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Abstract

This thesis describes our progress in developing fluorogenic probes for reaction
screening, with the purpose of answering vexing problems in chemistry and biology. The work,
motivated by our interest in reactive oxygen species (ROS) and associated by-products, focuses
on two major goals: 1) the design and development of fluorogenic bio-molecule analogues to
report on antioxidant status and 2) the design of fluorogenic electrophilic probes and new
fluorescence based assays. The newly developed probes described are comprised of 2
segments: a boron-dipyrromethene (BODIPY) reporter fluorophore (emissive segment), and
a trap segment to sense a reaction of interest (quencher/switch). The library of trap segments
explored as part of this work encompasses the structure of naturally occurring substrates
(ubiquinone: Chapter 2, a-tocopherol: Chapters 3 and 4, and electrophilic aldehydes in general:
Chapter 5). Upon reaction of interest at the trap site (e.g. oxidation/reduction), the
fluorescence of the BODIPY fluorophore is restored providing a highly sensitive and
chemoselective sensing mechanism.

The development of a fluorogenic analogue of ubiquinone (H2B-Q)) is first described to
reversibly report on redox reactions. HaB-Q undergoes a 200-fold fluorescence enhancement
upon reduction of the ubiquinone moiety. We show that by replacing the isoprenoid tail of
ubiquinone with a BODIPY fluorophore, the expected redox behaviour of the ubiquinone
head group remains intact. Formation of H>B-Q from its reduced dihydroquinone form is
both chemically and electrochemically reversible.

Fluorogenic analogues of a-tocopherol based on photoinduced electron transfer is next
described where we specifically tackled the effects of BODIPY substitution and linker length
on PeT efficiency within the context of Marcus Theory of electron transfer. We showed how
through judicious choice of linker and substitution of the BODIPY core, we may increase the
sensitivity dynamic range from 20 to 1,000, in state-of-the art fluorogenic antioxidants based
on a-tocopherol. Armed with a newly prepared highly sensitive fluorogenic analogue of
tocopherol, HIBPMHC, we next demonstrate how optimum sensitivity/large dynamic range

allowed us to detect and quantify lipid peroxidation at basal levels and in the presence of
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additional antioxidant within Hella cells. Our results show indisputable evidence of the
antioxidant role of Vitamin E 7 vitro.

The development of a fluorescence assay and reactivity palette to study nucleophilic
addition based on meso-formyl BODIPY dyes is then discussed. Quenching of the BODIPY
core by the meso-formyl is deactivated upon the addition of a nucleophile. We demonstrate
how the exploration of fluorescence parameters including fluorescence lifetime and quantum
yields, may provide us with reaction rates, yields, and reaction mechanism.

We conclude this thesis with an outlook on future probe development, methodology,
and application. With novel and highly sensitive probes in hand, we may take advantage of the
advancement of spectroscopy techniques to aid in the unraveling of complex redox reactions

occurring in living systems.
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Résumé

Cette these décrit nos résultats envers le développement de sondes fluorogenes dans le
but de répondre a des problématiques importantes dans la recherche en chimie et en biologie.
Ce travail est motivé, en particulier, par notre intérét dans la réactivité des especes réactives
d'oxygene (ROS) et leurs sous-produits associés. Notre approche se concentre sur deux
objectifs majeurs: 1) la synthése et l'application d'analogues de biomolécules avec
modifications fluorogenes pour signaler un état antioxydant, et 2) la conception de fluorogene
agissant comme sondes électrophiles. Les sondes développées sont composées de 2 segments:
un fluorophore rapporteur de bore-dipyrométhene (BODIPY) (segment émissif) et un
segment réactif pour détecter une réaction d'intérét, par exemple un extincteur ou interrupteut.
La bibliotheque de segments réactifs explorés dans le cadre de ce travail englobe la structure

des substrats naturels (ubiquinone: chapitre 2, « -tocophérol: chapitres 3 et 4 et aldéhydes

électrophiles en général: chapitre 5). Lorsque la réaction d'intérét aie lieu au site réactif (pat
exemple, oxydation / réduction), la fluorescence du fluorophore BODIPY est restautée,
fournissant un mécanisme de détection hautement sensible et chimiosélectif.

Le développement d'un analogue fluorogene de l'ubiquinone (H2B-QQ) est d'abord
décrit comme rapporteur réversible sur les réactions redox. H2B-Q) subit une augmentation
de l'intensité de fluorescence de 200 fois suite a la réduction de la fraction ubiquinone. Nous
démontrons qu'en remplagant la queue d'isoprénoide de l'ubiquinone pat un fluorophore
BODIPY, le comportement rédox attendu du groupe de téte ubiquinone demeure intact. La
formation de H2B-Q) a partir de sa forme de dihydroquinone réduite est a la fois chimiquement
et électrochimiquement réversible.

Les analogues fluorogenes de 1'a -tocophérol a base de transfert d'électrons
photoinduits (PeT) sont ensuite décrits. Pour cette approche, nous avons spécifiquement
abordé les effets de la substitution du groupe fluorescent BODIPY et de la proximité entre le
fluorophore et la partie réactive sur l'efficacité de PeT dans le contexte de la Théorie de Marcus
sur le transfert d'électrons. Un choix judicieux de la liaison entre les segment fluorescent et
réactifs, la substitution du noyau BODIPY, et l'utilisation de technologies avancées basée sur

I' @ -tocophérol, nous a permis d’augmenter la sensibilité des mesures de 20 a 1000. Avec cet



analogue fluorogéne hautement sensible du tocophérol, H4BPMHC, nous démontrons
ensuite comment une sensibilité optimale et la grande plage dynamique nous a permis de
détecter et de quantifier la peroxydation lipidique pour des systéeme non-perturbés et pour des
systemes de cellules HelLa en présence d'antioxydants supplémentaires. Nos résultats montrent
une preuve incontestable du réle antioxydant de la vitamine E in vitro.

Le développement d'un dosage de fluorescence et d'une palette de réactivité pour
¢tudier 1'addition nucléophile basée sur les fluorophores méso-formyl BODIPY est ensuite
discuté. Le noyau BODIPY éteint par la méso-insaturation devient fluorescent lorsqu’une
addition nucléophile survient. Nous démontrons comment l'exploration des parameétres de
base de la fluorescence, y compris la durée de vie de la fluorescence et les rendements
quantiques, peuvent nous fournir des taux de réaction, des pourcentage de rendements et des
mécanismes de réaction.

Nous concluons cette these avec une perspective sur le développement futur de la
sonde, sa méthodologie et son application. Avec telles sondes novatrices et tres sensibles, nous
pourrons profiter de l'avancement des techniques de spectroscopie pour aider a démeéler les

réactions redox complexes survenant dans les systemes vivants.
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Introduction

1 Introduction

“Ut was certainly a curions sight to see the tube instantaneously lighted up when plunged into the invisible rays:
it was literally darkness visible. Altogether the phenomenon had something of an unearthly appearance.”

—George Gabriel Stokes, On the Change of Refrangibility of Light!

The use of fluorescence as an analytical technique dates back to the mid 1500s, when
Spanish physician, Nicolas Monardes reported a bluish glow to the infusion of water and a
wood sample from Mexico (Eysenhardtia polystachya) thought to cure urinary diseases.> This
bluish glow was the fluorescence of matlaline, a natural product found in this wood. He
suggested that only wood samples that render the water bluish were genuine while those that
did not were false. While Monardes did not comprehend what this “glow” was, it allowed him
to identify and distinguish samples of wood with curing properties.

Neatly 5 centuries later, in 2014, Eric Betzig, Stefan Hell, and William Moerner won the
Nobel Prize in Chemistry for “the development of super-resolved fluorescence microscopy.”?
Their techniques have enabled the observation of single fluorescent molecules (fluorophores)
which were previously impossible to resolve with conventional tools due to the diffraction
limit. Their achievement has paved the road to study the dynamics of individual molecules,
shedding light on numerous phenomena such as live cell dynamics,*> bacterial cell biology,
DNA self assembly,” electron transfer® and protein dynamics and distribution,’!’ among
others. While even the concept of molecules was unthinkable of in the 1500s, Monardes’
fundamental idea of using a fluorophore (or in his case, an ensemble of fluorophores) to study
a system, remains much the same today.

The development of fluorescent molecules has become a central part under the umbrella
of advances in fluorescence techniques, and one that rests upon the shoulders of chemists.
These molecules may be used simply as reagents for labeling cell organelles or catalysts, or as
probes to report on reactions of interest. Fluorescent dye photo-physical properties such as

brightness and absorption/emission wavelength have been tailored to probe the questions



Introduction

being asked. In parallel with the steady improvement and increased sophistication of
fluorescence microscopy, is the ongoing quest for more sensitive fluorescent probes,
undergoing reactions with specific analytes of interest, or mimicking biological molecules.!!-1¢

Fluorescence imaging is particularly suited to study chemical and biological processes in
a non-invasive manner, both 7z vitro and in vipe.>131718 In conjunction with suitable fluorescent
probes, it allows for the direct visualization of specific reactions of interest offering high
sensitivity and spatio-temporal resolution.!”-1?

From a chemical standpoint, our own interest lies in deciphering the complex
relationship existing between antioxidant status, and physiological phenomena ultimately
bridging/reconciling the chemistry with the biology of reactive oxygen species. The work
described in this thesis highlights our progress in developing fluorescent probes, in
combination with fluorescence spectroscopy, to monitor bio-redox reactions in real time. In
particular, this thesis will discuss the development of highly sensitive probes based on
Coenzyme Q10 to report on redox reactions of quinones (Chapter 2), based on a-tocopherol
(a member of the vitamin E family) to report on basal levels of lipid peroxidation in cells
(Chapters 3 and 4), and based on electrophiles to report on nucleophilic additions to aldehydes
(Chapter 5).

The intent of this introduction is to give an overview of the core concepts and techniques
involved in fluorogenic probe design, as well as the incentive to build fluorogenic probes to
study bio-redox reactions and the antioxidant status in cells. First, an overview of reactive
oxygen species (ROS), lipid peroxidation, and the various physiological roles of Vitamin E and
Coenzyme Q10 will be given. Fluorescence and fluorescence quenching will then be
summarised to provide the concepts needed to understand the design of fluorogenic probes
in general. The details of designing fluorogenic probes will then be discussed, including an
introduction of quenching pathways such as photo-induced electron transfer, that may be used
as an off/on molecular switch and is used in many of the probes presented in this thesis.

Lastly, a review of fluorogenic probes used for reaction screening will be presented.



Introduction

1.1 Chemistry of ROS and Antioxidants

Reactive oxygen species (ROS) are formed from the incomplete reduction of oxygen, as
well as from the by-products of their reactions.? The implication of ROS to various
physiologies and pathologies is a complex topic, and much remains to be understood of their
role in life. Overproduction of ROS has been linked with several pathologies such as
neurodegenerative diseases, and inflammation, while lower levels of ROS have been observed
to be beneficial.>1->* This section will discuss how ROS are produced and will give an overview
of lipid peroxidation, how it is inhibited, and the influence of some vital small molecules,
namely coenzyme Q10 and Vitamin E. By understanding the chemistry of these molecules,
we can exploit them in the development of fluorogenic probes to detect ROS and report on

the antioxidant status zz vitro and in vivo.

1.1.1 Reactive oxygen species

Ground state molecular oxygen with a triplet multiplicity (?0O2), while mostly unreactive
to ground state organic molecules with paired electrons, is poised for single electron reduction
by organic radicals or transition metals with unpaired electrons. This one electron reduction
results in the formation of superoxide radical anion (Oz). While already a ROS itself, once
formed, Oz can continue to react to form other ROS. Further reduction of Oz™ gives
hydrogen peroxide (H20z), which can be further reduced via Fenton chemistry to give the
most reactive oxygen radical, hydroxyl radical (OH") and water. These reductive products of
oxygen are all more oxidizing than molecular oxygen as indicated by their redox properties

(Scheme 1.1), and are therefore potentially more reactive towards bio-molecules.!+2>
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Scheme 1.1 Formation of ROS via energy transfer or redox processes. Potentials given are
versus Standard Hydrogen Electrode (SHE). Reprinted with permission from reference 14."
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Most endogenous ROS are produced in the mitochondrion as by-products of redox
reactions occurring in the electron transport chain. Indeed, 0.1-2% of oxygen is converted to
superoxide radical anion (O2™) during respiration 7z vitro. Significant O2™ production can occur
when mitochondria are not making ATP (high proton motive force) and when the ratio of
reduced:oxidized electron carriers is high (e.g. NADH:NAD* and ubiquinol:ubiquinone).2627

ROS production can also stem from exogenous sources such as UV radiation, drug
metabolism, and bio-redox reactions. The most prevalent ROS found in living systems are
singlet oxygen (O2), superoxide radical anion (Oz"), hydroxyl radical (OH"), hydrogen
peroxide (H202), and lipid peroxyl radicals (LOO").

Once formed, ROS may oxidize vital bio-molecules such as proteins, DNA, and lipids,
effectively altering their structure and hence their function.?’-?8 Proteins, following attack by
ROS, may undergo conformational changes affecting their activity. Oxidation of cysteine
residues acting as redox-switches can result in structural associated activity changes due to
formation of disulfide bonds.?® In addition, oxidation of proteins may lead to formation of
carbonyl derivatives along their backbone, whose formation is used as a maker of oxidative
stress in general.?

Given that most endogenous ROS are produced in the mitochondrion, mitochondrial

DNA is prone to attack by ROS. Oxidation of mitochondrial DNA results in compromised
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mitochondrial function which in turn can lead to further ROS production.?$3 In addition,
ROS may damage nuclear DNA where aging cells have been observed to have increased levels
of oxidized nuclear DNA.30

Oxidation of lipids, termed “lipid peroxidation,” can result in a chain reaction of lipid
autoxidation causing damage to the cell lipid milieu. This chain reaction and its implications
will be discussed at length in the next section.

The role of ROS in biological systems is highly controversial. According to the “free
radical theory of aging,” advanced by Denham Harman in 1956, ROS are deleterious
molecules directly responsible for aging and disease.’® While once a long-held belief, this
hypothesis is currently under revision.?#*? Indeed, overproduction of ROS is associated with
many diseases and pathologies such as neurodegenerative diseases, inflaimmation and
cancer.?2233033 However, controlled production and release of ROS is critical for maintaining
homeostasis, and enhancing the defence mechanisms of the cell?’** The development of
probes to highlight the beneficial/deleterious effects of ROS would provide a step forward in

understanding the complex physiological role they play in life.

1.1.2 Lipid peroxidation

Polyunsaturated fatty acids present in membranes are particularly susceptible to ROS
elicited damage due to the relatively weak H-C bond adjacent to the unsaturation. Lipid
peroxidation products can lead to the loss of fluidity and permeability of bio-membranes
eventually compromising the cell.>* In addition, by-products of lipid peroxidation include o, -
unsaturated aldehydes: highly electrophilic molecules capable of undergoing Michael addition
with DNA bases, amino acids of proteins, and glutathione.?>-37 It is therefore not surprising
that lipid peroxidation and its reaction by-products are associated with both disease and
signalling pathways.>7-40

Lipid peroxidation takes place through a free radical chain reaction, and can be divided
into 4 key steps: 1) initiation, 2) propagation, 3) termination, and 4) (in the presence of an

inhibitor antioxidant) inhibition (Scheme 1.2).41
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Scheme 1.2 Reactions and their rate constants for the 4 steps of lipid peroxidation: Initiation,
Propagation, Termination and Inhibition. LH represents a polyunsaturated fatty acid. (k,,," k,," k"
k 42 k 43
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Lipid peroxidation is initiated by an H-atom abstraction at the bis-allylic position of a
polyunsaturated acid by a source of ROS (such as OH"), to give a carbon centred radical L.
The relatively weak bond dissociation energy (BDE) of the bis-allylic H-C bond (estimated at
80 kcal/mol)** makes it particularly vulnerable to abstraction compared to H-C bonds of
saturated lipids (100 kcal/mol).# This low BDE is due to delocalization and thus stabilization

of the resulting radical with the adjacent unsaturations (Scheme 1.3).

Scheme 1.3 H-atom abstraction by a hydroxyl radical and resulting stabilization of a
polyunsaturated fatty acid.
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Once formed, L' may propagate the free radical chain reaction. Molecular oxygen first
reacts at diffusion controlled rates with L to give a lipid peroxyl radical, LOO".#14> This newly

formed lipid peroxyl radical may abstract a hydrogen atom from another lipid, LH, to give L
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and LOOH. Once formed, L can continue the chain reaction. H-atom abstraction by LOO"
is relatively slow and consequently the rate determining step of the chain reaction.*! LOOH
may additionally decompose to generate new ROS further propagating the chain reaction (LO"
and OH"). LOOH may also further oxidize and subsequently fragment to generate highly
reactive aldehydes such as 4-hydroxy-2-nonenal (4-HNE, Scheme 1.4)%

Scheme 1.4 Free radical attack and subsequent fragmentation of linoleic acid into 4-HNE via
Hock fragmentation and reduction.**’
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In a laboratory setting, lipid peroxidation can be initiated by use of a radical initiator to
control the rate of ROS formation.*$* The thermolysis of azo-compounds is one such
method to generate peroxyl radicals.#-51 Azo-compounds thermally decompose by first order
kinetics to give two carbon centred radicals (R"), releasing N2 (Figure 1.1 A). Once formed, the
carbon centred radicals rapidly react with oxygen to give peroxyl radicals, ROO".#> The rate
constant of initiation can be determined using the Arrhenius equation (Equation 1.1) ata given
temperature, T, where £; is the rate constant of initiation, E, is the activation energy, and A is
the pre-exponential factor. Lipophilic radical initiators used in the next chapters are given with

their respective Ea, A and their calculated £&; determined at 37 °C (Figure 1.1 B).
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—Ea .
k;, = Ae rt Equation 1.1
A
A . O, .
R/N\\N,R —> 2R + NN ___, 2ROO
B
o o s
o K N
N <N
NG OCHs NG
2,2'-Azobis(4-methoxy-2,4-dimethyl valeronitrile) 2,2'-Azobis(2-methylbutyronitrile)
(MeO-AMVN) (AMBN)
E,=94.3 kd/mol E,=125.9 kd/mol
A =3.48 x10M A =4.24 x1014
ki=45x106 51 ki=0.26 x 106 51

Figure 1.1 A) Thermolysis of azo compounds and subsequent reaction with oxygen. B)
Structures of lipophilic azo compounds used in this thesis and their decomposition activation energy
(E,), pre-exponential factor (A) and calculated rate constants (&) at 37 °C.”>>

Under steady state conditions, the rate of generation (Ry) can be determined from the
calculated 4; with Equation 1.2, where ¢ is the escape fraction of radicals which is dependent
on the solvent used.>%> Only radicals which escape the solvent cage may next react with

oxygen and initiate peroxidation.

R; = R, = 2k;e[Azo compound] Equation 1.2

Termination of the chain reaction occurs when two LOO" couple or disproportionate
to form non-radical species.*!

Antioxidants prevent lipid peroxidation chain reactions from taking place in one of two
ways: 1) via a reduction of the rate of initiation of lipid peroxidation (preventative
antioxidants), and 2) via interference with the propagation steps of the chain reaction (chain-
breaking antioxidants). Chain-breaking antioxidants (AOH) are only effective when the rate
of lipid peroxyl radical scavenging by AOH is significantly higher than the rate of H-atom

abstraction from a polyunsaturated fatty acid of interest.>® In addition, both the antioxidant
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and its newly formed radical product must not be toxic and must not react with oxygen or
lipids as they would otherwise further propagate the chain reaction.>” Phenolic compounds
are highly effective chain breaking antioxidants due to their large rate constants for H-atom
transfer to lipid peroxyl radicals (inhibition rate constant £;,;~0.1-10 X 10> M-1s1).58

Phenolic compounds inhibit lipid peroxidation by scavenging peroxyl radicals via H-
atom abstraction of the phenolic group, resulting in a phenoxyl radical. This radical then may
couple to a second peroxyl radical to form a non-radical product. When the rate of initiation
of lipid peroxidation (Ri) is constant, the consumption of AOH is zeroth order in antioxidant
concentration and is dependent on Ri and the stoichiometric number of peroxyl radicals
scavenged by the antioxidant, # (Equation 1.3). In homogeneous non-polar solvents, phenolic

antioxidants typically scavenge two peroxyl radicals (i.e. n=2).42

= = Equation 1.3

1.1.3 Ubiquinol

Due to the highly reductive nature of the mitochondrion, the mitochondrial membrane
is particularly vulnerable to lipid peroxidation. Consequently, mitochondria dysfunction
resulting from oxidative stress has been associated to several diseases.>*2 Ubiquinol, (also
known as ubiquinone in its oxidized form, or coenzyme Q10) can inhibit oxidative damage in
mitochondrial membranes, and is the only endogenously synthesized lipophilic antioxidant in
humans.03%4  Situated in the hydrophobic core of the inner mitochondrial membrane,
ubiquinol is also involved in the electron transport chain as a mobile carrier of electrons.®

Ubiquinol bears a quinoid head group which imparts its antioxidant ability, as well as a
long hydrophobic group (isoprenoid chain), to impart lipophilicity (Scheme 1.5). It is found in
all intracellular membranes, with especially high concentrations in mitochondria, golgi vesicles
and lysosomes, as well as in plasma membranes and lipoproteins.®* It can exist in three
different redox states: ubiquinol (reduced), ubisemiquinone radical (1 electron oxidation from

ubiquinol), and ubiquinone (2 electron oxidation from ubiquinol).
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Scheme 1.5 The structure of ubiquinol and its three redox states.
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1.1.3.1 Direct antioxidant action of ubiquinol

The antioxidant ability of ubiquinol is very complex and depends on all three redox
forms. Ubiquinol may directly inhibit lipid peroxidation by intercepting chain carrying lipid
peroxyl radicals via H-atom abstraction of the quinolic hydrogen (£:~3>%105M-1s1).%¢ This
reaction gives the ubisemiquinone radical. The fate of this newly formed radical is uncertain
and depends highly on the local oxidative state (Scheme 1.6). The ubisemiquinone radical can
react with a second lipid peroxyl radical to give ubiquinone, or it can be recycled back to
ubiquinol by a reducing agent present. Alternatively, it can react with oxygen to give
superoxide radical anion and ubiquinone (Scheme 1.6). In short, the ubisemiquinone radical
may act as an antioxidant by trapping lipid peroxyl radicals, or act as a pro-oxidant by
producing superoxide radical anion. Ubiquinone, bearing no phenolic hydrogen atoms, is not
a chain breaking antioxidant.

66

Scheme 1.6 The formation and fate of the ubisemiquinone radical (UQH").
LOO" + UQH,  — LOOH + UQH’
UQH + LOO —> LOOH + UQ
UQH" + Reductant —s UQH,

UQH + O, — > UQ + 0, + H

Given the high abundancy of ubiquinol present in mitochondria, its oxidized form,

ubiquinone, can be effectively reduced back to ubiquinol by the electron transport chain (vide

10
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infra). The redox-reversibility of ubiquinol/ubiquinone prolongs its ability to inhibit lipid
peroxidation. However, there are also considerable concentrations of ubiquinol in other
organelle membranes, as discussed above, where there are no electron transport chains to
reduce ubiquinone. Endogenous concentrations of ubiquinol in these membranes would exert
a small and even negligible effect on the oxidative status unless another source of reduction
exists.

While the ubisemiquinone radical may react with oxygen to form superoxide radical
anion (O2™) and ubiquinone, this reaction is reversible, partly owing to the similar reduction
potentials (-230 mV vs -160 mV vs SHE for ubiquinone and oxygen respectively), where
ubiquinone may directly react with Oz to generate the semiquinone radical (Scheme 1.7).66.67
Two semiquinone radicals can then disproportionate to give one molecule of ubiquinone and
one molecule of ubiquinol, thus providing a route of regeneration in non-mitochondrial
membranes. The ability to scavenge Oz may also play a pivotal role in the overall antioxidant

ability of ubiquinol/ubiquinone 7 vivo.%8

Scheme 1.7 Reversible reaction of ubiquinone (UQ) and superoxide radical anion (O,"), and
disproportionation of the ubisemiquinone radical.”

uQ + O, <—>UQ + O,

UQH + UQH" —> UQH, + UQ

1.1.3.2 Indirect antioxidant action: Synergy with Vitamin E

Ubiquinol can also prevent lipid peroxidation indirectly by regenerating a-tocopherol,
the most active and abundant form of Vitamin E in human tissue (vide infra, Section 1.1.4).
Ubiquinol reacts with peroxyl radicals at about an order of magnitude slower than o-
tocopherol in homogeneous solution, yet their efficacy 7z vivo are observed to be similar %70
This is likely due to cooperation between ubiquinol and a-tocopherol, where ubiquinol can
reduce the tocopheroxyl radical back to its active, reduced form (Scheme 1.8).7%.72 I vivo, this
effect is observed through faster consumption of ubiquinol over a-tocopherol, creating a

sparing effect on a-tocopherol.”>"

11
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Scheme 1.8 Mechanism of regeneration of a-tocopherol by ubiquinol.””
OH O
R OMe R OMe
OMe OMe
ROO ROOH OH OH

1.1.3.3 Role of ubiquinol in the electron transport chain

Ubiquinol is also a cofactor involved in the electron transport chain (Figure 1.2). The
lipophilicity and redox reversibility of the ubiquinol/ubiquinone redox couple makes it
perfectly suited as a mobile transporter of electrons and protons through the mitochondrial
membrane. Through a series of relay reactions, electrons are transferred to molecular oxygen,
reducing it to water and releasing energy along the way. This energy is stored as a proton
gradient between the mitochondrial matrix and the intermembrane space and ultimately in the

form of adenosine triphosphate (ATP).65

Complex | Complex I Complex Il Complex IV Complex V
NADH-ubiquinone Succinate-quinone  Cytochrome bc, Cytochrome c oxidase F,Fo-ATP synthase
oxidoreductase oxidoreductase complex

Mitochondrial
matrix

Goi> NAD" + H* 2H
w3

Succinate
\_, Fumarate

Inner
mitochondrial
membrane

4H aH

Cytochrome ¢

S IMS

Figure 1.2 The five complexes involved in the electron transport chain. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews: Molecular Cell Biology, Sazanov, L. A.
Nature Publishing Group 2015, 16 (6), 375-388. Copyright (2015).”
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The electron transport chain consists of five complex domains, where ubiquinone plays
an essential role in the first three. In Complex I (NADH-ubiquinone oxidoreductase) the
overall redox reaction is the reduction of ubiquinone by NADH to give ubiquinol and is
accompanied by the translocation of 4 protons producing a proton gradient (Scheme 1.9).65.76
Specifically, NADH is oxidized by flavin mononucleotide (FMN) to give FMNH> which then
undergoes 2 one electron oxidations (via electron transfer) to a series of iron-sulfur clusters
present in Complex I. The ‘electron wire’ iron clusters then reduce ubiquinone via two single
electron reductions to first give ubisemiquinone and then ubiquinol which may freely diffuse

through the membrane to Complex III.

Scheme 1.9 Sequence of redox reactions involved in Complex 1.9576

NADH+ FMN — > NAD + FMNH,
FMNH,+ n[Fe-S] —> n[Fe-S] + FMNH’
FMNH +n[Fe-S] —> n[Fe-S] + FMN

n[Fe-SJ + UQ + H — n[Fe-S] + UQH'
UQH" +n[Fe-S]' + H'— UQH, + n[Fe-S]

Complex II (succinate dehydrogenase) also delivers electrons to the quinone pool,
effectively reducing ubiquinone to ubiquinol (Scheme 1.10) to deliver electrons to Complex
II1, and couples the citric acid cycle to the electron transport chain.® Simplified, succinate is
oxidized by flavin adenine dinucleotide (FAD) to give FADH, and fumarate. FADH> then
transfers electrons via iron-sulfur clusters to ubiquinone to give ubiquinol. Unlike Complex I

however, no protons are transported.

Scheme 1.10 Sequence of redox reactions involved in Complex I.%®

succinate + FAD ——> fumarate + FADH,

FADH, + (via [Fe-S] asin complexl) UQ —> FAD  + UQH,

13
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In Complex III, electrons from Complexes I and II are delivered by ubiquinol, where
the reduction of cytochrome c¢ and translocation of four protons occurs.®> The reaction
mechanism for the redox processes occurring in Complex I1I is known as the Q-cycle (Figure
1.3). Here ubiquinol binds to cytochrome b of Complex III and is oxidized to ubiquinone by
both a Rieske iron-sulfur protein and heme (one electron each). The Rieske protein then
diffuses to cytochrome cl subunit where it reduces cytochrome ¢ (which is re-oxidized in
Complex IV upon the reduction of oxygen), and causes a release of a proton into the
intermembrane space. The other reduced heme effectively reduces a bound molecule of
ubiquinone to ubisemiquinone and causes a second proton to release. The Q-cycle then
repeats to reduce the newly formed ubisemiquinone to ubiquinol. The overall reaction for
Complex III is thus the oxidation of two equivalents of ubiquinol, the reduction of one
equivalent of ubiquinone, the reduction of two equivalents of cytochrome c, and the
translocation of four protons.

2H* n-side
/5'66;',765-/—66;26;.}.}'5; i
¥ Al

1

i

? PYEY
!

[}

1

\I UQ;-IQWW'!EM UQz>Hemeb,
1

Hlde H* p-side
Fe,S;—Cytc,— Cytc — Cytoxidase
High Potential Chain

0, H,0

Figure 1.3 The Q cycle of Complex III in the electron transport chain. Reprinted from BBA —
Bioenergetics, 1807, Cramer, W. A.; Hasan, S. S.; Yamashita, E The Q cycle of cytochrome bc
complexes: A structure perspective, 788-802, Copyright (2011), with permission from Elsevier. "’

The triple role of ubiquinone as antioxidant, electron transporter and proton transporter
makes it a complex molecule to study 7z vzvo, thus much remains to be understood in its role
in disease. Not surprisingly, mitochondrial deficiencies in ubiquinol are associated with
pathologies linked with both mitochondrial dysfunction and oxidative stress such as

Parkinson’s Disease.”® Indeed, research by Murphy and coworkers show promising

14



Introduction

therapeutic results with a mitochondrion-targeting form of ubiquinone, Mito-Q,” for example
in treating obesogenic rats® and renal ischemia—reperfusion in mice.?

Tools to de-convolute the antioxidant activity from electron transport would have a
constructive effect on the development of therapeutics for such diseases. In particular, the
development of probes based on ubiquinone, and their subsequent imaging 7z vitro, would
provide a real-time and non-invasive approach to elucidate the complex redox pathways of

ubiquinone in biological systems.

1.1.4 Vitamin E

Lipid peroxidation and the resulting damage to organelle membranes is also inhibited by
Vitamin E. Vitamin E represents two classes of fat soluble, chain-breaking antioxidants:
tocopherols and tocotrienols that are both synthesised by plants (Figure 1.4). These classes of
compounds are characterized by a chromanol head-group which is responsible for their high
antioxidant activity, and a phytyl chain that brings about lipid membrane partitioning.
Tocopherols and tocotrienols differ in their saturation of the phytyl tail which is responsible
for the orientation of the molecule in membranes. The most active form of vitamin E is a-

tocopherol (kinn~3%100 M-1s1).42 It is the most common form found in human tissue.

Chromanol Head R1 R
o CHs CHy
P: H  CHg

Phytyl Tail  ¥- CHs  H

o H H

Phytyl Tail:

Tocopherol = : : )\

Tocotrienol = ~ -~ Pz Z

Figure 1.4 Structure of Vitamin E compounds.
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1.1.4.1 Antioxidant action of Vitamin E

The high antioxidant activity of Vitamin E can be attributed to both substituent effects
and stereoelectronic effects on the bond strength of the phenol. As described eatlier, to be an
effective chain-breaking antioxidant, a compound must competitively scavenge lipid peroxyl
radicals to form closed shell lipid hydroperoxides (LOOH) and a non-toxic phenoxyl radical.
The rate constant for this scavenging must be greater than the rate of chain propagation (i.e.
the rate of LOO- reacting with LH) where the rate depends on the O-H bond strength of the
phenol.

The bond strength of the phenol is given by the difference in energy between the phenol
and the resulting phenoxyl radical.3! Electron withdrawing substituents such as esters, CN,
and NOg are stabilizing to the electron rich phenol, but upon H-atom abstraction, are
destabilizing to the resulting electron deficient phenoxyl radical. This effect causes a higher
BDE relative to unsubstituted phenol (Figure 1.5).8! Electron donating groups on the other
hand, such as methoxy, destabilize the phenol, but stabilize the resulting phenoxyl radical,
resulting in a lower BDE. The stabilization of the phenoxyl radical by electron donating groups
can be attributed to hyperconjugation (as is the case for alkyl substituents), or via resonance
(electron delocalization, as is the case for alkoxy substituents). The large density of alkyl
groups and the para-alkoxy moiety on the chromanol head group of Vitamin E, thus lower the
BDE compared to phenol (74.8 kcal/mol vs 86.7 kcal/mol calculated in gas phase),283 and

enhance the antioxidant activity.
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Figure 1.5 Effect of substitution of a phenol with either electron withdrawing groups (EWG)
or electron donating groups (EDG), on the bond dissociation energy (BDE)."'

Stereoelectronic effects of para-substituents also play a role in the BDE of the phenol
antioxidant.*> Favourable overlap between the p-type lone pair of electrons on the para-
heteroatom, and the semi-occupied molecular orbital (SOMO) of the phenoxyl radical affects
the stability of the phenoxyl radical and thus the BDE. The extent of overlap between the
orbitals depends on the orientation of the p-orbital of the para-heteroatom. The orientation
can be characterized by the dihedral angle (0) between the heteroatom p-orbital and a plane
perpendicular to the aromatic plane and by the dihedral angle (6°) between the heteroatom-R
bond and the aromatic plane (where 6 = 0’, Figure 1.6). Overlap and thus stabilization is
maximized when 6 = 0°, and is at a minimum when 6 = 90°. The chromanol structure of
vitamin E, which locks the para-heteroatom in place through the 6-membered ring, gives a
dihedral angle of 17°. When compared to a phenol with analogous substituents, but without
the para-heteroatom locked in place as is the case for 4-methoxy-2,3,5,6-tetramethylphenol,
the dihedral angle is 89°. Determined by Ingold and coworkers,® the BDE for these
compounds were estimated at 80 and 83 kcal/mol respectively, based on a 10-fold reduction

in reactivity of the latter.>8.84
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Figure 1.6 A) Stabilization of the phenoxyl radical by a para oxygen atom B) Schematic of the
overlap and thus stabilization of the phenoxyl radical which is dependent on 6.%
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1.1.4.2 Role of the phytyl tail on antioxidant activity

While the chromanol head group is responsible for reaction with ROS, the phytyl tail of
Vitamin E is responsible for partitioning into lipid membranes. Localization of Vitamin E in
membranes and its mobility are also factors which determine its radical scavenging activity.
The lipophilic phytyl tail of Vitamin E allows for preferential partitioning into membranes to
access lipophilic peroxyl radicals formed as a result of lipid peroxidation, which would
otherwise be inaccessible by water soluble antioxidants. The more polar chromanol head
group can allow access to the more polar regions of the membrane (closer to the phospho-
esters and lipid-water interface) where it may interact with aqueous reductants such as ascorbic
acid prolonging the life of Vitamin E (via reduction of the chromanoxyl radical by
ascorbate).8586

The phytyl tail of Vitamin E is also responsible for its decreased reactivity in membranes
when compared to the single carbon chain analogue, 2,2,5,7,8-pentamethyl-6-
hydroxychromanol (PMHC). While in homogeneous solution their reactivity is similar, in
membranes, PMHC is more effective in scavenging hydrophilic (about 8-fold more effective)
and lipophilic radicals (about 4-fold).#® Thus, the phytyl tail reduces the overall mobility in

membranes.48:87

1.1.4.3 Vitamin E as a therapeutic
The antioxidant properties of Vitamin E make it a promising candidate as a therapeutic
agent for treatment of disorders associated with oxidative stress.888” Animal models of disease

have shown encouraging results when supplemented with Vitamin E°° while human models
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have often been disappointing and even conflicting.?+! Nevertheless, there are a couple of
examples where treatment with Vitamin E has shown to be beneficial, such as for non-
alcoholic fatty liver disease and for Alzheimer’s disease.”’> One speculation into the
disappointing effect of Vitamin E on disease in humans is the delay of treatment in humans
vs in animals (as described in Scheme 1.11).24 Perhaps oxidative stress is important in the early
onset of disease, but alleviation at later stages is futile. On the other hand, oxidative stress may
be correlative with disease rather than causative. In these cases, treatment with Vitamin E may
alleviate oxidative stress, but not alleviate the disease. Finally, supplementation with Vitamin
E will evenly distribute through cells and tissues, yet oxidative damage may be localized to
particular tissues, cells or organelles. Thus, while the antioxidant load may be sufficient, the

local concentration of Vitamin E may be inadequate to quench oxidative stress ‘hot spots.”3

Scheme 1.11 Comparison of Vitamin E supplementation in animals vs in humans.
Supplementation in humans typically occurs in older patients once symptoms have been detected
(red), rather than when oxidative stress sets in (black).”

supplementation supplementation
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Lipid

Peroxidation
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Due to the conflicting and disappointing evidence of amelioration of oxidative stress by
Vitamin E, controversy exists as to the molecular action of Vitamin E in humans. Vitamin E
is a critical small molecule for human health. However, whether it is truly an antioxidant 7z vivo
or rather a ligand for certain receptors and transcription factors is debated.”> For example,
it has been reported that a-tocopherol is an inhibitor of protein kinase C, a signalling molecule
involved in the regulation of cell growth and differentiation, suggesting a non-antioxidant and

perhaps ligand role. However, protein kinase C regulation is also affected by oxidative stress
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and instead of observing a specific signaling interaction between protein kinase C and o-
tocopherol, perhaps an antioxidant phenomenon is observed.

The apparent contrasting roles of Vitamin E make it an interesting molecule of study.
While there is a wealth of information on its properties in homogeneous solution, its role in
heterogeneous solution and 7z vzvo remains very much unclear. The development of tools to

study these molecules and their mechanism of action is therefore of critical need.

1.1.5 Monitoring ROS, lipid peroxidation, and redox reactions

There are several methods available to study lipid peroxidation, its effects, and
antioxidant activity. These techniques include product studies aided by high performance
liquid chromatography (HPLC) and mass spectrometry,*-7798 reactivity studies with laser flash
photolysis (LEP)?%100 " and characterization of product radicals by electron paramagnetic
resonance (EPR).”> These methods, while having provided valuable information on the
mechanisms of lipid peroxidation and reactivity of antioxidants, are destructive. Furthermore,
they are limited in providing information on the rate of ROS production (temporal resolution)
and location of ROS production (spatial resolution). Fluorescence imaging, in combination
with suitable fluorescent probes, overcomes some of these challenges. Furthermore,
fluorescence imaging is compatible with studying processes i vivo, as it provides a non-invasive
yet highly sensitive approach to detect bio-redox reactions.

The next sections will provide an overview of fluorescence and the techniques and

concepts used to design fluorescent probes.

1.2 Fluorescence

Key to the development of fluorescent probes for reaction screening, is the ability to
manipulate the photochemical and photophysical properties of a fluorophore such that it
undergoes a detectable change upon reaction. These changes include an increase in
fluorescence intensity (quenched to fluorescent: fluorogenic probes), a decrease in intensity
(fluorescent to quenched), a shift in emission wavelength (ratiometric probes), or a change in

fluorescence lifetime (also ratiometric). To understand the processes which may modulate

20



Introduction

fluorescence intensity, lifetime, and wavelength to give the desirable properties of our probes,

the fundamental photophysics must first be explained.

1.2.1 EXxcited state processes

Electromagnetic radiation (light) of sufficient energy is absorbed by a molecule,
promoting an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). During this process, transition rules indicate the spin
multiplicity of the electron remains unchanged. Thus, excitation of molecules in their singlet
ground state yields molecules with the excited electron residing in the LUMO antiparallel with

respect to the electron remaining in the HOMO (S, Figure 1.7).
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Figure 1.7 Photophysical processes represented in a Jablonski Diagram."” VR denotes
vibrational relaxation (VR), IC stands for internal conversion, and ISC stands for intersystem crossing.

Following excitation, energy dissipation must then follow and can occur via several
mechanisms as outlined in the Jablonski diagram.19! Through internal conversion (IC, the
relaxation between electronic states), and vibrational relaxation (VR, the vibrational relaxation
within each electronic state), the molecule reaches the fundamental vibrational level of the

lowest singlet excited state S1in an average time scale of a few picoseconds.

21



Introduction

From Si, there are three main mechanisms for energy dissipation to the singlet ground
state, So: Internal conversion followed by vibrational relaxation, intersystem-crossing (ISC), or
fluorescence.!1:192 The rate constants of these processes will determine which mechanism the
molecule will undergo to reach So.

Intersystem-crossing occurs when a molecule undergoes a change in spin-multiplicity to
give a triplet excited state (Ty). This process can result from overlapping triplet and singlet
vibrational levels, or via spin-orbit coupling where the change in spin angular momentum of
the electron is coupled to the change in orbital angular momentum (El Sayed’s rule) and is
often catalyzed by the presence of heavy atoms.!%2 This long lived process (nanoseconds to
milliseconds timescale), due to the relaxation process being spin forbidden, may result in a
radiative decay from T to Sp called phosphorescence (milliseconds to seconds time scale).

Fluorescence occurs when the molecule dissipates energy from S; to reach So via the
emission of a photon (typically nanoseconds timescale).1%! The rate constant of fluorescence
(k14d), in combination with tuning the rate constants of all other energy dissipation pathways,
is fundamental to the design and optimization of fluorogenic probes and will be discussed in

the next section.

1.2.2 Fluorophore properties

The ability to tune the photo-physical properties of a fluorophore is of paramount
importance in the design of fluorescent probes. For example, with this ability, we may
modulate the fluorescence intensity of an ‘off-on’ probe which will ultimately determine the
sensitivity of the probe.

The fluorescence intensity of a molecule is dictated by two photophysical properties: the
extinction coefficient (g) and the radiative rate constant (&,). The extinction coefficient is an
intrinsic property of a fluorophore that is dictated by its electronic structure. Its value is
rendered by measuring the ability of a molecule to absorb a photon as given by Beet’s Law
(Equation 1.4) where A is the absorbance of the molecule, /is the pathlength of the light, and

C is the concentration of the molecule.192

22



Introduction

A=¢&lC Equation 1.4

The radiative rate constant, and its competition with all deactivation processes ()
impacts the observed fluorescence intensity of a molecule. The probability of a molecule to
undergo fluorescence is given by the fluorescence quantum yield (¢n,) which is defined as the
ratio of photons emitted to photons absorbed. This value can also be determined from a ratio

of the radiative rate constant and all deactivation rate constants (Equations 1.5-1.7).

b = k’; Equation 1.5
kdec = kr + knr Equation 1.6
knr = Kisc + kic + kq[Q] Equation 1.7

The average lifetime a molecule spends in the excited state before emitting a photon is a
measurable quantity and is defined as the inverse of £4.. Non-radiative decay processes (whose
rate constant is defined as £,,) include decay through internal conversion (£ic), decay through
intersystem crossing (£isc), or decay through reaction with a quencher (4,[Q)]).

The fluorescence quantum yield depends on the competition between a series of parallel
decay processes as shown above. From Equations 1.5-1.7 we note that the fluorescence
quantum yield becomes close to unity when £,>>£,, (i.e. fluorescence effectively outcompetes
all other decay processes).

If the size of &4 is mostly impacted by £, however, most excited state fluorophores will
decay without having emitted a photon. It is this photophysical/photochemical associated
parameter, £,, that can provide the fluorescence modulation we require in designing

fluorogenic (‘off-on’) probes. In the ‘off state, fluorescence will be quenched due to
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competing decay pathways occurring (£.,<<k,) and in the ‘on’ state fluorescence will be

restored, effectively out-competing non-radiative decay pathways (£.s>> &)

1.2.3 Fluorescence quenching
The ability to tune non-radiative decay processes of a fluorophore is one of the key facets
of designing fluorogenic probes. There are three main rate constants we can affect to out-

compete, or under-compete with the rate of fluorescence. These are Aisc, £ic, and £4[Q)].

1.2.3.1 Fluorescence quenching via intersystem crossing

To outcompete fluorescence, we may promote intersystem crossing. As mentioned in
Section 1.2.1, intersystem-crossing involves the change in spin-multiplicity of the singlet
excited state to generate a triplet excited state (Tn). While theoretically a spin-forbidden
process, this process can be aided by heavy atoms (such as bromine or iodine) via spin-orbit
coupling.!®? Here, the spin angular momentum of the excited electron of the fluorophore
couples with the orbital angular momentum of the heavy atom. The strong positive charge of
the heavy atom nucleus can accelerate the approaching excited electron, thereby creating a
strong magnetic moment as the result of the orbital motion. This strong magnetic moment
accompanying an orbital jump favours the likelihood of spin-orbit coupling, and thus
intersystem-crossing.

By increasing the likelihood of intersystem-crossing, the opportunity for the fluorophore
to emit a photon will be decreased, and fluorescence will be quenched. This phenomenon may
be observed upon the substitution of a boron-dipyrromethene (BODIPY) dye with heavy
atoms.!?? Decoration of the BODIPY core with bromine and iodine decreases ¢n significantly
for an otherwise fluorescent molecule (Figure 1.9). The issue with this quenching method is
that the molecule, while no longer in Sy, is still in an excited state. This excited triplet molecule
may undergo phosphorescence, another form of radiative decay characterized by its longer
wavelength and lifetime than that of fluorescence. Alternatively, it may sensitize molecular

oxygen to form the highly reactive and oxidizing, singlet oxygen.!93194 It is for this reason,
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that fluorophores decorated with heavy atoms such as bromine are often developed as photo-

dynamic therapy agents to generate singlet oxygen at a wound site in the presence of light.

Figure 1.8 Effect of substitution with heavy atoms on the fluorescence quantum yield (¢,) of
BODIPY dyes.'”

1.2.3.2 Fluorescence quenching via internal conversion

Deactivation of fluorescence may also occur through internal conversion. Encouraging
deactivation via internal conversion typically requires modification of the dye backbone to
promote a vibronic interaction such as the “loose bolt” effect (e.g. C-C bond stretching) and
“free rotor” effect (e.g. C=C bond twisting).1?? These effects are usually caused by stretching
or twisting motions of substituents of an excited state molecule to dissipate the excess energy.
Bending of the molecule in the excited state may also promote conjugation, resulting in a lower
energy excited state configuration. Internal conversion to an energetically-hot ground state
species may then proceed, which can outcompete with fluorescence. For example, in the case
of meso-formyl BODIPY dyes, bending of the molecule takes place in the excited state to
promote conjugation of the meso-formyl to one pyrrole moiety causing the other pyrrole moiety
to shift out of the plane. Internal conversion to an energetically-hot ground state species then

proceeds, which efficiently outcompetes emission (Figure 1.9).105
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Figure 1.9 A) Structure of non-fluorescent meso-formyl BODIPY dye B) Calculated energy
diagrams of meso-formyl dye in the ground and excited states. Adapted with permission from Lincoln,
R.; Greene, L. E.; Bain, C.; Flores-Rizo, J. O.; Bohle, D. S.; Cosa, G. J. Phys. Chem. B 2015, 119 (13),
4758-4765. Copyright 2015 American Chemical Society.

1.2.3.3 Intermolecular fluorescence quenching, kq[QJ

The addition of a known fluorescence quencher may outcompete fluorescence via, for
example, electron transfer (discussed at length in Section 1.2.1). The ability of a molecule to
quench the fluorescence of a fluorophore depends on the bimolecular quenching constant, £,
and the concentration of the quencher [QQ]. One may determine the efficiency of a quencher
by studying the intermolecular kinetics of the fluorophore and the quencher. This is performed
by measuring the fluorescence lifetime (1) of the fluorophore in the absence of a quencher and
measuring the fluorescence intensity in the absence (Io) and presence (I) of the quencher as
given by the Stern-Volmer equation (Equation 1.8) where Ky is known as the Stern-Volmer

quenching constant.
170 =1+ qu[Q] =1+ K,,[0Q] Equation 1.8

Intuitively, this equation may be obtained by understanding the kinetics of the processes
happening. During continuous illumination, the concentration of excited fluorophores reaches

a steady state as given by:

[S))

)~ f6) — kgeel T = 0 Fquation 1.9
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where f(t) is the continuous illumination function. Equating Equation 1.9 for both the

<

presence and absence (denoted by ‘) of a quencher (Equation 1.10), followed by
rearrangement and substitution of intensity for [F'], we get the Stern Volmer Equation

(Equation 1.11).101

f(©) = (ky + kisc + ki )Fg] = F@) — (kr + kisc + kie + kg[Q])[F*] =0  Equation 1.10

lp _ Kr+Risctkic+kglQ] kq
I krtkisctkic krtkisctkic

[Q] =1+ k47[Q] Equation 1.11

While this section is related to intermolecular quenching, we may utilize a Stern Volmer
analysis as a strategy for the design of fluorogenic probes where a quencher is covalently linked
to a fluorophore. This analysis can provide experimental evidence to aid in the judicious choice
of a quencher-fluorophore pair with optimized sensitivity thereby justifying the synthesis of a
fluorogenic probe. To maximize sensitivity, we must outcompete fluorescence in one state
such that £,[Q] >> £, and have fluorescence outcompete all other decay processes in the other
state (&, + &y <<k). The next section will discuss the importance of maximizing the rate

constant of quenching as well as the ways we can tune this parameter.

1.3 Design of Fluorescent Probes

Fluorescent probes often bear two segments: a reporter fluorophore and a receptor that
undergoes a change or reaction of interest (i.e. the question you are studying). In their design,
we must consider whether the receptor will act as a quencher (to modulate the fluorescence
intensity) or whether the receptor is to be conjugated to the fluorophore (to modulate the
emission wavelength). These two strategies of fluorescent probe design will be discussed in

this section, as well as the mechanisms exploited to achieve the desired response.
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1.3.1 Design of probes relying on photoinduced electron transfer

An effective quenching mechanism to consider in the design of fluorescent probes is
photoinduced electron transfer (PeT). This mechanism is particularly effective when an ‘off’
or quenched state is desired prior to the reaction of interest, and an ‘on’ or fluorescent state is
desired following the reaction. Molecules that behave according to this off/on scheme are
referred to as “fluorogenic probes”. In essence, this process involves the transfer of an
electron from an electron donor (D) to an electron acceptor (A) generating a geminate radical
pair. The respective role (donor or acceptor) of the photo-excited fluorophore and the
receptor is dependent on the reduction/oxidation potentials of both the fluorophore and the
receptor.

When a fluorophore is photo-excited it becomes both a better electron acceptor and
electron donor. While seemingly contradictory, this statement becomes obvious when
considering the actual processes at play. Consider a photo-excited molecule in the gas phase
as in Figure 1.10. An electron once residing in the HOMO is now promoted to the LUMO
leaving a hole in the HOMO, and a higher energy electron in the LUMO. The partially empty
HOMO causes the molecule to be a stronger oxidant (better electron acceptor), and the
partially filled LUMO causes the molecule to be a stronger reductant (better electron donor)
than the ground state molecule. Thus, the electron affinity (EA) is larger for the photo-excited
molecule than the ground state (more energy released from accepting an electron), and the
ionization potential (IP) is smaller for the photo-excited molecule than the ground state (less

energy required to remove an electron):
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Figure 1.10: Comparison of electron affinity (EA) and ionization potential (IP) between a
fluorophore in the ground state (F) and in the photo-excited state (F) in the gas phase."”

1.3.1.1 Thermodynamics of PeT

For PeT to occur, electron transfer from the donor to the acceptor must be exergonic
(i.e. the free energy of electron transfer, AG’.r <0). To determine which role (donor or
acceptor) the fluorophore and quencher each play, the orbital energies of both molecules must
be compared. Consider two scenarios: 1) Where the fluorophore is the donor and 2) where
the fluorophore is the acceptor (Figure 1.11). In order for the excited fluorophore to transfer
an electron to the quencher, the electron must come from the LUMO of the fluorophore.
Because electron transfer must be thermodynamically favourable, the LUMO of the acceptor
quencher must be lower in energy than that of the fluorophore. Conversely, in scenario 2, the
excited fluorophore must accept an electron in the HOMO. For this process to be
thermodynamically favourable, the HOMO of the quencher donor must be higher in energy

than that of the fluorophore.

29



Introduction

Scenario 1: Scenario 2:
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Figure 1.11: Two scenarios of PeT. 1) Where the photo-excited fluorophore (F) is the electron
donor (D) and the quencher (Q) is the acceptor (A) and 2) Where the photo-excited fluorophore is
the electron acceptor and the quencher is the donor.'”"

To predict the direction of electron transfer in the gas phase, AG¢r can be calculated

from Equation 1.12.

AG;T = IPD - EAA - AEO,O + w Equatlon 1.12

where AEoy is the vibrational zero electronic energy of the excited fluorophore and w is the
coulombic correction term. The coulombic correction term, w, is given by Equation 1.13
where Na is Avogadro’s constant (6.022 X 102> mol'), e is the elementary charge of the
electron (1.60 X 101 C), eo is the permittivity of a vacuum (8.854 X 10-12 CV-Im™), ¢ is the

dielectric constant and 7 is the distance between the two charges.

Equation 1.13

In solution, the solvent changes the energetics of the process due to the solvation of
the charged species and the redox potentials of the donor and acceptor are used instead of IP
and EA. Thus the equation for free energy of photo-induced electron transfer in solution is
given by Equation 1.14 below, where Ep*™*/p and Ea/a~ are the one electron standard redox

potentials of the donor and acceptor respectively.!0%106
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AGgr = [(E;+°/D - E:l/A") — AEgo + w] Equation 1.14

One can appreciate the importance solvent may play in the thermodynamics of electron
transfer from Equations 1.13 and 1.14. In very polar solvents, where ¢ is large, the resulting
low magnitude of w causes little effect on AG".r. However, in non-polar solvents the effect of

w can become quite large potentially favouring ionic association instead of ion dissociation.!0!

1.3.1.2 Kinetics of PeT

The rate constant of photoinduced electron transfer (&p.;) must be significantly larger
than the radiative rate constant (4,) to effectively quench fluorescence. There is an interesting
relationship between the thermodynamics (vide supra) and kinetics (vide infra) of electron
transfer that was discovered by Rudolph Marcus, and is known as Marcus Theory of electron
transfer.107.108

According to Marcus Theory,! 07198 the free energy required to reach the transition state
for electron transfer to occur (AG¥er) is a function of both the free energy of electron transfer
(AG’er) and the inner and outer shell reorganization energy (A) as shown in Equation 1.15.
From transition state theory, the rate constant for electron transfer is given by Equation 1.16
which relates the rate constant of electron transfer (&7) with the thermodynamics (AG’er)
where v, is the nuclear vibrational frequency, K is the transmission coefficient (probability that
reactants in the transition state will proceed to products), and kg is the Boltzmann constant.!0?
Interestingly, the smallest barrier of activation (i.e. AGfer =0), atises when AG"er = -A. Due to
the quadratic dependence of AGfer on AG’er, a quadratic dependence of -In(4.17) on AGeris
observed, where 4,1 is maximum when AG".r = -A (Figure 1.12). Hence, reactions with very
large driving forces (i.e. AG’er < -)A) decrease 4.1 and are said to occur in the Marcus Inverted

Region.
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Figure 1.12 The Marcus Inverted region shown experimentally for electron transfer between a
biphenyl group and an electron acceptor A. hexahydronaphthoquinon-2-yl (at AG'= -1.2 eV= 1)
marks the onset of the inverted region (right)."” Reprinted with permission from “Miller, J. R.;
Calcaterra, L. T.; Closs, G. L. Journal of the American Chemical Society, 1984 106 (10), 3047-3049”
Copyright 1984 American Chemical Society.

Equations 1.14, 1.15 and 1.16 thus provide a means to predict the rate constant of
clectron transfer (or in our case the rate constant of quenching via PeT) from the redox

potentials of a fluorophore and a quencher.

1.8.1.3 Maximizing the dynamic range

Our work seeks to design fluorogenic probes based on PeT such that AG'er is very
negative (without entering the Marcus Inverted Region) to maximize £.. Practically speaking,
this means that in the ‘off’ state, the quantum yield of the fluorogenic probe will be close to
zero. Additionally, a fluorophore should be chosen where the quantum yield of the ‘on’ state
is close to 1, thus providing a maximal dynamic range. While not important for absolute, 100%
conversion “black and white situations,” a large dynamic range is key in distinguishing small

differences in reagent consumption (fluorescence activation).
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The significance of a large dynamic range is illustrated in Figure 1.13. Here we have 2
fluorogenic probes (dye 1 and dye 2), with different initial quantum yields (i.e. different £&p.r).
Upon a reaction, the fluorescence is restored in both dyes giving the same final quantum yield
of 1. After 10% reaction completion, the expected fluorescence enhancement is displayed for
the 2 dyes based on how much they may have pre-activated (i.e. the ratio of fluorescence
intensity initially vs. after 10 % reaction completion). For Dye 1, we have a poor dynamic
range due to the moderately low initial quantum yield (¢pa = 0.02). Small differences are not
casily detected. Even with an initially pristine sample, only a 5-fold fluorescence enhancement
would be observed. However, for Dye 2, the dynamic range is excellent due to a larger &p.r
and hence very low initial quantum yield (¢a = 0.001). Very small differences can be detected,
and as much as a 50-fold enhancement would be observed from a pristine sample upon 10%
conversion. Thus, the key to designing fluorogenic probes relying on PeT is maximizing Ap.r

in the ‘off’ state, and minimizing 4.7 in the ‘on’ state.
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Figure 1.13 Fluorescent enhancement observed after 10% of the probe has reacted (i.e. 10%
reaction completion) vs the amount of contamination with already activated probe (i.e. a pristine

sample has 0% contamination). Dye 1 (black) has a poor dynamic range due to its higher ‘off” ¢, than
dye 2 (red).

1.3.1.4 Predicting thermodynamics of PeT
To aid in the design of fluorogenic probes, we may estimate the thermodynamics of PeT
by measuring the redox potentials of a series of fluorophores and potential quenchers. We

may also explore the rates of PeT by performing a Stern-Volmer analysis (Section 1.2.3.3
y p Yy P g y
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While both methods are effective, they are time consuming and expensive, especially when
compounds must first be synthesised or bought. Alternatively, or in addition to these methods,
we can employ prediction methods which can aid in the choice of a fluorophore-quencher
pair.

Density functional theory (DFT) is a very valuable tool to predict and visualize PeT
between a fluorophore and quencher. Calculated energies of the HOMO and LUMO of each
molecule can be compared quantitatively showcasing whether PeT is feasible. If PeT is desired
from the LUMO of the fluorophore to the LUMO of the quencher (scenario 1, Figure 1.11),
one would compute the difference in the orbital energies of quencher and fluorophore donor
to predict if PeT is exergonic (i.e. LUMO of fluorophore is higher in energy than LUMO of
quencher). Several fluorophores can be compared in this way to facilitate choosing an
appropriate fluorophore for a desired quencher.

Recognizing that redox potentials are typically influenced by the types of substituents on
fluorophores,'!? Fahrni and coworkers developed a series of linear free energy relationships
(LFER) based on Hammett parameters to predict the thermodynamics of PeT in 1,3,5-
triarylpyrazolines.!!! This method can be extended to other fluorophore systems, such as in
BODIPY fluorophores,!'? where Hammett parameters of a subset of BODIPY dyes were

related to DFT, preventing the need to compute every fluorophore-substituent option.

1.3.2 Ratiometric probes

Fluorescent probes relying on a change or shift in emission wavelength are known as
ratiometric probes. Ratiometric probes often rely on a change in the conjugation of the
fluorophore upon reaction of interest. Such a change may be as simple as reduction of a double
bond to a single bond resulting in a blue shift of the emission. Quantification may be
performed by taking a ratio of the red emission to the blue emission. Essentially, ratiometric
probes have a built-in internal standard.

Conceptually, the simplicity of designing ratiometric probes is a big advantage over the
complexity of designing probes relying on PeT. While an ‘off” to ‘on’ fluorescence change is

casily detectable, designing probes based on PeT requires extensive prior design research to
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optimize the redox potentials between quencher and reporter, and may be quite challenging.
Furthermore, quantification of reactions/products becomes difficult if no standard or control
is available bearing similar photo-physical properties. This becomes especially important if
pattitioning/solubility is a problem.

The obvious drawback of ratiometric probes, however, is the need for dual excitation
sources and/or dual emission detectors. While most fluorimeters ate equipped to measure
multiple emission spectra, the drawback becomes more important with a microscopy setup,
where multiple lasers and filters may be needed to prevent any cross-talk. Additionally, the use
of a ratiometric probe may inhibit the use of additional dyes in the study, such as commercial
organelle targeting dyes to show localization, since two laser lines and/or emission filters are
already occupied. Finding a commercial dye with no overlapping spectra of both states of the
ratiometric probe may also be difficult.

The next section will provide examples of fluorescent probes in the literature taking

advantage of some of the design mechanisms discussed in this section.

1.4 Fluorescent Probes for Reaction Screening and Redox State

Recently, fluorescent probes have garnered much attention jointly with advances in the
microscopy field. This attention has unsurprisingly brought about a tremendous number of
fluorescent probes designed to answer various chemical and biological questions.!3-15113,114
The underlying similarity of these fluorescent probes is their ability to monitor a reaction.
These include sensing an analyte of interest as it is produced in a system, or reporting on the
movement of electrons in a redox reaction. Their utility relies on both their sensitivity (large
dynamic range, see discussion in Section 1.3.1) and their specificity to the reaction they are
monitoring.

This section is aimed at showcasing a few examples of fluorescent probes, highlighting
their mechanism of action for insight into the design of future fluorescent probes. Primarily
probes for the detection of reactive oxygen species and the overall redox state of a system will

be discussed. The design of the probes discussed in this section takes advantage of some of
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the strategies discussed in Section 1.3 as well as exploits the endogenous chemistry of the

reaction of interest.

1.4.1 Probes for detection of reactive oxygen species and lipid peroxidation

Fluorogenic probes, when combined with microscopy, can give information on the
localization, quantification and build-up of ROS in specific organelles and in real-time. The
probes thus have the potential to help elucidate the complex role of ROS 77 vivo. 'To date, a
number of fluorogenic probes to detect ROS and their by-products have been
developed.14115116

One of the first fluorogenic ROS sensors developed was dichlorodihydrofluorescein
(DCFH, Figure 1.14).1"7 DCFH is based on fluorescein (a commonly used fluorophore) and
is initially non-fluorescent due to the lack of conjugation. Upon oxidation by ROS to a fully
conjugated system, the fluorophore becomes emissive (hem =522 nm). DCFH however has

serious drawbacks, as it auto-oxidizes upon light irradiation and is not specific to any type of

ROS.118

‘H COH 002H COZH
cl Cl  ROS c H0,
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DCFH Aem= 522 nm Peroxyfluor 1 Mem= 515 nm
DR=150-7000 fold DR= >1000 fold

Figure 1.14 Structures of ROS probes based on fluorescein and the emission wavelength and

dynamic range (DR) expected upon reaction with ROS.""'"

Building upon the concept of DCFH, Chang and co-workers, developed Peroxyfluor 1
(Figure 1.14),'"” a boronate protected fluorescein. The protecting boronate groups on the
phenol prevented the auto-oxidation and sensitivity problems associated with DCFH. Upon
treatment of Peroxyfluor 1 with hydrogen peroxide, the boronate esters are cleaved, leaving
the oxidized, conjugated fluorescent form of fluorescein. Their work with boronate protected
fluorescein derivatives and subsequent, improved generations has allowed the Chang group to

study oxidation in live cells, and in specific organelles.17.120-122
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Singlet oxygen (1O2) is an excited state of molecular oxygen and is highly reactive. Its
high reactivity and ability to oxidize DNA, proteins, and lipids makes it an important toxic
species to study. Because of its high reactivity, and short lifetime (2 ps in water)!?3 it is difficult
to detect, and availability of probes is limited. 9-10-Dimethylantracene (DMA) is a fluorescent
molecule which undergoes reaction with 'Oz selectively and with a high rate constant (~108
M-1s1in micelles) to form a non-fluorescent endoperoxide (Figure 1.15).123124 Although its
excitation is very blue shifted (375 nm), precluding its use in cell studies, its chemistry is
exploited in the design of more practical probes. Nagano and co-workers developed one such
probe, DMAX (Figure 1.15).12 DMAX consists of a fluorescein fluorophore reporter and a
DMA trap. Relying on PeT, the DMA trap acts as an electron donor to the photo-excited
fluorescein to render the probe initially non-fluorescent. Upon reaction with 1O, the
anthracene moiety is oxidized to an endoperoxide, lowering the HOMO, deactivating PeT and
rendering the probe highly emissive. This probe is currently the most effective 'Oz probe
available due to its fast kinetics on parallel to that of DMA, as well as its large dynamic range

between ‘off’ and ‘on’ (about 50-fold).

% CHg 10, ‘g CHj Hj
acllia s
e}

DMA Endoperoxide DMAX DMAXEndoperoxide
hem= 436 Nm non fluorescent hem=517 nm Aem=515nNm
¢f|=0.01 5 ¢f|=0.81

Figure 1.15 Fluorogenic probes for the detection of singlet oxygen based on DMA.115.125

As discussed earlier in Section 1.1, polyunsaturated fatty acids of lipid membranes are
particularly vulnerable to ROS elicited damage. Due to their high reactivity with ROS,
oxidation of lipids provides a sensitive marker to the oxidative state of the cell, and thus a
unique opportunity to exploit in the design of fluorogenic probes for lipophilic ROS.

Initially, lipophilic probes for ROS were designed after polyunsaturated fatty acids,
bearing a tail of poly-unsaturation. The first lipophilic ROS probe was developed in the 1970s
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by Hudson and coworkers: cis-parinaric acid (Figure 1.16).120 This ‘on/off’ probe telies on
the destruction of the double bonds by ROS. The resulting de-conjugation causes a decrease
in fluorescence. This probe was validated by Post and coworkers where they found the use of
the probe gave sensitive and reproducible results in model systems and myocytes.!'?” The
structure of cis-parinaric acid makes the probe an attractive candidate for detecting lipophilic
radicals as the structure closely resembles endogenous fatty acid moieties. Mobility of the
probe is likely comparable to endogenous phospholipids, and partitioning into membranes
would not perturb the lipid bilayer. However, the utility of this probe is limited due to its
absorption in the UV (320 nm) precluding its use in real-time live cell studies, in addition to

its instability in air, and photolability.

HO,C LOO HO,C
7 HO.C 9
H

cls -Parinaric Acid C11-BODIPY 581/591
Aem=410nm hem= 595 nm hem= 520 nm

Figure 1.16 Fluorescent probes for the detection of lipid peroxidation based on the structure
of fatty acids."**'**

The simplicity of cis-parinaric in design is very appealing, which prompted the design of
new and improved probes for lipid peroxidation. The new designs improve the photostability
of the fluorophore, emit in the visible range making them well suited to detect lipid
peroxidation in cells, and have comparable reactivity to peroxidation as endogenous fatty
acids. One such probe is C11-BODIPY 581/591 (Figure 1.16).!26 The highly conjugated
structure of the fluorophore gives a relatively red emission. Upon oxidation by ROS, and
subsequent de-conjugation, the emission becomes blue-shifted. This probe is thus a
ratiometric probe (Section 1.3.2). This probe has been further adapted by Murphy and
coworkers to target mitochondria,'?® a major source of lipid peroxidation due to the electron

transport chain.
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Probes modelled after polyunsaturated lipids provide detection of ROS once they have
become the chain carriers (i.e. the antioxidant load is completely compromised). Thus, they
can only indicate the depletion of an antioxidant load in membranes and cells rather than the
onset of antioxidant consumption.

Our laboratory has attempted to fill this niche by designing fluorogenic analogues of a-
tocopherol, (the most biologically active form of Vitamin E) which become emissive upon
scavenging lipid peroxyl radicals.!®48100.130 These probes report the point in time when the
antioxidant load is changing.

The first generation fluorogenic analogue of a-tocopherol reported by our laboratory
was BTOH (Figure 1.18A).13 BTOH is a reporter-trap based probe relying on PeT. The
BODIPY reporter ensures emission in the visible range, while the chromanol trap possesses
the radical-scavenging reactivity of a-tocopherol (discussed in detail in Section 1.1.4). The
HOMO of the chromanol is high enough in energy to donate an electron to the photo-excited
BODIPY moiety quenching the fluorescence. Upon oxidation by two equivalents of ROS, the
HOMO of the newly formed chromanone (Figure 1.18A) is very low-lying, preventing PeT,
thus restoring the fluorescence of the molecule.

The subsequent generations of probes developed in our laboratory follow the same
conceptual design as BTOH, but have a larger dynamic range (Figure 1.18B).#5190 The redox
potentials of the BODIPY moiety of these later generations were tuned to facilitate more
exergonic PeT in the reduced, chromanol forms, and allow for a larger dynamic range. In
addition, we have pursued the development of mitochondria targeting fluorogenic probes
based on a-tocopherol.’ The development and improvement of fluorogenic analogues of -

tocopherol will be main points of discussion in Chapters 3 and 4.
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Figure 1.17 A) First generation fluorogenic tocopherol analogue, BTOH, and its reaction with
lipophilic radicals.”™ B) Subsequent generations of fluorogenic tocopherol analogues prepared in the
Cosa Laboratory and their dynamic range (DR)."**

1.4.2 Fluorogenic probes for redox-reversible reactions

As discussed in the previous sections, the ability to detect ROS is of great importance to
understand the onset of various pathologies associated with oxidative stress, as well as
distinguishing between excess ROS (oxidative stress), and healthy oxidation (cell signalling and
cellular defence mechanisms). Many of the probes used to detect ROS, including most of the
examples discussed in the previous section, take advantage of an irreversible chemical reaction,
whether it being the removal of a boronate protecting group as in Peroxyfluor 1, or the
irreversible oxidation of the chromanol ring as in BTOH. These probes, while having much
use in the biological community, are unable to distinguish between chronically elevated ROS
levels (e.g. disease) and temporary bursts in ROS levels (e.g. homeostasis), due to their
irreversibility. Probes capable of cycling between redox states (redox-reversible) and reporting
time-resolved changes are required to make this important distinction.!!

Several genetically encoded fluorescent proteins, both reversible and redox-sensitive, are
capable of reporting dynamic changes in redox state.!2131.132 'This class of probes has some
obvious advantages such as biocompatibility and ease of cellular targeting. However, use of

these probes often require invasive genetic modification of the system under study, which
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precludes potential applications in both non-biological and clinical settings. Small-molecule
fluorescent probes are therefore promising candidates for the design and application of
reversible-redox fluorescent probes and have been recently reviewed by New and coworkers.!!

The first redox-reversible, small molecule fluorogenic probe for monitoring redox events
in live cells was based on the chemistry of DCFH and was reported by Chang and
coworkers.!?3 Like DCFH, their probe, Redoxfluor-1, consists of an unconjugated, reduced
form of fluorescein, which upon oxidation, conjugates and fluoresces (Scheme 1.12). Unlike
DCFH, Redoxfluor-1 is reversible due to a disulfide which facilitates the reduction of the
probe once oxidized.

Scheme 1.12 Redox reversibility and dynamic range (DR) of Redoxfluor-1."%
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Due to their redox reversible couple, quinones/quinols ate obvious candidates as traps
for redox-sensitive fluorescent probes.!3*135 In addition, the high electron accepting ability of
the quinone, or the high electron donation ability of the quinol may enable the design of redox-
reversible-fluorogenic probes relying on PeT.13¢  Clegg and coworkers developed one such
probe, BD-PQ (Scheme 1.13).137  BD-PQ combines a BODIPY reporter, and a
quinol/quinone trap. In the oxidized state, BD-PQ is non fluorescent due to PeT from the
LUMO of the photo-excited BODIPY to the low lying LUMO of the quinone moiety
(Scenario 1, Figure 1.11). Upon reduction to the quinol, PeT is deactivated and fluorescence
is restored. The redox-reversibility was demonstrated in the sequential treatment of hydrogen

peroxide to oxidize the quinol moiety, and ascorbate to reduce back to the quinone.
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137

Scheme 1.13 Redox reversibility and fluorogenicity of quinone redox probe, BD-PQ.

-2e-2H*

Building upon the proof of concept provided by Clegg and coworkers, Krimer and
coworkers developed a fluorogenic reversible, redox sensitive probe for imaging the oxidation
state in live cells,'3® and monitoring quinone redox cycles at the single molecule level.13? Their
probe combines a quinol/quinone trap moiety and a rthodamine fluorophore (Scheme 1.14).
Like BD-PQ, their probe is weakly fluorescent in the oxidized, quinone form due to PeT, and
fluorescent upon reduction. While difficult to oxidize in cells (likely due to the presence of
glutathione effectively keeping the dye pool reduced), Krimer and coworkers showed redox
reversibility at the single molecule level in the presence of Cu?* to oxidize, and cysteine to

reduce.

Scheme 1.14 Redox reversibility and dynamic range (DR) of a quinone-rhodamine redox
probe.'
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A common group of redox-reversible fluorescent probes, known as chalcogen-based

probes, involve oxidation of sulfur, selenium, and tellurium. These probes monitor redox
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processes through either direct oxidation of the chalcogen itself to form the oxide, or through
the formation of bridged chalcogens (e.g. disulfides).!l1*0 Han and coworkers recently
reported a tellurium based fluorogenic chalcogen probe, Cy-NTe (Scheme 1.15)M41
Interestingly, this probe undergoes selective oxidation by peroxynitrite and is reversibly
reduced by cellular thiols such as glutathione. Cy-NTe consists of a near IR fluorophore,
heptamethine  cyanine  (Cy7) to  optimize detection zz  wvivo, and  2-
(phenyltellanyl)benzohydrazide which in its reduced state quenches the Cy7 dye via PeT.

Oxidation of the tellurium to telluroxide deactivates PeT and renders Cy7 emissive.

Scheme 1.15 Redox reversibility and fluorogenicity of tellurium redox probe, Cy-NTeO."*!

Cy-NTeO Cy-NTe
hem= 820 nm Aem= 820 Nnm
¢f|= 0.0431 ¢f|= 0.0032

Redox regulation in biological systems often rely on derivatives of flavins and
nicotinamides. As redox-cofactors and coenzymes in cellular redox reactions, they are
inherently biocompatible with redox properties tuned to cellular reactions. Thus, they are an
attractive class of molecules for the design of redox-reversible fluorogenic probes for
biological applications.!#>14> New and coworkers recently reported a flavin based redox sensor
NpFR1, and mitochondria targeting analogue NpFR2 (Scheme 1.16).144145 These probes rely
on the inherent fluorogenic properties of flavins which are fluorescent in the oxidized form
(conjugated) and non fluorescent once reduced (non-conjugated system). To distinguish from
the autofluorescence associated with endogenous flavins, NpFR1 consists of a flavin
backbone, whose conjugation is extended by a napthalimide fluorophore, causing a redshift in
the emission. The NpFR fluorophores were both redox reversible in the presence of hydrogen

peroxide/glutathione among other oxidants/reductants.
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Scheme 1.16 Redox reversibility and dynamic range (DR) of flavin redox probe, NpFR1.'*
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1.4.3 Fluorogenic probes for detecting nucleophiles and monitoring nucleophilic
reactions

The ubiquity of nucleophilic reactions both in a biological context and in an organic
synthesis context, make the study of nucleophilic reactions an important and vast area of
research. Fluorescent probes allow the detection of biological nucleophiles such as amino acids
enabling the visualization of nucleophilic reactions 7 vivo.!$146.147 Similar probes also enable
high-throughput screening of reaction conditions, nucleophiles, and catalysts allowing a rapid
method for a synthetic chemist to optimize a reaction.!*8150 While these two applications
appear significantly different, they both require use of a fluorescent probe which undergoes a

reaction with a nucleophile.

1.4.3.1 Fluorescent probes to detect biological nucleophiles

Nucleophiles and nucleophilic reactions and their regulation in biological systems have
been linked to many diseases, toxicity, and allergic reactions.’®151-153 ‘Therefore, study and
detection of biological nucleophiles and pollutants is very important. Several examples of
fluorescent probes for nucleophiles such as those developed for the detection of cyanide
ions>+155 and thiols!13146.156,157 have been developed over the last decade. One of the main
challenges associated with the development of nucleophile probes is designing a probe specific
tfor the nucleophile of interest.

Thiols are soft nucleophiles. Therefore, they undergo nucleophilic addition to the

corresponding soft electrophilic carbon of «,B-unsaturated carbonyls (Michael addition). One
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of the first examples of a fluorescent probe for thiols was developed by Sippel and coworkers.
They exploited this chemistry with the use of a maleimide moiety (Figure 1.18 A).1> The
probe, CPM, relies on the coupling of a coumarin fluorophore and a maleimide trap. Initially,
the probe is quenched and upon reaction of a thiol with the electrophilic maleimide moiety,
becomes highly fluorescent. The mechanism of quenching was later explored by Keillor and
coworkers and was rationalized as PeT from the photo-excited coumarin moiety, to the
electron deficient maleimide.!>%159 While CPM reacts effectively with thiols, it absorbs in the
UV region, and thus is not suitable for use in live biological samples. However, this probe was
later modified by Keillor and coworkers to discern substituent effects on the reactivity of thiol

addition to malemides (Figure 1.19B).

Q
0 AN? o

Aem= 485 nm hem= 520 nm
DR = 350 fold

Figure 1.18 Thiol-reactive fluorogenic probes relying on chemistry with maleimide. A) CPM
developed by Sippel and coworkers, and its reaction with thiols,” B) probe developed by Keillor and
coworkers'” and C) probe developed by Nagano and coworkers."”’

Nagano and coworkers built upon the concept developed by Sippel and designed a
BODIPY-maleimide based probe for the detection of thiols excitable in the visible region
(Figure 1.18 C).157 Similar to CPM, their probe is initially non-fluorescent due to PeT, and
upon reaction with thiols becomes highly fluorescent. They exemplified their sensitivity with
the detection of very low concentrations of bovine serum albumin (5 pg/mL) in SDS PAGE.

The probes developed by Sippel, Kiellor and Nagano detect thiols in general, whether
free thiols, or those making up a protein. Cysteine, homocysteine, and glutathione, are
important small molecule thiols 7z »ivo and their regulation is associated with different
physiologies and pathologies. For example, cysteine concentration is associated with

myocardial and cerebral infractions,'®! while glutathione levels are associated with the
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oxidative state of a cell. Detection of specific thiols is therefore important, and thiol chemistry
alone cannot be exploited in the development of such specific probes.

Akkaya and coworkers recently developed a fluorogenic probe specific for the detection
of glutathione (Scheme 1.17).192 Their probe combines two reaction sites to garner glutathione
selectivity: 1) an activated unsaturated carbon which undergoes reaction with thiols, and 2) a
distance dependent recognition site for ammonium groups. Like the previous thiol-probes
discussed, this probe also undergoes reaction with thiols at the unsaturated carbon. However,
this initial reaction does not deactivate the fluorescence quenching. The probe also bears an
N-phenylazacrown moiety which effectively quenches the BODIPY fluorophore via PeT.
This quenching is deactivated upon hydrogen bonding of the ammonium of glutathione to the
N-phenyl moiety and crown ether. This hydrogen bonding prevents electron donation from
the N-pheynyl moiety into the photo-excited BODIPY and effectively deactivates PeT.
Cysteine, and homocysteine are too short to reach the N-phenylazacrown, and are thus unable
to modulate PeT. The differences in structure of thiols is thus a useful way of designing thiol-

specific probes.!40

Scheme 1.17 Reaction mechanism of a fluorogenic probe specific for glutathione developed by
162

Akkaya and coworkers.

1.4.3.2 Fluorescent probes for reaction screening
Significant effort has been devoted this century to the development of techniques for

rapid reaction screening.!® Screening nucleophiles, catalysts, and reaction conditions are often
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requirements to optimize yields, or to improve the environmental footprint of a chemical
transformation. Fluorescent probes and fluorescence based assays are thus particularly suited
to facilitate this process.

Fluorescence based assays for high-throughput reaction screening was pioneered by
Hartiwg and coworkers.!*® Their assay relied on a coumarin tagged acrylate to undergo a Heck
reaction with a solid-support tagged aryl halide. Fluorescence detection of the solid support
allowed them to screen 40 phosphine ligands. This assay, however, suffers from the drawback
that both reactant and reagent must be modified to tag to a fluorophore and to a solid support
respectively. This requires the synthesis of multiple reactants and reagents which may not be
of later use.

Fluorescence based assays using fluorogenic probes are more convenient than Hartwig’s
method for reaction screening since reagent modification is not required. Bergstrom and
coworkers developed a fluorogenic coumarin which becomes fluorescent upon reaction with
an alkyne via a Sonogashira coupling (Scheme 1.18).193 The coumarin, bearing an iodine atom
is quenched due to the heavy atom effect (discussed in Section 1.2.3.1). Upon substitution of
the iodine atom with the alkyne in the presence of palladium, the emission of the coumarin is
restored. Bergstrom and coworkers tested this probe in the presence of various alkynes and
conducted kinetic studies via fluorescence enhancement to determine alkyne reactivity. Many
other groups have developed fluorescent based assays to monitor bond formation in aldol
reactions,'®* Mannich type reactions,'®> Michael additions!®® and palladium catalyzed
reactions.!%-198 These assays provide a rapid and 7 situ approach for the optimization of

reaction conditions, and screening catalysts and reactivity of nucleophiles.

Scheme 1.18 Fluorogenic probe for screening alkynes for Sonogashira coupling developed by
Bergstrom and coworkers.'”
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1.5 Research goals and scope of thesis

Fluorescence spectroscopy and microscopy have emerged as powerful tools that provide
high sensitivity as well as spatial and temporal resolution. In particular, fluorescence may be
useful in the study of reactions occurring in biological milieu and on the benchtop to provide
insight into their mechanism and kinetics. Critical to the exploration of reactions using
fluorescence is the availability of sensitive and specific fluorescent probes as well as protocols
in which to use them. The overarching goal of this thesis is thus two pronged: 1) the
development of highly sensitive fluorogenic probes to reconcile the chemistry and the biology
of lipid peroxidation, and 2) insight into the rational design of fluorogenic probes and
fluorescence based assays in general.

The development of fluorogenic probes is cyclical with 4 distinct stages: probe design,
probe synthesis, testing reactivity and sensitivity, and application (e.g. live cell imaging)
(Scheme 1.19). The cycle then continues with the improvement of probes building on the
knowledge gleaned from previous cycles. The following chapters discuss the challenges and
potential solutions associated with each stage in probe development, while also addressing the

goals of the thesis discussed above.

Scheme 1.19 Cycle of fluorogenic probe development.

Probe
Design

/
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imaging —

\
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As discussed in Section 1.1, the multiple roles of ubiquinone, as both a cofactor of the

electron transport chain and an important inhibitor of lipid peroxidation, make it a complex

molecule to study 7z vivo. In Chapter 2, we propose the development of a reversible,
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fluorogenic analogue of ubiquinone to monitor its complex redox pathways. The design of an
ubiquinone-BODIPY probe relying on PeT, is first presented. This probe, HoB-Q, is
fluorescent in the reduced state, and upon oxidation, is quenched via PeT from the photo-
excited BODIPY to the electron poor quinone. The synthesis is then discussed as well as the
challenges overcome in the synthesis of a quinone-BODIPY construct. Reversible
reduction/oxidation of H2B-Q is then shown, as well as it’s antioxidant behaviour and
cooperativity with a Vitamin E analogue. Such a tool shows promise in understanding
quinone-quinol redox chemistry.

On our quest to reconcile the chemistry and the biology of lipid peroxidation 7 vive, we
realized our lack of sensitivity to distinguish subtle levels of ROS with our current fluorogenic
probes based on tocopherol.1948100.169  \Yith the ultimate goal of determining the sensitivity
ceiling in our probes, we explored the effect of redox potential and distance between
fluorophore and quencher on the efficiency of PeT in Chapter 3. Using DFT and
electrochemistry in tandem with the photophysical properties of a series of BODIPY-
tocopherol compounds, PeT efficiency was rationalized within the context of Marcus theory
providing us with more understanding for the design of future probes relying on PeT. This
work thus led to the development of a new generation fluorogenic tocopherol, HiIBPMHC,
characterized by a 3 orders of magnitude dynamic range.

Armed with a highly sensitive probe showcased in Chapter 3, in Chapter 4 we image
lipid peroxidation in HeLa cells. In order to preserve the optimum sensitivity of the probe in
cells, the challenges associated with staining cells with BODIPY dyes are discussed as well as
potential solutions. Due to the large dynamic range of HiIBPMHC, we were able to monitor
basal levels of lipid peroxidation in live cells. We believe this probe shows potential to
investigate the physiological relevance of lipid peroxyl radical production during cell
homeostasis and disease.

In Chapter 5 we turn towards developing fluorogenic electrophiles. As discussed in
Section 1.1, aldehydes (such as 4-hydroxynonenal) are potent by-products of lipid peroxidation
which undergo addition by biological nucleophiles. Here we present our initial steps to

ultimately develop a fluorogenic lipophilic electrophile. A reactivity palette is assembled based
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on non-emissive zeso-formyl BODIPY dyes previously synthesised in the Cosa group!”? which
become fluorescent upon reaction with alcohols. In addition to exploring the sensitivity and
reactivity of these dyes towards nucleophilic attack, this chapter discusses the valuable and
often overlooked information a fluorescence based assay can provide, such as yield of reaction

intermediates otherwise insensitive to isolation techniques.
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Chapter 2

2.1 Preface

“So we beat on, boats against the current, borne back ceaselessly into the past.”

-F. Scott Fitzgerald, The Great Gatsby

The complex roles of ubiquinone (Coenzyme Q10) as an electron transporter, a proton
transporter, and an antioxidant were described in Chapter 1. Critical to elucidating these roles
in biological systems, and their association with disease, is the development of non-invasive
techniques to monitor the complex redox pathways of quinones in real time. This chapter
describes the design and synthesis of a fluorogenic ubiquinone analogue which reversibly
reports on the redox state of the quinone moiety utilizing key concepts described in Chapter
1 for the design of fluorescent probes.

To gain sensitivity for an off/on probe, photoinduced electron transfer (PeT) was
exploited through a comparably electron rich BODIPY core and the electron poor quinone
moiety of ubiquinone. Upon reduction of the quinone moiety to a quinol, PeT may no longer
operate and a 200-fold fluorescence enhancement was recorded in non-polar solvents. The
reversible nature of the quinone/quinol couple, conserved in the BODIPY-quinone consttruct,
positions the new probe as a unique candidate to report on quinone redox reactions with high
fluorescence sensitivity. In addition, the antioxidant behavior of the new probe was shown, as
well as its synergistic activity with chromanol (the active segment of Vitamin E) towards
peroxyl radical scavenging. As described in Chapter 1, these are all well-established behaviors
for ubiquinone which further validates the new probe as a suitable fluorogenic analogue of

ubiquinone.

2.2 Abstract

We report herein the synthesis and characterization of a fluorogenic analogue of
ubiquinone designed to reversibly report on redox reactions in biological systems. The
analogue, H2B-Q, consists of the redox-active quinone segment found in ubiquinone -2,3-

dimethoxy-1,4-benzoquinone-, coupled to a boron-dipyrromethene (BODIPY) fluorophore
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segment that both imparts lipophilicity in lieu of the isoprenyl tail of ubiquinone, and reports
on redox changes at the quinone/quinol segment. Redox sensing is mediated by a
photoinduced electron transfer intramolecular switch. In its reduced dihydroquinone form,
H>B-QH: is highly emissive in non-polar media (quantum yields 55-66%), while once
oxidized, the resulting quinone H2B-Q emission is supressed. Cyclic voltammetry of H2B-Q
shows two reversible, 1-electron reduction peaks at -1.05 V and -1.37 V (vs ferrocene) on par
with those of ubiquinone. Chemical reduction of H2B-Q by NaBHj4 resulted in >200-fold
emission enhancement. HaB-QHp, is shown to react with peroxyl radicals, a form of reactive
oxygen species (ROS) as well as to cooperatively interact with chromanol (the active segment
of a-tocopherol). Kinetic analysis further shows the antioxidant reactivity of the non-
fluorescent intermediate semiquinone. We anticipate that the H2B-Q/H:B-QH: off/on
reversible couple may serve as a tool to monitor chemical redox processes in real-time, and in

a non-invasive manner.

2.3 Introduction

The mitochondrion is the major production site of cellular energy during aerobic
respiration. Following electron transport in the electron transport chain of the inner
mitochondrial membrane, through a series of relay systems, electrons from e.g. NADH, and
succinate are transferred to oxygen, reducing it to water, and releasing energy. This energy is
next stored as a proton gradient and ultimately in the form of adenosine triphosphate (ATP).!

The essential co-factor ubiquinone (coenzyme Q10), situated in the hydrophobic core
of the inner mitochondrial membrane lipid bilayer is actively involved in the transport of the
electrons through the membrane. Due to its lipophilicity and its redox reversibility, ubiquinone
may serve as both a mobile transporter of electrons in the redox reactions of the electron
transport chain, and as a hydrogen carrier to create a proton gradient between the
mitochondrial matrix and the mitochondrial intermembrane space.>* Importantly, ubiquinone
has three redox states: ubiquinone (oxidized), ubisemiquinone (1 electron reduction from
ubiquinone to yield a semiquinone radical), and ubiquinol (2 electron reduced form). Various

protonation states are also possible for the reduced species, leading to complex proton-
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coupled electron transfer processes.>® Besides acting as a transporter of electrons and protons
in the electron transport chain, ubiquinol is also involved in preventing lipid peroxidation
within the mitochondrial membrane via trapping peroxyl radicals either by itself or via
regenerating other antioxidants such as a-tocopherol (Vitamin E).”® The intermediate
ubisemiquinone radical formed in these processes is however considered to promote oxidation
through direct reaction with molecular oxygen to generate superoxide radical anion.”

Regular cell homeostasis is intrinsically associated with the chemical activity of
ubiquinone in its triple role as an electron and proton couple transporter, and as an antioxidant.
Not surprisingly, a number of pathologies are associated with ubiquinone deficiency.®10-14 Key
to understanding the complex role of ubiquinone and its relationship with disease, as well as
the palliative effect of new drugs, is the availability of probes with the proper chemical
selectivity and enhanced sensitivity toward monitoring the complex redox pathways of
quinones in biological systems in real-time, in situ, and in a non-perturbing manner.15-17

Here we describe the design, preparation, and characterization of a two-segment -
receptor-reporter-18 fluorogenic analogue of ubiquinone, conceived to report on the redox
status of cellular environments. The new probe was obtained upon covalently binding 2,3-
dimethoxy-1-4-benzoquinone, the redox-active quinone segment found in ubiquinone
(receptor segment), to a lipophilic boron-dipyrromethene (BODIPY) fluorophore (reporter
segment). The new compound exploits activation/deactivation of photoinduced electron
transfer (PeT)!? between the trap and reporter segments to switch off/on the emission from
the BODIPY core yielding a highly sensitive probe of redox status. Cyclic voltammogram
experiments conducted in organic solutions confirmed that the redox potentials for the
quinone segment of the new probe are on par with those reported for ubiquinone. Redox
chemical reactions conducted in bulk, in the presence of reducing and oxidizing agents,
validated the fluorogenic character of the probe, its sensitivity to redox processes, and its
reversible nature. Experiments with both peroxyl radicals and a fluorogenic analogue of -
tocopherol previously reported by us (H2B-PMHC)?’ confirmed that the quinol segment
regenerates chromanol as well as competitively scavenges free radicals. The new probe, for

which we have coined the name H2B-Q, appropriately emulates the reactivity of ubiquinone
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and displays desirable fluorescence sensitivity. We anticipate that H2B-Q may serve as a tool
to image redox processes, potentially including at the cellular level, in real-time and in a non-

invasive mannetr.

2.4 Results and Discussion

2.4.1 Design

Our design incorporated 2,3-dimethoxy-1,4-benzoquinone, the active part of
ubiquinone, as the redox-sensitive receptor segment to emulate both the redox properties and
the antioxidant activity of the ubiquinone/ubiquinol redox couple. Our design further
envisioned a BODIPY lipophilic fluorophore as a reporter segment in lieu of the isoprenoid
tail of ubiquinone, to preserve the preferential partitioning of ubiquinone within lipid
membranes in the new probe.?%?! In addition to the desirable lipophilic character, BODIPY
fluorophores have optimal spectroscopic properties and are easily modified synthetically to
accommodate groups of interest.?>2* Furthermore, the redox properties of BODIPY dyes can
be tuned to facilitate exergonic PeT in order to impart a fluorescence ‘off-on’ switching
mechanism in the redox probe and ensure a high contrast between off (oxidized) and on
(reduced) states.2-2>

To calculate and visualize the HOMO, LUMO, HOMO-1 and LUMO+1 of the
optimized geometries of H2B-Q (oxidized) and H2B-QH: (reduced), and to predict the
potential for PeT, we employed density functional theory (DFT) calculations at the B3LYP 6-
31G(d) level?® (Supplementary Information, Figure 2.4, Figure 2.5). Our results suggest an
operating PeT mechanism for H2B-Q but not for H2B-QH: and was experimentally validated
(see Spectroscopic Properties). Here the oxidized form (H2B-Q) is quenched due to PeT from
the photoexcited BODIPY to the LUMO of the quinone moiety (BODIPY photoinduced
oxidation, Scheme 2.1). Reduction of the quinone to the dihydroquinone (H2B-QHb>)
deactivates PeT and restores emission by raising the HOMO and LUMO of the ubiquinol

segment preventing efficient electron transfer from the BODIPY dye.
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Scheme 2.1: A) Structute of Ubiquinone B) Proposed off/on sensing mechanism for H,B-Q
relying on PeT.
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2.4.2 Synthesis

Our preparation involved a convergent synthesis where the BODIPY dye and a
precursor of the redox active quinone segment were prepared separately and next coupled via
Knoevenagel condensation. A BODIPY-phenol conjugate (H2B-phenol) was thus initially
prepared where the phenol segment carried a free para position that would next be oxidized
to the desired quinone. This strategy circumvented the challenges associated with the synthesis
and purification of dihydroquinones (prone to auto-oxidation) and quinones (Michael
acceptors prone to nucleophilic attack).

Compound 1 was chosen as our starting material for the synthesis of the precursor of
the redox active quinone segment, where a formyl moiety was installed using the Vilsmeier-
Haack reaction according to literature procedures (Scheme 2.2).27 The methoxy group ortho to
the formyl moiety was selectively de-methylated using boron tribromide.?82° Removal of this

methoxy group yielded compound 2 with the desired free phenol bearing a formyl moiety
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needed for coupling to BODIPY 5 via Knoevenagel condensation (vide infra). The BODIPY
dye 5 was synthesised from 3 and 4 following a previously established protocol.>

In order to couple phenol 2 and BODIPY 5, we employed a Knoevenagel
condensation® in the presence of 4-methylpiperidine and glacial acetic acid to give HaB-
phenol as a fluorescent dye. Subsequent oxidation of HaB-phenol to give the corresponding
non-fluorescent quinone (H2B-Q) was performed using catalytic amounts of the cobalt
catalyst salcomine. H2B-Q was finally reduced to the corresponding dihydroquinone, H2B-
QH_, through /» sitn production of hydrogen gas from cyclohexene in the presence of

palladium catalyst.

Scheme 2.2: Synthesis of H,B-phenol, H,B-Q, and H,B-QH,.

. —
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2.4.3 Spectroscopic properties

The absorption and fluorescence maxima, fluorescence quantum yields (¢s), absorption
extinction coefficients and fluorescence decay lifetimes (tqec) of H2B-phenol, H2B-Q, and
H>B-QHL: are listed in Table 2.1. The dyes prepared here are characterized by red shifted
absorption (ca. 580 nm) compared to precursor 53 (505 nm) due to the extended conjugation

of the BODIPY resulting upon the Knoevenagel condensation which installs an arylvinyl
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moiety bond. H2B-phenol and H2B-QH:z both exhibit a weak absorption band around 330
nm corresponding to the aryl group, while H2B-Q exhibits a strong absorption band at 287
nm corresponding to the quinone moiety (Supplementary Information, Figure 2.6), in line
with previous optical investigations of ubiquinones.3?

As predicted by the DFT calculations (where PeT may operate for HaB-Q), H2B-Q is
non-emissive in polar (acetonitrile) and non-polar (dichloromethane) solvents. H2B-phenol
is very fluorescent in all solvents studied, and H2B-QHy is highly fluorescent in non-polar
solvents, with quantum yields ranging from 55%-66%. In polar solvents such as acetonitrile
however, the emission of H2B-QH2: is reduced (quantum yield ~ 1%). We postulate that PeT
from the HOMO of the dihydroquinone moiety to the photo-excited BODIPY segment
(BODIPY photoinduced reduction) readily occurs in polar solvents where charge transfer and
formation of radical ions is stabilized. In summary, the oxidized form, H2B-Q is non emissive
while, as per design, the reduced form, H2B-QH: displays desirable emission. The sought
after redox-mediated off/on fluorescence switching is observed in dichloromethane and
toluene solvents. Modifications of the BODIPY backbone to prevent PeT from the
dihydroquinone moiety will be required however to provide optimum sensitivity in polar

solvents.

Table 2.1: Spectroscopic properties of H,B-phenol, H,B-Q and H,B-QH, in various solvents.

Dye Solvent AbS Amax Em Amax e X 103 br Tdec (nS) P
(hm) (hm) (M-Tem 1)

H:B- MeCN 574 602 91 0.65 3.84
phenol  jjuene 584 597 95 0.88 3.67
DCM 582 595 89 0.80 3.83
H;B-Q MeCN 573 N/A 35 <0.01 N/A
Toluene 583 7400 37 0.02 0.37
DCM 582 N/A 34 <001  N/A
H;B-QH, MeCN 572 592 45 0.01 N/A
Toluene 582 595 51 0.66 3.62
DCM 579 595 41 0.55 3.16
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“The significant differences in emission properties in toluene, namely a large Stokes shift, short lifetime,
and solvent dependence, indicate a probable change in emission mechanism which we tentatively propose to
be intramolecular charge transfer emission.?? PLifetimes too shott to accurately measure are indicated by ‘N/A’

2.4.4 Electrochemical properties

In order to verify the electrochemical reversibility of H2B-Q, cyclic voltammetry was
employed to measure the redox characteristics of H2B-Q. H2B-Q (0.7 mM) was dissolved in
argon-sparged acetonitrile (10% v/v) in toluene with 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. The ferrocenium/ferrocene (Fct/Fc)
redox couple was used to calibrate the silver/silver chloride reference electrode used. The
cyclic voltammogram of H2B-Q over 6 scans is shown in Figure 2.1. Two separate and
reversible one electron redox processes were observed, in line with the electrochemical
behavior of quinones in aprotic media.>* The first redox process corresponds to the reduction
of H2B-Q to its semiquinone radical form and occurs at -1.05 V (vs. ferrocene), in accordance
with reported values for ubiquinone (-1.1 V vs. ferrocene in DMF).3> The second process is
the subsequent reduction of the semiquinone radical to H2B-Q? (deprotonated H2B-QHb)
at -1.37 V (vs. ferrocene), at more positive bias than what has been reported for ubiquinone (-
1.8 V vs. ferrocene in DMF, no isoprenoid tail).?> We attribute an easier (less negative) second
reduction to the conjugation of the quinone moiety to the BODIPY core. The radical di-anion
formed after two subsequent reductions is stabilized via resonance through the BODIPY core,
effectively facilitating the second reduction of the quinone moiety. The peak current ratios
(7pa/ 7pc) were estimated to be around 0.93 each, approximately unity, indicating that the radical
anion and di-anion were stable and that no additional reactions took place. Sequential
reduction/oxidation over 6 scans were performed to show the high electrochemical

reversibility of H2B-Q and hence its potential utility as a redox-reversible probe.
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Figure 2.1: Cyclic voltammogram of H,B-Q (0.7 mM) dissolved in 10% v/v MeCN in toluene
(0.1 M tetrabutylammonium hexafluorophosphate) under argon recorded at 100 mVs™. Potentials
were normalized to the ferrocene oxidation in these conditions.

2.4.5 Redox reversibility

After demonstrating the electrochemical reversibility of HaB-Q, we next sought to test
the chemical reversibility of the H2B-Q/H2B-QH: redox couple by taking advantage of the
differential fluorescence of the two redox states. The chemical reversibility of the redox couple
was evaluated by the one pot sequential reduction of HaB-Q by sodium borohydride (NaBHy4),
followed by oxidation of the resulting H2B-QH: by the stable free radical, TEMPO (Scheme
2.3).

Scheme 2.3: One pot reduction and subsequent oxidation of H,BQ.

1 mg/mL NaBH,4

0.1 pL/mL H,0
1h

_—

H2B'Q H2B'QH2
1 mM TEMPO

40°C

2h
The fluorescence spectra of the starting solution of H2B-Q, (1.3 uM in toluene), and
those following chemical reduction and oxidation are shown in Figure 2.2. In a cuvette, H2B-
Q was reduced at room temperature over NaBH; (1 mg/mL) with the addition of a small
amount of water (1 uL./mL), acting as a source of protons, to accelerate the reaction. The

increasing fluorescence intensity was periodically monitored to determine reaction

completion. Maximal fluorescence was observed after 80 minutes (Figure 2.2, red trace), at
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which point the insoluble NaBH4 was filtered out. The spectroscopic properties of the
reduction product matched those of isolated H2B-QHz, confirming the product of hydride
reduction. Significantly, a 200-fold fluorescence enhancement was measured following
completion of the reduction reaction, demonstrating the remarkable off/on fluorescence ratio
of the probe.

Following confirmation of the reduction product, the resulting H>B-QH2 was next
oxidized by adding 1 mM TEMPO to the same cuvette. TEMPO aerobic oxidation3¢ was used
to reconvert HaB-QH: to the initial dark H2B-Q state. The minimum fluorescence intensity
was observed after 2.5 hours at 40 °C. The absorption of the solution at this point matched
that of pristine H2B-Q confirming the success of the oxidation. We estimate an overall yield
of 52% for the full chemical reduction/oxidation cycle by comparing the initial and final
absorbances at 640 nm, where the contribution of H2B-QH2 and TEMPO is negligible
(Supplementary Information, Figure 2.7). At the end of the oxidation, a residual fluorescence
was observed with a peak at 606 nm (opposed to 595 nm for HaB-QHb), which we attribute

to side products from the TEMPO oxidation reaction.

3x10°
2 ——HB-Q
s ——H,B-Q + NaBH,
8 2x10°7 —+— H,B-Q + NaBH,+ TEMPO
(0]
e 6
G 1x10°
(&
(]
o
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Figure 2.2: Emission spectra of H,B-Q (1.3 uM in toluene) before the redox cycle (black), after
reduction by sodium borohydride (red), and after subsequent TEMPO oxidation (blue).

2.4.6 ROS scavenging and synergy with a-tocopherol
To investigate the antioxidant activity of H>B-QH2, we next determined the
stoichiometric coefficient “#” for peroxyl radical scavenging by HaB-QHb, that is the number

of equivalents of ROS each equivalent of antioxidant may react with. Lipophilic peroxyl
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radicals were generated via thermolysis of the azo initiator, 2,2'-azobis(4-methoxy-24-
dimethyl valeronitrile) (MeO-AMVN), in air-equilibrated dichloromethane (Equation 2.1).
Intensity-time trajectories were recorded and showed the oxidation of HaB-QHz (as indicated
by a drop in fluorescence) over time via reaction with radicals produced upon MeO-AMVN
thermolysis (Figure 2.3, solid red trace). The fluorescence quenching observed is consistent
with the activation of the intramolecular PeT process upon the scavenging of peroxyl radicals
and concomitant oxidation of the dihydroquinone moiety (H2B-QHb) to the quinone form
(H2B-Q) (Equations 2.2 and 2.3). We also note that partial oxidation to the semiquinone
radical (Equation 2.2) would lead to the formation of a non-emissive product due to

paramagnetic quenching by the unpaired electron.’’

A O
R-N=N-R - = 2R00" + N, Equation 2.1
H,BQH,+R0O0*—»H,BQH*+ROOH Equation 2.2
H,BQH*+R0O0*—-H,BQ+ROOH Equation 2.3
7x10° - —— H,B-PMHC
6x10° ] —— H,B-QH,
» X - - - H,B-QH, with H,B-PMHC 2 =520 nm
S 5x1 0° - - = H,B-QH, with H,B-PMHC =600 nm
8
=
2
)
£
0

0 2000 4000 6000 8000
Time (s)

Figure 2.3: Fluorescence-time trajectories of 100 uM H,B-PMHC (black traces) or 100 uM
H,B-QH, (red traces) in the presence of 0.5 mM MeO-AMVN in dichloromethane. Dashed lines
indicate the solution where H,B-PMHC and H,B-QH, were mixed together. H,B-PMHC was
excited at 480 nm and emission was monitored at 520 nm. In turn H,B-QH, was excited at 550 nm
and emission was monitored at 600 nm. t indicates the time of consumption of antioxidant in solution.
7,= 3670 s (consumption of H,B-PMHC), 7, = 6290 s (consumption of H,B-PMHC in the presence
of H,B-QH,), and t.= 1560 s (consumption of H,B-QH,).
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The value of 7 was estimated from the consumption time (or inhibition time, ) observed
for HoB-QH: and from the rate of generation of radicals (Rg) upon rearrangement of
Equation 2.4. Inhibition times (t, Figure 2.3) were determined from the intercept of tangential
lines from the decrease (or increase) in fluorescence intensity and the subsequent linear change
arising from BODIPY degradation.?’ The rate of generation of free radicals (Rg) was in turn
estimated from the thermolysis rate constant of the radical initiator (&) and the escape fraction
(¢) from geminate recombination (Equation 2.5).38 Under the conditions used herein, 0.5 mM
MeO-AMVN at 37 °C in air, peroxyl radicals were generated at a constant rate of Ry = 4.3 X
10-8 Ms! assuming ¢ = 0.8 as reported in chloroform.3? 40

H>B-QH: may react with at most 2 equivalents of ROS as shown in Equations 2.2 and
2.3, however hydroquinones may have 7 values ranging from 0 to 2 depending on the reaction
conditions, due to their susceptibility to auto-oxidation. Under the conditions we used, we
estimated # for H2B-QH: to be 0.7 based on 1. of 1560 s. Since H2B-QH2: requires only 1
reaction with ROS before becoming non-fluorescent the value of » = 0.7 obtained thus
corresponds to the first oxidation process (formation of the quenched semiquinone, Equation
2.2). This value thus reports partial oxidation and does not reflect the potential reactivity of

the semiquinone product or H2B-QHz as a whole.

n [Antioxidant .
T= % Equatlon 24
g

R, = 2ek;[azo initiaor] Equation 2.5

Ubiquinone has been noted to participate synergistically with a-tocopherol in the
inhibition of lipid peroxidation.”*! Specifically it has been shown that upon the scavenging of
ROS in lipid membranes by a-tocopherol to yield tocopheroxyl radical, ubiquinol can (in
addition to directly scavenging ROS) regenerate a-tocopherol thus prolonging the life of -

tocopherol to act as an antioxidant (Scheme 2.4). Indeed, in organic solution, ubiquinol reacts
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with tocopheroxyl radicals very efficiently with a rate constant of about 10¢ M-'s-!, while
reaction with peroxyl radicals proceeds with a rate constant of about 10> M-!s! (about one
order of magnitude slower than that reported for a-tocopherol scavenging of peroxyl
radicals).*> The synergistic regeneration of a-tocopherol by ubiquinol may be understood
thermodynamically since the one-electron redox potential of the semiquinone
radical/ubiquinol couple is 0.200 V (vs. SHE) while that of tocopheroxyl radical/a-tocopherol
couple is more positive at 0.50 V (vs. SHE), suggesting that ubiquinol will spontaneously
reduce the tocopheroxyl radical.#* Moreover, a-tocopherol has been shown to suppress the

rate of auto-oxidation of ubiquinol.”

Scheme 2.4: Regeneration of a-tocopherol from the tocopheroxyl radical by H,B-QH,,.

ROO’ ROOH

° HUpondepletion oo% R
of H,B-QH,

To test the cooperative relationship of H2B-QH:2 and a-tocopherol, we determined the
inhibition time for the oxidation of an a-tocopherol analogue in the presence of H2B-QHo.
Specifically, we measured how the presence H2B-QH: delays the formation of chromanone
following reaction of two peroxyl radicals with the chromanol moiety. To that effect we
utilized H2B-PMHC, a fluorogenic a-tocopherol analogue previously reported by us.? HaB-
PMHC bears a BODIPY reporter segment and a chromanol (the active part of a-tocopherol)

trap segment. In its reduced form, HoB-PMHC is quenched through intramolecular PeT.
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Oxidation of the non-emissive chromanol by 2 equivalents of ROS, via the also non-emissive
chromanoxyl radical intermediate yields an emissive chromanone with a distinct spectral
window compared to H2B-QHoz. By following the onset of enhancement of oxidized H2B-
PMHC (establish the inhibition time) in the absence and presence of H2B-QHz, we were
able to confirm the regeneration of the chromanol form from the chromanoxyl radical by
H:B-QHo..

Consistent with a cooperative behaviour between H2B-QH2z and a-tocopherol, addition
of H2B-QH: lead to an induction in the onset of emission from oxidized H2B-PMHC
(compare solid vs. dashed black traces in Figure 2.3). Only after full consumption of H2B-
QH: (loss of emission from this substrate) did the onset of emission from oxidized H2B-
PMHC take place (compare red and black dashed traces in Figure 2.3). The rate of
consumption of H>B-QH: in turn was not affected by the presence of the a-tocopherol
analogue. Altogether these results are in accordance with the regeneration of the non-emissive
H>B-PMHC from the non-emissive tocopheroxyl radical by H2B-QHz, on par with the
reported synergy between a-tocopherol and ubiquinol.#4

Importantly, evaluation of the initial rates of intensity enhancement for HoB-PMHC
recorded without vs with H2B-QH: in otherwise identical conditions enabled determining the
effect of HaB-QH: on the rate of consumption of H2B-PMHC. Based on initial slopes, the
rate of consumption of H2B-PMHC (formation of chromanone) was 14-fold slower in the
presence of H2B-QHoz. Close inspection of Figure 2.3 further reveals that upon consumption
of H2B-QHb, the rate of intensity enhancement upon formation of oxidized H2B-PMHC is
half that recorded when no H2B-QHz is present in solution. This would be consistent with
the newly generated ubiquinol semiquinone radical, HoB-QH* from H>B-QH>, effectively
competing with the a-tocopherol analogue for peroxyl radicals (compare T, vs the time span
between Tc and Th,). A kinetic analysis based on Equation 2.6 where I, I, and Io are the intensity
of HoB-PMHC at the maximum, time t, and at t=0 s, respectively? provides the relative
peroxyl radical scavenging activity of H2B-QH* to H2B-PMHC. We obtained a relative rate
constant for reaction with peroxyl radicals of 1 for HoB-QH* compared to H2B-PMHC

(Supplementary Information, Figure 2.8)
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leo—Iy H12B-PMHC " .
_ln (—) = — mT ln (1 —_ —) Equatlon 2.6
lo=1Io Kinh T

Taken together, H2B-QH2 reactivity towards a-tocopheroxyl radical is analogous to that
reported in the literature for ubiquinol.” H2B-QH: can scavenge ROS, as well as inhibit the
oxidation of and regenerate a-tocopherol from the tocopheroxyl radical. We have shown this
behaviour via a drop in fluorescence of H2B-QH3 in the presence of H2B-PMHC, as well as

via a delayed fluorescence enhancement of H2B-PMHC.

2.5 Conclusion

Here we provide guiding rules for the synthesis of a fluorogenic ubiquinone analogue
which may provide useful in preparing related analogues in the future. Upon exploiting Pe'T
from BODIPY to the quinone moiety (BODIPY photoinduced oxidation), we have
successfully achieved a sensitive probe that is non-emissive when in its oxidized form, yet
emissive once the quinone moiety becomes a dihydroquinone. While a current limitation of
our newly prepared compound lies in its lower fluorescence sensitivity in high polarity
solvents, an outcome that is related to the extent that PeT may occur from the ubiquinol
moiety to the BODIPY dye, we anticipate that future evolutions may drastically enhance the
sensitivity at this end of the solvent spectrum. In this regard, we further note that a judicious
choice of the BODIPY dye utilized may render the oxidized form emissive while the reduced
form may in turn be rendered non-emissive.

Important to our work is the preparation route for the ubiquinone analogue that
circumvents the synthetic challenges of working with either dihydroquinone or quinone
moieties by introducing this functionality through a selective oxidation of a phenol precursor
in the last reaction step. Such a protocol should become important in planning related probes
with sensitive receptor segments in the future.

The newly developed probe exhibits both chemical and electrochemical reversibility,

crucial for monitoring both reduction and oxidation reactions. In addition, we show the
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antioxidant behaviour of H2B-QHbz, as well as its synergistic activity with chromanol (the
active segment of Vitamin E) towards peroxyl radical scavenging. These are well-established
behaviours for ubiquinone which further validates H2B-Q as a suitable fluorogenic analogue
of ubiquinone. The newly prepared fluorogenic ubiquinone analogue, H2B-Q, should provide
a crucial tool towards understanding the complex role of ubiquinone in its triple character as
an electron and proton couple transporter, and as an antioxidant. We anticipate that HaB-
Q/H:B-QH: may serve as a candidate for understanding complex redox reactions in non-
polar media, and as a model for developing second generation probes with the required

sensitivity to monitor electron transfer processes in mitochondria.

2.6 Experimental Section

2.6.1 Materials

8-Acetoxymethyl-2,6-diethyl-1,3,5,7-tetramethyl-pyrromethene fluoroborate (PM605)
was purchased from Exciton, Inc. (Dayton, OH). HPLC grade solvents for spectroscopy and
column chromatography were purchased through Fisher Scientific. All other chemicals were

supplied by Sigma-Aldrich, Co. and used without further purification

2.6.2 Instrumentation

Absorption  spectra were recorded wusing a Hitachi U-2800 Uv—Vis—NIR
spectrophotometer. Luminescence spectra were recorded using a PTI QuantaMaster
spectrofluorimeter using 1 cm X 1 cm quartz cuvettes. Spectra were corrected for detector
sensitivity. 'H NMR and 1>C NMR spectra were recorded on a Varian VNMRS 500 instrument
at 500 and 125 MHz, respectively. Electrospray ionization (ESI) mass spectra were measured
on a Bruker maXis impact. Voltammetry experiments were conducted with a computer-

controlled CHI760C potentiostat.

2.6.3 Computational methods
Quantum mechanical calculations were performed using the Gaussian 09M package.?¢

HOMO and LUMO orbital energies were determined from molecular geometries optimized
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at the B3ALYP 6-31G(d) level with an applied polarizable continuum model solvation of

toluene. Orbitals were visualized using the GaussView 5 package.

2.6.4 Fluorescence quantum yield

Fluorescence quantum yields were measured using PM605 in acetonitrile as a reference
(@ = 0.72). Absorption and emission spectra of PM605 and the dye of interest were measured
-at the same wavelength in each case- in acetonitrile at five different concentrations. The
integrated intensity versus absorbance were then plotted and fitted linearly. Relative quantum
yields of fluorescence for the unknown with respect to the standard were obtained from
Equation 2.7, where @, A, and 7 refer, respectively, to the fluorescence quantum yield, the
slope obtained from the above-mentioned plot, and the solvent refractive index for the

unknown (x) or standard (st).

by = b (AA—’Z) x () Equation 2.7

2
Nst

2.6.5 Fluorescence lifetime studies

The fluorescence lifetime measurements were carried out using a Picoquant Fluotime
200 Time Correlated Single Photon Counting (TCSPC) setup employing an LDH 470 diode
laser from Picoquant as the excitation source. The laser output was 466 nm. The excitation
rate was 10 MHz, and the laser power was adjusted to ensure that the detection frequency was
less than 100 kHz. The laser was controlled by a PDL 800 B picosecond laser driver from

Picoquant. Photons were collected at the magic angle to mitigate polarization effects.

2.6.6 Electrochemical studies

Electrochemical measurements were performed using a three-electrode system. The
working electrode was a Pt wire. A twisted Pt wire was used as the counter electrode, and a
Ag/AgCl electrode (solution of 1 M KCl in a separate fritted compartment) was used as the

reference. A 0.1 M solution of tetrabutylammonium hexafluorophosphate in dry
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acetonitrile/toluene was used as the electrolyte solvent in which 0.7 mM H2B-Q was
dissolved. H2B-Q concentration was determined from the absorption and calculated
extinction coefficient. The solution also contained 1 mM ferrocene as an internal standard.
The solution was equilibrated with argon, and measured under inert atmosphere, with a
minimum scan rate of 0.1 V s~1. Formal redox potentials were calculated as the average of the
cathodic and anodic peak potentials observed in the cyclic voltammograms. All values were

reported vs. ferrocene.

2.6.7 Kinetic studies in the presence of ROS and H.B-PMHC

Oxidation of H2B-QH:2 (100 uM) and/or H2B-PMHC (100 uM) in the presence of
peroxyl radicals generated upon MeO-AMVN (0.5 mM) thermolysis was monitored via
fluorescence at 37 °C in dichloromethane. Intensity-time trajectories were recorded using a
PTI QuantaMaster spectrofluorimeter equipped with a four-position Peltier with motorized
turret. Three samples in total were measured: 1) H2B-QHz (100 uM), 2) H.B-PMHC (100
uM), and 3) H2B-QH2> (100 uM) in the presence of H2B-PMHC (100 uM). Samples (1.5 mL)
were measured in triangular quartz cuvettes (lcm x 1cm) with Teflon stoppers. Each sample
was excited at 480 nm (H2B-PMHC) and 550 nm (H2B-QH?>), and emission was collected at

520 nm, and 600 nm respectively over 8000 s. Slits were set to 1 nm spectral resolution.

2.6.8 Synthesis
0-Methyl-2,3,4-trimethoxy-benzaldehyde? and 1,3,5,7-tetramethyl-8-H-pyrromethene
fluoroborate (5)3" were prepared according to literature procedures where spectroscopic data

matched that of the reported material.

3,4-Dimethoxy-2-hydroxy-6-methylbenzaldehyde (2). 6-Methyl-2,3,4-trimethoxy-
benzaldehyde (1.15 g, 5.5 mmol, 1 equiv) was dissolved in dry dichloromethane (36 mL) under
argon and cooled to -78 °C using a dry ice-acetone bath. Borontribromide 1 M in
dichloromethane solution (4.7 mL, 4.7 mmol, 0.85 equiv) was added dropwise to the reaction

mixture. The reaction mixture was gradually warmed up to room temperature. The reaction
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was monitored by TLC, and it was complete after 2 h. The reaction was quenched with water
(30 mL) and extracted 3 times with dichloromethane. The organic phase was washed with
brine and dried over anhydrous MgSO4. The solvent was removed under reduced pressure
leaving a pale brown solid. The solid residue was loaded onto a silica gel flash column and
eluted with hexanes/ethyl acetate 4:1 to give the product as a pale yellow solid (1.02 g, 5.2
mmol, 96%). TH-NMR (300 MHz; CDCls): 6 12.14 (s, 1H), 10.03 (s, 1H), 6.25 (s, 1H), 3.86
(s, 3H), 3.79 (s, 3H), 2.48 (s, 3H). BC-NMR (75 MHz, CDClL): 6§ 193.7, 159.0, 157.5, 139.0,
134.4,114.1,106.1, 60.7, 56.1, 18.2. HRMS (APCI) for C10H1104 (M-H) calculated: 195.06628,
found 195.06583.

3-(2-(E)-Vinyl-5,6-dimethoxy-3-methylphenol)-1,5,7-tetramethyl-8-H-

pyrromethene fluoroborate (H:B-phenol). 5 (1,3,5,7-Tetramethyl-8-H-pyrromethene
fluoroborate) (390 mg, 16 mmol, 1 equiv) and 2 (280 mg, 14 mmol, 0.9 equiv) were dissolved
in 15 mL of toluene under argon. 4-methylpiperidine (0.8 mL) and glacial acetic acid (0.8 mL)
were added dropwise to the solution at room temperature. The reaction mixture was stirred
for 5 hours at 110 °C using a Dean-Stark trap. The reaction mixture was diluted with ethyl
acetate, washed once with saturated aqueous NaHCOs3, once with saturated aqueous NH4Cl,
and the organic layer was dried over anhydrous MgSO4. The solvent was removed under
reduced pressure leaving a dark purple residue. The crude product was loaded onto a silica gel
flash column and eluted with hexanes/ethyl acetate 3:2 affording the product as a putple solid
(165 mg, 24%). 'H-NMR (500 MHz; CDCl3): 6 7.94 (d, ] = 16.5 Hz, 1H), 7.43 (d, ] = 16.4
Hz, 1H), 6.99 (s, 1H), 6.69 (s, 1H), 6.54 (s, 1H), 6.34 (s, 1H), 6.04 (s, 1H), 3.88 (s, 3H), 3.88 (s,
3H), 2.56 (s, 3H), 2.44 (s, 3H), 2.29 (s, 3H), 2.25 (s, 3H). 3C-NMR (126 MHz, CDCl): &
156.1, 155.4, 151.7, 149.2, 140.6, 139.7, 135.1, 133.9, 133.6, 133.4, 131.0, 121.6, 118.6, 118.0,
115.7,115.0, 106.2, 61.1, 55.7, 21.3, 14.8, 11.4, 11.3. HRMS (ESI) for C23H24N>O3BF> (M-H)
calculated: 425.18535, found: 425.18524.
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3-(2-(E)-Vinyl-5,6-dimethoxy-3-methyl-1,4-quinone)-1,5,7-tetramethyl-8-H-

pyrromethene fluoroborate (H2B-Q). H:B-phenol (48 mg, 0.11 mmol, 1 equiv) was
dissolved in dry acetonitrile (8 mL). Salcomine (7 mg, 0.02 mmol, 0.2 equiv) was added and
the reaction mixture was stirred under an oxygen atmosphere for 3 h. The reaction mixture
was filtered through celite, and the solvent was removed under reduced pressure. The resulting
dark purple residue was loaded onto a silica gel flash column and eluted with hexanes/ethyl
acetate 3:2 to afford the product as a dark purple residue (22 mg, 45%). TH-NMR (500 MHz;
CDCl): 6 7.69 (d, ] = 16.8 Hz, 1H), 7.24 (d, ] = 16.8 Hz, 1H), 7.07 (s, 1H), 6.71 (s, 1H), 6.12
(s, 1H), 4.03 (s, 3H), 4.01 (s, 3H), 2.57 (s, 3H), 2.30 (s, 3H), 2.28 (s, 3H), 2.28 (s, 3H). >*C NMR
(126 MHz; CDCls): 8 184.0, 183.6, 160.2, 151.3, 145.1, 144.0, 143.1, 139.4, 138.4, 136.4, 135.3,
134.8, 129.9, 125.6, 120.4, 119.6, 115.6, 61.3, 61.1, 15.1, 13.4, 11.40, 11.30. HRMS (ESI) for
C23H24N204BF2 (M+H) calculated: 441.17917, found: 441.17960.

3-(2-(E)-Vinyl-5,6-dimethoxy-3-methyl-1,4-quinol)-1,5,7-tetramethyl-8-H-

pyrromethene fluoroborate (H2B-QHz). H2B-Q (22 mg, 0.05 mmol, 1 equiv) was dissolved
in tetrahydrofuran (1 mL) and methanol (2 mL) under argon. Palladium on carbon (2 mg, 10%
by weight) was added followed by the addition of cyclohexene (1 mL). The reaction mixture
was heated to 45 °C and stirred for 18 h. The mixture was subsequently filtered through celite
and the solvent was removed under reduced pressure. The resulting crude purple residue was
loaded on to a short silica gel flash column and eluted with hexanes/ethyl acetate 3:2 to afford
the product as a purple residue. (11 mg, 50% yield) 'H-NMR (500 MHz; CDCls degassed): &
7.94 (d, ] = 16.5 Hz, 1H), 7.41 (d, | = 16.5 Hz, 1H), 7.01 (s, 1H), 6.70 (s, 1H), 6.05 (s, 1H),
0.03 (s, 1H), 5.40 (s, 1H), 3.95 (s, 3H), 3.89 (s, 3H), 2.55 (s, 3H), 2.33 (s, 3H), 2.30 (s, 3H), 2.25
(s, 3H). BC NMR (126 MHz; CDCls): 8 156.0, 155.4, 142.3, 140.5, 140.2, 140.1, 139.2, 136.8,
135.0, 133.6, 130.6, 123.4, 118.8, 118.4, 118.2, 117.9, 115.1, 60.9, 60.8, 14.8, 12.1, 11.4, 11.3.
HRMS (ESI) for C23H24N204BF2 (M-H) calculated: 441.18027, found: 441.18103.
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2.7 Supporting Information

The Supporting Information contains a detailed explanation of the calculated energies
of orbitals for H2B-Q and H2B-QH} as well as the visualization of the calculated orbitals for
H>B-Q and H>B-QHo, absorption spectra of HaB-Q before reduction, after reduction, and
after-re-oxidation and absorption spectra for compounds HzB-phenol, H2B-Q, and H2B-
QHo.

'H NMR and BBC NMR spectra for compounds 2, H2B-phenol, H>B-Q, and H;B-
QH: may be found in the Appendix at the end of the thesis.

2.7.1 Density functional theory to confirm and visualize PeT

We employed density functional theory (DFT) to calculate and visualize the HOMO,
LUMO, HOMO-1 and LUMO++1 of both H2B-QH2 and H2B-Q in toluene. The energies in
electron volts for the respective orbitals are illustrated in Figure 2.4. There is a significant drop
observed in these orbitals upon oxidation of the quinone moiety.

We sought to visualize the orbitals using GaussView to assign each orbital and provide
reasonable evidence to support a photoinduced electron transfer mechanism in our probes.
The orbitals are shown in Figure 2.5. The HOMO and LUMO orbitals visualized for H2B-
QHL: are representative of typical HOMO/LUMO orbitals for BODIPYs?® suggesting H2B-
QH2: to be a fluorescent molecule. The HOMO orbital visualized for HaB-Q is representative
of typical BODIPYs, however, the LUMO is not, with most electron density localized on the
quinone moiety. The LUMO+1 on the other hand is representative of a typical LUMO of a
BODIPY and is similar in energy to the LUMO of H;B-QHaz. Taken together we may
interpret these results to support an operating PeT mechanism in Hz2B-Q as the LUMO of
the molecule is centered on the quinone moiety and is lower in energy than that of the

BODIPY moiety.
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Figure 2.5 Visualization of calculated orbitals for H,B-QH,,.
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2.7.2 Absorption spectra
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Figure 2.6 Normalized absorbance spectra of H,B-phenol (black), H,B-QH, (red) and H,B-
Q (blue). Note the peak corresponding to the quinone moiety at 287 nm for H,B-Q and the lack of

this peak for H,B-QH,
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Figure 2.7 Absorbance spectra of 1.3 uM of H,B-Q before reduction with NaBH, (black), after
reduction with NaBH, (red), and after sequential re-oxidation with 1 mM TEMPO (green).
Absorbance spectrtum of 1 mM TEMPO (blue) shows negligible absorption at the absorbance

maximum of H,B-Q.
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2.7.3 Analysis of intensity-time trajectory of H,B-PMHC with H,B-QH, with
Equation 2.6

0.5- ___.r'".f

Al AV (o)

0.0' 1
0.0 n[1-</t]

Figure 2.8 Analysis of the intensity time trajectory of H,BPMHC and H,B-QH, using
Equation 2.6. Fluorescence of H,BPMHC was followed, and the time was adjusted such that H,B-
QH, was fully consumed at t=0s.
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Chapter 3

3.1 Preface

“Inn order for the light to shine so brightly, the darkness must be present.”

-Francis Bacon

Discussed in Chapter 1, reactive oxygen species (ROS) play both vital and deleterious
roles in the biology of a cell. Critical for deciphering how their chemistry impacts various cell
pathologies and physiologies are sensitive fluorogenic probes, that in combination with
microscopy, enable real-time exploration of the spatiotemporal evolution of ROS in a non-
invasive manner. Fluorogenic analogues of Vitamin E developed by our group have, in this
regard, been instrumental in monitoring lipid peroxidation. Prepared as two-segment trap-
reporter (chromanol-BODIPY) probes, photoinduced electron transfer (PeT) has been
essential in providing these probes with an off/on switch mechanism warranting the necessary
sensitivity.

Chapter 3 explores PeT efficiency of these probes to rationalize the preparation of more
sensitive probes required to report on small changes in antioxidant status iz vivo. We
rationalize, within the context of Marcus theory of electron transfer, how substituents on the
BODIPY core and linker length joining the trap and reporter segments tune PeT efficiency.
Our results show that upon effectively competing with radiative rate, we may increase our
dynamic range from 20 to 1,000, leading us to develop a new generation BODIPY-tocopherol
probe, HIBPMHC which will be discussed at length in Chapter 4.

3.2 Abstract

Fluorogenic analogues of Vitamin E developed by our group have been instrumental in
monitoring reactive oxygen species (ROS) within lipid membranes. Prepared as two-segment
trap-reporter (chromanol-BODIPY) probes, photoinduced electron transfer (PeT) was
utilized to provide these probes with an off/on switch mechanism warranting the necessary
sensitivity. Herein we rationalize within the context of Marcus theory of electron transfer how

substituents on the BODIPY core and linker length joining the trap and reporter segments,
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tune PeT efficiency. DFT and electrochemical studies were used to estimate the
thermodynamic driving force of PeT in our constructs. By tuning the redox potential over a
400 mV range, we observed over an order of magnitude increase in PeT efficiency. Increasing
the linker length between the chromanol and BODIPY by 2.8 angstroms in turn decreased
PeT efficiency 2.7-fold. Our results illustrate how substituent and linker choice enable
“darkening” the off state of fluorogenic probes based on BODIPY fluorophores, by favoring
PeT over radiative emission from the singlet excited state manifold. Ultimately, our quest for

BODIPY darkness brings light to the sensitivity ceiling one may achieve.

3.3 Introduction

Reactive oxygen species (ROS) and their detrimental/beneficial effects have been greatly
debated recently.! Crucial to unravelling the specific roles and implications of ROS in various
pathologies?? and physiologies* are tools that may report the evolution of ROS concentration
in both time and space coordinates in live cells and in a non-invasive manner. Sensitive and
chemoselective fluorogenic probes, when combined with fluorescence microscopy, have
emerged as a solution to this challenge, yielding fundamental information of relevance to cell
physiology.>7

Over the past decade, we have reported a number of ROS sensors designed as
fluorogenic analogues of a-tocopherol,8!! the most active lipid soluble antioxidant.!? These
are two-segment trap-reporter (chromanol-BODIPY) probes that become fluorescent upon
trapping lipid peroxyl radicals. The new probes have been instrumental in monitoring ROS
within lipid membranes in high throughput, within single cells and in single molecule
studies.1%11L13-15 The preserved chromanol head group in the probes has warranted for highly
efficient trapping of lipid peroxyl radicals, the chain carriers in lipid chain auto-oxidation (rate
constants of 3X10¢ M-ls) and 6X103 M-s' have been reported for a-tocopherol in
homogeneous solution and lipid bilayers, respectively!?1¢). In the new probes, the phytyl tail
of a-tocopherol was replaced with a BODIPY lipophilic fluorophore to provide a reporting
moiety while ensuring partitioning into lipid membranes, the site of peroxyl radical mediated

lipid chain auto-oxidation.
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Our probes rely on intramolecular photoinduced electron transfer (PeT) to switch
emission from the reduced (off/chromanol) to the oxidized (on/chromanone) state upon
trapping lipid peroxyl radicals (Scheme 3.1). Here the chromanol moiety, but not its oxidized
chromanone form, is able to reduce the photo-excited BODIPY segment, providing an
alternative decay pathway from the singlet excited state manifold, effectively quenching the
fluorescence. Oxidation of the chromanol moiety with two equivalents of alkoxyl or peroxyl
radicals next restores the emission.

Our quest to improve the sensitivity of our probes to detect trace levels of ROS, has led
us to study the effect of substituents on the BODIPY core, and of the linker length between
the chromanol and BODPIY segments, on the rate constant for intramolecular PeT (&p.7). In
order to maximize sensitivity, we need to ensure that the probe emission is at a minimum,
ideally zero, when in the reduced form. Upon oxidation of the trap segment in the probe, the
BODIPY emission quantum yield should be fully restored. The onus thus relies on maximizing
the rate constant of PeT in the reduced state to effectively compete with the rate constant for
radiative process (Z.e. kp.1>>£nd). Preventing any PeT from taking place in the oxidized form
of the probe is also critical to ensure the maximum emission quantum yield may be obtained

from the BODIPY core once trapping of peroxyl radicals took place.
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Scheme 3.1 Schematic representation of the PeT mechanism operating in fluorogenic a-
tocopherol analogues, where HOMO/LUMO levels of the BODIPY fluorophotes presented here
may be tuned as shown by the grey band (vide infra).
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Armed with a number of previously reported fluorogenic probes and a number of newly
prepared compounds to cover a broad range of redox potentials and linker lengths, here we
compare and discuss how these factors affect PeT efficiency, within the framework of Marcus
Theory of Electron Transfer. Our results were recorded in two different scaffolds bearing
cither an ester linkage (XBTOH scaffold)®1 or an alkyl linkage (XBPMHC scaffold)!?
between the trap-reporter segments at the eso position of the BODIPY core (Figure 3.1).
Substitution with either ethyl groups, hydrogen, or chlorines at the 2 and 6 positions of the
BODIPY core and alkyl vs hydrogen at positions 1 and 7 provided a series to study how
changes in redox potentials of the BODPY core translate to enhanced PeT in the reduced
state of the probes, for each of the two scaffolds. Here the sensitivity dynamic range was
increased by 1.5 orders of magnitude by tuning the redox potentials within a ca 400 mV
window.

Our study reveals the importance of substituent choice and linker length in designing

BODIPY-based lipophilic fluorogenic probes.
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A HO HO HO HO

Et,BTOH H,MeBTOH CI,BTOH

[ c
Et,BPMHC H,BPMHC H,BPMHC CI,BPMHC

Figure 3.1 Fluorogenic a-tocopherol analogues discussed here. A) XBTOH series, B) XPMHC
series. Numbering of the positions of the BODIPY core is shown in orange.

3.4 Results and Discussion

3.4.1 Library of BODIPY chromanol constructs

We reasoned that in our quest for darkness in the off state, we must maximize &p.1 for
the BODIPY-chromanol scaffolds, as the radiative rate (k.4) remains fairly constant in as far
as there is no electronic coupling between chromophore and trap.!” Based on Marcus theory
of electron transfer,!8-20 £, is given by Equation 3.1 where the activation free energy, AGer,
is related to the free energy of electron transfer AG’er (Equation 3.2, where A is the
reorganization energy) and thus with the one electron standard redox potentials of the electron
donor and acceptor (Ep**/p and Ea/a~, respectively), see Equation 3.3.202! In Equation 3.3,
AEo is the vibrational zero electronic energy of the excited BODIPY, and w is the coulombic
attraction of the contact ion pair (values of -0.1 eV are typically used in the case of acetonitrile
which corresponds to a separation of about 6 A, vide infra).?2 Marcus theory additionally shows
that the pre-exponential factor, A, in Equation 3.1 is associated to electronic coupling, and

depends exponentially on the distance between the donor and acceptor segments (chromanol

93



Chapter 3

and photoexcited BODIPY) as described in Equation 3.4.2° Here, 4o is the rate constant of
electron transfer when the donor and acceptor are in Van der Walls contact (Rpa), Rpa is the

distance between the donor and acceptor, and f is the sensitivity parameter of £, to distance.

e
k. = Ae rt Equation 3.1
F (AGgr+2)” .
AG; = —a Equation 3.2
AGer = [(E;+°/D - E,Z/A--) — AEy, + w] Equation 3.3
kor = koe[_ﬁ(RDA_RgA)] Equation 3.4

To explore the role that varying the linker and varying the substituents/redox potential
play on PeT, we collected photophysical and electrochemical parameters for newly prepared
trap-reporter chromanol-BODIPY compounds and compared these to existing data from
previously published probes.

BODIPY-chromanol compounds new to this work were synthesised via 2 general
routes; a coupling reaction to obtain the XBPMHC series!? and a condensation reaction to
obtain the XBTOH series (Scheme 3.2).8-19 In the latter case, synthesis relied on coupling the
corresponding  meso-hydroxymethyl BODIPY with the commercially available trolox
compound facilitated by diisopropylcarbodiimide and catalytic dimethylaminopyridine. Here
the meso-hydroxymethyl BODIPY dyes were prepared according to literature procedures
involving the condensation of acetoxy-acetyl chloride with 2 equivalents of pyrrole followed
by deprotonation and chelation with boron, followed by hydrolysis of the resulting ester to an

alcohol.17:23

94



Chapter 3

Scheme 3.2 General synthesis of the tocopherol-BODIPY constructs compared in this paper
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The synthesis of the XBPMHC series involved, in turn, building the BODIPY moiety
directly onto the chromanol moiety through a condensation reaction between 2 pyrroles, and
a methoxy-protected chromanol bearing an acid chloride.!” Subsequent deprotection of the
chromanol, deprotonation of the dipyrrin and chelation with boron yielded the final probe.

Addition of chlorines was obtained through reaction with N-chlorosuccinimide.!”

3.4.2 DFT studies

In order to predict and visualize PeT between the chromanol and BODIPY moieties,
we conducted calculations via density functional theory (DFT) at the BALYP 6-31G(d) level.?
The calculated energies of the HOMO and LUMO for each chromanol moiety and BODIPY
moiety are shown in Figure 3.2 (See Supplementary Information for structures of BODIPY
moieties and visualized orbitals, Figures 3.4-3.7). Our results suggest an operating PeT
mechanism for all the dyes presented herein, where the chromanol ring (either trolox methyl
ester or 2,257 8-pentamethyl-6-chromanol (PMHC)) acts as the electron donor (higher
HOMO energy) and the photoexcited BODIPY moiety as the electron acceptor. Importantly,
in all cases, LUMO levels of the BODIPY dyes are lower in energy than the chromanone
(oxidized chromanol) LUMO, preventing reverse PeT (l.e. one electron reduction of
chromanone from photoexcited BODIPY), from taking place. DFT results thus predict our

probes to be intramolecularly quenched (off) in the reduced state, and fluorescent (on) in the
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oxidized state. DFT results further reveal that the HOMO and LUMO levels of the BODIPY
core are not significantly affected by the redox state of the chromanol ring (Supplementary

Information, Figure 3.7).
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Figure 3.2 Orbital energies of the individual chromanol and BODIPY dye moieties for the
fluorogenic probes presented here calculated at the B3LYP 6-31G(d) level. Structures of moieties may
be found in Figure 3.4. Dotted lines represent the HOMO orbital energy of the trolox ester or PMHC.
A) Orbitals calculated for the XBTOH series: HOMO and LUMO levels of trolox ester in both
reduced and oxidized form are compared to those of meso-acetoxymethyl-BODIPY dyes. B) Orbitals
calculated for the XBPMHC series: HOMO and LUMO levels of PMHC in both reduced and oxidized
form are compared to those of the meso-methyl-BODIPY dyes

Calculated HOMO values for chromanol and BODIPY segments give insight into the
Gibbs free energy of PeT (see Equation 3.3 and Supplementary Information, Table 3.3).
Because the thermodynamics of PeT are related to the kinetics (Equations 3.1-3.3), these
energies also enable predicting relative PeT efficiencies within a series. Our DFT calculations
thus show that changing the substitution pattern of BODIPY from electron rich groups (ethyl)
to electron poor groups (chlorine) results in a larger driving force for PeT to occur. These
results suggest that BODIPY dyes bearing chlorine substitution, when coupled to chromanol,
would yield probes with the lowest quantum yield when in the reduced form. Our DFT results
further reveal, when comparing both scaffolds, that a larger thermodynamic driving force

exists for the XBTOH series than the XBPMHC series, likely due to the more electron-
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withdrawing nature of the ester linkage of XBTOH (when compared to the alkyl linkage of
XBPMHC) making the BODIPY core a better electron acceptor overall.

3.4.3 Evaluation of AG et from electrochemical and photophysical data

To calculate AG’per for the XBTOH and XBPMHC series, we used the oxidation
potential of trolox (0.6 V) and PMHC (0.5V), respectively, recorded in acetonitrile versus
ferrocene.?> Utilizing Equation 3.3, in conjunction with the one electron reduction potentials
recorded herein (see Supplementary Information for cyclic voltammograms obtained in
acetonitrile, Figures 3.8 and 3.9), or previously reported in acetonitrile,!72%?7 we estimated
AG"per for each BODIPY-chromanol construct (Table 3.1). Cathodic peak potentials were
used in lieu of redox potentials when reversible reduction potentials were not available for the
BODIPY dyes. For the XBTOH and XBPMHC series, the redox potentials of the BODIPY
moieties studied were tuned over a 300 mV or 460 mV window, respectively, upon changing

the substitution from ethyl to chlorine.

Table 3.1 Calculated AG®;,;, from measured E; sa— and AE

Dye E:l/A—- (V)a E;+./A (V)2 AEgq (eV)P AG,,; (V)

Et:BOACc -1.48cd 0.70d 2.264 -0.28
H>BOACc -1.44<d 0.754 2.384 -0.44
HsMeBOACc -1.29 1.06¢ 2.39 -0.60
CLLBOACc -1.184 0.994 2.254 -0.57
EtBCH; -1.844 0.604 2.414 -0.17
H>BCH3; -1.734d 0.774 2.53d -0.40
H4BCH; -1.41 0.90f 2.47 -0.67
CLBCH; -1.384 0.904 2.384 -0.60

“Potentials are reported vs ferrocene and were measured in acetonitrile. "The vibrational zero
electronic energy of the excited BODIPY (AE, ;) was determined from the intercept of the normalized
absorption and emission spectrum of the BODIPY dye of interest. ‘Cathodic peak potential.
‘Previously reported by us. ** ¢ Anodic peak potential. ‘Acquired at 500 mVs™.

Consistent with our DFT' calculations, PeT from the trolox ester or PMHC, to the
BODIPY dyes, was determined to be exergonic for all the dyes presented in Figure 3.1.

Furthermore, given that values of AEo remained fairly constant within either the XBTOH or
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XBPMHC seties, changes in AG’per followed the redox potentials of the BODIPY core. Thus,
Et:BCH3, having the most negative reduction potential, corresponded with the least exergonic
AG"per. The AEop value became an important factor when comparing dyes with relatively
similar reduction potentials as is the case between CLBCH3 and H4BCH3. The larger AEop of
H4BCHs allowed for more exergonic PeT by ~0.1 eV despite having a marginally lower redox
potential. The chlorine groups of CLLBCHj3 lead to a bathochromic shift in the absorption and
emission of the BODIPY chromophore,?>? reducing the exergonic nature of PeT. Our DFT
calculations did not predict more exergonic PeT for HiBCHs However, calculations were
performed for closed shell ground state, rather than excited state molecules, likely causing the

discrepancy between AG’per predicted by DFT and calculated from redox potentials.

3.4.4 Evaluation of the rate constant and efficiency of PeT

To evaluate how PeT outcompetes other processes once the molecule is in its first
excited singlet state (PeT efficiency, drer), and the rate constant for PeT, we next compated
the experimentally determined fluorescence quantum yields (¢f, Equation 3.5) and
fluorescence decay lifetimes (Tdec, equation 3.6) of our BODIPY-chromanol constructs in the
reduced state (off) and once oxidized to restore their emission (Table 3.2). Fluorescence
quantum yields and decay lifetimes provides an estimate of the PeT rate constant as Aper
R krad/ O in our BODIPY-chromanol constructs, under the assumption that s > £isc, £ic,
and that £p;7>> &4 Fluorescence quantum yields for the isolated BODIPY constructs utilized
herein are typically larger than 0.8, satisfying the first condition.!”?¢ Furthermore, lifetimes
measured for our oxidized probes, on par with BODIPY fluorophores with analogous
substituents,!”-?¢ indicate that emission is fully restored upon oxidation. While the quantum
yields of our oxidized compounds are slightly smaller (by 10-30%) than those expected for
BODIPY, the discrepancy likely reflects a lack of full conversion to oxidized product and/or
degradation of the BODIPY under the oxidation conditions used. In turn, fluorescence
quantum yields and lifetimes measured for our reduced probes show that £p:>> £, ranging

from 20-1,000 times larger, satisfying the second condition. Under the above conditions, the
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rate constant for PeT is thus proportional to the inverse of the measured fluorescence

quantum yield (&per= &4/ Or), and PeT efficiency may be considered equal to 1-s.

k .
¢r = — "rad Equation 3.5
krqatknrtkper

1 1 .
Tdec = = Equation 3.6
kdec kraatknrtkper

k. =kic+kisc Equation 3.7

Table 3.2 Photophysical properties of fluorogenic BODIPY-chromanol constructs and of their
oxidized counterparts produced following reaction with thermally generated peroxyl radicals and their
corresponding fluorescence enhancement (Fl. En).

c q abs. A em. A . Tdec (+/- /é/d k,t ko FL Bt
ormpoun (om)  (om) ® 00 gy otsy> 50
ns)
Et,BTOH sau sl 0.036 +/- 0.001 0.74 0.48 13 )
Et,BTOH, 0.810 6.83 1.20 0.26
H,BTOH 0.012+/- 0.001 0.251 0.48 40
517 528 51
H,BTOH,, 0.760 5.69 1.40 0.37
CLBTOH S5 sy 00052+ /-0.0004  0.15 0.35 66 0
CLBTOH, 0.510 6.38 0.80 0.77
H,MeBTOH 520 529 0.0099+/-0.0004  0.10 0.99 99 B
H,MeBTOH, 530 0.700 7.10 0.99 0.42
Et,BPMHC 530 558 0.030 +/-0.001 0.21 1.40 45 "
Et,BPMHC, 559 0.500 5.03 0.99 1.0
H,BPMHC 528 0.0051 +/-0.0004  0.10 0.5 100
H,BPMHC,, 507 530 0.540 5.67 0.95 0.81 131
CLBPMHC 0.0018 +/0.0001  0.04 0.5 250
CLBPMHC,, 531 558 0.480 5.71 0.86 0.89 274
H,BPMHC 0.0011 +/-0.0001  0.02 0.5 500
H,BPMHC,, 509 520 0.700 5.68 1.2 0.53 636

‘Errors were obtained from linear fittings of absorbance vs emission. "Values in bold indicate
estimations, where fluorescent lifetimes were too short to measure accurately. ‘Fluorescent
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enhancements were calculated as the ratio between the fluorescence quantum yields of the oxidized
and reduced BODIPY-chromanol constructs.

As predicted by our estimations of AG"per (vide supra), the ¢r measured for completely
alkylated reduced probes, EBTOH and EtzBPMHC were the highest (0.03), indicating
modest PeT efficiency. Accordingly, the smallest fluorescence enhancements were observed,
in the range of 20 to 40-fold. Likewise, reduced probes alkylated exclusively at positions 3 and
5 had extremely low ¢5 (0.001 for H4BPMHC) indicating excellent PeT efficiency and superior
sensitivity (>600-fold fluorescence enhancement, sensitivity is illustrated in Figure 3.10)
consistent with the trend of AG’per calculated from electrochemical measurements.
Fluorescence lifetimes of dyes with quantum yields <1% were too short to accurately measure.
Based on the assumption that £z = 0.5 X108 s1, lifetimes for these highly quenched
compounds were estimated from their fluorescence quantum yields and are shown in bold in
Table 3.2. The Aps determined increase with increasing BODIPY redox potentials as
expected, indicating the role substituents on the BODIPY core play in the PeT quenching
pathway and thus observed fluorescence enhancement. Here, judicious choice in the

substituent pattern of the BODIPY core may increase our dynamic range from ~20-fold to

~1,000-fold.

3.4.5 Maximizing Kper

Armed with the two series of compounds and their £p. estimates, we next determined
the potential for further improvements to sensitivity by correlating In(&ps) with AG per
determined from the electrochemical measurements, within the framework of Marcus Theory
of Electron Transfer, see Equations 3.1-3.3. By fitting the experimental data according to the
model, we retrieved parameters for the reorganizational energy, A, and thus the Gibbs free
energy of PeT that corresponds to when £p7 is maximum, that is, when AG"r = - A. This
point corresponds to the smallest barrier of activation (i.e. AG¥er =0). Beyond this point, the
large thermodynamic driving force (i.e. AG"er < - A) results in a decrease of .1 signifying the

onset of the Marcus Inverted region.
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The correlation between In(kp.1) and AG"per is illustrated in Figure 3.3 for both the
XBTOH series and the XBPMHC series. A correlation was obtained where the largest &per
(lowest §g) corresponded to the most exergonic AG’per, indicative of our series having a
relatively narrow range of AG’per within the normal Marcus region. A maximum at AG’per =-
1.4 eV was retrieved from fitting the correlation with a quadratic function (Equation 3.8,
Figure 3.3A). Significantly more electron withdrawing groups would be required on the
BODIPY core to shift the AG per from the current most exergonic value of 0.67 eV, estimated
for HyBPMHC, to -1.4 eV toward achieving maximum sensitivity.

Based on the solvent used, and radii of the BODIPY moiety and tocopherol moiety
determined from DFT, the outer shell contribution to A (o, Equation 3.9) was approximated
at 0.9 eV, determined from Equation 3.10 where e is the charge of an electron, r, and 1}, are
the radii of BODIPY and tocopherol (4.3 A and 4.4 A, respectively), e is the relative
permittivity of the solvent (37.5 for acetonitrile), eopis the square of the refractive index of the
solvent (1.344%), and eo is the permittivity of space. With A, and using Equation 3.9, this

approximation gives an inner shell reorganization energy of A ;= 0.5 eV, in good agreement

with electron transfer processes between other organic small molecules.?%-3
y = A+ Bx + Cx? Equation 3.8
A=A, + A Equation 3.9

1 = e2 [(2*1g) ™ +(2x1p) " = (g +7p) (5 T +e0p)
o~ 4me,

Equation 3.10

We may also estimate A ;using DFT. Nelsen’s four point method may be used to

calculate A iby treating the tocopherol donor (D) and BODIPY acceptor (A) separately, as is

expressed in Equation 3.11.3132 Here, E(a|b) represents the energy of state ‘a’ calculated at

the equilibrium structure of state ‘b’ and the superscript *” denotes the BODIPY acceptor in

the excited state. The enthalpic portion of A iis thus the sum of the relaxation energy between
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the cation obtained from a vertical transition from the neutral donor species and the relaxed
cation, and that for the anion obtained from a vertical transition from the neutral acceptor
species and the relaxed anion. While this estimation does not provide entropic considerations,
it still provides us with a good estimation and is one of the most prevalent methods used to

calculate A ;3132 These calculations ate thus underway to provide us with a more rigorous

estimation of A ;.

A =[E(D*|D) — E(D*|DM)] + [E(A*"|A) —E(A*"|A™) Equation 1.11
A B
12 - ] 5 XBTOH pristine
8- o o  XBPMHC pristine
1 fit to phyiscal parameters
o 7 ° from Marcus Theory
81 - - ] ; ® XBTOH
- Lo e T T T ~ 6 ¢ XBPMHC
= 17_-7 m XBTOH - K4
= 4 e XBPMHC ", z 5 u
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Figure 3.3 A) Correlation of the reduced quantum yields (¢o) of the XBTOH series (black)
and XBPMHC series (red) with calculated AG .. Data trends were fit with a quadratic function
(dashed lines), and a quadratic function based on fixed coefficients (B=20 and C=7) obtained from
Marcus theory with A=1.4 ¢V (blue). B) Assuming samples in A had a fraction of pre-oxidized probe
of 0.1% (open symbols). Here the ¢r were re-calculated (‘pristine’) from the values experimentally
obtained (off state, ‘meas’) considering the latter were tainted with 0.1% pre-oxidized compound:

Ppricine =( Prneas - D0, *0.001)/0.999, where ¢, is the emission quantum yield of BODIPY-tocopherol
constructs once oxidized (on state, ‘0x’).

Closer inspection of the quadratic function obtained from fitting the correlation in
Figure 3.3 showed that the quadratic coefficients (B and C in Equation 3.8) were too low, by
a factor of two, when compared to their physical magnitudes based on Marcus equations (i.e.

B = -1/(2ksT), C = -1/(4\ksT)). The discrepancy would indicate that the fitting function is
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too shallow and the free energy relationship we retrieved is thus less steep than predicted by
Marcus Theory (Figure 3.3, blue trace). We argue that the disagreement is due in part to the
reactivity of our BODIPY tocopherol constructs. Here, traces of impurities in the solvent may
oxidize the antioxidant segment of the probes, deactivating PeT and thus giving an artificially
high quantum yield for the reduced species. This effect becomes more pronounced for darker
(initially more quenched) probes, and leads to a less steep quadratic function. Indeed, if we
assume the BODIPY-tocopherol constructs had oxidized by 0.1% before their quantum yields
were measured, our observations fit closer to that expected from Marcus Theory (Figure 3.3B).
Related to this discussion, we note that the point marked by an asterisk in Figure 3.3, and
corresponding to data from H4BTOH, may be affected by systematic errors. An accurate
quantum yield was especially difficult to measure for this compound as it was susceptible to
hydrolysis/decomposition owing to the less sterically hindered ester where methyls at
positions 1 and 7 in the BODIPY core are missing. Consistent with the above, hydrolysis was
observed in running 2D TLC experiments. This experimental point may thus be artificially

low.

3.4.6 Distance dependence on ket

In our quest to maximize £p.1, we next explored the role that varying the linker, and thus
the distance between donor and acceptor dyes, plays on PeT. We compared rate constants of
PeT measured for the XBTOH series with those of the XPMHC series. We posit that
reorganization energies are similar for both series, and as such the bell-shaped curves fitting
both sets of data within the Marcus Theory framework should be equal (Equations 3.1 and
3.2), yet offset from one another by a magnitude related to the larger distance expected a priori
for PeT in the XBTOH series, as determined from Equation 3.4. The cleatly observed offset
in Figure 3.3 would thus point to the difference in the linker length of the two scaffolds. The
offset value (Aln(1/¢) = 1) for similar AG’per indicates £p.r is approximately 2.7-fold larger
for XBPMHC than XBTOH. Determined from DFT, the ester linkage between the
chromanol donor and BODIPY acceptor for H.BTOH is 5.9 A, compared to 3.1 A for

H>BPMHC. If our BODIPY-chromanol constructs were linear structures, this difference in
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distance (2.8 A) would translate to a ratio of &p.r rate constants ~ 16 (according to Equation
3.4, assuming B = 1 A), significantly larger than the observed 2.7-fold. DFT calculations
performed on both HoBTOH and HoBPMHC, however, support non-linear structures (see
Supplementary Info, Figure 3.11) that are relatively folded with the donor and acceptor within
close proximity (~6 A). Determining the centre coordinates of both the chromanol and
BODIPY moiety for each of these structures and calculating the distance between these
points, reveals that the two moieties are closer in H-BPMHC by 0.26 A. Assuming the
sensitivity parameter, {3, is around 1 AL fp,r for H-BPMHC would be approximately 1.3-
fold larger than that of H2BTOH. The offset in y between the two traces recorded in Figure
3.3 would ultimately translate to a ~1 A difference in distance. Therefore, the correlations
illustrated in Figure 3.3 imply neither completely folded structures (corresponding to a
difference of 0.26 A), nor elongated linkers (corresponding to a difference of 2.8 A). Ultimately
our results suggest that the offset between the two correlations in Figure 3.3, while arising
from differences in distance between donor and acceptor in each structure, is less significant
than the linker lengths would imply due to their folded conformation, in addition to sampling
many conformations. Overall, distance would not be nearly as convenient a knob to tune in

the quest for enhanced sensitivity, as it is fairly optimized.

3.5 Conclusion

One of the key components of fluorogenic probe design is optimizing PeT to increase
the off/on dynamic range. Armed with a library of BODIPY-chromanol analogues whose
redox potentials are tuned over a ~400 mV window, we studied the role substituent decoration
pattern on the BODIPY core plays on PeT efficiency within the context of Marcus Theory.
Our results show fluorescent enhancements ranging from 20 to 1,000 fold within this redox
window. The effect of the length of the linkage connecting our BODPIY electron acceptor
segment to our chromanol electron donor segment was also explored. Given that our
BODIPY-chromanol constructs may adopt a folded conformation, an increase in the linker

length by 2 carbon-carbon bonds led only to a 2.7-fold reduction in PeT efficiency.
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Detection of subtle changes in ROS levels in cells, in particular at basal levels, requires
very sensitive probes in order to shed light on the relevance of ROS to cell physiology. Given
that A is approximately 1.4 eV in our study, our free energy relationship relating quantum yield
and AG"per suggests there is room for improvement, as the library of dyes presented here
provides for AG’per ~ -0.7 eV. BODIPY chromophores characterized by redox potentials 0.7
eV more positive than the best acceptor reported herein would satisfy maximum sensitivity,
ie. AG’per = - L. Based on our recent work on estimating redox potentials for BODIPY
cores,? we propose a compound bearing CN at the 2 and 6 positions and no methyl groups
at the 1 and 7 position as the ideal candidate.

While the enhanced sensitivity reported for HIBPMHC (1,000-fold) may fulfil the needs
to detect subtle changes in ROS, the search for red-emissive probes, well suited for live cell
imaging, will create new challenges. Here redox potentials will have to be further tuned to
account for the change in AE that translates in a drop of 0.57 ¢V in PeT exergonic character
in going from a 500 nm to 650 nm emitting dye, in order to yield the excellent sensitivity
showcased here.

In search for maximum sensitivity in fluorogenic analogues of Vitamin E to monitor
ROS, our quest for darkness has led us to introduce a molecular switch based on PeT that
effectively competes with emission from the singlet excited state manifold. Our results,
presented here, while conforming to long standing theories of electron transfer, indicate the
sensitivity ceiling one may achieve based on redox potentials of a BODIPY electron acceptor

segment, and its distance from the chromanol electron donor.

3.6 Experimental

3.6.1 Materials

8-Acetoxymethyl-2,6-diethyl-1,3,5,7-tetramethyl-pyrromethene fluoroborate (PM605)
was purchased from Exciton, Inc. (Dayton, OH). HPLC grade solvents for spectroscopy and
column chromatography were purchased through Fisher Scientific. All other chemicals were

supplied by Sigma-Aldrich, Co. and used without further purification.
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3.6.2 Instrumentation

Absorption  spectra were recorded wusing a Hitachi U-2800 UV-—vis—NIR
spectrophotometer. Luminescence spectra were recorded using a PTI QuantaMaster
spectrofluorimeter using 1 cm X 1 cm quartz cuvettes. Spectra were corrected for detector
sensitivity. 'H NMR and >C NMR spectra were recorded on a Varian VNMRS 500 or a Bruker
AVIITHD 500 instrument at 500 and 125 MHz, respectively. Electrospray ionization (ESI)
and atmospheric chemical ionization (APCI) mass spectra were measured on a Bruker maXis
impact. Voltammetry experiments were conducted with a computer-controlled CHI760C

potentiostat.

3.6.3 Computational Methods

Quantum mechanical calculations were performed using the Gaussian 09 M package.
HOMO and LUMO orbital energies and radii were determined from molecular geometries
optimized at the B3LYP 6-31G(d) level. Orbitals were visualized using the GaussView 5
package.

3.6.4 Electrochemical Studies

Electrochemical measurements of HiMeBOAc and H4BCH3 were performed using a
three-electrode system. The working electrode was a Pt wire. A Pt wire mesh electrode was
used as the counter electrode, and a Ag/AgNOs non-aqueous electrode was used as the
reference. A 0.1 M solution of tetrabutylammonium hexafluorophosphate in dry acetonitrile
was used as the electrolyte solvent in which 1 mM of the dye of interest was dissolved.
Concentrations were determined from the absorption and calculated extinction coefficient
(32,700 cm™™" and 78,700 cm M- for HiMeBOAc and H4BCH3 respectively). The solutions
also contained 1 mM ferrocene as an internal standard. The solutions were equilibrated with
nitrogen, and measured under inert atmosphere, with a minimum scan rate of 0.2 V s
Formal redox potentials were calculated as the average of the cathodic and anodic peak

potentials observed in the cyclic voltammograms. All values were reported vs. ferrocene.
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3.6.5 Oxidation of Probes with Peroxyl Radicals

1 uM solutions of tocopherol analogue in acetonitrile supplemented with 5 uM PMHC
were prepared. PMHC was added to quench any radicals initially present in the solvent. Initial
fluorescence of the samples was measured, upon which solutions were spiked with radical
initiator, V59 (2,2'-Azobis(2-methylbutyronitrile)) (84.5 mM). Oxidation was then monitored
over time until the fluorescence intensity of the sample reached a maximum plateau. Time
based fluorescent measurements were recorded on a PTT QuantaMaster spectrofluorimeter
equipped with a four-position Peltier with motorized turret. 3 mL glass fluorimetry cells with
1 cm path lengths were used as sample cells. The excitation and emissions slits were set to 1.2
nm. The temperature control was set to 37°C. H,.BTOH, HyBPMHC, and H2 BPMHC were
excited at 485 nm and emission was collected at 520 nm, HsMeBTOH and Et2BPMHC were
excited at 500 nm and emission was collected at 520 nm and 545 nm respectively, CbLBPMHC
and C,LBTOH were excited at 510 nm and emission was collected at 550 nm, and EzBTOH
was excited at 515 nm and emission collected at 570 nm. Once a plateau was reached, lifetimes

and single point quantum yields were measured as described below.

3.6.6 Fluorescence Quantum Yield

Acetonitrile solutions of 8-phenyl pyrromethene fluoroborate ($p¢=0.013) and meso-
acetoxymethyl-BODIPY dyes,!” H2BOAc or PM605, were used as standards to calculate the
quantum yields of solutions of the reduced and oxidized tocopherol analogues respectively in
acetonitrile supplemented with 5 uM PMHC. Absorption and emission spectra of the dye
standards and the reduced tocopherol analogues were measured at five different
concentrations. A radical initiator was then added to each tocopherol analogue sample (vide
supra) and absorption and emission spectra were then measured once the maximum
fluorescence intensity was reached. The integrated intensity versus absorbance were then
plotted and fitted linearly. Quantum yields for the tocopherol analogues with respect to the
standard were obtained from Equation 3.12, where @y, A, and 7 refer, respectively, to the
fluorescence quantum yield, the slope obtained from the above-mentioned plot, and the

solvent refractive index for the unknown (x) or standard (st) sample. Emission spectra were

107



Chapter 3

recorded for solutions containing reduced species and 8-phenyl pyrromethene fluoroborate
using excitation and emission slits of 4 nm and for solutions containing oxidized species,

H>BOAc and PM605 using excitation and emission slits of 1.2 nm.

2

bx = Pst (AA_;) X (E) Equation 3.12

2
Mst

3.6.7 Fluorescence Lifetime Studies

The fluorescence lifetime measurements were carried out using a Picoquant Fluotime
200 Time Correlated Single Photon Counting setup employing a supercontiuum laser
(WhiteLLase SC-400-4, Fianium, Beverly, MA). Excitation wavelengths were spectrally
separated from broadband emission by a computer controlled acousto-optical tunable filter
(AOTF, Fianium). HoBTOH, H4BPMHC, and H:BPMHC were excited at 485 nm,
HsMeBTOH and Et:BPMHC were excited at 500 nm, CLBPMHC and CLBTOH were
excited at 510 nm, and EoBTOH was excited at 515 nm. Photons were collected at the
emission maximum of each dye. The excitation rate was 10 MHz, and the detection frequency

was less than 100 kHz. Photons were collected at the magic angle.

3.6.8 Synthesis

8-Phenyl  Pyrromethene  Fluoroborate,  8-Hydroxymethyl-2,6-dichloro-1,3,5,7-
tetramethyl Pyrromethene Fluoroborate (C1LBOH), 2-(6-Methoxy-2,5,7,8-
tetramethylchroman-2-yl)acetic acid, and Ho BPMHC, were prepared according to literature
procedures!®17:33 where spectroscopic data matched those of the reported materials. Synthetic
details for 2-(3-Chloropropyl)-1H-pyrrole, HIBPMHC and H4BCH3 can be found in Chapter
4.

8-Acetoxymethyl-3,5-dimethyl Pyrromethene Fluoroborate (HsMe-BOAc). 2-

Methyl-pyrrole (0.24 g, 3 mmol, 2 eq) was dissolved in dry dichloromethane (4 mL) under

argon. Acetoxy-acetyl chloride (0.16 mL, 1.5 mmol, 1 eq) was added dropwise to the solution
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and was refluxed for 6 hours, and then stirred at room temperature for 16 h. The solution was
then diluted with dichloromethane and washed with brine. The organic fraction was dried over
sodium sulfate and solvent was removed under reduced pressure. The resulting residue was
dissolved in dichloromethane (5 mL) and toluene (10 mL) at room temperature under argon.
Diisopropylethylamine (1 mL, 4 eq) was added dropwise and the solution was stirred for 15
minutes. Boron trifluoride diethyl etherate (1.5 mL, 8 eq) was added dropwise and the solution
was stirred for 1 h at room temperature. The solution was then diluted with ethyl acetate and
washed with brine. The organic fraction was dried over anhydrous sodium sulfate and solvent
was removed under reduced pressure. The resulting residue was purified using flash
chromatography and eluted with hexanes/ethyl acetate (3:2) affording an orange solid (47 mg,
11%). 'H-NMR (500 MHz; CDCls): 6 7.18 (d, ] = 4.2 Hz, 2H), 6.30 (d, | = 4.2 Hz, 2H), 5.22
(s, 2H), 2.62 (s, 6H), 2.09 (s, 3H). 13C NMR (126 MHz; CDCl): 8 170.2, 159.0, 134.6, 134.0,
128.0, 119.8, 59.1, 20.8, 15.0 HRMS (ESI*") for Ci4HisN202BF2Na (M+Na) calculated
315.10978, found 315.11009

8-Hydroxymethyl-3,5-dimethyl Pyrromethene Fluoroborate (HsMe-BOH).
HsMe-BOAc (0.047 g, 0.16 mmol, 1 eq) was dissolved in a methanol/dichloromethane
solution (2:1, 4.5 mL) under argon. 0.1 M NaOH (1 mL) was added dropwise. The solution
was stirred for 5.5 h and was then diluted with dichloromethane and washed with saturated
aqueous ammonium chloride. The organic fraction was dried over sodium sulfate and solvent
was removed under pressure. The resulting residue was purified using flash column
chromatography and eluted with hexanes/ethyl acetate (3:2) affording an orange solid (18 mg,
45%), 'TH-NMR (500 MHz; CDCls): 8 7.26 (d, | = 4.1 Hz, 2H), 6.32 (d, | = 4.2 Hz, 2H), 4.84
(s, 2H), 2.64 (s, 6H). 13C NMR (126 MHz; CDCl3): 8 158.5, 139.2, 134.0, 127.6, 119.6, 59.5,
15.0 HRMS (EST) for C12H12N20BF2 (M+Na) calculated 249.10162, found 249.10216.

8-((*¥)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carbonyloxy)-methyl-3,5—dimethyl

Pyrromethene Fluoroborate (HsMe-BTOH). Trolox (0.026 g, 0.1 mmol, 1 eq) and H4Me-
BOH (0.018 g, 0.07 mmol, 0.7 eq) were dissolved in dry THF (1 mL) under argon.
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Dimethylaminopyridine (0.0024 g, 0.02 mmol, 0.2 eq) and N,N"-Diisopropylcarbodiimide
(0.016 mL, 0.1 mmol, 1 eq) were then added. The solution was stirred for 1 h at room
temperature after which the solvent was removed under reduced pressure. The resulting
residue was purified using flash column chromatography and eluted with hexanes/ethyl
acetate (3:2) affording a pink solid (8 mg, 24%)'H-NMR (500 MHz; CDCL): 8 7.00 (d, ] =
4.2 Hz, 2H), 6.24 (d, ] = 4.2 Hz, 2H), 5.47 (d, ] = 12.1 Hz, 1H), 4.86 (d, ] = 12.1 Hz, 1H), 4.40
(s, 1H), 2.63 (s, 6H), 2.52-2.44 (m, 2H), 2.35-2.32 (m, 1H), 2.02 (s, 3H), 2.01 (s, 3H), 1.88-1.82
(m, 4H), 1.63 (s, 3H). 3C NMR (126 MHz; CDCl): 8 174.0, 158.9, 146.0, 145.3, 134.6, 133.0,
127.9,122.5,122.4,119.8,119.6, 116.6, 77.4, 58.8, 31.3, 25.5, 21.0, 15.0, 12.2, 11.7, 11.1 HRMS
(ESI) for CasHasN204BF> (M-H) calculated 481.21157, found 481.21178.

8-((*)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carbonyloxy)-methyl-2,6-
dichloro-1,3,5,7-tetramethyl Pyrromethene Fluoroborate (C1.B-TOH). Trolox (0.024 g,
0.1 mmol, 1 eq) and CLBOH (0.018 g, 0.08 mmol, 0.8 eq) were dissolved in dry THF (1 mL)
under argon. Dimethylaminopyridine (0.002 g, 0.02 mmol, 0.2 eq) and N,N*-
Diisopropylcarbodiimide (0.015 mL, 0.1 mmol, 1 eq) were then added. The solution was
stirred for 1.5 h at room temperature after which the solvent was removed under reduced
pressure. The resulting residue was purified using flash column chromatography and eluted
with hexanes/ethyl acetate (3:2) affording a pink solid (36.5 mg, 81%) 'H-NMR (500 MHz;
CDCls): 0 5.38 (d, ] = 12.3 Hz, 1H), 5.11 (d, ] = 12.3 Hz, 1H), 4.29 (s, 1H), 2.65-2.61 (m,
1H), 2.58 (s, 6H), 2.53-2.45 (m, 2H), 2.13 (s, 6H), 2.02 (s, 3H), 1.97 (s, 3H), 1.93 (s, 3H), 1.90-
1.87 (m, 1H), 1.66 (s, 3H). 13C NMR (126 MHz; CDCl3): 6 173.9, 153.5, 145.8, 145.6, 136.1,
133.5, 130.6, 123.3, 122.9, 121.7, 119.0, 116.8, 77.5, 57.5, 30.9, 25.7, 21.0, 12.61, 12.50, 11.9,
11.5,11.0 HRMS (EST") for C2sH30N204BCl2F2 (M-H) calculated 577.16554, found 577.16492.

8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-2,6-diethyl-1,3,5,7-
tetramethyl Pyrromethene Fluoroborate (EtzB-PMHC). 2-(6-Methoxy-2,5,7,8-
tetramethylchroman-2-yl)acetic acid (0.3 g, 0.0009 mol) was dissolved in thionyl chloride (2

mL) under argon and stirred at 50 °C for 1 h. The thionyl chloride was then removed by co-
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evaporation with toluene (15 mL, 5 times) and the flask was left on a vacuum pump overnight.
The resulting acid chloride was then dissolved in 10 mL of dichloromethane under argon.
Phosphorus oxychloride (0.47 mL, 0.005 mol) was added dropwise followed by 2-4-dimethyl-
3-etyhlpyrrole (0.25¢, 0.0021 mol). The reaction mixture was stirred for 24 h at 35°C. The
mixture was then diluted with dichloromethane, washed with brine, and dried over sodium
sulfate. Solvent was removed under reduced pressure. The resulting red oil was dissolved in
dichloromethane (5 mL) under argon and cooled to -10 °C. Borontribromide (5 mL, 1 M in
dichloromethane, 0.005 mol) was added dropwise. The reaction mixture was allowed to slowly
warm to room temperature over the course of 1.5 h when the reaction was quenched carefully
with water. The solution was extracted with ethyl acetate and the organic fractions were
washed with brine and dried over sodium sulfate. Solvent was removed under reduced
pressure. The resulting red oil was dissolved in 8 mL of dichloromethane and 12 mL of toluene
under argon at 0 °C. Diisopropylethylamine (0.69 mL, 0.004 mol) was added dropwise. After
10 minutes, boron trifluoride diethyl etherate (0.99 mL, 0.008 mol) was added dropwise and
stirred for 1 h. The mixture was then quenched with water and extracted with ethyl acetate.
The organic fractions were washed with brine and dried over sodium sulfate. Solvent was
removed under reduced pressure. The resulting red solid was purified by flash column
chromatography (30% ethyl acetate in hexanes) followed by further purification by a
preparatory silica plate eluted in dichloromethane giving a pink film (3 mg, ~1% yield). (We
attribute the extremely low yield to considerable oxidation of the chromanol moiety of the
product to give the chromo-quinone-BODIPY.) TH-NMR (500 MHz; CDCls): 8 4.16 (s, 1H),
3.62-3.55 (m, 2H), 2.68-2.63 (m, 2H), 2.51 (s, 3H), 2.49 (s, 3H), 2.42 (s, 3H), 2.38 (t, ] = 7.3
Hz, 4H), 2.34 (s, 3H), 2.09 (s, 3H), 2.08 (s, 3H), 1.94-1.91 (m, 2H), 1.75 (s, 3H), 1.17 (s, 3H),
1.03 (t, ] = 7.6 Hz, 6H).">*C NMR (126 MHz; CDCl3): 6 152.3,151.4, 148.6, 144.9, 139.7, 137.6,
135.6, 134.1, 133.3, 132.8, 128.8, 123.3, 121.2, 118.3, 116.8, 75.8, 38.6, 33.2, 29.7, 21.0, 20.8,
17.23,17.18,14.9, 14.8, 14.6, 14.5, 12.5, 12.1, 11.6, 11.2 HRMS (ESI*) for C31H41N202BF2Na
(M+Na) calculated 545.31214, found 545.31240.

I We attribute the extremely low yield to a considerable conversion of product to the

oxidized-ring-opened product.
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8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-2,6-dichloro-1,3,5,7-

tetramethyl Pyrromethene Fluoroborate (CL.B-PMHC). H.B-PMHC (17 mg, 0.036
mmol, 1 eq) was dissolved in THF (2 mL) at room temperature under argon. IN-
Chlorosuccinimide (10 mg, 0.073 mmol, 2 eq) was added in one portion. The reaction was left
to stir for 22 h, after which solvent was removed under reduced pressure. The resulting pink
residue was purified using a glass prep plate (thin layer chromatography) and eluted with 40%
ethyl acetate in hexanes yielding a pink residue (8 mg, 41%). TH-NMR (500 MHz; CDCls): 8
4.20 (s, 1H), 3.60-3.53 (m, 2H), 2.72-2.63 (m, 2H), 2.57 (s, 3H), 2.55 (s, 3H), 2.52 (s, 3H), 2.42
(s, 3H), 2.09 (s, 3H), 2.09 (s, 3H), 1.95-1.91 (m, 2H), 1.70 (s, 3H), 1.17 (s, 3H). *C NMR (126
MHz; CDCls): 8 150.9, 150.2, 145.1, 144.5, 142.3, 137.5, 135.1, 134.3, 132.9, 132.1, 123.2,
123.1,121.4,118.4,116.7,75.5, 39.1, 33.5,29.7, 21.0, 20.8, 14.93, 14.88, 12.4, 12.1, 11.22, 11.16
HRMS (ESI) for Co7H30N202BCLF2 (M-H) calculated 533.17509, found 533.17732.

3.7 Supporting Information

The Supporting Information contains a detailed explanation of the calculated energies
of orbitals for the BODIPY and chromanol constructs as well as the visualization of the
calculated orbitals for H-BPMHC and H:BPMHC,x. In addition, the cyclic voltammograms
for H4BCH;3 and HsMeBOACc can be found here.

'H NMR and C NMR spectra for HsBOAc, H4sBOH, H4sBTOH, CLBTOH,
Et:BPMHC, and CLBPMHC may be found in the Appendix at the end of the thesis.
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Figure 3.4 BODIPY moieties used to predict PeT using DFT in Figure 3.2.

3.7.1 DFT to confirm and visualize photoinduced electron transfer
We employed density functional theory (DFT) to calculate and visualize the HOMO,
LUMO, HOMO-1 and LUMO+1 of the dyes studied in the paper. We sought to visualize the
orbitals using GaussView to assign each orbital and provide reasonable evidence to support a
photoinduced electron transfer mechanism in our probes. Example HOMO and LUMO
orbitals of the chromanol moiety and BODIPY moiety are shown in Figure 3.5. The HOMO
and LUMO orbitals visualized for BODIPY ate representative of typical HOMO/LUMO
orbitals for BODIPY .2
The HOMO-1 orbitals visualized for reduced fluorogenic probes are representative of
typical BODIPYs, with the HOMO of the reduced probe sitting on the chromanol moiety
suggesting photoinduced electron transfer. The HOMO for the oxidized fluorogenic probes
on the other hand is representative of a typical HOMO of a BODIPY and is similar in energy
to the HOMO-1 of the reduced probes suggesting a fluorescent molecule. Taken together we
may interpret these results to support an operating PeT mechanism as the HOMO of the
reduced probe is centered on the chromanol moiety and is higher in energy than that of the

BODIPY moiety.
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BODIPY PMHC PMHC-ox

Figure 3.5 Typical orbitals calculated for BODIPY, PMHC, and oxidized PMHC.

HOMO LUMO

H,BPMHC

H,BPMHC,

» Higher Energy

Figure 3.6 Visualization of calculated orbitals for H,BPMHC in both reduced and oxidized
states.
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Figure 3.7 Orbitals calculated for H,.BPMHC and oxidized H,BPMHC (H,BPMHC,)). Dark
and light green bars indicate orbitals corresponding to the HOMO and LUMO of the BODIPY
moiety respectively. Red and pink bars indicate orbitals corresponding to the HOMO and LUMO of

the chromanol moiety respectively. Orbtials were assigned based on orbitals typical of chromanol and
BODIPY as is shown in Figure 3.5.

Table 3.3 HOMO, LUMO and AE,; values obtained from DFT and the difference in HOMO
levels between the BODIPY moiety and the tocopherol analogue (AHOMOg, 4, 7c)

Dye HOMO LUMO AEoo0 AHOMOBodipy-Toc

V) (V)
Et:BOAc -5.31 -2.51 2.80 -0.21
H>BOACc -5.49 -2.61 2.88 -0.39

HsMeBOAc  -5.67 -2.78 2.90 -0.57
CLBOACc -5.80 -3.01 2.79 -0.70
Et:BCH; -5.20 -2.24 2.96 -0.14
H>BCH; -5.36 -2.31 3.05 -0.31
H4BCH; -5.53 -2.51 3.03 -0.48
CILBCH; -5.69 -2.74 2.95 -0.64

Trolox ester  -5.10 -0.37 5.06

PMHC -5.06 0.17 5.22
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3.7.2 Cyclic voltammetry
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Figure 3.8 Cyclic voltammagram for H,BCH; in acetonitrile with 0.1 M tetrabutylammonium
hexafluorophosphate supplemented with 1 mM ferrocene.
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Figure 3.9 Cyclic voltammagram for HMeBOAc (1 mM) in acetonitrile with 0.1 M
tetrabutylammonium hexafluorophosphate supplemented with 1 mM ferrocene.
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Figure 3.10 The sensitivity of the newly prepared probe, H,BPMHC as illustrated by the

emission spectra of H,BPMHC and once oxidized by the addition of peroxyl radicals (H,BPMHC ).

3.7.3 Optimized structures of H.BPMHC and H.BTOH

H,BPMHC H,BTOH

Figure 3.11 Optimized structures of H,BPMHC and H,BTOH obtained from DFT. Both
structures are folded at the linker between the chromanol and BODIPY moiety. Determining the

centre of both the BODIPY moiety and chromanol moiety of each structure places the distance
separating each moiety at 6.127 and 6.392 A for H,BPMHC and H,BTOH respectively.
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Chapter 4

4.1 Preface

“Look at how a single candle can both defy and define the darkness.”

-Anne Frank

Alluded to in Chapter 1, the role of Vitamin E 77 vivo is complex, interweaving its clear
chemical antioxidant role with a less understood cell signalling role. Equally as intricate is the
beneficial and injurious dichotomy of ROS 7 vive. In order to reconcile the chemistry with the
biology of both ROS and antioxidants 7z vz, we required to detect subtle changes in
antioxidant status to unmask low levels of lipid peroxidation and inhibition in cells under both
normal and pathological conditions. Fundamental to detecting subtle changes, is a large
dynamic range and thus sensitivity of the technique.

In Chapter 3, we explored PeT in the design of fluorogenic analogues of tocopherol
based on BODIPY and showcased a novel probe with enhanced sensitivity: H{BPMHC.
H4BPMHC, which undergoes 1,000-fold fluorescence enhancement upon reaction with
peroxyl radicals is poised to meet our needs to tackle our problem of sensitivity.

With the new probe in hand, in Chapter 4 we illustrate its high sensitivity through the
detection of lipid peroxidation at basal levels and in the presence of supplemented Vitamin E
surrogate, PMHC. Upon measuring the fluorescence intensity observed in cells, we quantified
the amount of oxidized probe, and hence estimated the rate of lipid peroxidation.

Ultimately this chapter shows the progress that can be attained through improving
fluorogenic probes in the context of the cycle of fluorogenic probe development. Our design,
while not fundamentally different from previous generations, improved our sensitivity

immensely, allowing us to distinguish minute concentrations of ROS in cells.

4.2 Abstract

Reactive oxygen species (ROS) and their associated byproducts have been traditionally
associated with a range of pathologies. It is now believed however that at basal levels these

molecules also play a beneficial cellular function in the form of cell signalling and redox
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regulation. Critical to elucidating their physiological role is the opportunity to visualize and
quantify the production of ROS with spatiotemporal accuracy. Armed with a newly developed,
extremely sensitive fluorogenic a-tocopherol analogue (HsBPMHC), we report herein the
observation of steady concentrations of lipid peroxyl radicals produced during cellular
homeostasis. Imaging studies with H4BPMHC indicate that the rate of production of lipid
peroxyl radicals in Hela cells under basal conditions is 33 nM/h within the cell. Our work
further provides undisputable evidence on the antioxidant role of Vitamin E, as lipid
peroxidation was supressed in Hela cells both under basal conditions and in the presence of
Fenton chemistry -generated by the presence of cumyl hydroperoxide and Cu?* in solution-
when supplemented with the wa-tocopherol surrogate, PMHC (2,2,5,7,8-pentamethyl-6-
hydroxy-chromanol, an o-tocopherol analogue lacking the phytyl tail). Overall, a major
milestone has been achieved: the sensitivity needed to detect trace changes in oxidative status
within the lipid membrane, underscoring the opportunity to illuminate the physiological

relevance of lipid peroxyl radical production during cell homeostasis and disease.

4.3 Introduction

It is almost 100 years since Vitamin E was first discovered by Evans and Bishop, who
reported its role as a necessary dietary factor.! The antioxidant properties of Vitamin E were
recognized shortly after.>?> Mechanistic studies in homogeneous solution and model lipid
membranes pioneered by Ingold and coworkers over 35 years ago showed that Vitamin E
molecules, and in particular a-tocopherol, act as scavengers of lipid peroxyl radicals effectively
terminating lipid chain autoxidation.*¢ Notwithstanding its clear chemical antioxidant role,
the biological action of a-tocopherol 7 vitro and in vivo has proven to be complex and at times,
disputed, interweaving the antioxidant role with a cell signalling role.”

a-Tocopherol is a chain-breaking antioxidant with beneficial roles in treating diseases
associated with oxidative stress such as non-alcoholic fatty liver diseases® , atherosclerosis,’
ataxia and other neurodegenerative diseases.!®!! There is however a significant body of work
supporting non-antioxidant roles for a-tocopherol 7z vivo such as its role in cell signalling and

gene regulation.!?1* Whether these roles are truly non-antioxidant is up for debate, as oxidative
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stress and formation of lipid peroxyl radicals might also account for the so called “non
antioxidant roles”.”!> Further complexities arise when considering the potentially detrimental
or pro-oxidant effects of a-tocopherol.!¢

The deleterious-beneficial duality of reactive oxygen species (ROS) is an equally intricate
emerging hypothesis. Indeed, overproduction of ROS has been linked to several pathologies
such as neurodegenerative disease, inflaimmation and cancer.!'%1718 While it is evident that
ROS can damage lipids and compromise membrane integrity leading to disease, low levels of
ROS have been shown to be beneficial by enhancing the defence mechanism of cells,
promoting the expression of antioxidants, proteins, and enzymes.!%-2!

We postulate that as part of cellular homeostasis, a steady state concentration of lipid
peroxyl radicals is produced. In this regard, the ability to observe lipid peroxyl radical
formation under standard physiological conditions would enable exploring the spatiotemporal
nature and quantity of ROS production, and its physiological -potentially beneficial- role. It
would further enable visualizing the failure in keeping ROS homeostasis in disease and under
cellular pathological conditions. Monitoring the generation of lipid peroxyl radicals in both
healthy and pathological conditions would ultimately provide a way to underpin the biological
mechanisms in the generation and elimination of lipid peroxyl radicals and the associated
physiological implications.

The study of both ROS and a-tocopherol 7 vivo is a difficult pursuit. While metabolite
and product studies may be useful for studying many biological phenomena, they may not
provide information on the kinetics of lipid peroxidation and its inhibition by a-tocopherol
(temporal resolution), nor do they provide information on the location of ROS formation and
build-up (spatial resolution). In particular, the regeneration of « -tocopherol from the
tocopheroxyl radical by water soluble antioxidants (a key characteristic of its potent
antioxidant power),?> further complicates the utility of product studies, and has in part
imperilled the acceptance that « -tocopherol mechanism of action 7z vivo rests on its lipid
soluble antioxidant properties.

In order to monitor the production of lipid peroxyl radicals within lipid membranes in

real-time and in a non-disruptive manner, we have developed fluorogenic a-tocopherol
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analogues.?>?7 These sensitive probes preserve the chromanol moiety of a-tocopherol, and
bear a BODIPY lipophilic tail, mimicking the reactivity of a-tocopherol while undergoing
emission enhancement upon reaction. The probes provide a sensitive marker of lipid peroxyl
radical production under chemical stress, amenable to fluorescence high throughput and
imaging studies.?>-?’

Currently lacking is the necessary sensitivity to monitor the production of lipid peroxyl
radicals in live cells under basal conditions, devoid of chemical stressors such as methyl
viologen, Fe3* or other sources of ROS. Fundamentally, the problem at stake is detecting a
highly reactive species produced in trace amounts. This brings a conundrum in the
experimental design: a large amount of ROS scavenger is needed to efficiently trap the short-
lived ROS, yet the scavenger concentration has to be really small to reliably detect relative
changes in consumed scavenger over time, significant enough that the ensuing signal may be
decoupled from background.

Armed with a newly developed, extremely sensitive, fluorogenic a-tocopherol analogue,
we report herein the observation of steady concentrations of lipid peroxyl radical produced
during cellular homeostasis. Our work relies on a fluorogenic a-tocopherol analogue that
undergoes a ~1,000-fold fluorescence enhancement upon scavenging peroxyl radicals. Our
work also addresses the influence of serum albumins. These proteins may mask subtle changes
in ROS production by transporting a-tocopherol and its oxidized product (and the fluorogenic
a-tocopherol analogue) in and out of the cell, smearing the trapping of lipid peroxyl radicals
by a-tocopherol analogues.

Our results indicate that the rate of production of lipid peroxyl radicals under basal
conditions is at an upper estimate of 33 nM/h within the cell. Our work further provides
indisputable evidence on the antioxidant role of Vitamin E, as lipid peroxidation was supressed
in cells both under basal conditions and in the presence of Fenton chemistry -generated by
the presence of cumyl hydroperoxide and Cu?* in solution- when supplemented with the -
tocopherol surrogate PMHC (2,2,5,7,8-pentamethyl-6-hydroxy-chromanol, an a-tocopherol
analogue lacking the phytyl tail).

125



Chapter 4

Overall, a major milestone has been achieved -the sensitivity needed to detect very small
changes in oxidative status within the lipid membrane- underscoring the opportunity to
illuminate the physiological relevance of lipid peroxyl radical production during cell

homeostasis and disease.

4.4 Results and Discussion

4.4.1 H,BPMHC design and synthesis

To tackle the challenge of rapidly trapping peroxyl radicals with minimum amounts of a
chemoselective fluorogenic probe under conditions that trace amounts of reaction could be
detected from the background, both the kinetics of peroxyl radical trapping and the sensitivity
of the probe had to be optimum.

Kinetics were optimized by choosing the chromanol moiety of a-tocopherol as a trap
segment, as with our previously designed fluorogenic probes. a-Tocopherol is the most potent
naturally occurring lipid soluble antioxidant® and the choice of its chromanol head ensured
rapid peroxyl radical trapping. Tethering a BODIPY dye to the chromanol head both
provided a fluorescent reporting element but also ensured that the probes retained the
membrane partition characteristic of a-tocopherol.?+2627

Sensing in our previous designs exploited photoinduced electron transfer (PeT)?® from
the chromanol head to the BODIPY core; where PeT ensured effective deactivation of the
probe. Upon scavenging of two lipid peroxyl radicals, oxidation of the trap to a chromanone
or chromoquinone deactivated PeT restoring the BODIPY emission (fluorogenicity).2+26.27
Despite a number of attempts however, we were not able to surpass ~80-fold and ~40-fold
emission enhancements in homogeneous solution and model lipid membrane studies,
respectively.? Greater emission enhancements would provide us with more certainty when
detecting small differences in ROS production.

Optimum sensitivity was achieved in this work upon increasing the efficiency of PeT via
tuning the redox properties of the BODIPY core. The tuning was achieved by removing the
methyl groups at the 1 and 7 positions of the BODIPY. This modification increased the redox
potential of the dye from -1.73 V (for the previously reported H.BPMHC) to -1.41 V for the
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newly designed chromophore (H4BPMHC, see Figure 4.1), as determined from
electrochemical experiments (see Chapter 3, Supporting Information Figure 3.8). To ensure
membrane partitioning was not compromised, the methyl groups at the 3 and 5 position of

the BODIPY core in HxBPMHC were swapped with propyl-chlorides in HIBPMHC. These

moieties additionally provide a reactive handle for future modifications

A
HO
o)
a-Tocopherol
B
H,BPMHC H,BPMHC

PeT active Fluorescence

LUMO —_

+ +

HOMO [ ’/\ 1 <F
BODIPY  Chromanol BODIPY  Chromanone

Figure 4.1 A) Structure of a-tocopherol and previously reported fluorogenic tocopherol
analogue, H,BPMHC. B) Proposed off/on sensing mechanism of the new fluorogenic probe,
H,BPMHC relying on PeT.

By providing a highly exergonic electron transfer reaction from the chromanol moiety
to the BODIPY, we ensured that the fluorescence quantum yield of the BODIPY dye in the
new probe was extremely low, ¢r = 0.001, within detection error, prior to lipid peroxyl radical
scavenging. This represents a ~1,000-fold reduction in ¢r when compared to the parent

BODIPY chromophore HiBCH3, (the BODIPY core in HiBPMHC) with a ¢r = 0.94. It
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also sets the ceiling for fluorescence enhancement (and dynamic range) of the new probe in
going from reduced to oxidized form at 1,000-fold (vide infra).

Synthesis of HiIBPMHC required for new pyrroles to be prepared, yet otherwise
followed previously reported protocols?® involving the condensation of two equivalents of
the desired pyrroles with a chromanol acid chloride and subsequent deprotection of the
chromanol moiety, deprotonation of the resulting chromanol-dipyrrin, and chelation with
boron (see Scheme 4.1). The challenge in designing pyrrole 3 rested on the necessity to
preserve the alpha-position of the pyrrole free, for condensation, while also affixing the
reactive propyl chloride handle. Our synthesis of 3 comprised a set of 4 mild reactions that
circumvented the need for protections. Starting from pyrrole-2-carboxaldehyde, we first
performed a Wittig reaction with methyl (triphenylphosphoranylidene)acetate to add the 2 new
carbons to form the propyl chain. The resulting alkenyl-ester, 1, was then reduced over 2 steps
(dehydrogenation and borane reduction) to give the desired alkyl-alcohol, followed by the
Appel reaction to give the propyl-halogen, 3. While all steps are reasonably high yielding,
caution had to be followed in removing the solvent, as the pyrrole products are very volatile.
With the new pyrrole in hand, our desired probe, HIBPMHC was synthesised over 4 steps
following our established protocol?® In addition, the fluorescent control, HiBCH3, was

synthesised from 3 and acetyl chloride.?’
Scheme 4.1 Synthesis of H,BPMHC and H,BCH,.
1) 2 eq BH
Ph3p4\|?o { o THF.60°C, 20 MO 10% Pd/C, 1 atm H, /\/_\>\/\(o (18 THE), 0 . @\/\/Cl
oL_ N N o) N
H H /
1

THF/MeOH (155), 20h N 0 2)1.5eqPPhg,
H s DCM:CCl, (95:5),3h H

2

HO

- 1. 5 eq POCl, 40°C, 24 h
3 4+ 2. 5eq BBrs, -10°C, 1.5 h
o 3. 4 eq DIPEA, 10 min, 0°C
COCI 4.8 eqBF3(OEty),1h

Cl

(0] 1. 5eqPOCIj;, 40°C, 24 h

3 4 )L 2. 4 eq DIPEA, 15 min
cl 3.8 eqBF4(OEty), 1 h
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4.4.2 Spectroscopic properties

The absorption and fluorescence maxima, the extinction coefficient (g), the fluorescence
decay lifetime (tdec) and the fluorescence quantum yield (¢r) for HIBPMHC, its oxidized form
(H4BPMHC,x, sce details below for its generation) and the fluorescent control HIBCH3 are
listed in Table 4.1. Recorded absorption and fluorescence spectra (Figure 4.7) and maxima are
in accordance with typical spectra/values for a BODIPY dye.?’3 The very rapid decay of
H4BPMHC precluded the measurement of a reliable t4ec. Based on its low quantum yield,
and the 7.4 value for the control compound, HiBCH3 (t,,4= t4../ $r ~6 X 10s), we predict
Tdec ~0 X 10125 for HiIBPMHC. Similar tgec values (~5.6 X 10”) recorded for HIBPMHC,«
and its control compound H4BCH3 in turn indicated that oxidation fully restored the emissive
properties of the BODIPY core, placing the emission enhancement at 1,000-fold, upon
oxidation. While the emission quantum yield recorded for HIBPMHC,x at 0.700 is short of
the expected ~0.940 (the value recorded for HiBCH3), the discrepancy may reflect a lack of
full conversion to the oxidized product and/or partial degradation of the BODIPY core under

the oxidation conditions utilized.

Table 4.1 Photophysical properties of the novel BODIPY dyes presented herein.

Abs Em e (cm M) Tdec (11S) o
Amax (M) Amax (NM)
H,BPMHC 509 520 82400 NA 0.001
H:BPMHC,« 509 520 NA 5.68 0.700
H.BCH; 502 516 78700 5.60 0.940

4.4.3 Reactivity with azo-initiators

In order to test the reactivity and validate the sensitivity of our new probe towards ROS,
we subjected HIBPMHC to peroxyl radicals generated at a steady state while monitoring the
fluorescence intensity enhancement. The intensity-time trajectories were recorded in the
absence and, when stated, presence of competing antioxidants: either a-tocopherol or
2,2,5,7,8-pentamethyl-6-chromanol (PMHC) to record the fluorescence enhancement and the

relative rate constants of HiIBPMHC vs a-tocopherol and PMHC. In our experiments,
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peroxyl radicals were generated at a constant rate of Rg = 9 X 1072 Ms~! via thermolysis at 37
°C of a 200 pM solution of the radical initiator, 2,2-azobis(4-methoxy-2,4-dimethyl
valeronitrile) (MeO-AMVN ), in air-equilibrated acetonitrile.?6:31

A fluorescence enhancement of 400 to 700-fold was recorded for HIBPMHC in the
presence of peroxyl radicals (Figure 4.2). This sensitivity is consistent with the deactivation of
PeT following oxidation of the chromanol moiety. The larger enhancements observed in
samples supplemented a priori with additional antioxidant (PMHC or a-tocopherol) are two-
fold: 1) sacrificial scavenging of any radicals initially present in the solvent by the added
antioxidant which would otherwise pre-activate the probe giving an artificially high initial

fluorescence intensity and accordingly a reduced value for the enhancement?* and 2) the inner

filter effect due to the large absorbance of 10 uM H4sBPMHC.

2700
& 600
o)
= 500
- 400 -
ﬂl) 300
T ] —e— 1uM H,BPMHC + 9uM a-Toc
£ 200+ —a— 1uM H,BPMHC + 9uM PMHC
S 1001 —=— 10uM H,BPMHC

0

0 2000 4000 6000 8000
Time (s)

Figure 4.2 Fluorescence-time trajectories of H BPMHC (1 uM or 10 uM as indicated) in the
presence of the radical initiator MeO-AMVN (200 pM) and supplemented with and without
antioxidants (PMHC and a-tocopherol, 9 uM). Solutions were excited at 485 nm and emission was

monitored at 520 nm. Fluotrescence enhancement times, t, were 2730 s, 2870 s, and 2460 s for
H,BPMHC and tocopherol, H BPMHC and PMHC, and 10 uM H,BPMHLC respectively.

The relative reactivity towards peroxyl radicals of HiIBPMHC and the competing
antioxidants (&it14BPMHC/ £, TOH)  (where TOH stands for a-tocopherol or PMHC) was
determined from a kinetic analysis based on Equation 4.1, where Iw, I;, and Io are the
intensity of HIBPMHC at the maximum, time # and at t = Os and 7 is the time required to

fully consume the antioxidant load. The relative antioxidant activity determined for
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H.BPMHC is on par with that of both a-tocopherol and PMHC (Supplementary
Information, Figure 4.8). At about 90% of the reactivity of the competing antioxidants,
coupling the chromanol segment to the BODIPY moiety thus did not diminish the peroxyl

radical trapping reactivity of the former.

loo; K H4BPMHC " '
—ln( ) _ _ kaOH In (1 _ _) Equation 4.1

IOO_IO inh T

4.4.4 Unmasking the influence of serum albumin in monitoring cell-membrane
embedding probes

Prior to testing the sensitivity of HiBPMHC in live cells under various levels of
oxidative stress, and stimulated by a recent report illustrating the solubility and increased
fluorescence of BODIPY dyes in the presence of bovine serum albumin (BSA),3? we
investigated the effect of fetal bovine serum (FBS) on the partitioning of our BODIPY
fluorophores into adherent cells. Here, partitioning is reflected by the fluorescence of our
control dye, HIBCH3, observed in cells using fluorescence microscopy. This was a critical
exercise to optimize staining conditions toward maximizing sensitivity.

Hela cervical cancer cells (ATCC CCL-2) on fibronectin treated coverslips were used
to compare the membrane partitioning of our fluorescent control BODIPY, H4BCHj3 (100
nM) when utilizing different imaging buffers -all containing 0.33% DMSO vehicle, including
live cell imaging solution (LCS), and Dulbecco’s Modified Eagles Medium (DMEM)
supplemented with and without 10% FBS. The partitioning was recorded using widefield
fluorescence (WF) microscopy. Frames 100 ms in duration were captured every minute over
30 minutes to minimize photo-bleaching from competing with the fluorescence increase due
to partitioning of the dye into the cell.

Qualitatively, the presence of FBS resulted in a significant drop in intensity as may be
observed in Figure 4.3 where images acquired at the same time intervals in each of the three
buffers are displayed. Consistent with this observation, the corrected total cell fluorescence
(CTCF) of the images acquired after 30 minutes for samples without FBS are similar

(Suplementary Information, Figure 4.9A), while the CTCF of the sample containing FBS is 5
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to 7-fold dimmer, indicating less dye partitioned into the cell in the presence of FBS. In all
three buffers, staining of various organelle lipid membranes of the cell was clearly observed as
is typical of the lipophilic BODIPY scaffold.?3-3> Importantly, partitioning rate constants in
all buffers were very similar (0.15-0.18 min'), taking about 20 minutes for the control dye to
partition fully, as shown from the intensity-time trajectories fit to an exponential growth curve
(Supplementary Information, Figure 4.10A). The dimmer intensity with FBS is thus not the
result of kinetic control in partitioning. We may conclude that FBS while facilitating the
solubility of the control dye, effectively prevented its partitioning into the cells by providing a
competing hydrophobic environment for HiBCHj to reside into. This is consistent with the

reports of BODIPY complexation by BSA.3?

0 min 2 min 5 min 10 min 30 min

DMEM LCS

DMEM/10% FBS

Figure 4.3 Images of Hela cells acquired over 30 minutes upon the addition of 100 nM
H,BCH; in LCS, DMEM or DMEM supplemented with 10% FBS. Images were acquired using
widefield fluorescence microscopy.
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That FBS in solution competes with cellular membranes for the lipophilic dye H{BCH3
(and presumably also for the lipophilic fluorogenic probe HsBPMHC) was additionally
illustrated by a series of experiments where the staining solution of H4BCH3 containing no
FBS was removed, and addition of either fresh LCS, DMEM, or DMEM supplemented with
10% FBS took place. In the latter case, the control dye was rapidly depleted from the cell
membranes, while only minor intensity reductions took place in the former two cases (no FBS
added), see Figure 4.4. Final intensities of the solution containing 10% FBS were 50-fold lower
than when FBS was not added (Figure 4.9B). Intensity-time trajectories of the partitioning out
of H4BCHj; are shown in Figure 4.10B and clearly indicate a rapid and significant drop in

intensity in the presence of FBS.

0 min 2 min 5 min 10 min 29 min

LCS

DMEM

DMEM/10% FBS

Figure 4.4 Images of Hel.a cells acquired over 30 minutes upon the replacement of 100 nM
H,BCH; in LCS, with fresh media (LCS, DMEM or DMEM supplemented with 10% FBS). Images
were acquired using widefield fluorescence microscopy.
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Previous imaging studies in DMEM supplemented with FBS precluded us from using
dye concentrations below 1 uM. Lengthy incubation times (e.g > 30 minutes) were additionally
required. By utilizing buffers free from FBS, we reduce the incubation time thus preventing
masking reactions occurring during the incubation period. Additionally, utilizing buffers free
from FBS enables us to reduce the probe concentration, by at least one order of magnitude to
100 nM. This is key when small concentration of analytes, such as lipid peroxyl radicals in this
work (and concomitantly small amounts of probe) are expected to be produced (to react).
Working with minimal amounts of the fluorogenic probe HiIBPMHC ensures maximizing
signal to background, enabling us to observe fluorogenic antioxidant consumption in real-time
upon production of trace amounts of peroxyl radicals (vide infra).

Ultimately, incubation of HYBPMHC and H4BCH3; (100 nM) for 10 min in LCS in the
absence of FBS provided optimal conditions in terms of signal to background. LCS was
chosen as the incubation buffer for all subsequent experiments due to its low background

fluorescence, and the relatively good cell viability when compared to unsupplemented DMEM.

4.4.5 Lipid peroxyl radicals generated during cellular homeostasis and under
fenton conditions

Armed with newly developed H4BPMHC and working with optimized imaging
conditions, we next sought to explore the antioxidant status of live cells both when exposed
to high levels of oxidative stress in the form of lipid peroxyl radicals generated via Fenton
chemistry, but also under conditions of cellular homeostasis (no chemical stressors). We also
explored how antioxidant loads in the form of chromanol compound, PMHC, affected the
antioxidant status both under Fenton chemistry and in the absence of chemical stressors (see

Figure 4.5).

134



Chapter 4

Probe Only 1 uM PMHC 10 uM PMHC

15x10°4 2x10°

AutoF|
—e— dye only

—A— 1 uM PMHC
—=&— 10 uM PMHC

5.0x10°{ 1x10°4

b edbobbdd

Healthy

Abdboddbh

0.0

0 5 10 15 20 25 30 35 40 45 50
Time (min)

2.0x10°
1.5x10°4

1.0x10°%

Stressed
CTCF

5.0x10°

OO 5 10 15 20 25 30 35 40 45 50

Time (min)

Figure 4.5 A) Images of Hela cells in the presence of 100 nM H,BPMHC (Probe)
with/without PMHC acquired after 50 minutes of treatment with (stressed) or without (healthy)
cumene hydroperoxide (100 uM) and copper sulfate (10 uM). Images were acquired using widefield
microscopy. Inset shows compressed DIC images for the same region. B) Corrected total cell
fluorescence vs time determined from images acquired over a 45 minute period with 100 nM
H,BPMHC in healthy cells and cells exposed to Fenton reagents.

Hel.a cells were stained with a2 100 nM solution of HIBPMHC for 10 min, washed and
the buffer replenished. A combination of cumene hydroperoxide (100 uM) and copper sulfate
(10 uM) was used as a source of ROS under Fenton conditions. Cumene hydroperoxide reacts
with copper via Fenton reaction to produce cumoxyl and cumoperoxyl radicals which may in
turn lead to lipid peroxidation and the production of lipid peroxyl radicals (see Scheme 4.2 for
reaction).’® Antioxidant additives, consisting of 1 uM and 10 pM solutions of PMHC pre-
incubated for 30 min followed by cell staining for 10 min, and washing, were also studied with
and without Fenton reagents. While one may argue that a-tocopherol should be the preferred
choice, both PMHC and the latter have the same radical trapping reactivity, yet a-tocopherol
has poor solubility and cell penetration. Thus, we use PMHC in our work, as a source of lipid
soluble antioxidant. Unstained cells were imaged to determine the cell autofluorescence at the

laser power and gain settings used.
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Scheme 4.2 Formation of cumoperoxyl and cumoxyl radicals from cumene hydroperoxide in
the presence of copper.

+ Cut ——

OOH :ocj
+ Cuzt — + Cut 4+ H+
OOH :(j
+ Cu2++ OH

H4BPMHC underwent a 30-fold enhancement in the CTCF value in the presence of
the Fenton reagents, computed by comparing the sample before and after 50-minute
incubation with the reagents (see Supporting Information section, Figure 4.11). A prominent
yet smaller fluorescence enhancement of 24-fold and 10-fold was in turn recorded after 50
minutes for samples also stressed with the Fenton reagents, yet supplemented with 1 pM and
10 uM PMHC respectively when compared to time 0. (see Figure 4.11). Importantly,
enhancements in the absence of Fenton reagents were smaller than 3-fold (vide infra). Further,
no change in fluorescence was observed for our control dye, HiIBCH3in the presence of either
PMHC or Fenton reagents (Figure 4.6B). Close inspection of images acquired with 100X
magnification following treatment with Fenton reagents for 50 minutes (see Supporting
Information section, Figure 4.12) reveals that HIBPMHC is localized in the various cell lipid
membranes consistent with its lipophilic nature. A similar distribution is also apparent from
the dim images prior to addition of Fenton reagents.

To provide a benchmark value for how much peroxyl radical was trapped by
H4BPMHC after 50 min incubation with Fenton reagents (both with and without additive
PMHC), we compared CTCF values for cells stained with HYBPMHC vs H4BCH3. Under
the assumption that both probes partition equally well within cells (i.e. their concentrations
are similar), and that the lifetime of H4BPMHC,x in membranes is on par with that of
H4BCHj;, the CTCF recorded with H4BCHj3 would correspond to 100% conversion of
H4BPMHC to its oxidized, fully emissive, form upon trapping of two peroxyl radicals. Figure
4.6 shows CTCF values normalized by frame exposure time and obtained under otherwise

identical conditions. Samples containing 100 nM H4BPMHC and supplemented with 0, 1 pM
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and 10 pM PMHC achieved final intensities (and correspondingly, conversions) of 13%, 12%
and 5.5%, respectively, relative to the intensities recorded with HyBCHj3. PMHC thus exerted

a concentration dependent protective effect.
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Figure 4.6 CTCF of H,.BPMHC (A) and HBCH; (B) in Hela cells. Intensities were
determined after 50 minutes of treatment with/without stressor. Dye = 100 nM in either H, BPMHC
or H,BCH;, stressor = 100 uM cumene hydroperoxide and 10 uM copper sulfate. Images were
acquired using widefield microscopy. CTCF of B was corrected by the exposure time used to match
that of A.

CTCEF Intensity-time trajectories were next retrieved from the data set by plotting the
CTCF evolution with time for all conditions explored (Figure 4.5B). For cells bearing the
Fenton reagents and no PMHC, the initial intensity increased in a linear fashion (reaching a
30-fold increase within 50 minutes). In contrast, for cells bearing the Fenton reagents and 1
uM PMHC, an induction period in fluorescence intensity was observed followed by a linear
increase with a similar rate to that observed for the sample with no antioxidant additive. The
observed induction period is a hallmark of inhibition of oxidation of HYBPMHC by PMHC,
under competitive kinetic conditions. The induction period was prominent (~10 min) when
samples were supplemented with 10 uM PMHC, yet the intensity after the induction increased
at a smaller rate than when no antioxidant was present indicating that inhibition was followed

by retardation in the oxidation of HyBPMHC.
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Results of CTCF evolution with time underscore that PMHC, within the cellular milieu,
is outcompeting HyIBPMHC in scavenging ROS produced by cumene hydroperoxide and
copper. Qualitatively, similar results (induction periods) were previously observed in
liposomes exposed to a source of peroxyl radicals and stained with a less sensitive, yet equally
reactive and lipophilic analogue of HiIBPMHC.2® Our current work shows that PMHC,
lacking a lipophilic tail, and thus provided with higher mobility within the cell membrane lipid
milieu, is more effective in scavenging radicals at the cellular level than HIBPMHC -and
presumably a-tocopherol as HIBPMHC and the latter are expected to have similar reactivities
within the membrane.?6 While such an outcome had been described with model lipid
membranes??2¢ it is truly remarkable that within the complex cell environment it still holds.

An intriguing aspect, defying explanation, is the contrasting times required to oxidize
H4BPMHC, and comparatively, to consume the antioxidant additive PMHC. The time
evolution of CTCF with Fenton reagents reveals that while 50 min were required to oxidize
~10% of the probe, ~5 min elapsed in the induction period with PMHC, for experiments
where probe and antioxidant were incubated at 100 nM and 1 uM, respectively. During the
induction period, we postulate, all PMHC within the cell was depleted leading next to a
temporal evolution characteristic of no PMHC. Should HiBPMHC and PMHC have similar
partitions within the cell lipid milieu, these numbers would indicate that 100-fold more PMHC
reacts roughly in one tenth of the time than HyBPMHC. This large difference conflicts with
the 10-fold larger reactivity toward peroxyl radicals recorded for PMHC vs both an analogue
of HIBPMHC and «-tocopherol, when in lipid membranes.?¢ Alternatively, partitioning of
PMHC within the cell is reduced compared to the probe, where upon incubation of both
PMHC and HsBPMHUC, and following washing of the solution and refilling with fresh LCS
buffer, PMHC would more readily escape cellular confinement given the lack of a lipophilic
tail.

CTCEF intensity-time trajectories acquired with 100 nM H4yBPMHC and no Fenton
reagents in turn shed light on basal levels of lipid peroxyl radicals produced during cellular

homeostasis. In healthy cells, there was a notable gradual fluorescence increase with changes

in CTCF values of 1.00 x 10> CTCF and 0.75 x 10> CTCF over 50 minutes for the samples

138



Chapter 4

supplemented with either no or 1 uM PMHC, and for the sample with 10 uM PMHC
respectively. In the context of the benchmark, emission intensity recorded under identical
conditions for 100 nM H4BCHj3 -at a value of 1.00 X 107 CTCF- we may estimate that the
amount of peroxyl radicals produced under basal conditions over 50 min resulted in at most
1% of the probe being oxidized in a period of 50 min. If we approximate the concentration
of dye inside a cell at 1.7 uM (see Supplementary Information, Section 4.7.3 for discussion),
we may place the rate of production of lipid peroxyl radicals under basal conditions at 33
nM/h within a cell (2 equivalents of ROS required to oxidize the probe). Regarding the smaller
slope recorded for cells whose media was supplemented with 10 uM PMHC, we may postulate
that excess PMHC suppressed the oxidation of HyBPMHC in healthy cells. In line with
PMHC protection, analysis of the fluorescence intensity also shows a noticeable difference in
fluorescence between healthy samples pre-supplemented with PMHC vs those supplemented
with no PMHC, about 2-fold larger for the latter, Figure 4.6A. Presumably some initial
oxidation of HyBPMHC may occur while incubation, washing and exploration of the
chambers prior to image acquisition, where oxidation would be enhanced when no PMHC is
present.

In closing, we may compile the above results to establish the sensitivity of HIBPMHC
within cells. Overall, a 40-fold fluorescence enhancement was observed between healthy cells
pre-supplemented with PMHC, and cells exposed to Fenton reagents for 50 minutes without
additional antioxidant. Considering that in the latter case there was only 13% conversion, a
maximum enhancement would be placed at ~300-fold. The discrepancy with the expected
1,000-fold enhancement may be rationalized in terms of pre-oxidation in the dark periods of
the experiment. We note that should a 0.3% fraction of our pristine solution of HyBPMHC
undergo oxidation, and considering the enhancement is ~1,000-fold in going from reduced to
H4BPMHC,x , such a small conversion would account for an initial intensity 3-fold larger
than that of pristine solution, and in turn a 1,000/3 or ~ 300 value for the observed intensity

enhancement.
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4.5 Conclusion

Albeit lipid peroxyl radicals have long been known to be formed at the cellular level,?%37
their elusive nature has prevented quantifying this highly reactive intermediate. Their
physiological role has thus remained obscured, and that of a-tocopherol, its par excellence
scavenger, controversial as an antioxidant.

By developing the highly sensitive fluorogenic a-tocopherol analogue, HIBPMHC, we
managed to overcome a major limitation in detecting trace amounts of lipid peroxyl radicals,
that is, that the initial signal is small enough that trace amounts of reaction can be monitored.
The high imaging sensitivity we achieved is both the result of optimizing the construct,
ensuring very rapid PeT takes place amply outcompeting emission by about 1,000-fold, and
removing serum albumins, proteins that will otherwise scramble the distribution of lipophilic
molecules including BODIPY dyes in general, and H4BPMHC in particular. Thus, serum
albumins may replenish fresh probe and remove oxidized emissive probe, ultimately masking
lipid peroxidation. The latter results provide a note of caution when using lipophilic dyes in
live cell imaging in the presence of FBS/BSA. Our work ultimately calls for the avoidance of
FBS for cellular imaging of BODIPY fluorophores (and likely other lipophilic small molecule
fluorophores) to gain better signal to background at low (nanomolar or submicromolar)
concentrations.

Our results in live cells underscore the potential of HIBPMHC to investigate the
physiological relevance of lipid peroxyl radical production during cell homeostasis and disease.
The resulting large dynamic range of HIBPMHC allowed us to not only discern healthy cells
from cells treated with an onslaught of ROS, but more importantly allowed us to detect lipid
peroxidation at basal levels and in the presence of additional antioxidant. Importantly, we
showed undisputable evidence of the antioxidant role of Vitamin E 7 vitro as lipid peroxidation
was supressed in the presence of additional PMHC in Hela cells under duress, and under
normal cell culture conditions. The latter indicates potential complications that can arise from
using cultured cells in experiments, especially when looking at the production of ROS. These
experiments are typically conducted in the absence of antioxidants and the outcome of lipid

peroxyl radical formation, we believe, should be considered in interpreting results.
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In closing, we note that while the chemistry of a-tocopherol and lipid peroxyl radicals
has been studied extensively in the last 35 years, their complex relationship in cellular
mechanisms remains very much unclear. We strongly believe that imaging studies with
sensitive fluorogenic probes capable of detecting subtle levels of lipid peroxidation, while also
mimicking the reactivity of tocopherol, like HIBPMHC reported herein, will ultimately help

unravel the physiological role of both lipid peroxyl radicals and a-tocopherol zz vivo.

4.6 Experimental

4.6.1 Materials

HPLC grade solvents for spectroscopy and column chromatography were purchased
through Fisher Scientific. MeO-AMVN was purchased from WAKO Pure Chemicals Ltd.
Buffers, and growth media and other reagents for cell culture and staining were purchased
through ThermoFisher Scientific. All other chemicals were supplied by Sigma-Aldrich, Co.

and used without further purification.

4.6.2 Instrumentation

Absorption  spectra were recorded wusing a Hitachi U-2800 UV-—vis—NIR
spectrophotometer. Luminescence spectra were recorded using a PTI QuantaMaster
spectrofluorimeter using 1 cm X 1 cm quartz cuvettes. Spectra were corrected for detector
sensitivity. 'H NMR and >C NMR spectra were recorded on a Varian VNMRS 500 or a Bruker
AVIITHD 500 instrument at 500 and 126 MHz, respectively. Electrospray ionization (ESI)
and atmospheric chemical ionization (APCI) mass spectra were measured on a Bruker maXis

impact.

4.6.3 Time-based fluorescent enhancements with radical initiator

Time based fluorescent measurements were recorded on a PTI QuantaMaster
spectrofluorimeter equipped with a four-position Peltier with motorized turret. 3 mL glass
fluorimetry cells with 1 cm path lengths were used as sample cells. The excitation and emission

slits were set to 1.2 nm. The temperature control was set to 37°C. Three samples containing
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10 uM antioxidant load were prepared in acetonitrile (MeCN): 1) 10 uM HyBPMHC 2) 1 uM
H4BPMHC and 9 uM a-tocopherol, and 3) 1 uM H4BPMHC and 9 uM PMHC. Samples
were excited at 485 nm and emission was collected at 520 nm. Initial fluorescence of the
samples was measured, and samples were then spiked with 200 uM radical initiator, MeO-
AMVN (2,2-azobis(4-methoxy-2,4-dimethyl valeronitrile)). Fluorescence was then recorded

over time until the fluorescence intensity of all samples reached a maximum plateau.

4.6.4 Fluorescence quantum yield

Acetonitrile solutions of meso-acetoxymethyl-BODIPY dye?* (H2BOAc, $:=0.87), or 8-
phenyl pyrromethene fluoroborate (HeBPh)3® (¢dbr= 0.013) (structures in Figure 4.14) were
used as standards to calculate the quantum yields of solutions of oxidized HiIBPMHC and
H4BCH;j or reduced HiBPMHLC respectively in MeCN. Solutions of HiIBPMHC were also
supplemented with 5 uM PMHC to help to prevent any unwanted oxidation. Absorption and
emission spectra of the dye standards and dyes of interest were measured at five different
concentrations. 200 uM MeO-AMVN,; a radical initiator, was added to HiIBPMHC to obtain
H4BPMHC,x where the absorption and emission spectra were then measured once the
maximum fluorescence intensity was reached. The integrated intensity versus absorbance were
then plotted and fitted linearly. Quantum yields for the dyes with respect to the standard were
obtained from Equation 4.2, where @y, A, and 7 refer, respectively, to the fluorescence
quantum yield, the slope obtained from the above-mentioned plot, and the solvent refractive
index for the unknown (x) or standard (st) sample. Emission spectra were recorded for

solutions using excitation and emission slits of 1.2 nm for solutions of H:BOAc,

H4sBPMHC,x and HiBCH3, and 4 nm for solutions of HiBPh and H{BPMHC.

Ay n% .
bx = Pst (_) X (_2) Equation 4.2
Ast Nst
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4.6.5 Fluorescence lifetime studies

The fluorescence lifetime measurements were carried out using a Picoquant Fluotime
200 Time Correlated Single Photon Counting setup employing a supercontiuum laser
(WhiteLLase SC-400-4, Fianium, Beverly, MA). Excitation wavelengths were spectrally
separated from broadband emission by a computer controlled acousto-optical tunable filter
(AOTF, Fianium). HiIBPMHC,y, and H4BCH3 were excited at 485 nm, and emission was
collected at 520 nm and 516 nm respectively. The excitation rate was 10 MHz, and the

detection frequency was less than 100 kHz. Photons were collected at the magic angle.

4.6.6 Microscopy

All fluorescence and differential interference contrast (DIC) imaging of HeLa cells were
performed using either a wide-field objective-based total internal reflection fluorescence
(TIRF) microscopy setup equipped with an oil-immersion objective (Nikon CFI SR
Apochromat TIRF 100x, NA = 1.49) or a lower magnification wide-field microscopy setup
equipped with an air objective (Nikon CFI Plan Apo VC 20x objective, NA = 0.75) consisting
of an inverted microscope (Nikon Eclipse T1) equipped with a Perfect Focus System (PES). A
stage-top incubator (Tokai Hit) was used to maintain the cells at 37°C (5% COy) in a
humidified atmosphere. The excitation laser was 488 nm with powers of 0.09 mW (for 20x)
and 0.04 mW (for 100x) measured out of the objectives where the beam was coupled into the
microscope objective using a multiband beam splitter (ZT488/640rpc, Chroma Technology).
The emission was spectrally filtered with an emission filter (ZET488/640m). For multi-
channel imaging between the 488 channel and DIC, a motorized filter block turret was used.
The fluorescence emission was collected through the same objective and captured on a back
illuminated electron multiplying charge coupled device (EM-CCD) camera (Andor iXon Ultra
DU-897).

4.6.7 Cell culture
Hela cells (ATCC CCL-2) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing high glucose, L-glutamine, phenol red, and sodium pyruvate (Gibco),
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supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were
maintained at 37 °C (5% CO») in a humidified atmosphere and were trypsinized and split 1/15
about twice a week when confluence of cells was reached. Cells were passaged a maximum of

30 times and tested for mycoplasma infection upon first passaging.

4.6.8 Cell imaging of H;BCHj;

24 h prior to day of imaging, cells were plated on 35 mm glass imaging dishes (World
Precision Instruments, Inc.) pre-coated with fibronectin (1 pg/cm?), in DMEM containing
growth factors. After 24 h, cells were then washed twice with incubation buffer (LCS, DMEM
or DMEM/10%FBS), followed by the addition of 1 mL of fresh incubation buffer. Cells were
stained by the addition of 500 pL of the dye (300 nM) to give a final concentration of 100 nM
in dye. The solution of dye was prepared from the addition of 5 uL. of a 30 uM stock solution
in DMSO. This overall 300-fold dilution was to ensure the percentage of DMSO in media was
0.33% (v/v). Images of the samples were then collected every minute (100 ms exposure time)

over the course of 30 minutes.

4.6.9 Cell imaging of H,BPMHC or H,BCHj3 in healthy and stressed cells

24 h prior to imaging, 300 uL of 50 000 cells/mL were plated into each well of an 8-well
ibidi-Treat p-slide in DMEM containing growth factors. After 24 h, all wells were washed
twice with LCS, and either loaded with 200 uL. LCS, or 200 uL. LCS containing either 1 uM
PMHC or 10 uM PMHC. After 30 minutes, wells to be stained were loaded with 100 uL. of a
300 nM stock of HIBPMHC or H4BCH3 bringing the final concentration to 100 nM in dye,
and incubated for 10 minutes. Wells were then washed with LCS and loaded with either 300
uL of LCS (wells to be maintained as healthy) or 200 pl. of LCS (wells to be stressed later
once slide is loaded onto the microscope). The slide was then loaded onto the microscope,
where once fixed in place, 100 pLL of LCS containing 300 uM cumene hydroperoxide and 30
uM copper sulfate was added to the wells to be stressed (100 pM and 10 uM final concentration

of cumene hydroperoxide and copper sulfate respectively). All wells were then imaged every
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2 minutes (300 ms and 70 ms exposure for HIBPMHC and H4BCHj; respectively) over the

course of 50 minutes, where 3 single frames of each well were then taken.

4.6.10 Image analysis
All images were processed using the FIJI imaging processing package.®  All
quantifications were performed adapting a previously published protocol.#* Equation 4.3 was

used to calculate the corrected total cell fluorescence (CTCF):

IntDensitytotal cenarea — (Total Cell Area X BkgFluorescence)

CTCF = Equation 4.3

Ncells

where IntDensityioml cell area 1 the integrated intensity of the pixels for all cells in the image,
Total Cell Area is the number of pixels of all of the cells, BkgFluorescence is the mean
fluorescence intensity per pixel for a region containing no cells and Nees is the number of cells
in the image. Measurements and errors reported are from the average and standard deviation
CTCF obtained from at least 3 images per sample.

An Image] macro was utilized to identify the cells from the DIC image. First, a variance
filter of radius five pixels was applied to the DIC image. The resulting image was converted to
a binary image and the Fill Holes function was applied. The Analyze Particles function was
next used to identify and fill any remaining holes smaller than 20 pixels? in the binary image,
by setting their pixel values to 255. A dilate function was then applied. The binary image was

then used to create a selection area for the region containing cells and the region without.

4.6.11 Quantifying concentration of probe in cells
Hela cells were seeded at 5 X 10* cells/mL in a 10 cm petri dish (23.5 mL) and were
allowed to grow for 24 h, approximately doubling in population (These concentrations and
volumes were used to reflect the ratio of concentration:volume:surface area of the ibidi dishes
used for imaging). Cells were then washed with LCS, and 23.5 mL of LCS containing 100 nM
H4BCH3 was added for 10 minutes. The fluorescence of the supernatant was then measured.

Simultaneously, a 10 cm petri dish containing no cells (control) was treated the same way: 23.5
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mL of LCS with 100 nM H4BCH3 was added for 10 minutes. The fluorescence of this control
was then measured and compared to the supernatant of the sample containing cells. Once the
LCS solution was removed from the control dish, 2 mL. of DMSO was then added and the
fluorescence of this solution was measured to quantify the amount of dye which adhered to
the dish. With these values in hand, the amount of dye which partitioned into cells was then

quantified (see Section 4.7.3).

4.6.12 Synthesis

Methyl (E)-3-(1H-pyrrol-2-yl)acrylate (1). Pyrrole-2-carboxaldehyde (3.0 g, 0.031
mol) was dissolved in tetrahydrofuran (THF) (60 mL) under argon. Methyl
(triphenylphosphoranylidene)acetate (12.6 g, 0.037 mol, 1.2 eq.) was added to the stirring
solution and the temperature was increased to 60 °C. After 20 h the solvent was removed
under reduced pressure. The resulting solid was loaded onto a silica flash column and eluted
with 20% ethyl acetate in hexanes affording the clean white solid product (4.82 g, 97%). 'H-
NMR (500 MHz; CDCl3): 6 9.56 (s, 1H), 7.64 (d, ] = 15.9 Hz, 1H), 6.96 (q, ] = 2.0 Hz, 1H),
6.60 (dd, ] = 4.7, 2.6 Hz, 1H), 6.31 (q, / = 3.0 Hz, 1H), 6.16 (d, ] = 15.9 Hz, 1H), 3.81 (s, 3H).
BC-NMR (126 MHz; CDCl3): § 168.9, 135.1, 128.5, 122.9, 114.7, 110.9, 110.5, 51.7 HRMS
(ESTF) for CsHoNO2Na (M+Na) calcd 174.0525, found 174.0522.

Methyl 3-(1-H-pyrrol-2-yl)propanoate (2). 1 (4.82 g, 0.031 mol) was dissolved in
methanol/THF (5:1, 170 mL) in the presence of palladium on activated carbon (0.482 g, 10%
wt/wt) under 1 atm of hydrogen. The reaction mixture was stirred for 20 h at room
temperature after which it was filtered through celite. Solvent was then removed from the
filtered solution very carefully since the product was volatile. Due to volatility, the exact mass

of the product was not quantified since residual solvent was present, and was used without
purification. 'H-NMR (500 MHz; CDCl3): 6 8.72 (s, 1H), 6.72 (td, | = 2.6, 1.6 Hz, 1H), 6.18
(9, /] = 2.9 Hz, 1H), 6.01-5.99 (m, 1H), 3.77 (s, 3H), 2.99 (t, ] = 7.1 Hz, 2H), 2.72 (t, ] = 7.1
Hz, 2H). 3C NMR (126 MHz; CDCl3): 6 174.4,130.9, 116.9, 108.1, 105.4, 51.9, 34.4, 22.7
HRMS(APCI+ for CsH12NO2) (M+H) caled 154.08626, found 154.08618.
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3-(1H-pyrrol-2-yl)propan-1-ol). 2 (0.031 mol) was dissolved in THF under argon at -
78°C. Borane in 1M THF (6.2 mL, 2 eq) was added dropwise to the solution. The reaction
mixture was allowed to warm to room temperature and stirred for 20 h. The reaction was then
quenched with methanol, diluted with dichloromethane and washed twice with brine. Organic
fractions were dried over anhydrous sodium sulfate and solvent was removed carefully under
reduced pressure and used without further purification. 'TH-NMR (500 MHz; CDCl3): 8 8.59
(s, 1H), 6.68 (td, | = 2.6, 1.6 Hz, 1H), 6.17 (d, ] = 3.0 Hz, 1H), 5.97 (td, ] = 1.6, 0.8 Hz, 1H),
3.69 (t, ] = 6.2 Hz, 2H), 2.81 (s, 1H), 2.72 (t, | = 7.4 Hz, 2H), 1.92-1.86 (m, 2H). 13C NMR
(126 MHz; CDCls): 8 132.0, 116.5, 108.1, 105.0, 62.1, 32.4, 24.1 HRMS (APCI for C-Hi0ON)
(M-H) calcd 124.07679, found 124.07609.

2-(3-Chloropropyl)-1H-pyrrole (3). 3-(1H-pyrrol-2-yl)propan-1-ol) (0.031 mol,
assumed quantitative from previous step) was dissolved in dichloromethane/carbon
tetrachloride (95:5, 150 mL) under argon. Triphenylphosphine (8.1 g, 0.031 mol, 1 eq.) was
added in one portion. The reaction mixture was stirred for 3 h at 40 ° C. Solvent was then
carefully removed under reduced pressure, and the resulting oil was loaded onto a silica flash
column and eluted with ethyl acetate/hexanes (20%) affording an oil (2.15 g, 50% yield from
compound 1, over 3 steps). 'H-NMR (300 MHz; CDCl3): 8 8.01 (s, 1H), 6.71 (d, ] = 1.4 Hz,
1H), 6.19 (d, ] = 2.8 Hz, 1H), 6.00 (s, 1H), 3.60 (t, ] = 6.3 Hz, 2H), 2.82 (t, ] = 7.3 Hz, 2H),
2.10 (t, ] = 6.9 Hz, 2H). 3C NMR (75 MHz; CDCl): 8 130.6, 116.6, 108.5, 105.5, 44.5, 32.5,
24.6 HRMS (APCI for C7H11CIN) (M+H) caled 144.0580, found 144.0573.

8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-1,5-di-(3-
chloropropyl)-Pyrromethene  Fluoroborate (HsBPMHC). 2-(6-Methoxy-2,5,7,8-
tetramethylchroman-2-yl)acetic acid?® (0.19 g, 0.7 mol) was dissolved in thionyl chloride (1
mL) under argon and stirred at 50 °C for 1 h. The thionyl chloride was then removed by co-
evaporation with toluene (15 mL, 5 times) and the flask was left on a vacuum pump overnight.

The resulting acid chloride was then dissolved in 7 mL of dichloromethane under argon.
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Phosphorus oxychloride (0.33 mL, 3.4 mol) was added dropwise followed by 3 (0.2 g, 1.4 mol)
pre-dissolved in 2 mL of dichloromethane. The reaction mixture was stirred for 22 h at 35 °C.
The mixture was then diluted with dichloromethane, washed with brine, and dried over
sodium sulfate. Solvent was removed under reduced pressure. The resulting red oil was
dissolved in dichloromethane under argon and cooled to -10 °C. Borontribromide (3.5 mL,
1M in dichloromethane, 3.5 mol) was added dropwise. The reaction mixture was allowed to
slowly warm to room temperature over the course of 1.5 h when the reaction was quenched
carefully with water. The solution was extracted with ethyl acetate and the organic fractions
were washed with brine and dried over sodium sulfate. Solvent was removed under reduced
pressure. The resulting red oil was dissolved in 5 mL of dichloromethane and 10 mL of toluene
under argon at 0 °C. Diisopropylethylamine (0.49 mL, 2.8 mol) was added dropwise. After 10
minutes, Boron trifluoride diethyl etherate (0.69 mL, 6 mmol) was added dropwise and stirred
for 1 h. The mixture was then quenched with water and extracted with ethyl acetate. The
organic fractions were washed with brine and dried over sodium sulfate. Solvent was removed
under reduced pressure. The resulting red solid was purified by flash column chromatography
(30% ethyl acetate in hexanes) followed by further purification by a preparatory silica plate
cluted in dichloromethane giving an orange film (30 mg, 8% yield). TH-NMR (500 MHz;
CDCl;): 6 7.12 (d, ] = 4.2 Hz, 2H), 6.32 (d, ] = 4.2 Hz, 2H), 4.25 (s, 1H), 3.62 (t, ] = 6.6 Hz,
4H), 3.22-3.11 (m, 6H), 2.68 (qd, ] = 13.3, 7.0 Hz, 2H), 2.22 (quintet, | = 7.3 Hz, 4H), 2.14 (s,
3H), 2.11 (s, 3H), 1.94 (s, 3H), 1.87 (t, ] = 6.9 Hz, 2H), 1.28 (s, 3H). 13C NMR (126 MHz;
CDCls): 8 159.5, 145.1, 144.8, 140.5, 136.1, 129.5, 122.9, 121.5, 118.6, 117.5, 116.6, 74.3, 44.3,
40.7, 33.0, 31.6, 26.1, 24.5, 20.7, 12.3, 12.2, 11.3 HRMS (ESI") for C20H34BCLF2N2O> (M-H)
caled 561.2064 found 561.2076.

8-Methyl-1,5-di-(3-chloropropyl)-Pyrromethene Fluoroborate (H4BCH3). Acetyl
chloride (0.05 mL, 0.7 mmol, 1 eq) was dissolved in dry dichloromethane (6 mL) under argon.
Phosphorus oxychloride (0.33 mL, 3.5 mmol, 5 eq) was added dropwise to the solution
followed by 3 (0.200 g, 1.4 mmol, 2 eq). The reaction mixture was then refluxed for 24 hours

followed by dilution with dichloromethane and was then washed with brine. The organic
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fraction was dried over sodium sulfate and solvent was removed under reduced pressure. The
resulting residue was dissolved in dichloromethane (5 mL) and toluene (10 mL) at room
temperature under argon. Diisopropylethylamine (0.49 ml, 2.8 mmol, 4 eq) was added
dropwise and the solution was stirred for 15 minutes. Boron trifluoride diethyl etherate (0.69
ml, 6 mmol, 8 eq) was added dropwise and the solution was stirred for 1 h at room
temperature. The solution was then filtered through a pad of silica eluted with
dichloromethane followed by removal of solvent under reduced pressure. The resulting
residue was purified using flash chromatography and eluted with hexanes/ethyl acetate (4:1)
affording an orange solid (29 mg, 12%). 'H-NMR (500 MHz; CDCls): 8 7.20 (d, ] = 4.1 Hz,
2H), 6.39 (d, ] = 4.1 Hz, 2H), 3.64 (t, ] = 6.6 Hz, 4H), 3.16 (t, ] = 7.6 Hz, 4H), 2.54 (s, 3H),
2.25 (quintet, ] = 7.3 Hz, 4H). 13C NMR (126 MHz; CDCl): 8 159.4, 141.3, 135.0, 127 .4,
117.7, 44.3, 31.7, 26.1, 15.5 HRMS (ESI") for CisH1sN2BCLF2 (M-H) calculated 357.091306,
found 357.09181.

4.7 Supporting Information

The Supporting Information contains the radical scavenging competition analysis
between HIBPMHC, tocopherol and PMHC. It also contains extra data from cell imaging:
intensities and time trajectories of H4BCH3 in cells in different buffers, intensity of
H4BPMHC in the presence of Fenton reagents and PMHC, images of cells treated with
H4BPMHC taken with a 100 x objective, and DIC images of Hela cells treated with
H,BPMHC. A discussion of how the concentration of HiIBPMHC was estimated is also
presented.

'H NMR and BC NMR spectra for compounds 1-3, 3-(1H-pyrrol-2-yl)propan-1-ol),
H.BPMHC, and H4BCHj3 may be found in the Appendix at the end of the thesis.
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Figure 4.7 Absorption and emission spectra acquired in acetonitrile: A) H,BPMHC, B)
H,BPMHC,, C) H,BCH,.
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Figure 4.8 Plot of the rate analysis of Figure 4.2 using Equation 4.1. The relative rates
determined from the slopes of the above plot (&, spvmic/ £ra0d &ppspvic/ Rovine) were both 0.9.
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4.7.1 Partitioning of H,BCHSj into cells in various buffers: Influence of serum

albumins

Normalized CTCF
Normalized CTCF

S S S BV S

Sy S

Figure 4.9 Normalized corrected total cell fluorescence (CTCF) of 100 nM H,BCHj;in Hel.a
cells. A) LCS, DMEM, and FBS intensities were determined from images acquired after 30 minutes
of the dye partitioning in the respective buffers on a widefield microscopy setup. B) LCS, DMEM,
and I'BS intensities were determined after 30 minutes of the dye solution being removed and replaced
with the respective buffer.
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Figure 4.10 CTCF-time trajectories acquired during the partitioning of 100 nM H,BCH; in
HelLa cells. A) Trajectories acquired for the first 30 minutes of partitioning in the respective buffers.
Curves were fit to an exponential growth curve according to Equation $4.1, where k = 0.15, 0.16, and
0.18 for LCS, DMEM, and FBS respectively. B) Trajectories acquired for the first 30 minutes after
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buffer exchange. Curves were fit to an exponential decay curve according to Equation $4.2, where k
= 0.093, 0.086, and 0.35 for LCS, DMEM, and FBS respectively.

y=A(—e™*) Equation S4.1

t

Yy =Yo+Ae”" Equation S4.2

4.7.2 Imaging studies with H,BPMHC
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Figure 4.11 Relative fluorescence enhancement from time 0 of 100 nM H,BPMHC in Hela
cells treated with/without PMHC and Fenton reagents after 50 minutes.
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Figure 4.12 Images acquired with a TIRF setup of stressed (A) HeLa cells with 100 uM cumene
hydroperoxide and 10 uM copper sulfate) and healthy (B) HeLa cells with 100 nM H,BPMHC. The
intensities of the healthy cells were increased 5-fold to better see the localization of the probe.

Probe Only

Stressed

Figure 4.13 Corresponding DIC images to Figure 4.5A to show cell viability.
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4.7.3 Approximation of concentration of dye in cells
According the procedure described in Section 4.6.11, the fluorescence of the supernatant
of the cells compared to the supernatant from the control sample (no cells) was 1% dimmer.
The fluorescence of the supernatant from the control sample was 50% dimmer than a
stock of 100 nM H4BCH3 in LCS indicating 50% of the dye added to the control was in the
LCS supernatant, and the rest was trapped to the petri dish which was recovered upon washing
with DMSO. Thus, only 0.5% of the dye added to the plate, or 0.5 nM had partitioned into
cells (1%x%50%x100 nM). With this concentration in mind, we then calculated the
concentration of dye in a single cell as follows:
e (.5 nM dye in 23.5 mL is sequestered by cells: 1.1X10-11 mol of dye
e number of cells: 23.5 mL *X 2 (doubling in 24 h) * 5X10* cells/mL = 2.35x109
cells
e mol of dye per cell: 1.1X10-"" mol of dye/2.35x10° cells = 5X10-'8 mol/cell

e Volume of cell is about 3X10-12 L*! so concentration of dye per cell is: 1.7 uM

If over 1 hour, 1% of dye reacted in unstressed cells: 17 nM/h

2 equivalents of ROS to light up probe: 33 nM/h ROS formation

4.7.4 Controls for determining quantum yields

H,BOAc

Figure 4.14 Structures of the dye standards used to determine fluorescence quantum yields.
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Chapter 5

5.1 Preface

“Deep into that darkness peering, long I stood there, wondering, fearing, doubting, dreaming dreams no mortal

)

ever dared to dream before.”

-Edgar Allan Poe

In Chapters 2-4 we discussed the development of fluorogenic probes capable of
reporting redox reactions, antioxidant status, and lipid peroxidation in cells. In Chapter 5 the
focus lies on the by-products of lipid peroxidation: aldehydes. In this regard, we have
developed a palette of fluorogenic aldehydes, which upon nucleophilic attack become highly
emissive.

Critical to fluorescent probe development is optimization of their utility in assaying the
questions they were intended to answer (e.g. How much information can we extract from our
experiments?). Here, we tackle this challenge through the development of a fluorescence based
assay to monitor nucleophilic addition. This assay is comprised of a series of non-fluorescent
meso-formyl BODIPY dyes previously synthesised in the Cosa laboratory which become
fluorescent upon reaction with alcohols at different rates: ultimately forming a reactivity
palette. The palette is assembled based on the increasing electrophilicity of the meso-formyl
group, derived from tuning the substitution of the BODIPY core. We show that by exploring
the photophysical properties (discussed in Chapter 1) of the reaction mixtures of our palette
and added nucleophile, we can extract information on yield and types of products formed.

The reactivity palette approach discussed in this chapter, combined with the analysis of
the reaction mixtures, aims to provide guidelines toward developing fluorogenic assays of
reactivity in general, offering multiplex information, beyond fluorescence intensity.
Furthermore, the fluorogenicity of these probes may be extended to the design of fluorogenic

analogues of 4-hydroxynonenal to map alkylation 7 vivo.
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5.2 Abstract

We describe herein a fluorescence-based assay to characterize and report on nucleophilic
addition to carbonyl moieties and highlight the advantages a fluorescence based assay and
multiplex analysis can offer. The assay relies on the fluorogenic properties of meso-formyl
BODIPY dyes that become emissive following nucleophilic addition. A reactivity palette is
assembled based on the increasing electrophilic character of five meso-formyl BODIPY
compounds tested. We show that increasing rates of emission enhancement correlate with
decreasing electrophilic character of the BODIPY dyes in the presence of an acid catalyst and
nucleophile. These results are consistent with the rate limiting step involving activation of the
clectrophile. Increasing product formation are shown to correlate with the increasing
electrophilic character of the BODIPY dyes, as expected based on thermodynamics. In
addition to providing rates of reaction, analysis of the fluorescence parameters for the reaction
mixtures, including emission quantum yields and fluorescence lifetimes, enable us to determine
the extent of reactant conversion at equilibrium (in our case the estimated yield of a transient
species), and the presence of different products, without the need for isolation. We anticipate
that our reactivity palette approach, combined with the in-depth fluorescence analysis
discussed herein, will provide guidelines toward developing fluorogenic assays of reactivity

offering multiplex information, beyond fluorescence intensity.

5.3 Introduction

A significant effort has been devoted over the past decade toward developing
fluorogenic probes for reaction screening.!® A number of fluorescence based assays have
been reported to monitor and study bond formation in a diverse set of reactions including
aldol reactions,”® Mannich type reactions,!” Michael additions!'!> and palladium catalyzed
reactions.!*1¢ These assays, using fluorescence intensity as a marker, provide a rapid, 7 situ
screening platform that is of simple application and requires minimum equipment investment.

We serendipitously uncovered that meso-formyl BODIPY dyes are non-emissive, yet
their emission is readily restored following reaction with methanol.!”18  These dyes, we

reasoned, would serve as uniquely sensitive probes of nucleophilic attack given that their
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emission is undetectable before reaction (i.e., their emission quantum yield is nominally 0), but
readily observable to the naked eye upon methanol addition.’® Given the ubiquitous nature of
nucleophilic addition reactions in biology!>?? and in synthesis, the availability of a series of
fluorogenic electrophiles would provide a simple, suitable tool to study nucleophile reactivity.

Here, we demonstrate that a reactivity palette may be assembled for nucleophilic addition
screening comprised of electrophilic fluorogenic meso-formyl BODIPY dyes of increasing
reactivity. We show that the rates of emission enhancement and the emission intensity
measured for meso-formyl BODIPY dyes upon hemiacetal and/or acetal formation in the
presence of various small alcohols, water and ethanedithiol (see Scheme 5.1), provide suitable
markers to elaborate a reactivity scale and to determine the extent of reaction, respectively.
We also highlight the valuable information a fluorescence assay may offer, with relative
simplicity, beyond monitoring fluorescence intensity alone. Specifically we show the
importance of monitoring the photophysical parameters of the reaction mixtures, including
emission quantum yield and fluorescence lifetime, and of investigating the photophysical
properties of the reaction products. Information on reaction yields, number of products and
type of products formed, we show, may be gained upon inspecting these various photophysical

properties.

Scheme 5.1 Expected products from the reaction of meso-formyl BODIPY and an alcohol
(ROH).

We propose that our reactivity palette approach combined with the in-depth
fluorescence analysis developed herein will be of general applicability toward developing

additional fluorogenic assays (including high-throughput) on reactivity.
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5.4 Results and Discussion

5.4.1 Rationale

Toward implementing a reactivity-scale, we conceived a fluorogenic reactivity-palette
consisting of five electrophilic, non-emissive, 7zeso-formyl BODIPY dyes, see compounds 1-5,
Figure 5.1.8 Nucleophilic addition and concomitant disruption of the formyl moiety
deactivates an otherwise highly efficient non-radiative decay pathway for the excited state,!”-18
rendering the probes emissive (Figure 5.2A). meso-Formyl BODIPY dyes thus provide highly

sensitive substrates toward developing a fluorogenic palette.

Ry R,
1 Et Et
2 H H
3 C H
4 c c
5 CN H

Figure 5.1 Structure of the meso-formyl BODIPY dyes used in this work. Numbering of the
BODIPY core is shown in green.

To tune the electrophilic character of BODIPY dyes, substitution of the BODIPY core
was performed with either electron rich or electron withdrawing groups at positions C2 and
C6 of the dye. From a frontier molecular orbital (FMO) perspective, the reaction of a formyl
group with a nucleophile involves orbital mixing between the highest occupied molecular
orbital (HOMO) of the nucleophile and the lowest unoccupied molecular orbital (LUMO) of
the formyl group. Substitution of BODIPY dyes with electron rich groups, destabilizing the
LUMO, renders the formyl moiety less electrophilic. In turn, substitution by electron
withdrawing groups, e.g. either chlorine atoms or nitriles and concomitant lowering of the

LUMO renders the formyl group more susceptible to nucleophilic attack.

5.4.2 Reactivity
The reactivity of compounds 1-5 was tested in acetonitrile upon the addition of methanol

where either a hemi-acetal or acetal may form. Steady state emission experiments were
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conducted where fluorescence intensity enhancement immediately following addition of the
nucleophile was monitored over time (every 12 s). While a trend in reactivity was apparent
from results with compounds 1-5, we also noticed large variations in re-runs of the
experiments, possibly the result of traces of water affecting the ensuing kinetics of reaction.
This observation prompted us to explore the addition of an acid catalyst in a controlled fashion
working initially with compound 3. We chose p-toluenesolfonic acid (p-TsOH) as an organic
acid catalyst, as it is commonly used in the preparation of acetals.?>2> Reproducible results
with p-TsOH enabled us to learn on equilibrium position and to obtain initial rates of reaction
under a range of conditions.

Consistent with the reversible nature of the methanol addition, see Scheme 5.1, reaction
of increasing amounts of methanol at constant concentrations of compound 3 and in the
presence of p-TsOH as a catalyst resulted in increased intensities at t = %, i.e., once reaction
has reached equilibrium, see Figure 5.2A. Under the assumption that conversion of the weso-
formyl BODIPY is small (confirmed by the apparent fluorescence quantum yield experiments,
vide infra) and working with large excess of nucleophile, one may then obtain a linear correlation
between the concentration of methanol added and the intensity at t = o (Figure 5.2B). Under
the above working conditions, both the electrophile initial concentration, [E]o, and the
nucleophile concentrations used, [Nu]o, remain fairly constant upon reaction. One may then
show that the electrophile-nucleophile adduct concentration [Nu-E], and thus the emission

intensity, is proportional to the initial concentration of reactants used, see Equation 5.1.

__ [Nu-E]
eq [Elo[Nulg

Equation 5.1
In support of a pseudo first order reaction mechanism in the presence of excess
nucleophile, the fluorescence intensity enhancement vs time curves followed an exponential
behavior. Fitting the fluorescence intensity trajectories with an exponential growth curve
according to Equation 5.2, next enabled us to obtain values for the pseudo first order rate
constant kapp, where Iw is the fluorescence intensity at t = © once reaction has reached

equilibrium, and Iy is the fluorescence intensity at #= 0. To our initial surprise, while the initial
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rate of enhancement increased linearly with increasing methanol concentration, at large excess
of nucleophile the rate of reaction became zero order on nucleophile concentration, as

observed from the plateau in the plot of initial rate vs methanol concentration, see Figure

5.2C.
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Figure 5.2 A) Intensity-time trajectories following the reaction of 3 (4.5 uM) with increasing
methanol concentration at 21 °C. B) Correlation between the intensity at infinite time (I,,) obtained
from fitting the intensity-time trajectories in panel A using Equation 5.2 and methanol concentration.
C) Relationship of initial rate determined from panel A and methanol concentration. Error bars in y
were obtained from the error associated with performing a linear fit on the initial increase of
fluorescence enhancements in panel A. D) Intensity time trajectories following the reaction of 4.5 uM
of 3 with 1.09 M methanol in acetonitrile with varying concentrations of p-TsOH at 21°C. E)
Correlation between the apparent rate constants for 3 obtained from fitting the trajectories displayed
in panel D with Equation 5.2 and p-TsOH concentration. Error bars were obtained from the error of
the fitting with Equation 5.2. F) Equilibrium of eso-formyl BODIPY in the presence of an alcohol
and an acid catalyst.

In order to understand the mechanism of nucleophilic addition to compound 3, we next
subjected 3 to increasing concentrations of p-TsOH in the presence of large nucleophile
excess, 1.09 M methanol, where reaction is zeroth order in methanol, see Figure 5.2D. A linear

correlation was observed between the concentration of p-TsOH and the apparent rate
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constant (Figure 5.2E). The linearity suggests the formation of a catalyst activated aldehyde
(protonation of the meso-formyl BODIPY) as the rate determining step, and thus a general-
acid catalysis mechanism, see Figure 5.2F.

To test the reactivity of our palette, we monitored rates of intensity enhancement for
compounds 1-5 in acetonitrile in the presence of 1.09 M methanol and 0.333 mM p-TsOH,
see Figure 5.3A. A linear free energy relationship (LFER) analysis was conducted utilizing the
natural logarithm of the ratio of measured apparent rate constant values (obtained according
to Equation 5.2, relative to compound 1) and the difference in oxidation potentials for
compounds 1-5, see Figure 5.3B.%6

Consistent with a rate limiting step involving activation via protonation of the meso-
formyl BODIPY, we retrieved a negative slope for the LFER correlation. Electron donating
groups on the BODIPY core stabilize the activated complex, where the larger electronic
density in the BODIPY core increase the basicity and stabilize the protonated meso-formyl
BODIPY dye. An energy raising by ca. 0.5 eV (~ 48 k] /mol)!8 for the oxidation potential of
BODIPY dyes in going from electron releasing ethyl groups (compound 1) to an electron
withdrawing nitrile group (compound 5) resulted in a drop by ca. 1 order of magnitude at 21°C
for rate constants. The rate enhancement observed with decreasing oxidation potential, smaller
than the 8 orders of magnitude expected at room temperature based on energy stabilization
alone, indicates that the meso-formyl moiety, uncoupled from the BODIPY core as it is 90°

from the BODIPY plane,!” is not nearly as affected by substitution of the BODIPY core.
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Figure 5.3 A) Intensity-time trajectories following the reaction of compounds 1 to 5 with 1.09
M methanol in acetonitrile supplemented with 0.333 mM of p-TsOH at 21°C. Dye concentrations
were prepared such that their respective absorbance was 0.1 at the excitation wavelength used (i.e. 16
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uM, 20 uM, 4.5 puM, 16 uM and 3 uM for dyes 1-5 respectively) B) Correlation between the ratio of
apparent rate constants (k,, ) and the difference in oxidation potentials (to compound 1) in acetonitrile
for the BODIPY dyes 1-5 vs ferrocene.”” Compound 1k, and oxidation potentials were used as a
reference. C) Correlation between the ratio of intensities at infinite time (I,) and the difference in
reduction potentials in acetonitrile for dyes 1-5 (to compound 1) measured vs ferrocene.'” Compound
11, and reduction potentials were used as a reference.

To test the equilibrium position, we next utilized the maximum emission intensity
reached for compounds 1-5 following reaction with methanol. In comparing emission
intensities, we assumed that the emission quantum yield for each of the hemiacetal products
formed with compounds 1-5 was similar. This is indeed the case with the emission quantum
yield recorded for the meso-hydroxymethyl BODIPY dyes obtained following reduction of the
formyl moiety.!8

A new LFER with a positive slope was obtained when correlating the natural logarithm
of the ratio of fluorescence intensity at t = © (relative to compound 1) for dyes 1-5 in the
presence of 1.09 M methanol and p-TsOH, vs the difference in reduction potentials (relative
to compound 1) (LUMO energy values). We note that based on Equation 5.1, the intensity is
proportional to the equilibrium constant under our experimental conditions. This LFER
indicates that BODIPY cores bearing electron withdrawing groups favor product formation.
The results are consistent with FMO considerations predicting the equilibrium position to be
displaced toward products in the increasing order 1 < 2 < 3 < 4 < 5. A 10-fold increase in
product formation was recorded upon stabilizing the LUMO by ca. 0.3 ¢V (29 kJmol!) at
21°C.

We next tested the effect of nucleophiles on the rate of addition to our formyl dyes by
monitoring compound 3 in the presence of various small alcohols, water and ethanedithiol
(Figure 5.4). The formation of non-emissive zeso-imines upon reaction of compounds 1-5 with
amines precluded testing with this nucleophile substrate.'” Furthermore, amines are known
fluorescence quenchers of BODIPY dyes.?’” All alcohols tested reacted at comparable rates
(fapp ~ 0.003 s1) and reached comparable fluorescence intensities (~50,000 counts/s). This is
not surprising given the general acid catalysis mechanism proposed (vide supra). We did observe

however a ca-10-fold rate increase upon the use of water as a nucleophile what may be partly
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due to a lowering of the pka of p-TsOH in the presence of water vs acetonitrile.?®? The
hydrate formation led to a very small emission enhancement indicating it is not a stable
compound.

A ~10-fold drop in reaction rate was recorded upon addition of ethanedithiol. The
mismatch between the hard electrophile (formyl moiety) and the soft nucleophile (thiol) may
alter the mechanism of reaction rendering the nucleophilic attack the rate determining step.
We also observed a ca. 2-fold larger emission enhancement in the presence of ethanedithiol
consistent with the larger stability of thioacetals (and presumably hemithioacetals) vs acetals

(and hemiacetals).3
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Figure 5.4 A) Intensity-time trajectories following the reaction of 4.5 uM of compound 3 and
1.09 M of methanol (MeOH), ethanol (EtOH), butanol (BuOH), ethylene glycol (EtyGly), water
(H,O) and ethanedithiol (EtSH,) at 21 °C in acetonitrile supplemented with 0.333 mM of p-TsOH. B)
Apparent rate constants for the various nucleophiles tested were obtained from fitting the intensity-
time trajectories in panel A with Equation 5.2. Error bars are from the fitting with Equation 5.2.
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5.4.3 Equilibrium

In order to determine the product(s) formed in the reactions of our palette with various
alcohol nucleophiles we prepared and isolated the zeso-acetal BODIPY 6 from its precursor 5
(Figure 5.5A) by stirring at 80 °C with ethylene glycol in the presence of p-TsOH. Figure 5.5B
shows the absorption and emission spectra of acetal 6 in ethylene glycol in comparison to
those of 5 dissolved in ethylene glycol, where the hemiacetal and acetal may both form. The
absorption and emission maxima of 5 (reacted) and 6 in this solvent were markedly different
(habs = 502 nm and kem = 537 nm vs Aas = 514 nm and Aem = 556 nm, respectively). The
marked difference recorded between the spectra of the isolated acetal and the product
obtained upon addition of ethylene glycol to compound 5 highlights the predominant
formation of the hemiacetal (rather than acetal) in solutions of compound 5 in acetonitrile in
the presence of either methanol or other alcohols studied herein (vide supra). A similar
conclusion would also apply to reactions with the less electrophilic compounds 1-4. The poor
solubility of compounds 1-5 in acetonitrile/methanol mixtures precluded the use of NMR
towards monitoring the reaction mixture. However, the use of mass spectrometry performed

in methanol may be employed as a secondary method to confirm the generation of products.
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Figure 5.5 A) Structure of compound 6 and proposed structure of the major product of 5
dissolved in ethylene glycol. B) Absorption and emission spectra of 5 and 6 dissolved in ethylene
glycol.
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5.4.4 Photophysics of the reaction mixtures

We next revisited the final intensities reached at equilibrium for the various nucleophiles
and compounds 1-5 studied herein to extract information on yields. In addition to providing
a qualitative understanding on the extent of reaction completion at equilibrium, the emission
intensities recorded, when combined with fluorescence quantum yields for the emissive
products obtained and with their fluorescence decay rate constant values A (or their
reciprocal, fluorescence decay lifetimes 74), may provide a quantitative yield of product
formed in our palette upon reaction with nucleophiles without the need of product isolation.
Specifically, by measuring the apparent emission quantum yield (®gPP) of solutions of 1-5 in
1.09 M methanol with p-TsOH (0.333 mM) and estimating the actual emission quantum yield
of the hemiacetals formed (®s), one may estimate the product yield of hemiacetal, a transient
species, from the ratio of the above two values, i.c., yield = ®gre/Dy.

Comparison of the fluorescence of solutions of 1-5 in 1.09 M methanol and p-TsOH,
with fluorescence from solutions of standard compounds whose emission quantum yield is
known, (specifically ethyl substituted PM605 and the analogous H-substituted dye),'® yielded
values of ®#Pp for our palette 1-5 in methanol, see Table 5.1. While it is not possible to isolate
a hemiacetal and directly measure its emission quantum yield, we obtained this parameter
utilizing Equation 5.3 below by assuming that the radiative decay rate constant for these
compounds is comparable to that of their zeso-hydroxymethyl BODIPY analogues'® (i.e., £nus
~ 1 X 108 s'), and by incorporating the 74 values measured for solutions of 1-5 in the presence
of 1.09 M methanol and p-TsOH (Table 5.1). It is safe to estimate £.s ~ 1 X 108 s for the
hemiacetals considering that similar £, values were recorded for all meso-hydroxymethyl
BODIPY analogues of compounds 1-5 (+/-0.3X10% s') and for compound 6 (see
Supplemenrary Information, Table 5.3). This value is also typically reported in the literature
for BODIPY dyes.!83! Tables 5.1 and 5.2 lists yields of reaction based on tdcc and @¢#Pp for
solutions of compounds 1-5 in methanol and p-TsOH, and also for compound 3 in the
presence of various alcohols, water and ethanedithiol, and in the presence of p-TsOH. In line
with our observations in Figure 5.4, the yield of hemi-acetal formed in the presence of various

alcohols (Table 5.2) was independent on the nucleophile used. Furthermore, the low yields of
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the hydrate (indicating its instability), and comparably high yield of hemi-thioacetal (indicating

stability) are in agreement with the position of the expected equilibrium position.

q)f = kradXTdec Equation 53

Table 5.1 Photophysical properties of reaction mixtures for dyes 1-5 with 1.09 M methanol in
acetonitrile and 0.333 mM p-TsOH.

Dye  tdcc (ns)? OT g OF Yield (%0)c
1 3.29 0.001 033 04
2 2.00 0.004 017 1.8
3 3.76 (76%) 0.007 033 23

2.08 (24%0)
4.14 0.015 0.41 3.8
5 2.32 (62%) 0.012 0.18 6.7
0.96 (38%)
“Weights of bi-exponential lifetimes are given based on their pre-exponential factors based on
amplitude. "Quantum yield was calculated from 1, and an assumed k,, of 10° s" using Equation 5.3.

An average 1, based on the pre-exponential factors was used for biexponential lifetimes. “Yield was
calculated from the ratio of @ and D,
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Table 5.2 Photophysical properties of reaction mixtures of dye 3 in the presence of 1.09 M
nucleophile (Nu) in acetonitrile and 0.333 mM p-TsOH.

Nu 7 (ns)? Depp D Yield (%)

MeOH  3.85(68%) 0.009 034 2.8
2.59 (32%)

EtOH  4.03(83%) 0.008 037 2.1
2.39 (17%)

BuOH 427 (78%) 0.009 038 2.4
2.61 (22%)

EtyGly  4.03(88%) 0.009 037 24
1.69 (12%)

H>O 534 (64%) 0.001 042  0.14
2.30 (36%)

Et(SH).  4.94 47%) 005 026 18
0.70 (53%)

“Weights of bi-exponential lifetimes are given based on their pre-exponential factors based on
amplitude. "Quantum yield was calculated from 1, and an assumed k,, of 10° s" using Equation 5.3.
An average T, based on the pre-exponential factors was used for biexponential lifetimes. “Yield was
calculated from the ratio of @ and O,

The above yield estimations based on photophysical properties assumed a sole product
was formed, however, should an acetal and hemiacetal coexist, their intrinsic fluorescence
lifetimes and emission quantum yields would enable a similar analysis, decoupling their
contributions to the overall emission recorded, and providing a direct readout on the yield of
each compound.

Importantly, we found that the hemiacetals formed from the symmetric BODIPYs (1,
2, and 4) gave mono-exponential lifetimes, whereas hemiacetals formed from the asymmetric
BODIPYs (3 and 5) gave bi-exponential lifetimes as did compound 6 (Table 5.3). The two-
component lifetimes for 3, 5, and 6 may be rationalized by the formation of atropisomers. The
meso-position of the BODIPY core is sterically crowded due to the methyl groups at positions
C1 and C7. This crowding has been shown to give rise to atropisomers from asymmetric
BODIPYs.3? Since in compounds 3, 5, and 6 the BODIPY core is asymmetric, and the #zeso-

position of the BODIPY is sterically hindered (preventing rotation) formation of 2
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atropisomers is a plausible outcome. In our analysis we considered an average fluorescence
decay lifetime based on the pre-exponential factors (amplitude) to estimate the yield for the

atropisomer formation.

5.5 Conclusion

We have described herein a simple and rapid method and ensuing analysis for
characterizing the reaction of nucleophiles with a series fluorogenic meso-formyl BODIPY
dyes. Our off/on fluorogenic reactivity palette relies on nucleophilic addition to the formyl
moiety that transforms the otherwise non-emissive meso-formyl BODIPY into an emissive
meso-hemiacetal BODIPY. Our reactivity palette shows a linear free energy relationship
between the reactivity and the oxidation potentials of the meso-formyl BODIPY dyes used,
where the negative slope retrieved implies an acid catalyzed reaction. In turn, a LFER with a
positive correlation between reduction potentials and reaction yield (proportional to the
equilibrium constant under our experimental conditions) highlights the product stabilization
with lowering of the LUMO of the reacting electrophile. The lifetimes and apparent quantum
yields recorded for the palette upon reaction with nucleophiles allow for an estimation of the
reaction yield of the transient hemiacetal species and the number and types of fluorescent
products formed without need for product isolation. In general, we anticipate that the analysis
described herein will be of broad application to fluorescent based assays especially when the

formation of more than one product is expected.

5.6 Experimental Section

5.6.1 Materials

HPLC grade solvents for spectroscopy were purchased from Fisher Scientific. All other
chemicals were purchased from Sigma-Aldrich, Co. and were used without further

purification.
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5.6.2 Instrumentation

Absorption  spectra were recorded wusing a Hitachi U-2800 UV-—vis—NIR
spectrophotometer. Luminescence spectra were recorded using a PTI QuantaMaster
spectrofluorimeter using 1 cm X 1 cm quartz cuvettes and corrected for detector sensitivity.
'H NMR and BBC NMR spectra were recorded on a Varian VNMRS 500 instrument at 500
and 126 MHz, respectively. ESI mass spectra were measured on a Thermo Scientific Exactive

Orbitrap.

5.6.3 Time based fluorescent enhancements

Time based fluorescent measurements were recorded on a PTI QuantaMaster
spectrofluorimeter equipped with a four-position Peltier with motorized turret. 3 mL glass
fluorimetry cells with 1 cm path lengths were used as sample cells. The excitation and emission
slits were set to 2 nm. The temperature control was set to 21 °C. Solutions of dyes 1-5 in
acetonitrile (3 mL final volume) were prepared in cuvettes at concentrations such that each
solution had an absorbance of 0.1 at the excitation wavelength (.e. 16 uM, 20 uM, 4.5 uM, 16
uM and 3 pM for dyes 1-5 respectively). Each solution was supplemented with 0.333 mM p-
TsOH (unless otherwise indicated). When ready to measure intensity over time, the
nucleophile of interest (1.09 M, unless otherwise specified) was added to each cuvette (final
volume 3 mL). Compounds 1, 3, and 4 were excited at 500 nm and their emission was collected
at 560 nm. Compounds 2 and 5 were excited at 475 nm and their emission was collected at

538 nm. The emission was background corrected with an acetonitrile blank.

5.6.4 Fluorescence quantum yield

Acetonitrile solutions of meso-acetoxymethyl-BODIPY dyes:'® H2BOAc or PM605 were
used as standards to calculate the apparent quantum yields of reaction mixtures of dyes 1-5 in
acetonitrile treated with 1.09M methanol and 0.333 mM p-TsOH (following equilibration
monitored via fluorescent enhancement), and the quantum yield of 6 in acetonitrile.
Absorption and emission spectra of the meso-acetoxymethyl-BODIPY dyes and 6 were

measured at five different concentrations. Since fluorescence of 1-5 is very sensitive to
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concentration, only single emission and absorbance spectra were measured following reaction
completion. The integrated intensity versus absorbance were then plotted and fitted linearly.
Relative apparent quantum yields of fluorescence for reaction mixtures of dyes 1-5 and
quantum yield of dye 6 with respect to the standard were obtained from Equation 5.4, where
Dy, A, and 7 refer, respectively, to the fluorescence quantum yield, the slope obtained from
the above-mentioned plot, and the solvent refractive index for the unknown (x) or standard
(st) sample. Emission spectra were recorded for solutions using excitation and emission slits

of 1.4 nm.

bx = Pst (AA_;) X (:_Sft) Equation 5.4

5.6.5 Fluorescence lifetime studies

The fluorescence lifetime measurements were carried out using a Picoquant Fluotime
200 Time Correlated Single Photon Counting setup employing a supercontiuum laser
(WhiteLLase SC-400-4, Fianium, Beverly, MA). Excitation wavelengths were spectrally
separated from broadband emission by a computer controlled acousto-optical tunable filter
(AOTF, Fianium). Compounds 2, 5, and 6 were excited at 475 nm, and compounds 1, 3 and
4 were excited at 500 nm. The excitation rate was 10 MHz, and the detection frequency was
less than 100 kHz. Photons were collected at the magic angle. An instrument response
function (IRF) was measured with colloidal silica beads and was used to deconvolute the time
profile of the excitation source from the emission decay. Reduced chi-squared statistics were

employed to determine good fits to bi-exponential decays.

5.6.6 Synthesis
Compounds 1-5 were prepared according to literature procedures!® where spectroscopic

data matched those of the reported materials.
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8-(1,3-dioxolane)-2-cyano-1,3,5,7-tetramethyl pyrromethene fluoroborate (6).
Compound 5 (50 mg, 0.17 mmol) was dissolved in dry toluene (5 mL) under argon. Ethylene
glycol (0.5 mL) and p-toluenesulfonic acid (3 mg, 0.015 mmol, 0.09 equiv) were added and the
solution was stirred for 4 days at 80 °C. The solution was then diluted with ethyl acetate,
washed 2 times with saturated sodium bicarbonate and washed once with brine. The organic
layer was dried over anhydrous sodium sulfate and solvent was removed under reduced
pressure. The title compound was purified using flash column chromatography with
hexanes:ethyl acetate (1:1) giving an orange residue (9.5 mg, 17%). 'H NMR (500 MHz;
CDCl): 8 6.27 (s, 1H), 6.02 (s, 1H), 4.27-4.24 (m, 2H), 4.06-4.03 (m, 2H), 2.62 (s, 3H), 2.59
(s, 3H), 2.44 (s, 3H), 2.40 (s, 3H). 13C NMR (126 MHz; CDCl3): 8 164.9, 154.6, 147.6, 141.7,
136.9, 136.4, 129.4, 126.3, 115.2, 104.0, 98.1, 77.2, 65.0, 17.3, 15.52, 15.45, 13.6 HRMS (ESI)
for C17H17N302BF2 (M-H) calculated: 344.13874, found: 344.13933.

5.7 Supporting Information
'H NMR and BC NMR spectra for compound 6 may be found in the Appendix at the

end of the thesis.

Table 5.3 Photophysical properties of dye 6.

Dye Solvent ®f 1 (ns) Kraa (s1)  kar (s71)

6 EGly 016 1.67(72%) 1x10° 6x 108
0.81 (28%)

6 MeCN  0.09 0.82 (68%) 1 x10% 1x10°
0.28 (32%)
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6 Conclusions and Outlook

“Nothing in life is to be feared, it is only to be understood. Now is the time to understand more, so that we may
Sear less.”

-Marie Curie

6.1 Conclusions and Contribution to Original Knowledge

In the 215 century, revolutionary collaborative efforts, such as the Human Protein Atlas!
and BRAIN Initiative,”> have embarked to map the human body at the molecular level. In the
spirit of Marie Curie’s words, the ultimate goal of these efforts is to understand the complex
processes occurring in and amongst cells. With this understanding, we may engineer effective
therapeutics, and even halt disease before its symptoms manifest. Our contribution to this
‘ultimate goal’ is the development of unique and sensitive probes to decipher, from a chemical
standpoint, the complex relationship existing between antioxidant status, and physiological
phenomena, reconciling the chemistry with the biology of lipid peroxidation and reactive
oxygen species (ROS).

This thesis describes the design and development of a palette of bio-inspired fluorogenic
probes, whose sensitivity were optimized to provide a large dynamic range. With these
sensitive probes in hand, we developed novel assays to underpin both the reactivity and the
formation of transient species both in ensemble experiments (semiquinones, hemiacetals, and
ROS) and in live cells (ROS).

In Chapter 2, the development of a fluorogenic analogue of ubiquinone to reversibly
report on redox reactions is described. The design of H2B-Q exploited photoinduced electron
transfer (PeT) to garner the desired fluorogenicity. Due to the high electron acceptor nature
of quinones, we chose to design a probe which would be quenched in the oxidized (quinone)
state, and that would be fluorescent in the reduced (quinol) state. Challenges in handling

quinones and quinols were overcome in the synthesis, by primarily working with a phenol
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precursor, and selectively oxidizing to the quinone and subsequent reduction to the quinol at
later stages in the synthesis. While HoB-Q has reduced sensitivity in polar solvents, in non-
polar solvents the sensitivity is excellent exhibiting a 200-fold fluorescence enhancement upon
reduction. We demonstrated the redox reversibility of the probe both chemically and
electrochemically, as well as its direct and indirect antioxidant behaviour through its reaction
with peroxyl radicals and its synergistic reaction with tocopheroxyl radicals, validating HoB-Q
as a suitable fluorogenic analogue of ubiquinone. This probe provides us with a unique
opportunity to study redox reactions of quinones in non-polar solvents, which is currently
underway in our laboratory. Our overall strategy provides guiding rules for the future design
and synthesis of related quinone analogues.

Chapter 3 describes our efforts to rationalize PeT efficiency in BODIPY-tocopherol
analogues within the context of Marcus Theory of electron transfer. While previous
generations of fluorogenic BODIPY-tocopherol probes prepared in our laboratory have been
instrumental in monitoring ROS within lipid membranes, we were confronted with the
challenge of achieving the optimum sensitivity needed to detect subtle levels of lipid
peroxidation. Our quest to improve the sensitivity of these probes thus led us to investigate
the effect that substitution of the BODIPY core and of the linker length between the
BODIPY and tocopherol moiety both have on the rate constant for photoinduced electron
transfer &per. Using DFT and electrochemical measurements, the thermodynamic driving
force for PeT was estimated for a library of BODIPY-tocopherol constructs. Fluorescence
quantum yields, rationalized as a means to estimate £pet, provided us with a measure of PeT
efficiency. Within the library of BODIPY-tocopherol probes studied (over a 400 mV redox
window, and 2 linker lengths differing by 2.8 A), we observed fluorescence enhancements
ranging from 20-fold to nearly 1000-fold. By effectively competing with radiative decay, we
may achieve excellent sensitivity upon judicious choice of linker and substitution.
Furthermore, our studies underscore the sensitivity ceiling one may achieve in our fluorogenic
BODIPY-tocopherol probes.

With the knowledge acquired from the work in Chapters 2 and 3, Chapter 4 describes
the methodology behind detecting basal levels of lipid peroxidation in live cells. The high
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reactivity of ROS had previously circumvented its detection and quantification in cells under
homeostasis. Our fundamental challenge was thus detection of trace amounts of ROS, with
minute concentrations of fluorogenic probe, and with enough signal to detect over
background. Our strategy revolved around utilization of our new, highly sensitive, fluorogenic
analogue of tocopherol, HiBPMHC, capable of undergoing 1,000-fold fluorescence
enhancement upon scavenging peroxyl radicals. Our analysis of fluorescence intensity and
fluorescence-time trajectories of images acquired with H4PMHC indicates that the rate of
production of lipid peroxyl radicals in HelLa cells under basal conditions is approximately 33
nM/h and provides undisputable evidence on the antioxidant role of a-tocopherol. These
results highlight the potential of HIBPMHC to investigate the physiological relevance of lipid
peroxidation during cell homeostasis and disease, and to unravel the physiological role of both
lipid peroxyl radicals and a-tocopherol 7 vivo.

The work presented in Chapter 5 highlights the multiplex information that can be
gleaned from a simple fluorescence assay by studying the photophysical properties of the
reaction mixtures assayed. Here, a reactivity palette was assembled which becomes emissive
upon nucleophilic addition. We showed, via analysis of fluorescence-time trajectories, that
rates of reaction correlated with decreasing electrophilicity in the presence of an acid catalyst
confirming a general-acid catalyst mechanism. Furthermore, through analysis of the
fluorescence intensities, lifetimes, and quantum yields, we showed that product formation
correlated with increasing electrophilicity, and approximated the extent of reaction conversion
at equilibrium (in our case of a transient hemiacetal species). Ultimately, this chapter provides
guidelines for fluorescence assay development and showcases, through an in-depth
fluorescence analysis, that a simple fluorescence assay may provide information on reaction

mechanism, rate, and conversion.

6.2 Outlook and Future Directions
By virtue of the cyclical nature of fluorogenic probe development, improvement of the
probes discussed in this thesis is a natural direction to proceed. We may improve the sensitivity

of the probes by increasing PeT efficiency, we may improve their synthesis by increasing yield
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and decreasing steps, and the utility by adding elements to target organelles, enhance reactivity,
tune emission colour, or improve solubility. From the design strategies discussed in these
chapters, it is relatively straightforward to expand the palette of fluorogenic bio-inspired
molecules to further our understanding of the multiple reactions occurring in cells (eg.

dopamine oxidation in neurons, electron transfer mediated by plastoquinone in plants).

6.2.1 Improving H.B-Q for targeting mitochondria and use in biological

applications

In Chapter 2 we discussed the development of a redox-reversible, fluorogenic analogue
of ubiquinone. This probe showed excellent fluorescence sensitivity in non-polar solvents and
is currently being used in our laboratory to understand proton-coupled electron transfer
reactions of quinones in organic solvents in the presence and absence of protic solvents.
However, the poor sensitivity of this probe in polar solvents and hence biological milieu
prevents its utility in studying the reactions ubiquinone undergoes in biological applications.
Furthermore, there is no functionality in HoB-Q to target the mitochondrion, where the
electron transfer reactions of ubiquinone occur.

The lack of sensitivity in polar solvents is due to fluorescence quenching by both redox
states of the quinoid moiety, that is, not only the quinone, but the dihydroquinone moiety may
quench the BODIPY emission via PeT. Polar solvents facilitate electron transfer from the
reduced, quinol moiety to the BODIPY dye (photoreduction of BODIPY) by stabilizing the
charge transfer and the formation of the radical ion pair. The redox properties of the BODIPY
core are thus not optimally tuned for PeT occurring from the quinone moiety only. Designing
PeT systems with the quinone/quinol redox couple is challenging since the quinone is an
excellent electron acceptor, and the quinol is a very good electron donor. The substituents of
the BODIPY core of H2B-Q) are thus not sufficiently electron rich to prevent electron transfer
from the quinol moiety in polar solvents.

New efforts may be made to design a more electron rich BODIPY core to facilitate
electron transfer to the quinone moiety, but inhibit electron transfer from the quinol moiety.

Additionally, by adding a reactive handle, similar to that described in Chapter 4 for HIBPMHC,
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we may generate an easy opportunity to target the mitochondrion by substituting with
triphenylphosphine.#

Following the synthesis of a new generation of H2B-Q), experiments in cells or isolated
mitochondria can be performed. In addition, we posit that single molecule spectroscopy may

be exploited to visualize single redox turnovers in newly prepared ubiquinone analogues.

6.2.2 Targeting H,BPMHC to mitochondria for studying ROS accumulation and

production in Alzheimer’s disease

The highly sensitive fluorogenic tocopherol analogue, HiIBPMHC, described in Chapter
4 is poised for further modifications to target organelles. Ongoing work in our lab, and in
collaboration with the group of Professor Claudio Cuello at McGill University, is being done
to better understand the association of ROS with the onset of Alzheimer’s disease. Oxidative
stress has been observed in late stages of Alzheimer’s disease, yet where and when oxidative
stress initiates in those suffering from Alzheimer’s is not known. It is postulated that amyloid-
B peptides, whose accumulation is a key characteristic in patients with Alzheimer’s, induces
oxidative stress.> Indeed, there is evidence showing the interaction of amyloid-$ peptides with
mitochondria, where it may inhibit the electron transport chain and cause a cascade of
reactions leading to production of ROS.® Having a sensitive ROS probe targeting the
mitochondrion would help address this hypothesis. Due to the propyl halogen on the core of
the BODIPY of H4BPMHC, addition of a mitochondrial targeting triphenylphosphonium
group is straightforward and has been successfully accomplished (Scheme 6.1). Work is
underway in our laboratory to optimize cell imaging with this new probe, including both

healthy but also pathological cell lines.
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Scheme 6.1 Synthesis of H,-mito-BPMHC from H,BPMHC.

HO

5eq PPhj 2 eq Nal
MeCN reflux, 93%

Cl

To better understand and characterize the stages of Alzheimer’s disease, the Cuello
group has developed a transgenic rat model of Alzheimer’s disease.” With the new probe in
hand, we are currently working with the Cuello group to detect subtle ROS differences in both
isolated mitochondria and brain slices of the transgenic rat model, vs of a wild-type rat.
Through this collaboration, we hope to decipher the role of amyloid-3 peptides and
mitochondria in the generation of lipid peroxyl radicals and initiation of oxidative stress in

Alzheimer’s disease.

6.2.3 Expanding the palette to fluorogenic analogues of biological molecules of
interest

The probe design strategies described in this thesis can be applied to the development
of other biological molecules of interest. Quinones/quinols are ubiquitous molecules in
biological systems. These molecules, like ubiquinone, generally have multi-faceted roles and
carry out redox reactions in the cell. Such molecules include plastoquinone (redox mediator in
plants), Vitamin K (redox mediator, and cofactor in blood coagulation), and dopamine
(neurotransmitter). The general strategy used to prepare HoB-Q may be used to develop similar
probes based on the biomolecules listed here. A fluorogenic plastoquinone may be used to
monitor electron transfer reactions in photosystems, a fluorogenic Vitamin K may be used to
understand its dual role as electron carrier and cofactor,® and a fluorogenic dopamine may be
used to visualize neurotransmitter oxidation and its implication in diseases such as Parkinson’s.

The design strategy used in the development of the meso-formyl BODIPY dyes for

nucleophile screening discussed in Chapter 5 may be applied to develop fluorogenic bio-
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aldehydes. Recently in our lab, we have initiated the development of a fluorogenic analogue
of 4-hydroxynonenal (4-HNE) which exploits the same quenching mechanism as the one
shown for meso-formyl BODIPYs. As described in Chapter 1, 4-HNE is a toxic by-product of
lipid peroxidation which may undergo reaction with biological nucleophiles such as cysteine
residues and DNA bases. Similarly to the zeso-formyl dyes, upon reaction with a nucleophile
such as cysteine, the 4-HNE analogue becomes highly emissive. We are currently working on
the cell-imaging of this new probe, as well as working in conjunction with the Cuello group to
discern the ability to clear lipid derived electrophiles, such as 4-HNE, between transgenic and

wild type rats.

6.2.4 State-of-the-art fluorescence imaging methods

Single molecule and super resolution techniques such as STORM (stochastic optical
reconstruction microscopy),” STED (stimulated emission depletion microscopy)!®!! PALM
(photoactivated localization microscopy)!>!3 and NASCA (nanometer accuracy by stochastic
chemical reactions)'* will become necessary to study ROS production and electron transfer
reactions in mitochondria. Single molecule techniques are especially critical when visualizing
redox-reversible molecules such as H2B-Q. Single redox turnovers would not be noticed in
ensemble experiments where an average intensity would mask dynamic intercoversions, thus
requiring the sensitivity of single molecule spectroscopy (SMS) to observe individual
turnovers. Indeed, SMS electrochemical techniques are currently being explored in our
laboratory to visualize single redox events, and NASCA techniques are being explored to
visualize alkylation events of our fluorogenic 4-HNE analogue in cells. Other techniques such
as fluorescence lifetime imaging microscopy (FLIM) should also be considered as they provide
unique opportunities to quantify ROS buildup. The considerable difference in lifetimes
observed for our tocopherol probes between reduced and oxidized states may allow us to
determine the ratio of oxidized to reduced species within a cell via FLIM, essentially exploring
the weight of lifetimes as a means to develop a ratiometric method.

Through the development of improved fluorogenic probes, and improved techniques

and assays, we aim to gain an understanding of the complex interplay between ROS and
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antioxidants, as well as the complex redox reactions that take place in living systems.
Understanding how these reactions work and how to improve our strategies will allow us to

ultimately reconcile the chemistry of these systems with their biology.
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Appendix

“The chemists are a strange class of mortals, impelled by an almost insane impulse to seek their pleasures amid

smoke and vapor, soot and flame, poisons and poverty; yet among all these evils I seem to live so sweetly that

may 1 die if I were to change places with the Persian king.”

-Johann Joachim Becher

This chapter includes 'H and 3C NMR spectra for all novel compounds prepared and
presented in this thesis:

Chapter 2:

3,4-dimethoxy-2-hydroxy-6-methylbenzaldehyde (2) "H-NMR spectrum, 300 MHz;
CDCls, BC-NMR spectrum, 75 MHz, CDCl; (Page 187).

e 3-(2-(E)-vinyl-5,6-dimethoxy-3-methylphenol)-1,5,7-tetramethyl-8-H-pyrromethene
fluoroborate (Hz2B-phenol) 'H-NMR spectrum, 500 MHz; CDCl;, BC-NMR
spectrum, 126 MHz; CDCl; (Page 188).

e 3-(2-(E)-vinyl-5,6-dimethoxy-3-methyl-1,4-quinone)-1,5,7-tetramethyl-8-H-
pyrromethene fluoroborate (H2B-Q) 'H-NMR spectrum, 500 MHz; CDCls, 13C-
NMR spectrum, 126 MHz; CDCl; (Page 189).

e 3-(2-(E)-vinyl-5,6-dimethoxy-3-methyl-1,4-quinol)-1,5,7-tetramethyl-8-H-
pyrromethene fluoroborate (H2B-QHz) 'H-NMR spectrum, 500 MHz; CDCls, 13C-
NMR spectrum, 126 MHz; CDCl; (Page 190).

Chapter 3:

e 8-Acetoxymethyl-3,5-dimethyl Pyrromethene Fluoroborate (HsMeBOAc) 'H-NMR
spectrum, 500 MHz; CDCls 1PC-NMR spectrum, 126 MHz, CDCls (Page 191).

e 8-Hydroxymethyl-3,5-dimethyl Pyrromethene Fluoroborate (HsMeBOH)'H-NMR
spectrum, 500 MHz; CDCls, 1PC-NMR spectrum, 126 MHz, CDCl3 (Page 192).

e 8-((¥£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carbonyloxy)-methyl-3,5—
dimethyl Pyrromethene Fluoroborate (HsMeBTOH) 'H-NMR spectrum, 500
MHz; CDCIs, PC-NMR spectrum, 126 MHz, CDCl; (Page 193).

e 8-((¥£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carbonyloxy)-methyl-2,6-

dichloro-1,3,5,7—tetramethyl Pyrromethene Fluoroborate (CLBTOH) 'H-NMR
spectrum, 500 MHz; CDCls, PC-NMR spectrum, 126 MHz, CDCl3 (Page 194).
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e 8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-2,6-diethyl-1,3,5,7-
tetramethyl Pyrromethene Fluoroborate (EtzBPMHC) 'H-NMR spectrum, 500
MHz; CDCI3, P*C-NMR spectrum, 126 MHz, CDCl; (Page 195).

e  8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-2,6-dichloro-1,3,5,7-
tetramethyl Pyrromethene Fluoroborate (CLLBPMHC) 'H-NMR spectrum, 500
MHz; CDCl3, *C-NMR spectrum, 126 MHz, CDCI; (Page 1906).

Chapter 4:

e Methyl (E)-3-(1H-pyrrol-2-yl)acrylate (1). TH-NMR spectrum, 500 MHz; CDCl; 13C-
NMR spectrum, 126 MHz; CDCl; (Page 197).

e Methyl 3-(1-H-pyrrol-2-yl)propanoate (2). 'H-NMR spectrum, 500 MHz; CDCl3 13C-
NMR spectrum, 126 MHz; CDCl; (Page 198).

e 3-(1H-pyrrol-2-yl)propan-1-ol). 'H-NMR spectrum, 500 MHz; CDCls, ?C-NMR
spectrum, 126 MHz; CDCl; (Page 199).

e 2-(3-Chloropropyl)-1H-pyrrole (3). 'H-NMR spectrum, 500 MHz; CDCls 1?C-NMR
spectrum, 126 MHz; CDCl; (Page 200).

e 8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-1,5-di-(3-chloropropyl)-
Pyrromethene Fluoroborate (H4BPMHC). '"H-NMR spectrum, 500 MHz; CDCl3,
BC-NMR spectrum, 126 MHz; CDCIs (Page 201).

e 8-Methyl-1,5-di-(3-chloropropyl)-Pyrromethene Fluoroborate (HsBCH3). TH-NMR
spectrum, 500 MHz; CDCls PC-NMR spectrum, 126 MHz; CDCl;s (Page 202).

Chapter 5:

e 8-(1,3-dioxolane)-2-cyano-1,3,5,7-tetramethyl Pyrromethene Fluoroborate (6) 'H-
NMR spectrum, 500 MHz; CDCls, 3C-NMR spectrum, 126 MHz; CDCl3 (Page 203).
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