of thioester 4.55 to be isolated in a suitable
yield. Even with the minimal chromatographic purifications utilized in the synthesis
of 4.52, there is substantial chromatography required in the synthesis of 4.63. Whilst
the procedures for the synthesis of 4.43 and 4.76 have been continually refined,
both require chromatographic purifications. Aside from this these intermediates
have been synthesized on suitable scale.?®8 Whilst that is the case, to date there
has not been an example of a truly scalable gem-dimethyl chlorin synthesis.
Literature reports typically and continually do not exceed 40 mg of chlorin.

The other issue in the synthesis of these chlorins is perbromination. As noted
throughout this thesis there is a distinct lack of data for B-bromo-gem-dimethyl
chlorins. In reality, it is entirely plausible to suggest that this is because obtaining
these in high purity is exceedingly tiresome. Instead, we observe chlorins that are
products of Stille, Suzuki, and Sonogashira cross-coupling reactions. This is
because it is typically much easier to separate the coupled product from residual
starting material and/or proto-debrominated starting material. It could be argued that
the utilization of wavelength extended chlorins presents better candidates for PDT,
but then this begs the question: where is the basic science presented in this field?

The answer is, simply: it has not yet been presented.

The synthesis of H2P, ZnP and PdP by contrast is far more facile and easily
scalable, assuming the successful synthesis of 4.52. Whilst chlorins may only be
isolated on 40 mg scale, Hz2P was initially synthesized in a yield of 422 mg, 25%.
Upon the synthesis of 4.52, HzP is only one step, and ZnP and PdP is only two.
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Whilst these both require chromatographic purification; the purification is of much

greater ease requiring only a silica plug with careful selection of solvents.

Photophysically, however, the chlorins are far superior. With the long wavelength of
absorption presented i.e., A(Qy) = 616—-624 nm (THF), there should be more
successful treatment of tumors in vivo. All of this being said, HzP presents a longer
wavelength of absorption, albeit at a much lower intensity (c.a. 15%). Despite the
lack of 02 produced by ZnC?*, we have still shown it is capable of generating ROS.

Further to this, H2P was also shown to exhibit a large ¢a.

PdP poses an interesting quandary, as to what was occurring under illumination,
and what was yielding the NIR emission upon our attempts to discern ¢a. Whilst the
insertion of palladium into tetrapyrroles to yield PSs is a desirable endeavor, we
have had to present an honest and cautionary tale of our exploits. In the case of
WST-11, the utilization of palladium is only successful because 1) the
bacteriochlorophyll periphery contains multiple motifs suitable for its solubilization in
agueous media and 2) being a bacteriochlorin at its core, the wavelength of
absorption is suitably long enough prior to the insertion of palladium. The differing
symmetries and spectra therefore do not hamper WST-11 photophysically in the

same manner to our comparison between Hz2P and PdP.
Lastly, as PS candidates in an in vitro setting:

PdP cannot be considered a successful PS candidate in any form. Its’ very poor
solubility, coupled with no differing profile between dark and photo-toxicities,

coupled with no suitable way to monitor internalization of PdP, it is wholly unsuitable.

ZnP is more suitable, in the sense that it had good solubility, and with minimal dark
50 uM).

Unfortunately, it presents an uptake profile that is less than ideal, and again a less

toxicity in the concentration range examined (i.e., up to [ZnP]

than ideal phototoxicity profile. It is arguable that upon increasing the light dose to
c.a. 10 J cm, full cell death could be observed at 1 uM, but that is an exceptionally

high light dose for an initial in vitro study.

Of the porphyrins, H2P presents the most suitable biological data in vitro.
Unfortunately, it is hampered by solubility — particularly in terms of analyzing the

dark toxicity profile. However, this is an issue that can be circumnavigated with
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formulations akin to those seen for Temoporfin,[¥73 or the utilization of differing
solvents for administration.[374. Its phototoxicity profile is excellent (within the data

presented herein) and yields an ICso in 10?2 nM range.

Chlorin ZnC? was proposed in order to examine the effect of enhanced Type Il
reactivity via incorporation of the 3-Br substituent. Unfortunately, we are still at a
loss as to how to determine ¢, for all PS candidates, and until this is performed, we
will not know if this strategy was a success. Regardless, it has presented suitable
phototoxicity data, on par with ZnC*. To be able to draw realistic conclusions of the
efficacy of ZnC? as a PS, further experimentation is needed, excluding its synthetic
pitfall.

Lastly, ZnC*!. Of all five PS candidates analyzed, ZnC* presented the highest dark
toxicity, albeit with cell death only occurring outside the phototherapeutic range. It
presented excellent phototoxicity profiles, with an ICso value, again, in the 102 nM
range, at a suitably low light dose. We were able to quantify its phototoxicity through
the generation of superoxide radical anions, however any utilization of fluorescin
based sensors is impossible given the spectral overlap between ZnC! absorption

and fluorescin emission.
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4.4 Conclusion and Future Work

In conclusion, we have presented the successful synthesis of novel Eastern Half
4.52, containing orthogonal bioconjugation handles at the (eventual) 5- and 10-
positions of the chlorin macrocycle. Further to this, the generation of analogous
porphyrins therefrom highlights not only the synthetic versatility of 4.52 but the
suitability and synthetic ease to which certain porphyrins can be synthesized.

We have also exhibited our serendipitous generation of 4.65, and
crystallographically explored the intermediates in the synthesis of Western half 4.63.
This research highlights a great amount of knowledge missing surrounding the
synthesis of key intermediates in modern day chlorin syntheses.

The scalable synthesis of 4.68 and compounds therefrom, whilst not implemented
in this thesis, shows promise in the generation of tetrapyrroles (or other carbon-

heavy arrays) which are soluble in more polar, or even aqueous, media.

The synthesis of ZnC* highlights one of the few examples of bioconjugatable, polar
chlorins. The synthesis of ZnC?, and isolation of ZnC?-Br, add data into a sparse
chemical landscape when it comes to the differences between differing levels of
bromination upon the chlorin core: utilized for their heavy atoms and not just as

coupling partners.

Photophysical analyses of these PS candidates remain incomplete, however
highlights the incompatibility of phenalenone in THF systems, and highlights how
determinations of SOQY utilizing DMSO may not yield results of great accuracy.

This research presents the first analyses of gem-dimethyl chlorins as PDT agents.
Excluding their synthetic downfall, the compounds presented herein (ZnC! and

ZnC?) present themselves as suitable candidates for further analyses.

The porphyrins presented herein also highlight how commonly used strategies in
PS generation are not always successful, namely PdP as the prime example. HzP
was found to be nearly as phototoxic as ZnC?, for instance. To our knowledge, this
is the first example of a series of analogous 2H, Zn, and Pd-porphyrins analyzed

concomitantly.

The utilization of chlorins in PDT is a flourishing field. As shown Chapter 1, there

are many ways to generate chlorins, both via de novo synthesis and from
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porphyrins. The incorporation of oxidation resistance however is a feat achieved my
far fewer synthetic methods. Battersby’s initial generation of Bonellin dimethyl ester
(1.109) paved the way to some of the PSs presented in this chapter. It begs the
guestion as to whether, for PDT, the synthetic arduousity outweighs the PDT effect.

In this instance, the answer is no.

There are other common strategies to generate oxidation resistant chlorins, namely
that of Cavalerio and co-workers (Scheme 1.6). N-methyl pyrrolidine fused chlorins
have shown exemplary PDT efficacy, and they are also facile in their synthesis. To
our knowledge, they have not been shown to oxidize to the porphyrin. Likewise, the
cycloaddition to yield 1.86 (Scheme 1.7) Despite the lack of oxidation resistance,
natural chlorins (Chl a and b, chlorin es) present excellent scaffolds to yield PSs for
PDT.

So where do gem-dimethyl chlorins belong? Where is their place in chemistry?
Throughout, these molecules have been utilized in dyad type systems, as simple
analogues to natures chlorins. With no phytyl esters, or B-formyl, -vinyl, or -alkyl
motifs, gem-dimethyl chlorins have continually enabled us to study in great detalil

fundamental photophysical processes.

Within the research presented herein, further experiments are required to fully
discern the suitability of the compounds presented herein, i.e., ZnC? requires a great
deal of experimentation, even despite its initial success. Further to this,
determination of logP values may go some way into understanding the uptake

profiles observed across the series.

This research goes a great deal into understanding the use of gem-dimethyl chlorins
as PSs for PDT, and alone on a synthetic argument there is no point considering
them. But instead it does raise further questions: i.e., what phototoxicity profile

would an analogous 5,10-porphyrin yield?
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Chapter 5.

Tetraphenylethylene-BODIPY Arrays: A Valiant

Endeavour for a Brighter Future




5. On The Synthesis of Tetraphenylethylene (TPE) Based
Photoactive Arrays

5.1 Introduction

5.1.1 Tetraphenylethylenes (TPE) and Aggregation Induced Emission (AIE)

1,1,2,2-Tetraphenylethylene (TPE, 5.1) has a long history, however when it was first
synthesized appears a subject still up for debate. Bhosale and co-workers,37°]
attribute the first synthesis of TPE to Boissieu in 1888.137¢1 However, in the abstract
entitled ‘New Method for the Preparation of Tetraphenylethylene’ no references are
made to other methods for comparison.3771 Others, instead, attribute this feat to

Schmidlin.l378l

A survey of the literature indicates a myriad of differing routes to 5.1. In the case of
5.2 (X =S), on three separate occasions from 1872—-1904 the reported method was
distillation,[379:380.381] jn 1907, Cone and Robinson reported the phosphorus(V)
chloride mediated rearrangement of 5.5 to yield TPE (Scheme 5.1).1382 In the case
of 5.3, treatment with acetyl chloride was found to yield TPE, 383 akin to 5.6 which
was also found to yield TPE upon treatment with acetyl chloride.® Other
generations of TPE from 5.6 merely use ‘acid’.’8] Schlenk and Bergmann in
particular investigated the formation of TPE from 5.4 utilizing a wide variety of
reagents.[38¢ Treatment of 5.7 with silver(0) was also found to yield TPE.[387]

The reactions carried out in the modern day vary in the desire and necessity to
generate multiply substituted TPEs. For example, the double arylation of
bis(phenyl)acetylene is an effective strategy to generate multiply substituted TPEs,
with excellent scope.®8] Other methods simply improve on the generation of TPE:
treatment of 5.11 with copper chloride in DMSO cleanly yields TPE.[38° Treatment
of diphenylmethane 5.13 with nBuLi, followed by benzophenone 5.14 yields 5.6.2%

Interestingly, bromination of 5.13 leads directly into Boissieu’s initial method.7®!

However, the most commonly used synthesis for the generation of the TPE core is
the McMurry synthesis. Interestingly, this type of Ti-mediated coupling was first
reported by Mukaiyama et al.,’%, then Tyrlik et al.,3%2 and lastly McMurry in

1974.13%1 However, it is the pitfalls of initial procedures (namely the lack of scope on
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aryl and alkyl motifs in refs.[3°1.3%2]) that lead to the 1978 work, and the reasoning

behind this reaction taking the McMurry name.[3%4
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Scheme 5.1. Differing methods to synthesize TPE (5.1) with historic methods (top, from 5.2-5.7)

and more modern methods (bottom, from 5.8-5.14). For 52, X = 0, S.
[375,376,377,378,379,380,381,382,383,384,385,386,387,388,389,390]

Whilst the story of the synthesis of TPE is thus long and illustrious, at current TPE
is just another organic molecule. The first utilization of a TPE in a system for its
exhibition of AIE was not reported until 2006.[3%
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In 2001, the Tang group were in search of “highly emissive linear and
hyperbranched polymers”,[2%] which attracted them to siloles. They noticed that
during the purification of 1-methyl-1,2,3,4,5-pentaphenylsilole (5.15, Figure 5.1)
when spotting their TLC plate, the wet spot could barely be visualized with a UV
lamp but upon evaporation of the solvent the spot was clearly visible.[3*! Further
experimentation showed that 5.15 in pure EtOH had ¢r = 0.63 x 103, however in
H20:EtOH at 9:1 v/v, ¢ = 0.21, an increase 333-fold. After H2O:EtOH v/v = 1.1, the
increase in emission was observed, and the authors noted ‘nanoscopic
aggregates’.[3%l This publication then was the beginning of aggregation induced

emission science.

This phenomenon goes against what we already know, rather counter-intuitive.
Typically, organic lumiphores tend to exhibit the phenomenon ‘aggregation caused
quenching’ (ACQ), which is typically a result of -1 stacking. There are multiple
examples of this, one typical example is perylene (5.16, Figure 5.2). Entirely flat, it
is very easy to see how non-emissive aggregates could form. Forster and Kasper
were the first to report the effect in 1954,13%! and to date it is generally recognized
that aromatic lumiphores exhibit ACQ, a belief cemented upon the publication of

Birks’ “Photophysics of Aromatic Molecules”.[3%

Whilst the mr-stacking of 5.16,1“%0 pyrene, and multiple other systems explains why
they do not exhibit AIE, this does not explain why AIE arises. Initially we must
consider 5.1 and 5.15 in dilute solution and the solid state. Whilst drawn flat on
paper, these molecules are not flat in 3D space. In the case of 5.1 every phenyl ring
is rotated by c.a. 45-58°,1*°l and even if the phenyl rings were co-planar in the C2-
C° silole backbone of 5.15 — the tetrahedral Si center would mean the molecule is

not flat.1*92 So, there is no propensity for -stacking in either molecule.

In dilute solution then all of these phenyl rings, that mean the molecule is not flat,
will rotate. They will continue to rotate until the solution becomes too concentrated,
at which point adjacent molecules of 5.1, or 5.15, interact with each other and hinder
(or restrict) their intramolecular rotation (RIR). As a result of this RIR, highly emissive
aggregates are formed. Analogous processes occur with ‘locked variants’ of TPE,
e.g. 5.17 (Figure 5.2), which instead of RIR exhibits restricted intramolecular

vibration (RIV), as a result of the phenyl rings being locked by ethylene bridges. It
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has been noted that some of the differences between molecules that exhibit AIE vs.
ACQ can be as small as two methyl groups, as in the difference between 5.18 and
5.19 (Figure 5.3).[403]

5.1

&
O

5.15

5.16

Figure 5.1. Structure (left) and Single crystal X-ray structure (right) of 5.1 (top), 5.15 (middle) and
5.16 (bottom). For 5.1, image generated from CCDC No. 1275289.1401 For 5.15, image generated
from CCDC 273482.1402 For 5.16, image generated from CCDC 1231185.1%31 Images generated in
Olex2.11281 Thermal ellipsoids indicate 50% probability.

Given that siloles were the class of compound for which the term AIE was coined, it
seems fitting they have their own section in the literature.**4 In one particular
example, the photoluminescence (PL) of hexaphenylsilole (HPS) in dipropylamine
was utilized to evaluate CO2 evolution. The formation of the carbamate ionic liquid

decreased the solubility of HPS and subsequently PL intensity increased.[*%]
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5.17 QOO

RIV

Figure 5.2. Structure of a molecule that exhibits RIV as its AIE mechanism, 5.17 (left), and similar
molecules that differ in their exhibition of ACQ or AIE, 5.18 and 5.19 (right).[40%3

5.1.2 Tetraphenylethylenes (TPE) as Organic Scaffolds
The TPE scaffold has many applications, all of which have been catalogued
elegantly elsewhere.[#06:407.408] However, given its structure i.e., D2n sSymmetric, what

efforts have gone into using TPE as a core scaffold?

Other rigid scaffolds include adamantane, [2.2.2]bicyclooctane, and
[1.1.1]bicylopentane, the functionalization chemistry of which was recently covered
by Grover and Senge.l*%9 Whilst the generation of spatially defined arrays is of

interest, for the implementation of AIE, a moiety such as 5.1 must be present.

The TPE motif is commonly incorporated into metal organic frameworks (MOFs) and
covalent organic frameworks (COFs), particularly for its emission in the solid state.
In 2012, Shustova et al.,[*1% synthesized a MOF from TPE 5.21 and zinc nitrate
(Figure 5.3). Their design enabled the studying of strain energy of the TPE core and
generation of an understanding of the relationship between that and the
luminescence and stability of the resultant MOF. Through the utilization of an ethynyl
spacer between the TPE core and the MOF-anchoring 3,5-bis(carboxyl)phenyl
motifs they were able to generate principles which can be used to generate
luminescent MOFs with a near dark ‘off state, and revealed that ligands could be

locked in high energy confrontations via topological design.

In 2018, Ding et al., combined the tetraphenylmethane (TPM) moiety with TPE in
order to generate a 3D COF for white light emitting diodes (LEDs).[*'Y Through a

150



[4+4] imine condensation, the produced COF was found to emit yellow PL upon
excitation, and upon coating a blue LED with the COF the resultant LED exhibited
white emission, with CIE coordinates of (0.30, 0.35). Furthermore, it exhibited high

stability over 1200 h upon constant use.

5.20

5.21

Figure 5.3. Minimized representations of TPE structures (5.20, top) and structure of TPE based MOF
made by Shustova et al.l*10 in the crystal (5.21, middle) and minimized structural representation
(5.21, bottom) For 5.21, Image generated from CCDC No. 893293.410 Image generated in Olex2.[126]

Atoms represented as spheres for clarity.

Excluding metals however, TPEs have been incorporated into myriad macrocycles
and nanocages,*?? with applications ranging from explosives detection,*%3 to

chemotherapeutic encapsulation.*14
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In 2014, Feng et al., synthesized TPE-based macrocycles 5.22a-c with the aim of
examining the AIE response upon administration of nitrated aromatics, akin to
compounds found in explosives (Figure 5.4).14%31 The differing linkages present in
5.22a-c were utilized as to analyze the importance of CHs-1r interactions between
adjacent TPE molecules for the AIE mechanism. It was found that the nitro-aromatic
compounds analyzed disrupted these interactions and ‘switched-off the AIE
response. Monitoring this result via fluorescence (95:5, v/v, H20:THF) it was
possible to observe a distinct decrease of fluorescence emission intensity with
increase concentration of TNT (2,4,6-trinitrotoluene). Transferring this to a paper
test, it was found that 5.22a was able to detect TNT at a concentration of [TNT] =
1013 M. Across the entire series of nitro-aromatics, 5.22a was found to yield the

greatest photoluminescence response.
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Figure 5.4. Structures of TPE-macrocycles used to detect nitro-aromatics used as explosives (5.22a-
c, left),[*13 and bis-TPE macrocycles (5.23, top right) utilized to encapsulate chemotherapeutics

(5.24, procarbazine, bottom right).14l

In 2013, Song et al.,** utilized bis-TPE macrocycle 5.23 to encapsulate the
chemotherapeutic procarbazine (5.24, Figure 5.4). Through examination of prior
single crystal X-ray diffraction results the authors rationalized that the absence of
—TT stacking enabled them to exhibit ‘extrinsic void space in solid state’.[*14l Upon
addition of water to a THF solution of 5.23, strong emission was observed, and as
the water fraction increased the Awax did also from 448 > 473 nm. The resulting

aggregates were found to be stable over at least 72 h in 95:5 H20:THF solution.
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Administration of the picrate salt of 5.24 along with sonication yielded a
decomposition of the spherical aggregates observed which yielded ‘birds nests’
composed of nano-rods to which picrate-procarbazine salt could be loaded (upon
standing atr.t.). It was found via UV-Visible spectroscopy that the loading of the salt
was 5.3 mg per 100 mg of 5.23. Sonication of this again showed a 92% release of
the salt in 3 h. No experiments were performed to analyze the reproducibility of this

system i.e., how many cycles can this system undergo prior to decomposition?

5.1.3 TPE-Dye Conjugates

However, thus far, we have not seen the synthesis of dye-TPE conjugates. The
utilization of a dye in the system can yield a second photometric response, i.e., AIE
is yielded from the TPE motif, but there is also an absorption/emission profile that is
distinctive to the dye used which can be monitored. Unfortunately, there a few
examples (vide infra).

Q1L Q0 e
|
0.5

Ph 5.25 — 5.26

Figure 5.5. Structures of TPE-Dye conjugates, with Dong’s TPE-Carbazole co-polymer,13] (5.25,
left) and the TPE-TPA conjugate of Shi et al.[*16] (5.26, right). For 5.26, X = O, S.

Dong et al.*1% synthesized a TPE-carbazole co-polymer (5.25, Figure 5.5, left) in
which the TPE motif was incorporated into both the backbone of the polymer, and
the side chain. Instead of monitoring any response from the carbazole however, the
only photometric response observed was the PL of the TPE moiety. The greatest
response achieved was obtained in H20:THF and 9:1, v/v. Upon addition of TNT,
PL was observed to decrease almost 10-fold as [TNT] = 74 yM. No other nitro-

aromats were analyzed in the communication.
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Shi et al.,*1®l generated D-A chromophores for use in dye sensitized solar cells
(DSSCs). They utilized the TPE motifs as the donor part of the system, with the
cyanoacetic acid motif acting as the acceptor and anchoring groups with either
thiophene or furan as the conjugated bridge. In comparison with previously
synthesized analogues omitting the TPE maotif,[*1] the addition of TPE red shifted
Amax by 4 nm (to 480 nm) and decreased the extinction coefficient by c.a. 2500 M-
em?. The inclusion of the TPE moieties showed no change in efficiency in
comparison with prior non-TPE containing analogues, however the authors propose

that the inclusion of TPE may block charge recombination.

5.1.4 TPE said to BODIPY “Have we met before?”

The combination of TPE and other pyrrolic dyes has been reported with Aza-
BODIPYs,*8] and aluminum porphyrins.l*19 Aside from these, the most prominent
area of TPE-Pyrrolic dye combination is with the BODIPY core.[*?1422] Previously,
studies haves analyzed differing linkages of TPE-BODIPY systems, and differing
placement of the TPE on the BODIPY periphery.

Zhao et al.,[*??l synthesized a series of BODIPYs with a meso-TPE with varying
methyl groups around the BODIPY periphery, one of the most common
functionalization strategies for BODIPYs (Figure 5.6). The photophysical properties
of 5.27a-c were analyzed in both film and solution state. The methyl substituted
BODIPYs presented a typical response, however when analyzing these compounds
regarding AIE only 5.27a yielded an AIE response, whereas all others yielded an
ACQ response as water-faction increased. Their results lead them to conclude that
the prescence of methyl groups on the BODIPY periphery can inhibit intramolecular

charge transfer behavior.

Gomez-Duran et al.,[*?%l also examined a-substitution in their generation of TPE-
styryl BODIPYs (5.28). From their experiments they concluded that a direct meso-
TPE linkage was indifferent to a meso-Ph motif, but instead generation of a vinyl
linkage between the a-position of the BODIPY and the TPE yielded large
bathochromic shifts in both absorption, and emission. However, upon generation of

this sizeable, conjugated network the AIE activity was found to be diminished.

Compound 5.29 was presented along with a series of other meso-acetylene
BODIPYs in which the TPE motif was exchanged for 2,3,3-triphenylacrylonitrile.[424]
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In comparison with the meso-(phenylacetylene) analogue, it presented an
analogous Amax, and slight reduced HOMO-LUMO gap. However, 5.29 was found
to be AIE inactive. No emission was observed for compound 5.29, and thus the
authors propose that the fluorescence is quenched due to charge transfer from the

TPE moiety to the BODIPY, which acts as the acceptor.

5.27a,R"=R2=H
5.27b, R' = CH3, R =H
5.27¢, R' = R? = CHj 5.28

Figure 5.6. Structures of previously investigated TPE-BODIPY conjugates.[420:421,422,423,424,425]

In 2012, Hu et al.,[*?5] presented the synthesis of compounds 5.30-5.32, in which
the BODIPY-meso-phenyl group and TPE motif were separated by acetylene and
vinylene linkers. In the case of 5.32 there was no separation. They found that PL on
5.32 was found to be quenched upon increasing water fraction, whereas 5.31
exhibited a more typical AIE profile of increased PL with increased water fraction.
5.30 exhibited both the locally excited (LE) state of the BODIPY throughout, as well
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as AlE-type twisted intramolecular charge transfer (TICT) band. The authors

propose that 5.32 could be utilized as a fluorescent dye for intracellular imaging.
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5.2 Results and Discussion

5.2.1 Aims and Objectives

As exhibited vide supra, the AIE phenomenon can be extraordinarily useful, as
exhibited by the number of applications the TPE motif has lent itself to. However,
there is little in the scope of TPE-Dye conjugates, in comparison to the mountain of
literature regarding TPE. It is also interesting to observe that within 5.27-5.32,
despite the continual incorporation of the TPE motif, there is not the continual
exhibition of AIE.

The utilization of the BODIPY core is omnipotent within PDT,[#26427] and not just as
a well-studied ACQ motif. Further to this, we have continual interests in novel

BODIPY photonics applications.[38:428:429,430,431]

The aim of this chapter is to develop the first tetra-BODIPY TPE systems. We
rationalize that by differing the linkage between the TPE and BODIPY cores, we will
observe differing photophysical properties in all; solid, solution and aggregated
states. Given the propensity for the BODIPY motif to be used within PDT, the
resulting arrays will be analyzed with regards to their *O2 production, and we will

present a discussion regarding their suitability as PSs for PDT.

Figure 5.7. Core structure of the target products of this chapter.

157



5.2.2 On the Synthesis of TPE-BODIPY Arrays?

As discussed vide supra, there are a multitude of methods for synthesis of the TPE
core (Scheme 5.1), however given its simplicity we utilized the McMurry synthesis.
Given the linker motifs that had been decided (phenyl, 5.33 and 4-ethynylphenyl,
5.44) we rationalized that [Pd]-catalyzed cross couplings were a suitable method to

install aldehydes, as to build the DPMs necessary.

Br Br

o Zn, TiCl, O O

THF, A,20 h ‘
O O 84% O O
Br Br
Br Br
5

5

35
.36

Pd(PPh3),Cl, (4 mol %) i) Pd(PPh3),Cl, (4 mol %)
PPhg, Cul PPhj, Cul
TMS-CCH (5 eq.) TMS-CCH (5 eq.)
THF/EtN, 1/1, viv THF/EtN, 1/1, viv
A, 24 A, 24h
ii) K,CO3, THF
92%
‘ y 63%

0 i) Zn, TiClg, THF, A

O O ii) K,CO3, THF
91%

= A
TMS TMS

5.37

Scheme 5.2. Synthesis of simple TPE-starting materials 5.36, and 5.38 via two differing

methods [432,433,434]

The syntheses of the simple TPE precursors began from 44’-
dibromobenzophenone (5.35, Scheme 5.2). McMurry coupling of 5.35 cleanly
yielded 1,1,2,2-tetrakis(4-bromophenyl)ethylene 5.36 in 84% vyield. Subsequent
Sonogashira coupling with TMS-acetylene followed by K2COs mediated

2 The singlet oxygen quantum yield determinations of the 5.33 and 5.34 were
performed by B. Khurana. The aggregation induced emission studies (AIE) of 5.33
and 5.34 were performed by Dr. G. Emandi. The crystallographic data presented in

this chapter was collected, solved, and refined by Dr. B. Twamley.
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deprotection yielded 1,1,2,2-tetra(4-ethynylphenyl)ethylene 5.38 in 63%, or 52%

from 5.35 over two steps.

We sought to increase our yield of 5.38, and thus reversed the order of the
procedures. Initial Sonogashira coupling of TMS-acetylene and 5.35 yielded the
bis(trimethylsilyl)benzophenone 5.37 cleanly in 92% yield, which was then followed
by McMurry coupling and K2CO3 mediated deprotection to yield 5.38 in 91% over

three steps.

Compound 5.37 was found to crystallize from a saturated solution in methanol, and
crystallized in the orthorhombic space group Pccn (No.56) with no solvate. This
structure completes the series of standard 4,4’-di(X)benzophenone structures
where X = F, Cl, Br, 1.[435436:437.438] \jinimal differences were observed throughout
the series, namely, with minor changes in the C-C(O)-C angle and differing degrees
of puckering of the phenyl rings.[435436,437,438]

5.37

Figure 5.8. Single crystal X-Ray structure of 5.37 with one independent molecule of 5.37 (bottom
left) and a packing diagram along the 010 plane. Image generated in Olex2.1226] Thermal ellipsoids

indicate 50% probability. Data was solved, collected and refined by Dr. B. Twamley.

Treatment of 5.36 with 4-formylphenylboronic acid under Suzuki conditions yielded
TPE-tetraaldehyde 5.39 in 56% as a green solid, vide supra. Typically, in the
syntheses of DPMs there are two main routes of choice: trifluoroacetic acid
catalyzed, or indium(lll) chloride catalyzed.[230:231.232] Whilst TFA catalysis is more
widespread (given the ease of access to TFA, coupled with the cost difference in
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reagents), we rationalized that a minimal production of tripyrrane was more pivotal
here than in a typical DPM synthesis (Scheme 5.3). For this reason, we opted for
InClz catalysis. Following reported procedures,?32 we yielded TPE-tetra-DPM 5.40
in 56% vyield, surprisingly high given this is a 4-fold DPM synthesis. Oxidation of the
DPM, followed by BFz-insertion yielded 5.33 in 32%.

(@]
(H%B@J
o]
o O )
/A /4
R Pd(PPhs), - 8 mol %, A

Cs,CO3, 1,4-dioxane,

5.36 5.39
100 °C, 48 h
48%
|nC|3
]\
N
H 56%
i) DDQ
ii) EtsN
iii) BF 3.0Et,
-
CH,Cl,
32%
5.33 5.40

Scheme 5.3. Synthesis of phenyl spaced TPE-BODIPY conjugate 5.33 via Suzuki coupling, followed

by DPM formation and BFz-insertion.

Attempts were made to grow X-ray suitable crystals of 5.39 as to understand better
its structure in array type settings. Prior structural studies consisted only of powder
X-ray diffraction experiments of derivates of 5.39 in COFs.[#3%440] Multiple attempts
were made to crystallize 5.39 form common laboratory solvents (CH2Clz2, THF,
CHsOH and iPrOH amongst others) and in all cases 5.39 was found to precipitate
out. The best result from those common solvents was iPrOH, however none of the
crystals were found to be suitable for diffraction. Eventually, slow evaporation of a
CH2CI2/TFA solution of 5.39 yielded crystals suitable for diffraction (Figure 5.9).

Compound 5.39 was found to crystallize in the monoclinic space group C2/c (No.
15). Its structure was found to be quite similar to that of 5.36.1441 Unsurprisingly there
was a distinct lack of Br...Br interactions as a result of the lack of Br in 5.39, in
comparison with 5.36. However, 5.39 did exhibit typical host-guest nature of

5.36,1%42 but in this instance we were unable to identify the exact composition of
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these voids, subsequently the diffuse diffraction component was omitted from the

data.

Figure 5.9. Single crystal X-Ray structure of 5.39 with one independent molecule of 5.39 (top right)
with phenyl-ring rotational disorder shown, and a packing diagram along the 010 plane (bottom).
Image generated in Olex2.[126] Atoms represented as spheres for clarity. Data was solved, collected

and refined by Dr. B. Twamley.

Compound 5.38 was treated with 4-iodobenzaldehyde under Sonogashira
conditions to yield the tetra-aldehyde 5.41 in 40% yield (Scheme 5.4). Once again,
an InCls-mediated DPM synthesis yielded the tetra-DPM 5.42 in 25% yield, and from
this the tetra-BODIPY was yielded in 19%. Interestingly, the yields for the ethynyl-
phenyl spaced system were lower at every step, in comparison to the phenyl spaced
system. Given these low yields, we attempted Suzuki and Sonogashira couplings
with 5.36 and 5.38 with the respective BODIPY (i.e. for 5.36 the coupling partner
would be 5-(4-ethynylphenyl)BODIPY), and in both cases we were unable to yield
any product. Thus, the yield of 5.33 from 5.36 is 8% over three steps, and for 5.34
from 5.38 the yield is 3%.
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Pd(PPh3)s - 12 mol %
Cul, PPhg,
1,4-dioxane:Et3N, 5:1
100 °C, 26 h

41% ry | "

NS

5.38

i) DDQ
ii) EtsN
iii) BF5.0Et,
- 7
CH,Cl,
19%
5.34 5.42

Scheme 5.4. Synthesis of ethynyl-phenyl spaced TPE-BODIPY conjugate 5.34 via Sonogashira
coupling, followed by DPM formation and BF2-insertion.

Figure 5.10. Structures and photographs of aldehydes 5.39 and 5.41 being illuminated under UV-
light (360 nm) in the solid state (top) and in THF solution (bottom).

Interestingly, upon the syntheses of aldehydes 5.39 and 5.41, we noticed distinct
differences in their physical appearances. Whereas 5.39 was a vibrant yellow
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powder, 5.41 was distinctly orange. The differing colors also presented in the
solution state. The differing responses under UV illumination (360 nm) as presented
below (Figure 5.10).

5.2.3 On the Aggregation Induced Emission Properties of TPE-BODIPY Arrays
Given the proposed evaluation of tetra-BODIPY TPE arrays as PSs for PDT, 5.33
and 5.34 were the only compounds considered for evaluation regarding AIE.
Structurally, these two systems differ only in the ethynyl spacer utilized in 5.34, but
are otherwise identical.

Following from the majority of prior literature reports regarding AIE, we were
confident in the use of THF/H20 mixtures in order to analyze any possible AIE
response, where THF is our solvent and H20 is our anti-solvent. For all
measurements, [5.33, 5.34] = 10 uM, and between each measurement the water
fraction changed by 0.1 (or 10%).

Typically, BODIPYs absorb in the region of Amax = 495-515 nm, dependent upon;
the solvent used for measurement, the electronic nature of substituents upon the
BODIPY core, and the position of the substituents around the BODIPY core. As
noted vide supra, Gomez-Duran et al.,[*?®l noted the indifference between a meso-
phenyl and meso-TPE BODIPY, in comparison their generation of a-styryl BODIPYs
yielded large bathochromic shifts in both absorption and emission maxima. The
same three points can be argued for the emission maxima of BODIPYs, which

typically emit around Aem > 530 nm.[443]

Presented below in Figure 5.11 are the absorption (top) and emission spectra
(bottom) for 5.33, and in Figure 5.12 the analogous spectra are presented for 5.34.
Given what has been discussed previously, we can see that 5.33 exhibits a typical
absorption profile for a BODIPY (Figure 5.11, top, 0%, black plot). Upon addition of
H20, there are minor incremental decreases in intensity until a water fraction of 70%
is achieved. Between 70% and 80% H:20 fraction, there is a large drop in intensity.

Regardless, Awax remains constant at all water fractions analyzed.
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Figure 5.11. Absorption and emission spectra of tetra-BODIPY TPE array 5.33 in THF/H20 mixtures.

Legend refers to water content in sample being analyzed.

164



0.8

0%

—10%
—20%
—30%
—40%
—50%
60%
—70%
—80%
—90%

o
(o2}
1

Absorbance (A.U.)
o
»
1

o
N
1

0.0 -

T Y T v T v T T T T T T T
350 400 450 500 550 600 650

Wavelength (nm)

400

300 +

200

PL Intensity

100 -

550 600 650 700 750 8OO 850
Wavelength (nm)

5.34

Figure 5.12. Absorption and emission spectra of tetra-BODIPY TPE array 5.34 in THF/H20 mixtures.

Legend refers to water content in sample being analyzed.
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Akin to 5.33, 5.34 exhibits a typical BODIPY absorption profile (Figure 5.12, top, 0%,
black plot). In contrast to 5.33, there is a drastic change at a H20 fraction of 60%,
and a decrease of intensity by approximately 50% when a water fraction of 90% is
reached. Throughout this increase in water fraction however, there have been a

distinct bathochromic shift of the typical BODIPY absorption peak.

Upon excitation of 5.33 (Figure 5.11, bottom) there is a decrease in PL intensity with
an increase in H20 fraction, with no change in Aem. Despite a small broad peak
appearing around 725 nm at H20 fraction of 70%, 5.33 can be said to exhibit non-

emissive aggregates.

In contrast, 5.34 exhibits a vastly differing emission profile upon increasing water
fraction. Between 0—-60 % H20 fraction, little changes in emission intensity, with
minor incremental decrease in intensity. At H2O = 70%, one peak becomes three.
The locally excited (LE) state of the BODIPY is still present, albeit red shifted at c.a.
Aem =540 nm, and two new peaks appear at c.a. Aem = 645, 730 nm. Upon increasing
the water fraction further, the LE excited BODIPY state becomes again red-shifted
to c.a. Aem = 560 nm, however it eventually becomes a shoulder as the intensity of

the two peaks surpass it. These solutions are pictured in Figure 5.13.

Figure 5.13. Solutions of 5.33 and 5.34 in THF:H20 mixtures with increasing water fraction (left, 0%
-2 right, 90%), and both under ambient lighting (top) and UV illumination (365 nm, bottom).

For the series of compounds 5.30-5.32, similar trends are observed herein.[425]
Given the similarity in structures, their results would suggest that the emission

observed herein at Aem = 645 nm is a twisted intramolecular charge transfer (TICT)
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band. Given the markedly similar intensities of the emission at Aem = 730 nm, we
must consider this as an aggregation induced dual emission, a phenomenon

previously examined on the diarylethene scaffold.[444]

Given that any intermolecular vibration and rotation are both hindered due to dense
packing in the solution state, the dual emission presented is likely the result of
differing -1 stacking modes in solution. Given this density, we propose that this
packing is unlikely to be end-to-face i.e., BF2...TPE interactions, but instead differing
interactions between TPE cores. Proposed structures for these differing -stacking

modes are presented in Figure 5.14.
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Figure 5.14. Proposed differing t-stacking modes present in molecular aggregates of 5.34 in
THF:H20 mixtures were H20 > 70%.

5.2.3 On the 02 Production of TPE-BODIPY Arrays

Given we have previously extensively investigated BODIPYs with regards to their
singlet oxygen generation, 28l we have also investigated arrays 5.33 and 5.34. As
noted in Chapter 4, 102 is a key modality for the evaluation of the potential
cytotoxicity of PS candidates. Also noted in Chapter 4 was the possibility to detect
102 via direct or indirect methods. Herein we have utilized 1,3-
diphenylbenzoisofuran (DPBF), a probe that has been well studied and continually

utilized for SOQY determinations.!*®! For our reference, we used H2TPP, 1.46.[446]
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Upon exposure to 102, DPBF (5.43) undergoes a [4+2] cycloaddition to form the
endoperoxide which eventually decomposes to ortho-dibenzoylbenzene (5.45)
(Scheme 5.5). Upon monitoring the change in absorption of DPBF with respect to
time, it is possible to determine the rate of consumption of DPBF, and subsequently

SOQY for the desired species.

Ph Ph Ph
102
- 0 — o(? — 0
=~ 0 0
[4+2]
Ph Ph Ph
5.43 5.44 5.45

Scheme 5.6. [4+2] Cycloaddition reaction of DPBF (5.43) with 1Ox.

Initially, the absorbance of 5.43 was adjusted to the range of c.a. 0.85-0.95 at 417
nm in air saturated solvent, at which point 5.33 or 5.34 were added to the cuvette.

A plot of absorbance of 5.43 vs. time (s) is presented below for 5.33 and 5.34.
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Figure 5.15. DPBF (5.43) degradation plots for TPE-arrays 5.33 and 5.34 in air saturated
CH2Cl2:CH30H, 1:1, v/v. System irradiated at 532 nm with an average intensity of 10 mW cm-2. [5.43]

=0.15 M.

Through a comparison of the gradients for the plots presented (in duplicate, within
standard deviation) it was determined that the SOQY for 5.33 is ¢a = 0.09, whereas
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for 5.34 ¢, = 0.15. The higher SOQY observed for 5.34 can be rationalized as a
result of enhanced, and increased conjugation throughout the molecule. To our
knowledge, this is the first SOQY determination for a TPE-BODIPY conjugate of any
kind.

Whilst both produce 'Oz, only 5.34 exhibits AIE. This begs the question as to what
would occur upon 'O:2 evolution in the aggregated state. From the offset, the SOQY
would be significantly lower than in the solution state. It is highly likely that the
molecules closer to the edges of these aggregates (regardless of shape) would
become excited and that closer to the center would not. Because of this apparent
shielding, it is unlikely that these aggregates would be able to generate 'O:2
effectively. It is more likely, instead, that irradiation of these aggregates in order to

generate 'Oz would instead merely reveal the PL of the aggregate system.

The incorporation of multiple PSs onto a single system is not a novel idea in of
itself,[220] however as we have stated herein the decoration of a TPE with four PS
molecules is. Logic dictates that the greater the number of PS molecules, the greater
the SOQY, or therapeutic response. However this can only be true if each PS acts
as an individual PS. A key criterion then, in these systems, is the retention of the
properties of the singular PS (in this case, BODIPY), and thus it is hopeful to observe

a multiplication of the effects.

We have shown that both 5.33 and 5.34 can produce 'Oz, which is a very positive
finding in our eventual aim of utilizing these conjugates as multi-PS arrays. The
results presented dictate that for 5.33 the properties of the BODIPY are retained
only, but in the case of 5.34 the properties of the BODIPY are enhanced via TPE
conjugation. In both cases then, 5.33 and 5.34 could be suitable as multi-PS arrays

upon overcoming synthetic shortfalls.
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5.3 Conclusions and Future Work

Herein we have presented the first tetra-BODIPY TPE arrays 5.33 and 5.34, in which
we have differed the linking group between the TPE and BODIPY cores (phenyl in
5.33, and phenylethynyl in 5.34). Whilst the yields for the synthesis of these arrays
were low (8% for 5.33 and 3% for 5.34), some positives can be drawn; namely the
generation of tetra-aldehyde 5.41 presents itself as a molecular tecton in materials
science applications.

The structural difference between these linkages has been clearly exhibited in the
photophysical analyses undertaken; notably the addition of an ethynyl spacer in 5.34
yielding a vastly heightened AIE response in a mixed solvent system (THF:H20).
The dual emission observed is not the first of its kind, and is rationalized through the

generation of differing 1-1r stacked dimers in the aggregated state.

Despite synthetic shortfalls, vide supra, 5.34 presents itself as an ideal candidate
for intracellular imaging with distinct emission bands across the visible spectrum.
Further to this, both 5.33 and 5.34 present themselves as suitable PS candidates

given their photophysical profile, along with their 1Oz production.

This initial investigation indicates the possibility of further uses of TPE (or more
broadly, phenylethylene) cores in the generation of spatially defined PS arrays for a

handful of applications; namely light-emitting systems and theranostics.
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6. Outlook

Chapter 3

10-Aryl chlorins 3.36a,b and their freebase counterparts 3.41a,b were synthesized
in order to determine the photophysical suitability of the 17,18-dihydro-18,18-
dimethylporphyrin scaffold for application as a PS in PDT. Their singlet oxygen
generation in polar media, coupled with a long wavelength of absorption made them

suitable candidates which warranted further investigation of this structure type.

Chapter 4

The generation of ZnC? highlights possibilities for the generation of bioconjugatable
17,18-dihydro-18,18-dimethylporphyrins for PDT. The photophysical data presented
puts it on par with these presented in Chapter 3 in terms of wavelength of absorption.
Despite vastly differing singlet oxygen quantum yields, their biological efficacy has
been shown to be suitable, albeit by different means. In the same vein, the
syntheses of H2P indicates that synthetic arduousity does not always lead to
enhanced PDT efficacy. H2P was derived from the same precursor as ZnC* and
yielded in good yield in one step. Questions are then raised regarding the suitability
of sparsely substituted tetrapyrroles for PDT, for example a 5,10-diarylporphyirn.

Whilst there is a desire to build the PS with highest efficacy possible, eventually
there is a ‘cost ceiling’. Although some experiments remain in order to fully ascertain
the true PDT efficacy of the chlorins presented herein, enough data has been
gathered to suggest that the chlorins presented herein will go no further (in terms of

PDT) than academic research.

The ability to generate such sparsely substituted systems lends these systems to
other applications, namely those of photophysical origin enabling the study of

fundamental processes in dyads of a wide variety structure types.

Chapter 5
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The synthesis of arrays 5.33 and 5.34 is the first example of tetra-BODIPY TPE-
based systems. Their synthesis, via stepwise coupling and BODIPY construction,
enables for the generation of modified systems, via using sterically hindered
coupling partners or using substituted pyrroles of differing substitution patterns. For
both arrays, the yields were low despite the synthesis being only three steps from
the initial TPE-precursor. 5.34 exhibited a dual AIE response, enabling its utilization
in myriad applications surrounding the topics of light emitting systems, and
theranostic applications. 5.33 however did not exhibit AIE, and thus the ACQ

implemented by the BODIPY remains the dominant effect.

TPE-BODIPY systems of this type require further study regarding at what point the
ACQ effect from the BODIPY outweighs the AIE presented by the TPE. Further to
this, other synthetic routes must become available for these arrays to maintain

viability in any application.
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7. Experimental

7.1 General

7.1.1 Chemistry General

Analytical thin-layer chromatography (TLC) was performed using silica gel 60
(fluorescence indicator F254, pre-coated sheets, 0.2 mm thick, 20 cm x 20 cm;
Merck) plates and visualized by UV irradiation (A = 254 nm or 365 nm) or another
method specified. Melting points are uncorrected and were measured using a Stuart
SMP10 melting point apparatus. NMR spectra were recorded using Bruker AV 600
(600 MHz for *H NMR, 151 MHz for 3C NMR) and Bruker AV 400 (400 MHz for *H
NMR, 101 MHz for 13C NMR) instruments. Chemical shifts are given in ppm and
referenced to the residual peak of the deuterated NMR solvent (CDCls, o1 = 7.26
ppm, 6c = 77.160 ppm and DMSO-Ds, on = 2.50 ppm, 6c = 39.520 ppm). The
assignment of the signals was confirmed by 2D spectra (COSY, HMBC, HSQC).
Signal multiplicities are abbreviated as follows: singlet = s, doublet = d, triplet = t,
quartet = g, multiplet = m. ESI mass spectra were acquired using a Bruker
micrOTOF-Q Ill spectrometer interfaced to a Dionex UltiMate 3000 LC in positive
and negative modes as required. The instrument was calibrated using a tune mix
solution, (Agilent Technologies ESI-I Low concentration tuning mix) this was also
used as an internal lock mass. Masses were recorded over the range 100-1400 m/z.
Operating conditions were as follows: end-plate offset 500V capillary 4500V,
nebulizer 2.0 Bar, dry gas 8.0 L min, and dry temperature 180 °C. MicroTof control
3.2 and HyStar 3.2 software were used to carry out the analysis. Due to intermittently
functioning MALDI apparatus at Trinity College Dublin, we were unable to obtain
molecular ion peaks for PdP, ZnC?, and ZnC2-Br. Multiple attempts were made via
ESI-MS to obtain said molecular ion peaks, however none of these were successful.

To protect air and moisture sensitive compounds, the corresponding reactions were
carried out under ‘Schlenk’ conditions using argon as inert gas. Air and residual
moisture were removed from the instruments by a hot air gun under high vacuum
and the flasks were purged with argon subsequently. This cycle was repeated up to

three times as necessary.

Most commercially available reagents were used as received unless otherwise

noted. For example, THF, Et20, CeHsCHs, and CH2Cl> were obtained by passing
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the degassed solvents through an activated alumina column. Alternatively,
anhydrous DCM was obtained via drying over phosphorus pentoxide and distillation.
However, some reagents were purified prior to use;. Zn° NBS, p-nitrobenzoyl
chloride. Pyrrole was passed through a small amount of silica prior to use, and NaH

was washed with hexane prior to use.

Preparation of Zn°

To a beaker was added powdered crude zinc metal (c.a. 200 g), and on top of this
was added HClag. (500 mL, 1 M). The solution was stirred rapidly for c.a. 18 h to
yield a silver suspension. The suspension was filtered through a glass frit, and
washed extensively with distilled water. The filter cake was then washed with EtOH,
and finally Et20. The filter cake was then dried to the greatest extent possible under
vacuum, before being carefully transferred to a round bottom flask. The solid was
dried extensively under high vacuum, with a heat gun being utilized to drive off
residual solvent. The flask is back-filled with Argon, and capped with a septa to yield
homogenous activated Zn®. NOTE: Two traps are necessary in this instance, as
microparticulate Zn® can enter the Schlenk line. NOTE: Zn° is pyrophoric, storage

under inert gas is a necessity.

Preparation of NBS

To an amount of boiling distilled water (c.a. 250—750 mL) is added crude NBS. The
solution is continually heated to c.a. 95 °C, and stirred rapidly. NBS is added until it
no longer dissolves, at which point extra water was added to yield a homogenous
solution once again. The solution was filtered through a glass frit and allowed to cool
to room temperature before being placed into a fridge to cool for c.a. 18 h. The
subsequent yellow solution and white crystals are filtered, and crystals dried under
high vacuum. NOTE: Cooling the solution below 0 °C will freeze the solution,

rendering it impossible to filter.

Preparation of p-nitrobenzoyl chloride
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To a round bottom flask was added p-nitrobenzoyl chloride (pale yellow solid, c.a.
5.7 g, 20 mmol), and toluene (50 mL). The mixture was heated to 90 °C and stirred
until no solid remained. The solution was added to cool to R.T. before being chilled
to —20 °C for 1 h. The solution was filtered, and white needles were collected. The
filtrate was concentrated and yielded a vibrant yellow oil (50 °C, 50 mbar). Upon
exposing the oil to high vacuum (c.a. < 2 mbar), the residual toluene was liberated,
and yellow crystals appeared. Other methods were trialed (use of either SOCI2 or
an acid wash) however both of these returned less of the desired material.

Where precursors and targets have been prepared following the literature, the
individual references were cited in the corresponding chapters. The synthesis of
4.55 has been reported previously but full characterization was unavailable.[32¢!

In several cases, the preparation of chlorins presented in Chapter 3 has been
performed in collaboration with Z. Melissari. Further, compounds were previously
unknown or incompletely characterized and have been prepared by Z. Melissari,

with full experimental details available elsewhere.*4]

7.1.2 Photophysical General
The photophysical analyses presented in Chapter 3 were performed by Z. Melissari,
and the procedures and results can be found elsewhere.[447]

The absorption spectra were recorded in THF at room temperature and molecular
extinction coefficients were calculated from Beer Lambert's law A = €.c.l, where A
the absorbance of the molecule at specific wavelength; € the molar extinction
coefficient; ¢ the concentration of the sample in the cuvette; | the length of the light

path (the width of the cuvette 1 cm).

The corresponding tetrapyrroles were dissolved in THF, or DMSO, and their
absorbance in the UV-Vis spectrum was adjusted to ca. 0.10 at the wavelength of
excitation. Steady-state fluorescence emission spectra were obtained upon
excitation at 424 nm for all tetrapyrroles. Fluorescence quantum yields (®f) were
calculated with H2TPP in toluene as standard,’33! (@ = 0.07) and determined by

equation 1.
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0.~ (=10 (nR2> (fIPL(R)> oo Eq. 4.1

where © is the quantum yield; Ar is the absorbance of the species at the exciting
wavelength A, n is the refractive index of the solutions, and Ip. is the integrated area

under the corrected emission spectrum.
The same equations were applied to the SOQY determinations.

The corresponding chlorins were dissolved in DMSO and their absorbance in the
UV-Vis spectrum was adjusted to ca. 0.10 at the wavelength of excitation. Direct
detection of the luminescence emission of 'Oz at 1275 nm was achieved upon
excitation at 418 nm. Singlet oxygen quantum yields (®a) were calculated by
equation 4.1 with phenalenone used as a reference (®a = 0.96 +0.02).[336] The
wavelength range of the emission was recorded from 1150 nm to 1350 nm; 15 s
integration time; 14 nm excitation slit; 40 nm emission slit. Subscripts x and r refer

to the unknown and reference solutions, respectively.

7.1.3 Biology General
Cell culture and preparation of PS Candidate stock solutions

The mouse 4T1 breast cancer cell line was purchased from American Type Culture
Collection (AATC). Cells were maintained in Dulbescco’s Modified Eagle’s Medium,
DMEM (Sigma) supplemented with 10% inactivated fetal bovine serum and 1%
penicillin/streptomycin and kept at 37 °C in a humidified incubator with 5% COe.-.
Cells were detached using trypsin-EDTA (Sigma), counted using a Neubauer

chamber, and seeded at the desired intensity in cell culture plates.

Stock solutions of each PS Candidate were prepared in DMSO (Sigma) and passed
through sterile 0.22 um filters. These were stored at —18 °C, and were thawed
completely (37 °C) prior to use. Concentration was confirmed by measuring the
absorbance of diluted samples in THF (Lambert-Beer law). Before each experiment,
the stock solution of each PS candidate was diluted in culture medium at the

indicated concentration and added to the cells.
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Cellular viability by Alamar blue

4T1 (7,000 cells/well) cells were seeded in 96-well plates. After 24 h, PS Candidates
were added to the cells in a concentration ranges specified. All concentrations were
tested in triplicate. After an incubation period of 24 h, the cells were washed 3 x with
200 uL of PBS. For dark toxicity assays, these cells were incubated for a further 24
h.

In phototoxicity assays, the cells were pre-incubated with the PS candidates for 24
h. Then, they were washed with 3x with 200 yL of PBS, then the medium was
changed to RPMI (Roswell Park Memorial Institute Medium) as to mitigate phenol
red absorption. The cells were then irradiated with a 415 nm LED at the light dose
of either 1 or 2.5 J cm™. The light dose was corrected considering the overlap
between the LED and the PS Candidate spectra.l3% After irradiation, the medium

was then swapped back to DMEM.

In both experiments, after the additional incubation of 24 h, cell viability was
determined using the Alamar blue (resazurin) assay. Briefly, the cells were
incubated for 2 h with resazurin (Sigma) and the fluorescence of its metabolic
product was determined using a Synergy HT Multi-mode microplate reader (Biotek)
(528/20 nm excitation and 590/35 nm emission filters). The mean of each triplicate
was normalized as a function of untreated cells, which were assumed to metabolize

100% of resazurin.

Cellular internalization by flow cytometry

4T1 (40,000 cells/well) were seeded in 24-well plates and left to adhere for 24 h.
Afterwards, the cells were incubated with H2P, ZnP and ZnC? at a concentration of
2 uM. After different incubation times (from 2 h to 24 h), the cells were washed with
2x with 200 uL of PBS, detached using trypsin-EDTA, and centrifuged. The obtained
pellet was resuspended in PBS, the PBS was then aspirated, and the cells were
fixed with paraformaldehyde (4% PFA in PBS). The cells were left for 0.5 h in the
dark, and then washed with PBS. Fixed cells were not kept for longer than 48 h. The
cells were resuspended in PBS and analyzed on a Novocyte 3000 cytometer

(ACEA). The fluorescence of the tetrapyrrole was measured upon excitation with a
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405 nm laser and detection using the VL4 (615/24 nm) or VL5 (675/30 nm) filters,
dependent upon the fluorescence spectra of the tetrapyrrole. Data is presented as
mean fluorescence normalized to the mean fluorescence of untreated cells at each

time point.

Evaluation of ROS Production by APF and DHE

Stock solution of the PS candidates (H2P, ZnC?') were made to a concentration of 2
MM in PBS. Both probes were diluted from stock solutions (MeOH) to a working
concentration of 5 uM in PBS. The concentration of the PS candidate was varied
whilst that of the probe was not. Wells were added which contained only the probe,

and only the PS candidate. All wells were in triplicates.

The plate used was analyzed with Synergy HT Multi-mode microplate reader
(Biotek) to discern any autofluorescence prior to irradiation. The plate was irradiated
for 0.5 J cm at a time (time dependent on measured homogenous power output of
415 nm LED prior to beginning the experiment), and then the fluorescence was
analyzed (485/20 nm exc. and 530/20 nm detection for APF, 485/20, 590/35 for

DHE). This was repeated until a total light dose of 2.5 J cm had been administered.

The fluorescence data was normalized (in all cases) by subtraction of
autofluorescence from the reading before normalizing against the fluorescence

response of the probe. Results shown are from two independent experiments.
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7.2 Synthesis and Characterization
[17,18-dihydyo0-18-18-dimethyl-10-(4-bromophenyl)porphyrinato]zinc(ll) -
3.36a

W

3.36a

To one flask was added 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin 3.18 (90 mg,
0.473 mmol), 1-bromo-9-formyl-5-(4-bromophenyl)dipyrromethene 3.40a (206 mg,
0.505 mmol) and anhydrous CH2Cl2 (10.8 mL). In another flask, p-TsOH.H20 (472
mg, 2.48 mmol, = 5 eq.) was dissolved in anhydrous MeOH (6.25 mL). The two
solutions were combined and stirred at 20 °C for 0.5 h, at which point 2,2,6,6-
tetramethylpiperidine (0.63 mL, 3.71 mmol, 7.5 eq. ) was added and the mixture was
concentrated. The resulting yellow solid was suspended in anhydrous MeCN (50
mL), and further 2,2,6,6-tetramethylpiperidne (2.10 mL, 12.40 mmol, 25 eq.) was
added along with anhydrous zinc acetate (1.370 g, 7.50 mmol, 25 eq.), and silver
triflate (0.387 g, 1.508 mmol, 3 eq.). The resulting mixture was stirred at 90 °C for
21 h. Excess solvent was removed under reduced pressure, and the crude reaction
mixture was purified via flash column chromatography (silica, CH2Cl2:CeHa14, 1:1).
The product eluted in the second fraction, which was blue in colour. Excess solvent
was removed under reduced pressure to yield the product as a dark green-purple
powder (97 mg, 173.6 pumol, 36.7 %).

IH NMR (CDCls, 400 MHz): & = 9.65 (s, 1H), 9.11 (d, J = 4.4 Hz, 1H), 8.89 (d, J = 4
Hz, 1H), 8.80 (d, J = 4.4 Hz, 1H), 8.73 (s, 1H), 8.66 (s, 1H), 8.65 (s, 1H), 8.50 (d, J
= 4.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 8 Hz, 2H), 4.55 (s, 2H), 2.04 (s,
6H). 13C{1H} NMR (CDCls, 101 MHz): & = 174.4, 159.6, 154.3, 153.3, 146.7, 146.3,
145.7, 141.5, 135.2, 133.3, 132.9, 129.9, 128.9, 128.4, 127.7, 127.1, 122.1, 109.6,
97.2, 94.5, 50.4, 45.5, 31.7, 31.1. MALDI-TOF HRMS: calcd. for C2sH21N4ZnBr
556.0241, found: 556.0256 [M*]. Re = 0.78 (silica, CH2Cl2:CeH1a, 1:1). UV-Vis
(CH2Cl2): Aabs (l0g €) = 384 (5.22), 404 (5.80), 608 (5.00). M.P.: >220 °C.
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[17,18-dihydyo0-18-18-dimethyl-10-(naphthalen-1-yl)porphyrinato]zinc(ll) -
3.36b

3.36b

To one flask was added 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin 3.18 (33.6 mg,
176.6 pumol), 1-formyl-9-bromo-5-(naphthalen-1-yl)dipyrromethene 3.40b (57.8 mg,
152.4 pmol), and anhydrous CH2Cl2 (4 mL). In a separate flask, p-TsOH.H20 (111
mg, 0.583 mmol) and anhydrous MeOH (1 mL) were added. The two solutions were
mixed and stirred at 20 °C for 0.5 h whilst protected from light. After which time,
2,2,6,6-tetramethylpiperidine (0.16 mL, 0.948 mmol) was added and the solution
concentrated. The resulting solid was suspended in anhydrous MeCN (20 mL).
Further 2,2,6,6-tetramethylpiperidine (0.55 mL, 3.26 mmol) was added along with
anhydrous zinc acetate (358 mg, 1.95 mmol) and silver triflate (100 mg, 0.390
mmol). The solution was then heated at 90 °C for 20 h whilst protected from light.
Excess solvent was removed under reduced pressure, and the residue was purified
via flash column chromatography (silica, CH2Cl2:CsHa4, 1:1). The product eluted in
the second fraction, which was blue in colour. Excess solvent was removed under
reduced pressure to yield the product as a dark green-blue solid (29.0 mg, 54.7
pmol, 35.9 %).

IH NMR (CDCls, 400 MHz): & = 9.64 (s, 1H), 9.11 (d, J = 4 Hz, 1H), 8.80 (d, J = 4.4
Hz, 1H), 8.78 (d, J = 4 Hz, 1H), 8.72 (s, 1H), 8.66 (s, 1H), 8.56 (d, 1H, J = 4.4 Hz),
8.44 (d, J = 4.4 Hz, 1H), 8.26-8.22 (m, 2H), 8.16 (dd, J = 2 x 1.2, 6.8 Hz, 1H), 8.10
(d, J = 8 Hz, 1H), 7.84-7.80 (m, 1H), 7.48-7.44 (m, 1H), 7.19-7.16 (m, 1H), 7.08—
7.04 (m, 1H), 4.56 (s, 2H), 2.07 (s, 3H), 2.05 (s, 3H). 13C{lH} NMR (CDCls, 101
MHz): & = 171.1, 159.5, 154.1, 153.3, 148.1, 146.1, 139.8, 136.4, 133.2, 133.1,
133.0, 131.6, 129.2, 128.5, 128.3, 127.9, 127.4, 127.1, 126.0, 125.6, 124.4, 109.7,
97.1, 50.5, 31.1(7), 31.1(0). MALDI-TOF HRMS: calcd. for CazH24NaZn 528.1292
found. 528.1301 [M*]. Re = 0.46 (silica, CH2Cl2:CeH1a, 1:1). UV-Vis (CH2Cl2): Aabs
(log €) = 386 (5.07), 404 (5.80), 609 (5.03). M.P.: >250 °C.
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17,18-dihydro-18-18-dimethyl-10-(4-bromophenyl)porphyrin — 3.41a

W

3.41a

To a round bottom flask was added 3.36a (54.0 mg, 96.6 pmol), and CH2Cl2 (10
mL). To the resulting solution was added trifluoroacetic acid (0.25 mL, 3.27 mmol),
and the mixture was stirred at 20 °C for 1 h. A further aliquot of trifluoroacetic acid
(0.25 mL, 3.27 mmol) was added and the solution stirred for a further 1 h at 20 °C.
The reaction mixture was quenched with the addition of sat. NaHCOs soln. The
layers were separated, and the organic phase was washed with sat. NaHCOz3 soln.
(1 x 25 mL), water (1 x 25 mL), brine (1 x 25 mL) and dried (MgSO4). The resulting
solution was passed through a pad of silica (CH2Cl2) and excess solvent was
removed under reduced pressure to yield the product as a dark green solid (22.0
mg, 44.4 pmol, 46 %).

1H NMR (600 MHz, CDCls): & = 9.88 (s, 1H), 9.25 (d, J = 4.4 Hz, 1H), 9.03 (s, 1H),
9.01 (d, J = 4.2 Hz, 1H), 8.98 (d, J = 4.4 Hz, 1H), 8.96 (s, 1H), 8.84 (d, J = 4.6 Hz,
1H), 8.81 (d, J = 4.6 Hz, 1H), 8.66 (d, J = 4.2 Hz, 1H), 8.05 (d, J = 8.1 Hz, 2H), 7.90
(d, J = 8.0 Hz, 2H). 4.62 (s, 2H), 2.08 (s, 6H), -1.94 (s, 1H), -2.31 (s, 1H) ppm.
3C{H} NMR (151 MHz, CDCl3): 5=175.6, 163.1, 152.2,151.1, 141.1, 140.9, 139.6,
135.6, 135.0, 134.4, 132.7, 131.9, 130.1, 128.5, 128.0, 123.9, 122.4, 119.9, 107.4,
97.1, 94.5, 52.1, 46.6, 31.3 ppm. 15N/*H-HSQC (CDCls): 134.06 (N21), 134.12 (N%3)
ppm. HRMS (APCI) Calcd.: 495.1179 for C2sH24N4Br, Found.: 495.1181 [M+H]*. Rr
= 0.71 (silica, CH2Cl2:CgHu4, 1:1). UV-Vis (CH2Cl2) Aabs (log €) = 395 (5.00), 407
(5.08), 491 (3.90), 503 (4.00), 586 (3.56), 638 (4.43) nm. M.P.: 248-250 °C.
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17,18-dihydro-18,18-dimethyl-10-(naphthalen-1-yl)porphyrin — 3.41b

3.41b

To a round bottom flask was added 3.36b (36.0 mg, 67.9 umol) and CH2Cl2 (7 mL).
To the resulting solution was added trifluoroacetic acid (0.20 mL, 2.62 mmol), and
the mixture was stirred at 20 °C for 1 h. TLC indicated the completion of the reaction
and thus the reaction mixture was quenched with sat. NaHCO3 soln. The layers
were separated, and the organic phase was washed with sat. NaHCO3 soln. (1 x 25
mL), water (1 x 25 mL), brine (1 x 25 mL) and dried (MgSOa). The resulting solution
was passed through a pad of silica (CH2Cl2) and excess solvent was removed under
reduced pressure to yield the product as a dark green solid (13.0 mg, 27.9 umol, 41
%).

IH NMR (600 MHz, CDCl3): & = 9.87 (s, 1H), 9.26 (d, J = 4.3 Hz, 1H), 9.03 (s, 1H),
8.99 (d, J = 4.3 Hz, 1H), 8.96 (s, 1H), 8.89 (d, J = 4.2 Hz, 1H), 8.75 (d, J = 4.5 Hz,
1H), 8.58 (d, J = 4.5 Hz, 1H), 8.38 (d, J = 4.2 Hz, 1H), 8.27 (d, J = 8.4 Hz, 1H), 8.24
(d, J = 6.7 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.87—7.84 (m, 1H), 7.51— 7.48 (m, 1H),
7.24 (d, J = 8.7 Hz, 1H), 7.10~7.08 (m, 1H). 4.66 (s, 4H), 2.10 (s, 3H), 2.09 (s, 3H),
-1.81 (s, 2H), -2.19 (s, 2H) ppm. 3C{*H} NMR (151 MHz, CDCl3): & = 175.3, 163.2,
153.5, 151.1, 140.9, 139.7, 139.1, 136.6, 136.0, 134.4, 133.1, 132.7, 132.2, 132.1,
128.6, 128.5, 128.4, 128.3, 128.0, 126.1, 125.8, 124.4, 123.8, 123.3, 118.9,
107.4(6), 107.4(5), 97.0, 94.6, 52.2, 46.6, 31.4, 31.3 ppm. SN/'H-HSQC (CDCla):
134.5 (N21), 133.5 (N2) ppm. HRMS (APCI) Calcd.: 467.2230 for C32H27Na, Found.:
467.2234 [M+H]*. Re = 0.66 (silica, CH2Cl2:CsH1a, 1:1). UV-Vis (CH2Cl2) Aabs (l0g €)
= 394 (5.15), 407 (5.24), 494 (4.11), 501 (4.17), 587 (3.70), 639 (4.64) nm. M.P.: >
300 °C.
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1-(4-nitrophenyl)-5-(3,4,5-trimethoxyphenyl)dipyrromethane — 4.52

4.52

To an oven and flame dried round bottom flask was added 5-(3,4,5-
trimethoxyphenyl)dipyrromethane 4.51 (1.974 g, 6.32 mmol) and anhydrous THF
(12 mL). Added to the solution was EtMgBr (1M in THF, 16 mL, 16 mmol), and the
resulting solution was stirred at r.t. for 10 mins, before being cooled to — 78 °C.
Added in one portion was S-2-pyridyl 4-nitrobenzothioate 4.55 (1.630 g, 6.34 mmol),
and the solution was stirred at — 78 °C for 10 mins, before being allowed to warm to
r.t., and subsequently stirred at r.t. for 0.5 h. To the reaction mixture was added
CH2Cl2 (200 mL), and sat. NaHCOs3 soln. (200 mL). The solution was then taken to
pH 7 with sat. NH4Cl soln. The layers were separated, and the aqueous layer was
extracted with CH2Cl2 until it ran clear. The organic extracts were combined, washed
with brine (1 x 100 mL) and dried (MgSOa4). Excess solvent was removed at reduced
pressure. To the residual solid was added iPrOH (c.a. 250 mL) and the mixture
heated at 130 °C for 2 h, and immediately filtered through a sintered glass frit. The
yellow solid was washed with iPrOH until it ran clear. The solid was then washed
through with CH2Cl2 until it became yellow, and discarding the initial filtrate (10 mL
or so, black). Excess solvent was removed under reduced pressure to yield the
desired 4.52 as a vibrant yellow solid (1.997 g, 4.33 mmol, 68%).

1H NMR (400 MHz, DMSO-Ds): & = 12.17 (br s, 1H), 10.67 (br s, 1H), 8.33 (d, J =
8.8 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 6.74 (m, 1H), 6.67 (m, 1H), 6.56 (s, 2H), 6.14
(m, 1H), 5.94 (m, 1H), 5.80 (m, 1H), 5.51 (s, 1H), 3.71 (s, 6H), 3.63 (s, 3H) ppm.
13C{IH} NMR (101 MHz, DMSO-De): & = 181.2, 152.7, 148.9, 144.3, 144.2, 137.9,
136.2, 131.2, 129.7, 129.2, 123.6, 121.2, 117.5, 109.9, 107.0, 106.5, 105.7, 59.9,
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55.9, 43.4 ppm. HRMS (ESI): calcd. for C25H22N306 460.1503, found: 460.1497 [M]*.
Rr = 0.51 (silica, EtOAc:CesH14 1:1, visualization with Br2). M.P.: 232 — 233 °C (dec.)
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S-2-pyridyl 4-nitrobenzoate — 4.55

X o0
»
N~ s
NO,
4.55

To a round bottom flask was added 2-mercaptopyridine 4.54 (5.68 g, 51.12 mmol),
and CH2Cl2 (250 mL). Added dropwise over 0.5 h was a solution of p-nitrobenzoyl
chloride 4.53 (9.99 g, 53.89 mmol) in CH2Cl2 (100 mL). The solution was stirred at
r.t. for 1 h. Upon mixing of the solutions a color change of yellow to orange was
observed, followed by the formation of an orange precipitate approximately 0.5 h
after complete addition of the solution. A minor exotherm was also noted throughout
the addition process. The solution was diluted with CH2Cl> to 600 mL, and
subsequently washed with NaOHaq) (2M, 1 x 200 mL), H20 (1 x 300 mL) and brine
(1 x 300 mL). The organic phase was dried (MgSOa4) and excess solvent was
removed at reduced pressure. The crude solid was dried under vacuum for 1 h. The
crude product was purified via hot recrystallization from EtOAc (c.a. 400 mL). The
product was filtered and dried under high vacuum to yield the product as colorless
needles (9.295 g, 35.71 mmol, 69%).

'H NMR (CDCls, 400 MHz): 6 =8.71 (m, 1H), 8.35 (d, J = 8.9 Hz, 2H), 8.18 (d, J =
8.9 Hz, 2H), 7.83 (m, 1H), 7.73 (m, 1H), 7.39 (m, 1H) ppm. 3C{*H} NMR (CDCls,
101 MHz): & = 188.3, 150.9, 150.3, 141.3, 137.7, 130.9, 128.7, 124.3, 124.2 ppm.
Rr = 0.58 (silica, EtOAc:CsH14 1:1, UV). M.P. = 154-156 °C.
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1-bromo-9-(4-nitrobenzoyl)-5-(3,4,5-trimethoxylphenyl)dipyrromethane — 4.56

4.56

To a round bottom flask was added 4.52 (785 mg, 1.70 mmol), and anhydrous THF
(15 mL). The resulting solution was cooled to -78 °C and added was recrystallized
N-bromosuccinimide (313 mg, 1.76 mmol, 1.03 eq.) The mixture was stirred at -78
°C for 1 h, at which point H20 and EtOAc (30 mL, each) were added. The solution
was allowed to warm to room temperature. The layers were separated, and the
organic phase was washed with H20 (2 x 100 mL), brine (1 x 100 mL) and dried
(MgSO0Oa4). Excess solvent was removed at reduced pressure. TLC analysis of the
crude product indicated c.a. less than 5% 4.52 and less than 5% again of the di-

brominated species and thus this was directly carried forward.

!H NMR (400 MHz, CDCI3) & = 9.44 (s, 1H), 8.33 (d, J = 8.8 Hz, 2H), 7.98 (d, J =
8.8 Hz, 2H), 6.80 (m, 1H), 6.41 (s, 2H), 6.18-6.16 (m, 1H), 6.12 (m, 1H), 5.93 (m,
1H), 5.42 (s, 1H), 3.87 (s, 3H), 3.80 (s, 6H). HRMS (APCI): C25H22N306Br, Obsvd.
538.0614 [M]. HRMS (APCI): C25H21N3OsBr2 Obsvd. 617.9711 [M]. Rr = 0.67
(silica, EtOAc/CeHaa, 1/1,visualization with Br2 stain).
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4-bromo-2-((2R,3R)-4-(4-bromo-1-tosyl-1H-pyrrol-2-yl)-1,3-dinitrobutan-2-yl)-
1-tosyl-1H-pyrrole & 4-bromo-2-((2S,3S)-4-(4-bromo-1-tosyl-1H-pyrrol-2-yl)-
1,3-dinitrobutan-2-yl)-1-tosyl-1H-pyrrole — 4.65

(R,R)-4.65 (S,S)-4.65

To 4.60 (46.410 g, 125.0 mmol) was added THF (600 mL). The resulting solution
was stirred and purged with Ar for 0.5 h whilst being cooled to -10 °C
(ice/NaCl/acetone bath). Added portion wise was LiBH4 (2.859 g, 131.2 mmol). The
solution was stirred for 0.25 h, then sat. aq. NH4Cl was added (250 mL) and the
solution was stirred for 5 mins. The layers were separated, and the aqueous layer
was extracted with EtOAc (1 x 300 mL). The organic extracts were combined,
washed with brine (1 x 200 mL) and dried (MgSOa4). Excess solvent was removed
under reduced pressure and the residue was dried under high vacuum for 2 h to
yield a light brown solid. Added to the solid was iPrOH (600 mL), and the solution
was heated to 100 °C for c.a. 15 mins. The solution was immediately filtered
(sintered glass frit) to yield (R,R)-4.65, (S,S)-4.65 as an off-white powder (5.040 g,
6.8 mmol, 10.9%). The filtrate was allowed to cool to room temperature and stored
at—10 °C overnight to yield 4.61 as light brown crystals (23.890 g, 64.3 mmol. 51%).

Data for 4.65: 'H NMR (CDCls, 600 MHz): & = 7.77 (d, J = 8.3 Hz, 2H), 7.61 (d, J =
8.3 Hz, 2H), 7.42 (s, 1H), 7.38 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.30 (d,
J=1.6 Hz, 1H), 6.17 (d, J = 1.0 Hz, 1H), 5.99 (s, 1H), 5.31 (dd, J = 11.0, 3.3 Hz,
1H), 4.94 (dd, J = 12.6, 6.4 Hz, 1H), 4.78 (dd, J = 14.6, 6.4 Hz, 1H), 4.46 (dd, J =
14.5, 7.6 Hz, 1H), 3.29 (dd, J = 15.6, 1.9 Hz, 1H), 3.10 (dd, J = 15.7, 11.3 Hz, 1H),
2.45 (s, 3H), 2.44 (s, 3H) ppm. 13C NMR (151 MHz, CDCls): & = 146.8, 146.2, 135.2,
134.6, 130.7(2), 130.7(0) 130.6, 128.0, 127.4, 127.0, 123.9, 122.8, 118.5, 117.2,
100.9(5), 100.9(3), 87.8, 74.2, 37.8, 27.9, 21.9, 21.8. HRMS (ESI-) m/z calcd. for
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[C26H2aN40sS2Br2+ClJ, [M+CI] : 776.9096, found: 776.9075. Re = 0.70 (silica,
CH2Cl2:CsHaa, 3:1). M.P.: 220-223 °C (dec.), lit.] 115-117 °C.
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5-bromo-N?%,N*,N3 N3-tetraethylisophthalamide — 4.68

O (0]
/\N N/\

Br

4.68

To a round bottom flask was added N*,N* N3 N3-tetraethylisophthalamide 4.67
(14.25 g, 50 mmol) and conc. H2SO4 (35 mL, 12 M). The mixture was stirred at 50
°C for 0.5 h, at which point in one portion N-bromosuccinimide (10.23 g, 57.5 mmol)
was added. The resulting mixture was heated at 50 °C and stirred for 24 h. The
reaction mixture was then poured onto ice (500 g) and allowed to warm to room
temperature. The solution was neutralized (NaHCO3). The layers were separated,
and the aqueous layer was extracted with EtOAc (5 x 400 mL). The organic extracts
were combined, dried (MgSOas), and excess solvent was removed at reduced
pressure. The residue was adsorbed onto silica (THF) and purified via column
chromatography (silica, EtOAc). Column chromatography yielded 4.67 (5.05 g, 18.3
mmol) and a mixture of both 4.67 and 4.68. This mixture was exposed to the same
reaction conditions and purified accordingly to eventually yield the desired product
as the second colorless fraction. The crude 4.68 was recrystallized from diethyl

ether to yield colorless needles (5.720 g, 16.1 mmol, 32%).

1H NMR (400 MHz, CDCls): & = 7.51 (d, J = 1.2 Hz, 2H), 7.25 (m, 1H), 3.50 (s, 4H),
3.22 (s, 4H), 1.20 (s, 6H), 1.08 ppm (s, 6H). 13C{*H} NMR (100 MHz, CDCls): d =
168.8, 139.4, 130.0, 122.8, 122.8, 43.5, 39.5, 14.3, 12.9 ppm. HRMS (ESI): m/z
Calcd. 377.0835. Found: 377.0839 [C16H23N202Br+Na]*. Re = 0.38 (silica, EtOAc,
UV). M.P. = 91-93 °C.
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N1 N1 N3 N3-tetraethyl-5-((triisopropylsilyl)ethynyl)isophthalamide — 4.69

O 0]

) ~
[

P3P
iPr

4.69

To an oven and flame dried Schlenk tube was added; Pd(OAc)2 (22.0 mg, 98 umol),
Cul (10.0 mg, 52.5 pmol), PPhs (35 mg, 133.4 umol), and 5-bromo-N*,N*,N3,N3-
tetraethylisophthalamide 4.68 (711 mg, 2.00 mmol). All solids were dried under high
vacuum (< 0.1 mbar) at r.t. for 1 h. The flask was backfilled with Ar and added to it
was anhydrous EtsN (8 mL), the mixture subsequently underwent three freeze-
pump-thaw cycles. To the stirring solution was added TIPS-acetylene (1.0 mL, 4.46
mmol) and the solution was heated to 50 °C for 1 h. Excess solvent was removed
at reduced pressure, and the residue was passed through a silica pad (THF:CeHaa4,
1:1). Excess solvent was removed at reduced pressure to yield a brown oil which

was directly carried forward.

IH NMR (400 MHz, CDCls): 5 = 7.49 (d, J = 1.5 Hz, 2H), 7.27 (t, J = 1.5 Hz, 1H),
3.53 (s, 4H), 3.25 (s, 4H), 1.24 (s, 6H), 1.12 ppm (m, 27H). *C{*H} NMR (100 MHz,
CDCls): 6 = 169.8, 137.8, 130.5, 124.6, 123.8, 105.5, 93.0, 43.54, 39.53, 18.8, 14 4,
13.0, 11.4 ppm. HRMS (APCI): m/z Calcd. for C27HasN202Si 457.324636. Found:
457.324482 [M+H]*. Rr = 0.55 (silica, THF:CsH14 1:1, UV).
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5-(4-formylphenyl)-N1,N,N3 N3-tetraethylisophthalamide — 4.70b

O @)
/ ~
NS

0]
4.70b

To a flame and oven dried Schlenk tube was added 5-bromo-Nt,N*,N3 N3-
tetraethylisophthalamide 4.68 (351 mg, 0.988 mmol), 4-formylphenylboronic acid
(414 mg, 2.76 mmol, 2.8 eq.), K2COs (400 mg, 2.89 mmol), and Pd(PPh3)4 (31 mg,
26.8 pymol, 2.7 mol%). All solids were dried under high vacuum (< 0.1 mbar) at r.t.
for 1 h. The flask was backfilled with Ar and added to it was anhydrous THF (10 mL)
and the mixture subsequently underwent three freeze-pump-thaw cycles. The
solution was then stirred for 18h at 60 °C. The RM was then passed through a silica
pad (THF). This crude was then purified via column chromatography (silica,
THF:CeHu14, 1:1). *H NMR analyses of the assumed product showed contamination
with PhsPO in a ratio of 4.70b:PhsPO at roughly 3:1.

To this was then added iPrOH (50 mL) and ZnClz (411 mg, 3 mmol, > 3 eq.), and
the solution was stirred at r.t. for 18 h. The solution was filtered. EtOAc and H20
were both added. The layers were separated, and the aqueous layer was extracted
with EtOAc (4 x 50 mL). The organic extracts were combined, washed with brine (1
x 100 mL), dried (MgSOa4) and excess solvent was removed at reduced pressure.

The desired product was not isolated.

IH NMR (400 MHz, CDCls) & = 10.06 (s, 1H), 7.97 (d, J = 8.3 Hz, 2H), 7.75 (d, J =
8.2 Hz, 2H), 7.67—7.62 (m, 4H), 7.54 (m 1H), 7.45 (m 2H), 7.38 (t, J = 1.3 Hz, 1H),
3.57 (d, J = 6.1 Hz, 4H), 3.29 (d, J = 6.2 Hz, 4H), 1.26 (s, 6H), 1.18 — 1.01 (s, 6H)
ppm.
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[17,18-dihydro-18,18-dimethyl-5-(4-nitrophenyl)-10-(3,4,5-
trimethoxyphenyl)porphyrinato]zinc(ll) — 4.74/ZnC*

4.74 / ZnC!

To a round bottom flask was added 4.56 (1.200 g, 2.220 mmol), anhydrous THF (35
mL) and anhydrous MeOH (9 mL). The solution was cooled to 0 °C, and added
portion wise over 5 mins was NaBH4 (1.100 g, 29.08 mmol). Att = 0.5 h, TLC
analysis (silica, EtOAc:CeHa4, 1:1) indicated complete consumption of 4.56, at which
point, EtOAc (100 mL) and H20 (50 mL) were both added. The layers were
separated, and the aqueous layer was further extracted with EtOAc (3 x 50 mL).
The organic extracts were combined, washed with brine (1 x 100 mL), dried
(MgSO0a4), and excess solvent was removed under reduced pressure.

To the residual oil was added anhydrous MeCN (22 mL), and 4.43 (420 mg, 2.207
mmol) and TFA (0.15 mL). The mixture was stirred at r.t. for 0.5 h, before being
diluted with anhydrous MeCN (135 mL). Added to the solution was: AgOTf (846 mg,
3.29 mmol), Zn(OAc)2 (3.06 g, 16.67 mmol) and 2,2,6,6-TMPi (5.50 mL). The
solution was brought up to 90 °C and stirred for 20 h. Excess solvent was removed
at reduced pressure, and the residue was taken up in CH2Cl2 and the major green
band was eluted on a silica plug (EtOAc:CH2Clz, 1:9). The crude product was further
purified via column chromatography (silica, CHCI3:EtOAc, 5:95), and precipitated
from CHCl3:CsH14 to yield the desired 4.74 as a green powder (122 mg, 176.5 uymol,
8%).

IH NMR (DMSO-Ds, 400 MHz): & = 8.80 (d, J = 4.5 Hz, 1H), 8.74 (s, 1H), 8.73 (s,
1H), 8.69 (s, 1H), 8.63 (s, 1H), 8.58 (d, J = 8.6 Hz, 2H), 8.45 (d, J = 4.4 Hz, 1H),
8.37 (d, J = 4.4 Hz, 1H), 8.26 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 4.4 Hz, 1H), 7.28 (s,
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2H), 4.55 (s, 2H), 3.95 (s, 3H), 3.87 (s, 6H), 2.00 (s, 6H) ppm. 13C{*H} NMR (DMSO-
Ds, 101 MHz): & = 171.7, 159.8, 153.9, 151.1, 149.5, 148.0, 147.0, 146.4, 146.0,
145.1, 143.0, 137.4, 137.2, 134.3, 132.0, 129.2, 128.9, 127.8, 123.1, 121.8, 120.2,
115.1, 111.6, 95.3, 93.6, 60.4, 56.1, 49.9, 45.1, 30.6 ppm. Calcd for C37H31N50sZn
[M]* 689.1617, found, 689.1885. Rr = 0.70 (silica, EtOAc/CsHa4, 1:1). UV-Vis (THF)
Aabs (log €) =415 (5.30), 518 (3.89), 571 (3.94), 582 (3.95), 616 (4.70) nm. Aem (THF):
624, 680 nm. M.P. = 241-242 °C (dec.)
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[17,18-dihydro-18,18-dimethyl-3-bromo-5-(4-nitrophenyl)-10-(3,4,5-
trimethoxyphenyl)porphyrinato]zinc(ll) — 4.75/ZnC?

4.75 / ZnC?

To a round bottom flask was added 4.63 (1.799 g, 4.24 mmol), and anhydrous THF
(10 mL). Added in one portion was TBAF in THF (12 mL, 1 M, 12 mmol, 2.83 eq.).
The solution was stirred at 40 °C for 1 h, at which point TLC (silica, EtOAc) confirmed
the completion of the reaction. The solution was quenched with the addition of sat.
NaHCO3 soln. (50 mL). EtOAc (50 mL) was added, and the layers were separated.
The aqueous layer was further extracted with EtOAc (2 x 50 mL). The organic
extracts were combined, washed with brine (1 x 100 mL), dried (MgSO4). Excess
solvent was removed under reduced pressure, and the resultant oil was purified via

column chromatography (silica, EtOACc) to yield 4.72.

To a round bottom flask was added 4.56 (844 mg, 1.561 mmol), anhydrous THF (25
mL) and anhydrous MeOH (6 mL). The solution was cooled to 0 °C, and added
portion wise over 5 mins was NaBH4 (714 mg, 19.34 mmol). Att = 0.5 h, TLC
analysis (silica, EtOAc:CsH14, 1:1) indicated complete consumption of 4.56, at which
point, EtOAc (100 mL) and H20 (50 mL) were both added. The layers were
separated, and the aqueous layer was further extracted with EtOAc (3 x 50 mL).
The organic extracts were combined, washed with brine (1 x 100 mL), dried

(MgSO0a4), and excess solvent was removed under reduced pressure.

To the residual oil was added anhydrous MeCN (15 mL), and 4.72 (400 mg, 1.486
mmol) and TFA (0.1 mL). The mixture was stirred atr.t. for 0.5 h, before being diluted
with anhydrous MeCN (90 mL). Added to the solution was: AgOTf (590 mg, 2.29
mmol), Zn(OAc)2 (2.10 g, 11.45 mmol) and 2,2,6,6-TMPi (4 mL). The solution was
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brought up to 90 °C and stirred for 20 h. Excess solvent was removed at reduced
pressure, and the residue was taken up in CH2Cl2 and the major green band was
eluted on a silica plug (EtOAc:CH2Cl2, 1:9). The crude product was further purified
via column chromatography (silica, CHCIl3:EtOAc, 5:95) 95), and precipitated from
CHCI3:CesHa4 to yield the desired 4.75 as a green powder (82 mg, 106.5 ymol, 7%)

'H NMR (DMSO-Ds, 400 MHz): & = 8.97 (s, 1H), 8.72 (s, 1H), 8.70 (d, J = 4.5 Hz,
1H), 8.61 (s, 1H), 8.59 (d, J = 4.5 Hz, 1H), 8.54 (d, J = 8.6 Hz, 2H), 8.31 (d, J = 4.4
Hz, 1H), 8.13 (d, J = 8.6 Hz, 2H), 8.00 (d, J = 4.4 Hz, 1H), 7.26 (s, 2H), 4.50 (s, 2H),
3.94 (s, 3H), 3.86 (s, 6H), 1.98 (s, 6H).ppm. 3C{*H} NMR (DMSO-Ds, 101 MHz): &
=170.7,160.2,153.6, 151.1, 150.7, 148.9, 147.4, 146.4, 145.8, 137.7, 137.0, 134.1,
133.0, 128.5, 122.7, 121.6, 120.2, 117.9, 111.8, 97.1, 94.0, 68.5, 60.4, 56.1, 55.8,
49.7, 30.7.ppm. Rr = 0.72 (silica, EtOAc/CesH14, 1:1). UV-Vis (THF) Aabs (log €) = 418
(5.37), 520 (3.84), 574 (3.98), 585 (4.02), 618 (4.73) nm. Aem (THF): 622, 676 nm.
M.P. 239-240 °C (dec.)
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[17,18-dihydro-18,18-dimethyl-3-bromo-5-(4-nitrophenyl)-10-(3,4,5-
trimethoxyphenyl)-13-bromoporphyrinato]zinc(ll) — 4.75b/ZnC?-Br

4.75b / ZnC2-Br

Isolated as a by-product from the synthesis of 4.75 (12 mg, 14 ymol, 0.3%)

'H NMR (DMSO-Ds, 400 MHz): & = 9.00 (s, 1H), 8.71 (s, 1H), 8.65 (s, 1H), 8.63 (s,
1H), 8.54 (d, J = 8.7 Hz, 2H), 8.30 (d, J = 4.4 Hz, 1H), 8.12 (d, J = 8.6 Hz, 2H), 8.00
(d, J=4.5Hz, 1H), 7.25 (s, 2H), 4.54 (s, 3H), 3.94 (s, 3H), 3.86 (s, 6H), 1.98 (s, 6H)
ppm. BC{*H} NMR (DMSO-Ds, 101 MHz): & = 171.5, 160.5, 151.1, 147.3, 146.7,
143.8, 137.8, 134.1, 123.2, 121.7, 111.6, 94.7, 93.8, 68.5, 60.4, 56.1, 55.8, 44.9,
30.6. RF = 0.74 (silica, EtOAc/CsH14, 1:1). UV-Vis (THF) Aabs = 421, 522, 578, 589,
624 nm.
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5,15-bis(3,4,5-trimethoxyphenyl)-10,20-bis(4-nitrphenyl)porphyrin — 4.76/H2P

4.76 | H,P

To a round bottom flask was added 5-(3,4,5-trimethoxyphenyl)dipyrromethane 4.52
(1.712 g, 3.7 mmol), anhydrous THF (55 mL) and anhydrous MeOH (17 mL). Added
portion wise was NaBH4 (7.60 g, 200 mmol), and the solution was stirred at r.t. for
15 mins. TLC (silica, EtOAc:CsH14, 1:1, v/v) indicated complete consumption of 4.52
and subsequently the reaction was quenched with H20. To this was added CH2Cl2
and the layers were separated. The aqueous layer was extracted with CH2Cl2 (2 x
200 mL). The organic layers were combined, washed with brine (1 x 200 mL), dried
(MgS04) and excess solvent was removed under reduced pressure to yield the
dipyrromethane carbinol as a vibrant orange oil. Added directly to this was MeCN
(790 mL), followed by TFA (2.5 mL). The solution instantly became purple and
darkened over the course of 5 mins. DDQ (2.0 g, 8.81 mmol) was then added, and
the solution was allowed to stir for 1 h, followed by EtsN (5 mL). Excess solvent was
then removed at reduced pressure. The crude porphyrin was transferred onto a
silica plug and the DDQ adducts were eluted with CH2Cl2. Once this ran clear, the
desired porphyrin was eluted with CHCI3:EtOAc 3:1, v/v. Excess solvent was
removed at reduced pressure and the porphyrin was precipitated from MeOH to

yield the desired 4.76 as a purple powder (422 mg, 0.477 mmol, 25%)

IH NMR (CDCls, 400 MHz): & = 9.02 (d, J = 4.7 Hz, 4H), 8.77 (d, J = 4.8 Hz, 4H),
8.66 (d, J = 8.6 Hz, 4H), 8.40 (d, J = 8.5 Hz, 4H), 7.46 (s, 4H), 4.19 (s, 6H), 3.98 (s,
12H), -2.79 (s, 2H). 3C{*H} NMR (CDCls, 101 MHz): & = 151.6, 148.9, 148.0, 138.2,
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137.1, 135.2, 132.3, 130.9, 122.1, 121.1, 117.7, 113.0, 61.4, 56.5.ppm. Calcd for
CsoH41NeO10 [M+H]* 885.2878, found, 885.2883. Rr = 0.57 (silica, CHCI3). UV-Vis
(THF) Aabs (log €) = 423 (5.75), 515 (4.56), 551 (4.23), 592 (4.03), 648 (3.85) nm.
Aem (THF): 655, 722 nm. M.P.: => 300 °C.
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[5,15-bis(3,4,5-trimethoxyphenyl)-10,20-bis(4-nitrphenyl)porphyrinato]zinc(ll)
- 4.77/ZnP

4.77 | ZnP

To a round bottom flask was added 4.76 (102 mg, 0.112 mmol) along with CHCIs
(10 mL) and MeOH (10 mL). Added to this was Zn(OAc)2.2H20 (225 mg, 1.03
mmol). The solution was heated to 70 °C for 4 h. The solution was washed with sat.
NaHCOs soln. (1 x 50 mL), brine (1 x 50 mL), and dried (MgSOa4). Excess solvent
was removed under reduced pressure. The crude 4.77 was passed through a silica
plug (CHCIs:EtOAC, 3:1, v/v) to yield the desired 4.77 as a green-purple powder (96
mg, 0.101 mmol, 90%).

1H NMR (CDCls, 400 MHz): & = 9.12 (d, J = 4.6 Hz, 4H), 8.87 (d, J = 4.6 Hz, 4H),
8.66 (d, J = 8.6 Hz, 4H), 8.40 (d, J = 8.6 Hz, 4H), 7.46 (s, 4H), 4.18 (s, 6H), 3.96 (s,
12H). BC{*H} NMR (CDCI3, 101 MHz): 6 = 151.5, 150.7, 149.7, 149.6, 147.9, 138.1,
137.8, 135.1, 133.1, 131.6, 122.1, 121.9, 118.8, 112.9, 61.4, 56.5 ppm. HRMS
(MALDI-TOF): Calcd for CsoHasNsO10Zn [M+H]* 947.2013, found, 947.1836. Rf =
0.28 (silica, CHCI3). UV-Vis (THF) Aabs (log €) = 428 (5.81), 558 (4.61), 602 (4.19)
nm. Aem (THF): 620, 656 nm. M.P.: = > 300 °C.
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[5,15-bis(3,4,5-trimethoxyphenyl)-10,20-bis(4-
nitrphenyl)porphyrinato]palladium(ll) — 4.78/PdP

4.78 | PdP

To a round bottom flask was added 4.76 (102 mg, 0.112 mmol) along with CHClIs
(10 mL) and MeOH (10 mL). Added to this was Pd(OAc)2 (250 mg, 1.11 mmol). The
solution was heated to 70 °C for 16 h. The solution was washed with sat. NaHCO3
soln. (1 x 50 mL), brine (1 x 50 mL), and dried (MgSOa4). Excess solvent was
removed under reduced pressure. The crude 4.78 was passed through a silica plug
(CHCIs:EtOAC, 3:1, v/v) to yield the desired 4.78 as an orange powder (84 mg, 0.849
mmol, 76%).

'H NMR (CDClz, 400 MHz): & = 8.98 (d, J = 4.9 Hz, 2H), 8.73 (d, J = 5.0 Hz, 2H),
8.65 (d, J = 8.6 Hz, 2H), 8.35 (d, J = 8.5 Hz, 2H), 7.42 (s, 2H), 4.18 (s, 3H), 3.96 (s,
6H). C{*H} NMR (CDClz, 101 MHz): = 151.6, 148.5, 148.0, 142.1, 140.9, 138.2,
136.7, 134.8, 132.1, 130.6, 122.6, 122.1, 119.4, 112.5, 61.4, 56.5 ppm. Rr = 0.23
(silica, CHCI3). UV=Vis (THF) Aabs (log €) = 420 (5.59), 524 (4.61), 556 (3.86) nm.
Aem (THF): 655, 721 nm. M.P.: => 300 °C.
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1,1,2,2-Tetrakis(4’-(di(1H-pyrrol-2-yl)methyl)-[1,1’-biphenyl]-4-yl)ethylene -
5.40

5.40

A solution of 5.39 (100 mg, 0.133 mmol, 1.0 equiv.) in pyrrole (3 mL) was degassed
with argon for 5 min. The solution was stirred for 0.25 h at r.t. under argon in the
presence of InCls (118 mg, 0.534 mmol, 5.0 equiv.). The reaction mixture was
diluted with CH2Cl2 (50 mL) and washed with 0.1 M NaOH solution, water and brine
(1 x 25 mL each, in that order). The solvent was removed under reduced pressure
to give a dark green oil crude product which was purified via flash column
chromatography (silica ,EtOAc:CeHi4, 1:1). The title compound was obtained as a
grey solid upon rotary evaporation (90 mg, 0.074 mmol, 56%).

1H NMR (400 MHz, CDCls): & = 7.87 (s, 4H), 7.48 (d, J = 7.6 Hz, 8H), 7.34 (d, J =
8.0 Hz, 8H), 7.20 (t, J = 8.1 Hz, 8H), 7.17-7.11 (m, 8H), 6.66 (s, 8H), 6.15 (d, J =
2.7 Hz, 8H), 5.91 (s, 8H), 5.44 (s, 4H) ppm. 3C{*H} NMR (100 MHz, CDCl3): & =
142.8, 141.1, 140.5, 139.2, 138.5, 132.3, 132.0, 128.8, 127.0, 126.2, 117.3, 108.4,
107.2, 43.6 ppm; HRMS (MALDI) calcd. for CssHesNs [M*]: 1212.5567; found
1212.5504. Rr = 0.51 (silica, EtOAc:CsHa4, 1:1). M.P.= > 205-207°C (dec.).
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1,1,2,2-Tetrakis(4’-(4,4-difluoro-4-bora-3 a,4 a-diaza-s—indacene)-[1,1’-
biphenyl]-4-yl)ethylene — 5.33

5.33

A solution of 5.40 (50 mg,0.04 mmol) in CH2Cl2 (5 mL) was degassed with Ar for 5
min. DDQ (37 mg, 0.164 mmol) was added and the reaction mixture was stirred for
5 min. EtsN (80 pL, 0.618 mmol) was added and the solution was stirred for a further
3 min, before addition of BF3-OEt2 (86 pL, 0.64 mmol). The reaction mixture was
stirred for 35 min at room temperature and monitored via TLC. The reaction was
guenched with water and the organic phase extracted with CH2Cl2 (3 x 50 mL). The
organic phase was washed with water (2 x 25 mL), dried (MgSOa4) and solvent was
removed at reduced pressure to yield a crude green product. This was purified via
flash column chromatography(silica, EtOAc:CeH14, 1: 2) to yield 5.33 as an orange
solid (19 mg, 32%).

'H NMR (400 MHz, CDCl3): 5 = 7.94 (s, 8H), 7.75 (d, J = 8.2 Hz, 8H), 7.65-7.60 (m,
8H), 7.53 (d, J = 8.2 Hz, 8H), 7.29 (d, J = 8.2 Hz, 8H), 6.96 (d, J = 4.0 Hz, 8H), 6.54
(d, J = 2.9 Hz, 8H) ppm; BC{H} NMR (101 MHz, CDCls): 5=143.1(7), 143.1(4),
142.5(1), 142.5(0), 132.1, 132.0, 128.6, 121.9, 117.8, 117.6, 108.7, 108.3, 107.5,
44.0 ppm; B NMR (128.4 MHz, CDCIls): & = 0.30 (t, 1Js-r=28.7 Hz, 4B) ppm; °F
NMR (376.5 MHz, CDCIls): 6= - 145.06 ppm (q, *Jr-8 = 28.6 Hz, 8F) ppm. HRMS
(MALDI) calcd. for CssHseBaFsNs [M*]: 1396.4872; found 1396.4917. M.P.= 208-
210°C (dec.). Rr = 0.68 (silica, EtOAc:CsH14 1: 1).
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1,1,2,2-Tetrakis(4-(4’-formylphenylethynyl)phenyl)ethylene — 5.41

5.41

To an oven and flame dried Schlenk tube was added; 5.38 (215 mg, 501.7 ymol),
4-iodobenzaldehyde (1.0 g, 4.310 mmol, 8.6 eq.), PPhs (86 mg, 0.327 mmol),
Pd(PPhs)4 (65 mg, 56.3 umol), and Cul (53 mg, 278.3 uymol). The solids were dried
under high vacuum (<0.1 mbar) for 2 h. Added to this was anhydrous 1,4-dioxane
(8 mL) and anhydrous EtsN (2 mL). The mixture underwent three freeze-pump-thaw
cycles before being heated at 100°C for 25 h. Upon cooling to RT the mixture was
passed through a pad of silica (EtOAc) and excess solvent was removed at reduced
pressure. The product was adsorbed onto silica (THF) and purified via column
chromatography (silica, EtOAc/Hex, 1/2, v/v). Excess solvent was removed under
reduced pressure, and the residue was sonicated with Et20 to yield the product as
a brick orange solid (170 mg, 201.2 umol, 40%).

'H NMR (CDCls, 400 MHz): & = 10.01 (s, 4H), 7.86 (d, J = 8.3 Hz, 8H), 7.64 (d, J =
8.2 Hz, 8H), 7.35 (d, J = 8.3 Hz, 8H), 7.06 (d, J = 8.3 Hz, 8H) ppm. 3C NMR (CDCls,
101 MHz): 6 = 191.5, 143.6, 141.3, 135.6, 132.2, 131.7, 129.8, 129.6, 121.4, 93.4,
85.9 ppm; HRMS (APCI) calcd. For Ce2H3s04 [M*] : 844.2630; found: 844.2619. M.P
=158-160°C (dec.); Rr = 0.24 (silica, EtOAc:CsHa4, 1: 2).
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1,1,2,2-Tetrakis(4-((4-(di(1H-pyrrol-2-yl)methyl)phenyl)ethynyl)
phenyl)ethylene — 5.42

5.42

To a round bottom flask was added 5.41 (102 mg, 120.7 umol) and freshly distilled
pyrrole (5 mL). The solution was purged with argon and InCls was added (134 mg,
605.8 pmol) and the mixture was stirred under argon until TLC indicated complete
consumption of 5.41 (c.a. 20mins). The reaction mixture was diluted with CH2Cl2 (50
mL) and subsequently washed with H20, 0.1 M NaOH and brine (1 x 25 mL each,
in that order). The organic extract was dried (MgSOa4) and excess solvent was
removed at reduced pressure. The product was purified via column chromatography
(silica, EtOAc/Hex, 1/1, viv) to yield the desired product as a grey solid (40 mg, 30.5
pmol, 25%).

IH NMR (CDCls, 400 MHz): & = 7.93 (br s, 8H), 7.45 (d, J = 8.2 Hz, 8H) 7.30 (d, J =
8.3 Hz, 8H), 7.18 (d, J = 8.2 Hz, 8H), 7.01 (d, J = 8.3 Hz, 8H), 6.70-6.71 (m, 8H),
6.15-6.18 (m, 8H), 5.91 (s, 8H), 5.47 (s, 4H) ppm: 3C{!H} NMR (CDCls, 400 MHz):
& = 143.2, 143.1, 142.5(1), 142.5(0), 132.1, 132.0, 128.6, 121.9, 117.8, 117.6,
108.7, 108.3, 107.5, 44.0 ppm; HRMS (MALDI-TOF): calcd. For CoaHesNs [M*]:
1308.5567; found 1308.5552. M.p.= >300 °C (dec.) ; Rr = 0.65 (EtOAC:CeHu1a 1:1).

204



1,1,2,2-Tetrakis(4-((4-(4,4-difluoro-4-bora-3a,4a-diaza-s—
indacene)phenyl)ethynyl)phenyl)ethene — 5.34

5.34

A solution of 5.42 (50 mg, 0.04 mmol) in CH2Cl2 (5 mL) was degassed with argon
for 5 min. DDQ (32 mg, 0.164 mmol) was added and the reaction mixture was stirred
for 5 min. EtsN (75 pL, 0.62 mmol) was added and the solution was stirred for a
further 3 min before addition of BFs-OEt2 (78 pL, 0.64 mmol). The reaction mixture
was stirred for 35 min at room temperature and monitored via TLC. The reaction
was guenched with H20 and the organic phase extracted with CH2Cl2 (2 x 25 mL).
The organic phase was washed with water (2 x 25 mL), dried (MgSOa), and the
solvent evaporated to yield a crude green product which was purified via flash
column chromatography (EtOAc:Hex, 1: 2, v/v) to yield an orange solid (11 mg, 7.37
pmol,19%).

'H NMR (400 MHz, CDClz): & = 7.96 (s, 8H), 7.68 (d, J = 8.3 Hz, 8H), 7.57 (d, J =
8.3 Hz, 8H), 7.52 (d, J = 8.2 Hz, 8H), 7.22 (d, J = 8.2 Hz, 8H), 6.95 (d, J = 4.1 Hz,
8H), 6.56 (m, 8H) ppm. 3C NMR (101 MHz, CDCI3): 5=144.5, 141.6, 134.9, 133.6,
132.2, 131.8(9), 131.8(6), 131.7, 131.5, 130.8, 130.7, 129.3, 126.4, 118.9 ppm B
NMR (128.4 MHz, CDClz): 5 = 0.28 (t, 1Js-r=28.7 Hz, 4B) ppm. 1°F NMR (376.5 MHz,
CDClz): 8= -145.08 ppm (q, *JF-8=28.6 Hz, 8F) ppm. HRMS (MALDI) calcd. for
C102H74B3FeNsOsNa [M-BF2+2H+2EtOAc+Na+]: 1644.5914; found 1644.5953.
M.P.=>150°C (dec.); Rr = 0.72 (silica, EtOAc:CsH14, 1:1).
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7.3 Crystallographic Data

Crystal Data for 3.36a, 3.41a, 4.55, 4.65, 5.37 and 5.39 were collected, solved and
refined by Dr. B. Twamley. Crystal Data for 4.57, 4.59, 4.60, 4.62, 4.63, 4.67, 4.68,
and Hz2P were collected, solved and refined by Dr. C. J. Kingsbury.

Diffraction data for all compounds were collected on a Bruker APEX 2 DUO CCD
diffractometer by using graphite-monochromated MoKa radiation (A = 0.71073 A)
and Incoatec 1uS CuKa radiation (A = 1.54178 A). Crystals were mounted on a
MiTeGen MicroMount and collected at 100(2) K by using an Oxford Cryosystems
Cobra low-temperature device. Data were collected by using omega and phi scans
and were corrected for Lorentz and polarization effects by using the APEX software
suite.[*48l The structures were solved with Direct Methods and refined against | F2|
with XL using least squares minimization.[*2644%1 Non-hydrogen atoms were refined
with anisotopical thermal parameters. Hydrogen atoms were generally placed into
geometrically calculated positions and refined using a riding model. The N-H
hydrogen atoms were located using different maps and refined using the standard
riding model. All images were prepared by using Olex2.[126]

Crystal Data for 3.36a: C20.08H23.51BrClo.1N4Zn (M = 577.77 g mol2): triclinic, space
group P-1 (No. 2), a = 16.5765(9) A, b = 16.9003(10) A, ¢ = 16.9698(10) A, a =
119.694(3)°, B = 102.715(3)°, y =93.421(3)°, V = 3947.8(4) A3, Z =6, T = 100(2) K,
M(Cu Ka)= 3.349 mm™?, Dcac = 1.458 g cm3, 48448 reflections measured (5.576° <
20 < 137.21°), 14460 unigue (Rint = 0.0794, Rsigma = 0.0738) which were used in all
calculations. The final R1 was 0.0692 (I > 20(l)) and wR2 was 0.2044 (all data). In
3.36a the asymmetric unit consists of three independent molecules and 0.5 hexane,
which was modelled over two sites, at 25 % occupancy each, using a mixture of
rigid group model and restraints, SIMU, DFIX, SADI and a partially occupied CH2Cl2
(0.15%), fitted using a rigid group using restraints (SIMU).

Crystal Data for 3.41a: C2gH22.95Br1.03Na (M = 497.96 g mol): monoclinic, space
group P21/n (No. 14), a = 15.2041(9) A, b =9.8625(5) A, c = 31.7167(18) A,a=y =
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90°, B =97.607(4)°, V=4714.1(5) A3, Z =8, T=100(2) K, u(Cu Ka)=2.615 mm?, Dcatc
= 1.403 g cm3, 33238 reflections measured (5.622° < 26 < 118.526°), 6800 unique
(Rint = 0.1542, Rsigma = 0.1132) which were used in all calculations. The final R1 was
0.0729 (I > 20(l)) and wR2 was 0.2115 (all data). Crystals of 3.41 were poorly
diffracting at low temperatures with long exposures collected to a resolution of d =
0.90 A. Partially substituted with Br (Br3 = 3% and Br4 = 3% occupied) and refined
with geometric (DIFX, SADI) and displacement (SIMU) restraints. The atomic
displacements of the low occupancy Br3 and Br4 were restrained to be equal
(EADP).

Crystal Data for 4.55: C12HsN203S (M = 260.26 g mol): orthorhombic, space group
Pna2; (No. 33), a = 23.0774(11) A, b = 12.5622(5) A, ¢ = 3.8498(2) A, a=B =y =
90°, V =1116.07(9) A3, Z=4, T=100(2) K, u(Cu Ka)=2.621 mm™, Dcaic = 1.549 g cm
3, 8764 reflections measured (3.831° < 26 < 69.798°), 1759 unique (Rint = 0.0616,
Rsigma = 0.0469) which were used in all calculations. The final R1 was 0.0434 (I >
20(l)) and wR2 was 0.1215 (all data).

Crystal Data for 4.57: C2sH19.60Br1.40N30s (M = 570.05 g mol): monoclinic, space
group P21/n (No. 14), a=10.328(2) A, b =17.309(3) A, ¢ = 13.364(3) A, a =y = 90°,
B =107.117(7)°, V = 2283.2(8) A3, Z =4, T =100(2) K, y(Mo Ka)= 2.553 mm?, Dcatc
=1.658 g cm3, 9068 reflections measured (8.000° < 26 < 8.000°), 3711 unique (Rint
= 0.1733, Rsigma = 0.2614) which were used in all calculations. The final R1 was
0.0752 (I > 20(l)) and wR2 was 0.1345 (all data).

Crystal Data for 4.59: Ci12H10BrNO3S (M = 328.18 g mol?): orthorhombic, space
group P212:2; (No. 19), a = 4.8436(5) A, b = 13.9149(13) A, ¢ = 18.5479(17) A, a =
B=y=090°V=1250.1(2) A3, Z =4, T = 100(2) K, y(Cu Ka)= 3.454 mm™, Dcac =
1.744 g cm, 23296 reflections measured (3.660° < 26 < 62.000°), 3972 unigue (Rint
= 0.0283, Rsigma = 0.0214) which were used in all calculations. The final R1 was
0.0206 (I > 20(l)) and wR2 was 0.0450 (all data).
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Crystal Data for 4.60: C13H11BrN204S (M = 371.21 g mol): triclinic, space group P-
1 (No. 2), a = 6.8904(4) A, b = 8.3224(4) A, ¢ = 12.8763(7) A, a = 83.423(3)°, B =
80.393(3)°, y = 85.693(3)°, V = 722.06(7) A3, Z =2, T = 100(2) K, u(Cu Ka)= 5.403
mm?, Dcac = 1.707 g cm3, 7190 reflections measured (7.000° < 26 < 136.400°),
2617 unique (Rint = 0.0416, Rsigma = 0.0448) which were used in all calculations. The
final R1 was 0.0491 (1 > 20(l)) and wR2 was 0.1423 (all data).

Crystal Data for 4.62: C19H23BrN20sS (M = 471.36 g mol): monoclinic, space group
P2i/c (No. 14), a = 7.7375(2) A, b = 15.9728(3) A, ¢ = 16.7621(3) A, a =y = 90°, B
=93.0550(10)°, V = 2068.68(8) A3, Z=4, T = 100(2) K, u(Mo Ka)=2.120 mm-, Dcac
=1.513 g cm3, 226885 reflections measured (3.520° < 26 < 93.040°), 18433 unique
(Rint = 0.0306, Rsigma = 0.0132) which were used in all calculations. The final R1 was
0.0274 (1 > 20(1)) and wR2 was 0.0761 (all data).

Crystal Data for 4.63: C19H23BrN202S (M = 423.26 g mol): monoclinic, space group
C2/c (No. 15), a = 24.3927(8) A, b = 12.4282(4) A, ¢ = 16.3832(5) A, a =y = 90°, B
=126.1600(10)°, V = 4010.0(2) A3, Z =8, T = 100(2) K, p(Mo Ka)= 2.168 mm, Dcaic
= 1.403 g cm3, 81626 reflections measured (1.940° < 206 < 36.230°), 9654 unique
(Rint = 0.0663, Rsigma = 0.0453) which were used in all calculations. The final R1 was
0.0525 (I > 20(l)) and wR2 was 0.1239 (all data).

Crystal Data for 4.65: C26H24BraN4OsS2 (M = 744.43 g mol?): orthorhombic, space
group Pbca (No. 61), a = 13.9764(7) A, b = 17.8228(9) A, ¢ = 23.0590(11) A, a = B
=y =90° V =5744.0(5) A3, Z =8, T = 100(2) K, p(Cu Ka)= 5.434 mm™, Dcac =
1.722 g cm3, 55114 reflections measured (7.668° < 26 < 139.89°), 5407 unique (Rint
= 0.0395, Rsigma = 0.0199) which were used in all calculations. The final R1 was
0.0304 (I > 20(l)) and wR2 was 0.0795 (all data).

Crystal Data for 4.67: CisH24N202 (M = 276.37 g mol): monoclinic, space group
P21/n (No. 14), a = 12.4967(6) A, b = 6.5479(3) A, c = 18.6946(9) A, a =y =90°, B
=90.285(2)°, V = 1529.71(13) A3, Z =4, T = 100(2) K, u(Cu Ka)= 0.630 mm?, Dcaic
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= 1.200 g cm3, 11544 reflections measured (9.415° < 26 < 138.300°), 2836 unique
(Rint = 0.0393, Rsigma = 0.0272) which were used in all calculations. The final R1 was
0.0775 (1 > 20(1)) and wR2 was 0.2234 (all data).

Crystal Data for 4.68: C16H23BrN202 (M = 355.27 g mol*): monoclinic, space group
P2i/c (No. 14), a = 15.1619(7) A, b = 16.6014(7) A, ¢ = 6.8043(3) A, a =y = 90°, B
=102.657(2)°, V = 1671.08(13) A3, Z =4, T =100(2) K, u(Cu Ka)= 3.401 mm?, Dcatc
=1.412 g cm3, 12664 reflections measured (5.975° < 26 < 139.400°), 3047 unique
(Rint = 0.0435, Rsigma = 0.0361) which were used in all calculations. The final R1 was
0.0352 (I > 20(l)) and wR2 was 0.0916 (all data).

Crystal Data for H2P: Cs4H44Cl12NeO10 (M = 1362.35 g mol2): triclinic, space group
P-1 (No. 2), a=10.7409(3) A, b = 13.8709(4) A, ¢ =20.1721(5) A, a = 92.6170(10)°,
B =91.1040(10)°, y = 95.9460(10)°, V = 2985.20(14) A3, Z =2, T = 100(2) K, p(Cu
Ka)=5.617 mm™, Dcac = 1.516 g cm3, 47088 reflections measured (2.190° < 26 <
69.940°), 11167 unique (Rint = 0.0438, Rsigma = 0.0331) which were used in all
calculations. The final R1 was 0.0633 (I > 20(l)) and wR2 was 0.1759(all data).

Crystal Data for 5.37: C23H260Si2 (M = 374.62 g mol): orthorhombic, space group
Pccn (No. 56), a = 33.9086(9) A, b =5.5681(2) A, c = 11.6573(3) A, a =B =y = 90°,
V =2200.97(11) A3, Z =4, T =100(2) K, y(Cu Ka)= 1.514 mm, Dcac = 1.131 g cm"
3, 15541 reflections measured (2.606° < 26 < 69.836°), 2057 unique (Rint = 0.0423,
Rsigma = 0.0251) which were used in all calculations. The final R1 was 0.0404 (I >
20(l)) and wR2 was 0.1152 (all data).

Crystal data for 5.39: Cs4H3s04 (M=748.83 g mol?): monoclinic, space group C2/c
(No. 15), a = 35.8085(13) A, b =9.0237(3) A, ¢ = 34.1519(11) A, a =y =90°, B =
120.7872(19)°, V = 9480.2(6) A3, Z = 8, T = 100(2) K, p(Cu Ka)= 0.514 mm-L, Decarc
= 1.049 g cm3, 35951 reflections measured (2.873° < 26 < 58.986°), 6752 unique
(Rint = 0.0602, Rsigma = 0.0486) which were used in all calculations. The final R1 was
0.1168 (I > 20(l)) and wR2 was 0.3682 (all data). The crystals obtained for 5.39
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showed poor diffraction, resolution was limited to d = 0.9 A. Two terminal carboxy
phenyl groups were modelled as disordered in two locations using rigid groups,
occupancies C37, 56%; C37B 44% and C51, 85%; C51b, 15%. Refined with
restraints (DFIX, SIMU, RIGU and ISOR). It was not possible to refine the solvents
in the lattice voids and their contribution to the diffraction data was removed using
the SQUEEZE routine in PLATON. The solvent accessible volume (SAV) is 2025 A3
and there are 636 electrons found in this SAV. This is a mixture of CH2Cl2 and
F3sCCO2zH.
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