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Abstract

Radical intermediates play a key role in many chemical processes. However, existing methods
for their characterisation have flaws that limit mechanistic and kinetic understanding of these
processes, especially for short-lived radicals. A new radical characterisation technique was
developed which used novel radical traps, consisting of an allyl group attached to a leaving
group, which formed a stable radical upon cleavage. Reaction of a radical with novel radical
trap formed a stable radical and non-radical product containing the reactant radical, which was
then characterised by conventional techniques, such as NMR spectroscopy and MS. Novel
radical trapping was used to successfully detect and characterise a diverse array of short-lived
and long-lived radical intermediates across a wide range of radical reactions, including
synthetic, biochemical and atmospheric radical reactions, offering valuable mechanistic and
kinetic insights. Experiments indicated that novel radical trapping did not lead to false
positives, in contrast to most existing short-lived radical characterisation techniques. Full
characterisation of an isolated trapped phenylthiyl radical confirmed the trapping mechanism
occurred as expected. Novel radical trapping indicated the radical resting state for different
substrates in Ru-photocatalysed radical thiol-ene addition and enabled an initiation
mechanism to be hypothesised for catalyst-free photoinitiated radical dearomative
spirocyclisation. The antioxidant activity of ascorbic acid was probed using aqueous novel
radical trapping. Observations from novel radical trapping of gaseous a-pinene ozonolysis
offered validation to mechanisms hypothesised but not widely accepted in literature. Detection
limits of gaseous [RO:*] using novel radical trapping were estimated to be >1x10° molec. cm-3
(S/N =~2, 10 min), which would be suitable for some atmospheric field measurements. These
investigations demonstrated the viability of novel radical trapping as a tool to investigate any
radical reaction. It is hoped that chemists will widely adopt this technique to improve
understanding and aid development of reactions involving radical intermediates.
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1. Introduction

Radicals (sometimes called free radicals) are atoms, molecules or ions containing at least one
unpaired electron.? Radical intermediates play a key role in many chemical processes, such
as in synthetic chemistry (e.g., radical polymerisation®4 and photoredox catalysis®),
biochemistry (e.g., oxidative stress®°) and atmospheric chemistry (e.g., photochemical
oxidation cycles and aerosol formation®1t). Many radicals are highly reactive and therefore
very short-lived, with half-lives often less than a second.'? This makes them difficult to detect,
characterise and quantify, since most characterisation techniques require longer acquisition
times than a short-lived radical lifetime. Though many direct and indirect radical
characterisation techniques exist, all have significant drawbacks, which hinder radical system
investigation. Development of better methods for short-lived radical detection, characterisation
and quantification could significantly develop the areas of chemistry described above.

This chapter describes general features of radical reactions (1.1), common radical reactions
and the potential benefits of applying radical characterisation to them (1.2) and existing direct
and indirect radical characterisation techniques (1.3).

1.1. Radical reaction stages and radical stability

Radical reactions can consist of up to three distinct phases: initiation, propagation and
termination. Initiation involves formation of radical intermediates from non-radical reagents.
The first initiation step usually occurs through bond homolysis or single electron transfer
processes, forming two radical intermediates (Figure 1). Initiation reactions which involve
formation of high energy radicals usually require an external factor to overcome the associated
high activation energy, such as heat, light or a catalyst. This high activation energy ordinarily
results in initiation occurring at a significantly slower rate than all other steps in a radical
reaction. In radical chain reactions, initiation can involve multiple steps, with the final step
yielding radicals which undergo propagation. If many propagation cycles occur from a single
initiation, rate of initiation rarely defines the overall rate of reaction.*?

Propagation only occurs in radical chain reactions and involves continuous regeneration of
radical intermediates (Figure 1). Propagation can consist of multiple reversible and irreversible
steps. In radical chain reactions, propagation usually occurs rapidly, generating radicals at a
much faster rate than initiation. Therefore, the slowest propagation step usually defines the
overall rate of reaction.*? In this case, the radical species preceding this step is known as the
radical resting state, as this species is the most concentrated radical present in the reaction
cycle.

Termination involves reaction between two radicals to form non-radical products and no
radical intermediates, usually through bond formation or single electron transfer processes
(Figure 1). As such, termination is usually a low energy process and therefore has a fast rate
constant. However, because it is a reaction between two radicals, which are usually present
in low concentrations, the absolute reaction rate is normally slow. In radical chain reactions,
termination causes propagation to end. Therefore, termination rate determines the number of
propagations which occur and hence the efficiency of the reaction. In radical chain reactions,
termination rate rarely defines the overall rate of reaction.*? In this thesis, all radicals in figures
are coloured red.
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Initiation
A-B — A'+B’
C+D — C"+D

Propagation
A'+F-G —> A-F +G’
G +H—l — G-H +| —etc.

Termination
I'+J — |—J
C"+K" —> C+K

Figure 1: General initiation, propagation and termination radical reactions.

A relatively fast initiation rate can cause high concentrations of intermediate radicals,
increasing termination rate. Radical chain reactions with a high termination rate undergo few
propagations, causing initiation rate to increasingly define the overall rate of reaction.
Therefore, an efficient radical chain reaction has slow initiation, fast propagation and slow
termination. Rates of initiation, propagation and termination steps are highly dependent on the
internal energy, and hence stability, of reactants, radical intermediates and products.
Decreased internal energy of a radical intermediate relative to its reactants and products,
increases its stability, resulting in a longer lifetime. Many factors influence the internal energy
of a radical intermediate and hence its stability, including2:

i. Radical atom electronegativity: as radicals are inherently electron-deficient,
they are destabilised by increased electronegativity of the radical atom.

ii. Proximity to the nucleus: radicals are stabilised by increased delocalisation
opportunity as size of the radical atom increases.

iii. Neighbouring electron donating groups: since radicals are inherently electron-
deficient, they are stabilised by electron donating neighbouring groups.

iv. Resonance: radicals are stabilised by increased delocalisation opportunity
through p orbital overlap.

v. Lone electron pairs on adjacent atoms: as radicals are inherently electron
deficient, they are stabilised by partial donation of adjacent lone pairs though
p orbital overlap (Figure 2).

i. ‘CH3 > 'NH, > 'OH > 'F

I° > Br" > ClI'" >F’
s s Z

)-\>/'\>/°>.CH3
iii.

HC™ > FiC7

I NN

iv, ./©>-

V. H,NT > Ho > F7 > ‘CHg

decreasing stabilisation

Figure 2: Five rules for radical stabilisation.*?
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Although many radicals are short-lived, persistent radicals have much longer lives, such as
triphenylmethyl radical (trityl radical), whilst some radicals are indefinitely stable, such as
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical (TEMPO®) and molecular oxygen (0Oy).12
TEMPO?®* is stabilised by radical delocalisation (Figure 2, iv), and partial donation of the
adjacent N lone pair (Figure 2, v), through overlapping N and O p orbitals, to form a two-
centred three-electron N-O bond. Furthermore, the nitroxyl group lacks B-hydrogen atoms,
preventing disproportionation. The inert four methyl groups adjacent to the nitroxyl group
provide additional stability through steric protection.*?

Radical stability strongly influences the mechanisms and kinetics of radical reactions.? Short-
lived radical detection, characterisation and quantification could be used to better understand
radical mechanisms and kinetics. This could significantly develop many areas of chemistry in
which radical intermediates are key species, in order to gain mechanism-driven understanding
in complex systems and to improve product yields and overall reaction efficiencies. As such,
common radical reactions and the potential benefits of applying radical characterisation to
them is briefly discussed below.

1.2. Common radical reactions and the potential benefits of applying
radical characterisation to them

1.2.1. Synthetic radical reactions

Radical intermediates play a vital role in many synthetic reaction mechanisms, including
simple chemical reactions'®*4, radical polymerisation®* and photoredox catalysis®’.

Early synthetic radical reactions were discovered through serendipity, as chemical
mechanisms were generally less well understood at the time. Their mechanisms were later
investigated and hypothesised using experimental evidence. More recently however, the
perceived importance of mechanistic understanding of radical reactions has increased.
Therefore, modern reactions are usually designed based on existing mechanistic knowledge.
Itis believed that better understanding of radical reaction mechanisms, including initiation and
main radical propagation cycles, may aid development of reagents, catalysts and reaction
conditions to improve substrate scope, conversion, selectivity, yields and industrial viability.

~45% of industrial polymers are produced through radical polymerisation, including
polyethylene, polystyrene and polyvinyl chloride.'® For alkenes, radical polymerisation first
involves initiation through formation of radicals, for example by thermolysis, photolysis or a
radical initiator. These radicals react with the alkene double bond in a monomer to form a new
carbon-centred polymer radical, initiating the reaction. Propagation or radical chain-growth
polymerisation then occurs through sequential alkene monomer addition to the polymer
radical. These propagation reactions are highly exothermic and hence occur rapidly.
Termination eventually occurs, to form a non-radical polymer species, most commonly through
radical-radical cross-coupling with an initiator radical or other polymer radical.®4 An example
radical polymerisation reaction is shown below (Figure 3).16
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Initiation:

)

A
% Ph)J\O/O\n/Ph — .

Propagation:

\ 0 n\ o
j\ — Ph)J\o/\- iy Ph)J\O :
Ph™ "0’ Ph Ph|__Ph

Termination, e.g.:
O i O
Ph)J\O' Ph

0
Ph)J\O — Ph)J\O hig
Ph|_.Ph Phj O

Figure 3: Polystyrene synthesis through radical chain-growth polymerisation, initiated by benzoyl peroxide.1®

Radical polymerisations are generally highly efficient and rapid, as rate of radical addition to
alkenes is very fast. Whilst radical polymerisation mechanisms are generally well understood,
understanding their kinetics is key to controlling these reactions. For example, very rapid
propagation can lead to thermal runaway whilst uncontrolled termination can lead to
undesirable polymer chain lengths.34 Therefore, understanding and controlling kinetics of
radical polymerisation leads to desired polymer properties with higher yields.

In recent decades, initiation of radical chains using photoredox catalysts has attracted much
attention. Photoredox catalysis has led to the development of a large variety of new bond-
forming synthetic methodologies. Photoredox catalysts are excited by light and subsequently
catalyse a chemical reaction through single electron transfer processes. Photoredox catalysts
are usually transition-metal complexes, organic dyes or semi-conductors, with transition-metal
complexes being the most widely used in recent decades.®’

For example, radical thiol-ene addition, a model click chemistry reaction, commonly uses
photoredox catalysts. Thiol-ene addition is a hydrothiolation reaction, involving thiol addition
to an alkene double bond to form an anti-Markovnikov thioether.1’-?! The reaction rose to
prominence in recent decades owing to its industrial feasibility, largely due to its usually high
yields and stereoselectivity. The reaction is also relatively robust and under certain conditions
can even be run in presence of O,.*-2! Furthermore, these properties aid clean and efficient
polymer synthesis. The reaction has also proven useful in biosynthesis, such as for fluorescent
label functionalisation.?® The general mechanism for photocatalysed radical thiol-ene addition
is shown below (Figure 4).17-21

/\RZ
[PCIPCT ™ | h .
R'SH ~4 R'SH R's" RS AR
H+

1
R'S~g2 R'sH

Figure 4: Mechanism of photocatalysed radical thiol-ene addition, using photocatalyst [PC].17-2!
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For photocatalysed radical reactions, better mechanistic and kinetic understanding could allow
determination of which step was rate determining for products formed at a slower rate.
Mechanistic and kinetic information could be obtained using radical characterisation
techniques. This knowledge may inform appropriate improvements for faster product
formation and thus improve overall reaction efficiencies.

1.2.2. Biological and medicinal chemistry applications

Radical intermediates play a pivotal role in many biochemical mechanisms, including oxidative
metabolism, cell signalling, immunity and some enzymatic processes.

Reactive oxygen species (ROS) are highly reactive species formed from O,. Many ROS are
formed following formation of superoxide O.*. In highly acidic conditions, O,* exists as
hydroperoxyl radicals (HO-*, pKa 4.88)%2. However, at physiological pH (typically pH 7.0-7.4%3),
unprotonated O2*- predominates.

O2*- and other ROS are formed as by-products during oxidative metabolism in most eukaryotic
organisms. In these organisms, respiration is performed inside mitochondria. This respiration
involves oxidative phosphorylation, which produces adenosine triphosphate (ATP) as a usable
energy form. This process utilises an electron transport chain, in which electrons are passed
through a series of enzymes, via redox reactions with cofactor transition metal ions. Each
sequential enzyme has a greater reduction potential, or affinity for electrons, than the last.
This movement of electrons provides energy in order to pump H* from the mitochondrial matrix
across the inner membrane to the intermembrane space, generating a proton gradient. These
H* pass back across the inner membrane through the enzyme ATP synthase, to generate
ATP. The final enzyme in the electron transport chain, cyctochrome c oxidase, converts four
electrons into H,O by reaction with O, and four H* from the matrix (Figure 5).242° However,
approximately 0.1-2.0% of these reactions do not go to completion and instead, one electron
is transferred to O, resulting in prematurely released O.* by-product (Figure 5).%6

toch i
02 +4H" + de cytochrome c oxidase

02+e'

2H,0
0,

premature release

Figure 5: Ideal formation of H20 from Oz and non-ideal formation of O2*- from Oz, that occurs during oxidative
metabolic ATP synthesis.?*25

O2* and other ROS also play an important role in cell signalling in many organisms.
Additionally, O2* is purposefully produced by the immune system in many eukaryotic
organisms. These ROS work effectively to destroy invading microorganisms. In many
eukaryotic organisms, phagocytes encapsulate these microorganisms and bombard them with
ROS, destroying them. These phagocytes produce O.* using the enzyme nicotinamide
adenine dinucleotide phosphate oxidase (NADPH oxidase) (Figure 6).27:28

NADPH oxi
NADPH + 20, JAPPHoXdase \ \pp+ + 20, + H*

Figure 6: O2* production from O2 by NADPH oxidase in the immune system.?7:28

Whilst effective at destroying invading microorganisms, O,* and other ROS are also effective
at causing cell damage, which can ultimately lead to cell death.?®3! Cell components
particularly at risk include: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) in nuclei;
polyunsaturated fatty acids in lipids; amino acids in proteins and cofactors in enzymes.3?
Antioxidants reduce oxidation of cell components by converting ROS into less harmful species,
reducing cell damage. Superoxide dismutase (SOD) is an antioxidant enzyme, found in nearly
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all organisms, which converts O,* into less reactive hydrogen peroxide H,O, (Figure 7).3!
Highly reactive O,* which has neither reacted with an invading microorganism nor been
guenched by antioxidants, usually reacts with other nearby cell components, causing cell
damage.?%-31

20, + 2H* S8 1,0, + 0,

Figure 7: O2* conversion into H202 by superoxide dismutase (SOD).3!

H20: is much less reactive than O,* and therefore, causes far less cell damage. However,
H.O, can form hydroxyl radicals (*OH) and HO* in presence of transition metal ions, for
example Fe?* (Figure 8).%334 Together, *OH and HO,* are termed HO,*. *OH is an extremely
reactive radical and ROS, and reacts rapidly and non-specifically with almost any biological
component.®%34 Therefore, nearly all organisms living in O, presence contain catalase.
Catalase converts H,O, into harmless H,O and O, (Figure 8).%° Unlike superoxide, residual
H.O. which has not been safely converted into H,O by catalase can travel far within a
biological system, owing to its lower reactivity. This H.O, can form *OH, causing cell damage
far away from the H,O, source (Figure 8).3034

2+
2H,0y) —=» H,0 + 'OH + HO,

catalase

2H,0y — 2H,0 + O,

Figure 8: H202 uncontrolled conversion by iron into ROS species *OH and HO2* and control conversion by
catalase into harmless products.33-3%

Common non-enzymatic antioxidant compounds include uric acid, ascorbic acid (vitamin C)
and glutathione. In most eukaryotic and some prokaryotic organisms, glutathione has high
cellular abundance and is synthesised for its antioxidant properties. The thiol in glutathione
(GSH) is highly reductive and reacts readily with many ROS, forming glutathione dimer
(GSSG) and simultaneously converting ROS into a less reactive species (Figure 9). This
glutathione dimer can be reversibly reduced by glutathione reductase, reforming glutathione
antioxidant (Figure 9).36-38

2GSH + 2'OH ~ GSSG + H,0
GSSG + NADPH + H,0 dutaihione reduelasg oGy 4 NADP* + OH

Figure 9: *OH reduction into H20 using antioxidant glutathione (GSH) forming glutathione dimer (GSSG) and
subsequent glutathione dimer oxidation to reform glutathione, using glutathione reductase.36-38

Since radicals, including ROS, are very reactive, production and subsequent destruction of
these radicals must be carefully controlled to minimise biological damage. When a biological
system fails to control ROS population, known as oxidative stress, cell damage can occur.®®
Radical damage to cells is thought to cause many diseases, including Alzheimer’s disease,
deafness, autism and diabetes.“%#2 The free radical theory of aging (FRTA) also suggests that
the main cause of aging is radical damage to cells.*® Additionally, radical damage to DNA is
thought to cause some cancers.* ROS are believed to be able to induce DNA crosslinking,
which involves forming a covalent linkage between two nucleotides, either within the same
strand (intrastrand) or opposite strand (interstrand). This linkage changes the DNA structure
and could cause the cell to behave abnormally, either causing cell death or incorrect DNA
replication, which could eventually cause cancer.*>* DNA crosslinking is believed to occur most
commonly between intrastrand guanine and thymine through their C8 and C9 respectively
(Figure 10).46:47
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Figure 10: DNA crosslinking between adjacent intrastrand guanine and thymine through their C8 and C9
respectively, which may occur through ROS oxidation.*6:47

Consequently, significant medicinal research is concerned with oxidative stress, antioxidants,
cell damage and disease. Radical quantification in cells could help determine where and when
a biological system is suffering oxidative stress. Furthermore, radical characterisation could
allow the site of radical attack and therefore, vulnerable cellular components, to be
determined. These pieces of information could be used to treat or prevent further damage to
damaged cells and cell components. Furthermore, improved knowledge of areas of biological
systems likely to experience oxidative stress and vulnerable cellular components could aid
targeted development of antioxidants to reduce this oxidative stress.

Radicals are also observed in some enzymatic mechanisms. Bacterial toxin polytheonamide
A utilises novel radical S-adenosyl-L-methionine (SAM) enzymes for post-translational
modifications.*® Parent et al. conducted an in vitro mechanistic study of SAM enzyme
epimerase PoyD catalysed L-valinamide (L-Val) epimerisation to D-valinamide (D-Val) and
proposed its mechanism (Figure 11).48
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Figure 11: Proposed mechanism of radical SAM enzyme epimerase PoyD catalysed L-valinamide
epimerisation.*®
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Improved radical characterisation could aid biochemistry mechanistic studies, informing or
validating hypothesised mechanisms and improving understanding of biochemistry
mechanisms.

1.2.3. Atmospheric chemistry

Radicals play a key role in the initiation and propagation of atmospheric oxidation cycles of
emitted volatile organic compounds (VOCSs). These reactions lead to formation of secondary
organic aerosol (SOA), photochemical smog and tropospheric ozone, which can significantly
influence air quality and climate change and induce environmental damage and negative
health effects.1%!! In particular, hydroxyl radicals (*OH) are responsible for initiating a large
proportion of VOC degradation reactions through oxidation cycles and control the oxidising
capacity of the troposphere.#®*° In the daytime, *OH are predominantly generated through the
photolysis of nitrous acid (HONO) and ozone photolysis via the reaction of O(*D) atoms with
water (Figure 12).5!

HONO —™= "OH + 'NO
h
03 —= 0O('D) + O,
o('D) + H,O — 2 'OH

Figure 12: Daytime formation of *OH through HONO and ozone photolysis.5!

*OH reaction with VOCs initiates an oxidation cycle which leads to VOC degradation and
further radical generation. A relatively simple example is *OH-initiated alkane degradation.
Alkanes are released into the atmosphere biogenically and anthropogenically. Biogenic
sources include Pinus jeffreyi resin, which contains n-heptane® and Rosa hybrida, which
release n-nonane and n-decane in their floral fragrances.>® Anthropogenic sources include
release of non-combusted alkanes during burning of petrol, diesel and kerosene, such as
n-nonane and n-decane.>*%® Oxidative degradation of atmospheric VOCs, including alkanes,
is known to contribute to photochemical smog, SOA and tropospheric ozone production.
Therefore, their emissions need to be carefully controlled.5®

In *OH-initiated alkane degradation, *OH abstract hydrogen atoms from alkanes to form water
and alkyl radicals (R*). In air, these radicals rapidly react with O, forming alkylperoxyl radicals
(RO2*). Reactions of RO2* and nitrogen oxides (NOy) have been found to lead to organic nitrate
formation, which are key compounds in photochemical smog.% In absence of NOyx, RO*
degrades through self-reaction (Figure 13).50:57
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Figure 13: Early stages of *OH-initiated n-nonane degradation in absence of NOx, showing formation of radical
species R®, RO2* and RO*. RCO represents carbonyl species.?5”

At night-time, *OH is predominantly produced as a by-product of alkene ozonolysis.>®%° These
reactions also occur in the daytime, but are not as significant as photolytic *OH sources. In
particular, atmospheric ozonolysis of biogenic alkenes, especially monoterpenes, is an
important non-photolytic contributor to the formation of *OH and other radicals, as well as
SOA.5859

Terpenes are a large class of diverse compounds found abundantly throughout nature,
particularly in plants. These compounds are derived biosynthetically from isopentenyl
pyrophosphate (IPP) units. The resultant molecules have structures based upon isoprene units
(Cs). Modified terpenes containing additional functional groups are known as terpenoids.
Terpenes and terpenoids tend to have strong odours and have multiple biogenic uses in
nature, including use as pollinator attractant or herbivore deterrent.® Monoterpenes consist of
two isoprene units (Cio) and are particularly abundant within plants. Examples include
a-pinene and B-pinene (found in pine trees), limonene (found in citrus fruits), myrcene (found
in hops) and monoterpenoid linalool (found in lavender) (Figure 14).

OH
= A = )\W
isoprene myrcene linalool

a-pinene B-pinene
limonene

Figure 14: Naturally abundant isoprene, four monoterpenes and monoterpenoid linalool.

Biogenic sources are estimated to be responsible for 760 Tg yr! VOC emission.t! This is
equivalent to >70% global VOC emission.®? Of these biogenic VOCs (BVOCs), isoprene
contributes ~69% whilst monoterpenes contribute ~11%. Of this 11%, the greatest
contributors are a-pinene (~34%), B-pinene (~17%) and limonene (~9%).6* These
monoterpenes are also widely used as flavourings and fragrances by humans.®® One study
reported that each human emitted 170 pug h"* monoterpenes, which was mainly attributed to
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perfumes.® The high atmospheric abundance of alkenes, including terpenes, coupled with
their widespread use in flavourings and fragrances, makes them important VOCs in
atmospheric chemistry and indoor and outdoor air quality control.

Atmospheric alkene degradation is predominantly caused by reaction with ozone and
especially *OH and nitrate radicals (*NOs). However, there is strong evidence to suggest
significant quantities of *OH which degrade alkenes, are produced as a by-product during
alkene ozonolysis. Furthermore, recent measurements predict that alkene ozonolysis provides
a missing source of *OH reactivity observed over forested areas.>®

Alkene ozonolysis is also believed to cause formation of highly oxidised multifunctional (HOM)
products. HOMs are of significant interest to atmospheric chemists, as their predicted low
volatility could make them excellent nucleators for SOA formation.®5-6” For HOM classification,
a species typically requires at least five or six oxygen atoms.

Alkene ozonolysis is initiated when alkene reacts with ozone in a [3+2] cycloaddition to form
a molozonide. This subsequently breaks down into a carbonyl species and an excited
zwitterionic carbonyl oxide, known as a Criegee zwitterion (Figure 15). This excited Criegee
zwitterion is one of two resonance structures, with the other being an excited a-alkyl-peroxyl
biradical, known as a Criegee biradical. Collectively, these two resonance structures are called
Criegee intermediates.®® Criegee intermediates were first proposed by Rudolf Criegee in the
1950s%° and first detected directly in 2008.7%7* Recent literature indicates that Criegee
intermediates are more zwitterionic in character, with Criegee biradicals being much less
stable.”? Since Criegee intermediates have significant zwitterionic character, they can exist as
E and Z conformers, which have distinctly different reactivities.”> Unsymmetrical alkenes can
form two different sets of carbonyls and Criegee intermediates (Figure 15).68

Excited Criegee intermediates may either rearrange and rapidly decay into a-radical carbonyl
R* species and *OH, via a vinyl hydroperoxide intermediate, or relax to form stabilised Criegee
zwitterions, i.e., Criegee intermediates in the ground state (Figure 15). *OH formed during
Criegee intermediate degradation can further react with other species. Stabilised Criegee
intermediate degrade via non-radical pathways. In presence of air, a-radical carbonyls rapidly
react with O to form relatively long-lived RO;* (Figure 15).
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Detection, characterisation and quantification of species produced from atmospheric
hydrocarbon degradation, and the mechanism by which this occurs, is important for
understanding how emission of these chemicals can impact the environment, to what extent
VOC emission should be controlled and how atmospheric VOCs and their derivatives can be
safely captured or destroyed if required.

1.3. Current radical characterisation technigues

Radical characterisation techniques are frequently used to study radicals in common radical
reactions, such as those described above (1.2), to provide mechanistic and kinetic information.
Some of the most commonly used radical characterisation techniques are discussed below.

Efficient and highly characteristic direct detection of radicals would offer the simplest and most
certain proof of radical identity and hence reactivity. As such, many techniques have been
used for direct radical characterisation (1.3.1). Direct radical characterisation has historically
been more successful for persistent and stable radicals, as short-lived radicals can usually not
be obtained in high concentrations and may decay faster than spectra acquisition time.

1.3.1. Direct radical characterisation technigues

1.3.1.1. Electron paramagnetic resonance (EPR) spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is arguably the most widely used
technique for radical characterisation. EPR spectroscopy detects monochromatic microwaves
absorbed when unpaired electrons (radicals) in singly occupied molecular orbitals (SOMOSs)
are excited from a magnetically aligned state to a magnetically anti-aligned state, relative to a
sweeping external magnetic field. Changes in the chemical environment of unpaired electrons
shift the external magnetic field at which electron excitation occurs, and thus species can be
characterised. Furthermore, coupling between unpaired electrons and nearby nuclear spins
creates additional energy states resulting in signal multiplicity.”4’ EPR spectroscopy is
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analogous to nuclear magnetic resonance (NMR) spectroscopy but characterises electron
spin rather than nuclear spin (1.3.1.1.) EPR spectroscopy is well suited to radicals, as all
radicals contain at least one unpaired electron, and therefore register a signal.”>~’” Since EPR
spectroscopy exclusively detects unpaired electrons, non-radical products are not detected,
significantly cleaning EPR spectra and simplifying analysis. However, this means that radicals
and products cannot be detected simultaneously. EPR spectroscopy has been widely used
for direct characterisation of long-lived radicals, such as TEMPQO®.”>7® EPR spectroscopy of
TEMPO?®* produces a triplet signal, due to the interaction between the unpaired electron and
the adjacent *N nucleus. For example, photolysis of a TEMPO-functionalised benzofuran,
designed as an anticancer agent, was monitored using EPR spectroscopy to measure
TEMPO?* production (Figure 16). This enabled photolysis kinetics, and thus chemical stability,
to be determined.”®

10 min
5 min
R 2.5min
o1 min
=
g o
(]
£
-0.5
-1 T T T T \
3470 3490 3510 3530 3550 3570

Magnetic Field / G

Figure 16: EPR spectra acquired during photolysis of a TEMPO-functionalised benzofuran. Reprinted and
adapted with permission.”® Copyright 2019 Beilstein Journals.

Matrix isolation EPR spectroscopy, which can be used to detect low concentrations of short-
lived radicals by concentrating them in frozen matrices of inert gases, has been used to
characterise atmospheric radicals, such as HO.*, RO;* and NO:*, with detection limits
~108 molec. cm3.89-82 This has provided mechanistic and kinetic insights into atmospherically
relevant VOC degradation (1.2.3).

A significant advantage of EPR spectroscopy is its highly quantitative nature. EPR standards
can be used to calibrate EPR spectroscopy intensity, allowing concentration of any radical to
be calculated with high accuracy. EPR spectroscopy is non-invasive and can often be
performed in situ.”>77

However, EPR spectroscopy has several disadvantages which makes directly characterising
some radicals challenging. Firstly, it only has moderate sensitivity for liquid phase radical
detection (around 1 pM in solution), whilst gaseous radical detection is usually only possible
at reduced pressure. Low radical concentration is commonly overcome using spin traps
(1.3.2.1).77:8384 Secondly, as EPR spectroscopy is only sensitive to the chemical environment
close to the unpaired electron, it provides limited structural information for atoms far from the
unpaired electron.””® This usually makes characterisation and structure elucidation of
unknown radical species with complex structures challenging. Thirdly, analysis of EPR spectra
is relatively difficult. In complex mixtures, multiple paramagnetic species result in overlapping
spectra. This usually requires computational deconvolution to obtain meaningful results, often
through spectral simulation.””
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1.3.1.2. Chemically induced dynamic nuclear polarization (CIDNP) NMR
spectroscopy

Chemically induced dynamic nuclear polarisation (CIDNP) NMR spectroscopy is another
technique that exclusively detects radicals. CIDNP is an effect detected exclusively for spin-
polarised radical pairs in NMR spectroscopy. NMR spectroscopy detects radio waves emitted
by nuclear spins when excited by radio waves of fixed frequency, in presence of a fixed
external magnetic field. Differences in the chemical environment of nuclear spins, especially
the strength of coupling interactions between nuclear and nearby electron spins, yields radio
waves of different frequency, and thus species can be characterised. Furthermore, coupling
between nearby nuclear spins creates additional energy states resulting in signal
multiplicity.®>-87 Radicals usually significantly broaden NMR spectra through their
paramagnetism, which prevents NMR spectroscopy detection.®” However, CIDNP NMR
spectroscopy detects enhanced absorption or emission (negative) intensity, for nuclear spins
whose excitation is affected by coupling with a radical pair in the triplet state.85-87 This radical
pair is usually produced through photoexcitation during spectral acquisition. Chemically
induced dynamic electron polarisation (CIDEP) can likewise be detected for this radical pair,
using EPR spectroscopy. For example, CIDNP NMR spectroscopy of UV-irradiated 2-
phenylacetophenone indicated formation of benzoyl and benzyl radicals, indicating Norrish
type | a-cleavage (Figure 17). This offered mechanistic insights into the UV-initiated
degradation of 2-phenylacetophenone.®
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Figure 17: NMR (middle) and CIDNP NMR (lower) spectra of UV-irradiated of 2-phenylacetophenone, indicating
benzoyl and benzyl radical formation (upper). Numbers (red) indicate protons responsible for observed signals.
Reprinted and adapted with permission.88 Copyright 2010 American Chemical Society.

Like other NMR spectroscopic technigues, the main advantage of CIDNP NMR spectroscopy
is that it is highly characteristic. It can also be used quantitatively.

The main disadvantage of CIDNP NMR spectroscopy is that it can only be used to detect
radical pairs formed through thermolysis or homolysis, significantly limiting its scope.
Furthermore, CIDNP NMR spectroscopy must be performed in situ, which can make reaction
set-up or field measurements complex or unfeasible. Like other NMR spectroscopic
techniques, CIDNP NMR spectroscopy has very poor sensitivity and is therefore unsuitable
for reactions with low radical concentrations, such as in the gas phase. Finally, CIDNP NMR
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spectra analysis can be challenging. In complex mixtures, multiple species can result in
overlapping NMR spectra, which produces a complex NMR spectrum. Complex NMR
spectrum analysis requires deconvolution to obtain meaningful results, which is time
consuming and may be unfeasible. Therefore, CIDNP NMR spectroscopy is usually only
suitable for studying simple radical reactions with high radical concentrations.8>-87

1.3.1.3. Mass spectrometry (MS)

Mass spectrometry (MS) has been used for direct characterisation of persistent radicals. MS
measures the mass to charge ratio (m/z) of charged adducts or charged fragments, formed
through ionisation of neutral species and separated based on their m/z ratio, using an electric
or magnetic field.®*%4* MS can detect radicals and non-radicals simultaneously, meaning
observed peaks do not necessarily correspond to radical species. However, observation of
both types of species means that they can be monitored together. Some persistent radicals
have been directly detected using relatively soft electrospray ionisation MS (ESI-MS), for
example TEMPO?®* (Figure 18).%5
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Figure 18: ESI-MS mass spectrum of TEMPO?®. Reprinted and adapted with permission.®®> Copyright 2019 Sage
Publications.

The high sensitivity of MS has allowed even gaseous radicals to be observed, with gaseous
detection limits <10® molec. cm. For example, chemical ionisation MS (CI-MS) has been used
for direct detection of highly-oxygenated low vapour pressure RO-*, for example in Cl*-initiated
cyclohexane degradation (Figure 19).%-9 This has provided mechanistic and kinetic insights
into atmospherically relevant hydrocarbon degradation (1.2.3).
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Figure 19: CI-MS mass spectrum of CsH1102. Reprinted and adapted with permission.®® Copyright 2019
American Chemical Society.

MS is well suited to characterisation of complex mixtures. Mass spectrum peaks can usually
be relatively easily attributed to particular molecular formulae and therefore, logical species
structures. Additionally, a high resolution mass spectrometer can cleanly separate species
with different molecular formulae.®-% MS also has very high sensitivity and can detect
picograms of material.1%

The main drawback of MS is that the intensity with which a species is detected is highly
dependent on its structure, amongst many other factors. This means that observed radicals
are difficult to quantify, whilst other radicals cannot be detected at all. Quality of MS
guantification can be increased by calibrating MS for individual species, although even with
calibration, accuracy of quantification is highly dependent on other factors and usually cannot
be compared between spectrometers. Furthermore, this is not possible for short-lived
radicals.®%-°4 Poor short-lived radical stability can be overcome by radical conversion into more
stable species (1.3.2). Additionally, MS techniques are invasive and can cause destruction of
unstable species, such as short-lived radicals, or alter their nature.8®-°* This effect can even
be observed for persistent radicals, such as TEMPO?®, for which soft ionisation ESI-MS can
cause formation of non-radical species (Figure 18).%

1.3.1.4. Ultraviolet-visible (UV-Vis) and fluorescence spectroscopy

UV-Vis spectroscopy and fluorescence spectroscopy are similar techniques that have both
been used for direct radical characterisation. UV-Vis spectroscopy measures the light
absorbed when electrons are excited by set wavelengths of ultraviolet-visible light, whilst
fluorescence spectroscopy measures the light spectrum emitted when electrons relax, after
being excited by a specific wavelength of light (both typically between 200-1000 nm).10%.102 A]|
radicals contain a singly occupied molecular orbital (SOMO).2 Excitation of an electron from
the next-to-highest occupied molecular orbital to the SOMO absorbs light whilst subsequent
relaxation emits light. This relatively low energy gap tends to correspond to wavelengths of
visible light and hence, radicals are usually coloured. Radical structure affects the energy of
these orbitals and hence affects the corresponding wavelengths of light absorbed and emitted,
allowing species to be characterised.

UV-Vis spectroscopy has been performed upon long-lived radical chromophores, for example
persistent radical 2,2-diphenyl-1-picrylhydrazyl (DPPH), which is deep violet in solution. DPPH
has frequently been used as an antioxidant assay, using UV-Vis spectroscopy for
characterisation, with solution typically becoming pale yellow as DPPH is consumed through
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radical reaction. For example, DPPH consumption in presence of Vitamin E was monitored
using UV-Vis spectroscopy (Figure 20).1%2
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Figure 20: UV-Vis spectra of DPPH after 30 minutes in absence (purple) and presence (yellow) of Vitamin E.
Reprinted and adapted with permission.1°3 Copyright 2017 American Chemical Society.

Fluorescence spectroscopy has been performed upon long-lived radical fluorophores,
designed as photocatalysts or organic light emitting diodes (OLEDSs), for example highly
conjugated dithiadiazolyl radicals (Figure 21). These fluorescence spectra were used to
determine fluorophore emission wavelengths under photochemistry conditions.%
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Figure 21: Excitation (black, Aem = 440 nm) and emission (red, Aexc = 241 nm) spectra of dithiadiazolyl radical
(pictured). Reprinted and adapted with permission.%* Copyright 2018 American Chemical Society.

Additionally, laser-induced fluorescence (LIF) spectroscopy is a technique used for gaseous
radical characterisation, owing to its high irradiance in a narrow wavelength range, which
reduces interference from other species. For example, LIF spectroscopy has been widely used
to measure *OH concentration (Figure 22).195-1%8 Sych measurements have been used to
monitor in situ atmospheric *OH concentration levels, which controls the oxidising capacity of
the troposphere, offering mechanistic and kinetic insights into atmospherically relevant
reactions (1.2.3).

46



4.0

3.0
2.5
2.0
1.5 4
1.0 4
0.5

LIF Signal[a. u.]

0.0 ; ; T
260 280 300 320 340

Emission Wavelength [nm]

Figure 22: *OH fluorescence spectrum (Aexc = 266.188 nm). Reprinted and adapted with permission.% Copyright
2004 Springer-Verlag.

*OH excitation at 282 nm is optimal for reducing interference from air molecules in absence of
ozone or water. As such, 282 nm excitation is commonly used in stratospheric [*OH]
measurement, where water concentration is low. Under such conditions, [*OH] detection limits
of <10% molec. cm™ can be achieved.®” However at this wavelength, when ozone and water
are present, considerable amounts of *OH are also generated through photolysis of ambient
ozone and subsequent reaction with water, similarly as in the atmosphere (Figure 12). This
causes measured [*OH] to be inaccurate.106-108

This issue has been overcome by using longer wavelength excitation under reduced pressure,
a technique known as fluorescence assay by gas expansion (FAGE). FAGE typically utilises
308 nm for [*OH] measurement, as ozone absorption cross section is significantly reduced
>290 nm, whilst *OH fluorescence still occurs suitably at this wavelength. The reduced
pressure increases the lifetime of *OH whilst reducing interference from air molecules.106-108
Calibration can be used to subtract the relatively small amount of *OH produced through ozone
photolysis. Using FAGE, [*OH] detection limits of <10° molec. cm=2 can be achieved.07:108

The main advantage of both UV-Vis and fluorescence spectroscopy for direct radical
characterisation is that spectral acquisition times are fast, which means that short-lived
radicals can be characterised. Additionally, both techniques can be used quantitatively,
although each species requires individual calibration.

However, both techniques usually produce broad peaks which often require deconvolution to
obtain quantitative data. Like for EPR spectroscopy, complex mixtures usually result in
overlapping peaks. However, the broadness of peaks usually observed with UV-Vis and
fluorescence spectroscopy makes deconvolution of overlapping peaks very difficult.
Quenching further complicates quantification of fluorescence spectra. Additionally, both
techniques are poorly diagnostic for radical species structure. This usually makes
characterisation and structure elucidation of unknown radicals extremely challenging.10%:102

Other technigues have also been used for direct radical characterisation, including infrared
(IR) spectroscopy!®; Raman spectroscopy!'?; differential optical absorption spectroscopy
(DOAS); cavity ring down spectroscopy (CRDS)*'? and flash photolysis!*®. However, like
the above direct radical characterisation techniques, these other techniques have drawbacks
which hinder radical study.
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1.3.1.5. Overall issues with direct radical characterisation techniques

Direct radical characterisation techniques offer the most certain proof of radical identity.
However, all existing direct radical characterisation techniques suffer drawbacks which hinder
radical study (Table 1).

A key issue for all these direct radical characterisation techniques is that they are only
applicable to specific radicals or reactions. Indeed, most of these techniques are usually not
suitable for direct characterisation of short-lived radicals (including EPR spectroscopy and
MS). Additionally, many of these techniques are typically impractical for complex mixtures
(including EPR, UV-Vis, fluorescence and CIDNP NMR spectroscopy). In addition, most of
these techniques are poorly sensitive (including EPR and CIDNP NMR spectroscopy) and are
not suitable for detecting radicals with low concentrations. This is commonly the case for short-
lived radicals. These limitations hinder the applicability and usefulness of each method.

Many of these techniques are also poorly diagnostic for radical species with complex
structures, offering limited structural information for atoms far from the radical centre (including
EPR, UV-Vis and fluorescence spectroscopy). This means that the structures of complex
radicals must be well-understood to analyse spectra and limits opportunity for analysis of
unexpected results. Many of these techniques also require bulky, expensive and niche
equipment and are not suitable for field measurements.

Table 1: Summary of advantages and disadvantages of direct radical characterisation techniques. v/, X and ~
refer to yes, no and sometimes or somewhat respectively. Symbols refer to general radical detection in the most
common setups and do not include more specialised cases or instruments.

Highly Suitable | Suitable
Technique nghl_y nghly_ diagnostic for.short— for
sensitive | quantitative | for complex lived complex
radicals radicals | mixtures
EPR ~ p ~ ~ ~
spectroscopy
MS v X v X v
UV-Vis
spectroscopy } - X v X
Fluorescence
spectroscopy - ~ . v .
CIDNP NMR
spectroscopy X v v v -

However, indirect radical characterisation techniques overcome some of these problems by
chemically converting radicals to longer-lived radical or non-radical species, usually through
reaction with a trapping agent. Many indirect radical characterisation techniques have been
developed, using a variety of trapping agents, as discussed below.

1.3.2. Indirect radical characterisation techniques through radical
conversion to a longer-lived species

1.3.2.1. Spin traps

Spin trapping is the process in which short-lived radicals are chemically converted into longer-
lived radicals using spin traps, which are present in the radical reaction system. Reaction
between a short-lived radical and spin trap, for example nitroso or nitrone spin traps, results
in a longer-lived radical spin adduct, containing the reactant radical (Figure 23). The resulting
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nitroxyl radical spin adducts can be characterised using a variety of techniques but are
particularly well suited to EPR spectroscopy, due to their radical nature. The main advantage
of spin trapping is that the spin trap can be exposed to radicals until sufficient spin adduct
concentration has been accumulated for characterisation, for example by EPR spectroscopy.
This overcomes the sensitivity issue suffered by many direct radical characterisation
techniques. Additionally, the longer-lived radical overcomes many problems associated with
poor stability of short-lived reactant radicals, such as slow acquisition times and difficulty in
handling.”7:83:84
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Figure 23: Reaction of a short-lived radical (R*) with nitroso (top) and nitrone (bottom) spin traps, forming longer-
lived nitroxyl radical spin adducts.

Most short-lived radicals add quickly and selectively to the double bond in nitrones and nitroso
spin traps. Additionally, spin traps can be tailored to suit the radical system being studied. Spin
trapping characterisation using EPR spectroscopy is arguably the most well-known and widely
used indirect radical characterisation technique, due to its applicability to most liquid and gas
phase short-lived radicals.””:23

For example, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) nitrone spin trap and EPR
spectroscopy have been used for SOs* and SO,* detection.'’* Sulfur oxides are
environmentally pervasive and demonstrate high toxicity. It is speculated that their radical
forms are principally responsible for their toxicity.''® Radical sulfur oxides can be formed
through atmospheric processes. Liquid phase SOs* and SO.* have been trapped using
DMPO and the resulting spin adducts analysed using EPR spectroscopy (Figure 24).114
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Figure 24: EPR spectra of DMPO-trapped SOs*" (left) and SO4*" (right). Reprinted and adapted with
permission.1* Copyright 2018 American Chemical Society.

These spectra indicated that SOs* and SO4*- were trapped through their sulfur and oxygen
atoms respectively (Figure 25), implying the importance of steric hinderance and
electrostatics.''4
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DMPO

Figure 25: DMPO trapping of SO3z* and SO4* forming sulfur and oxygen linked nitroxy! radical spin adducts
respectively.1

Many other studies have utilised spin traps to form nitroxyl radical spin adducts, which have
been analysed using EPR spectroscopy to successfully quantify and perform limited
characterisation of radical species.116-118

A key issue with this method is that although EPR spectroscopy is a moderately sensitive
technique, EPR spectra of spin adducts are relatively insensitive to changes in the reactant
radical. The further an atom is from the unpaired electron, the less of an effect it will have on
EPR spectra. For nitrone and nitroso spin traps, the radical of the resulting nitroxyl radical spin
adduct is centred on the oxygen atom, meaning the reactant radical atom closest to the nitroxyl
radical group only causes tertiary effects, and subsequent atoms cause even fewer
perturbations. Therefore, although this method can be useful for quantification of short-lived
radicals, it is poor at their characterisation. Also, other difficulties associated with general EPR
spectroscopy are still present, such as difficulties analysing complex spectra (1.3.1.1).7577

Although spin adducts are usually characterised by EPR spectroscopy, spin adducts have
also been detected using other techniques, such as MS.11%-126 This is possible as the longer-
lived radical spin adducts have greater stability than short-lived reactant radicals. For example,
liquid chromatography MS (LC-MS) has been used to characterise spin adducts produced
when tobacco smoke radicals are trapped by phenyl tert-butyl nitrone (PBN) (Figure 26).1%4
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Figure 26: Mass spectrum from LC-MS characterisation of PBN-trapped C4HsO*® ([M+H]* m/z = 248.1661) from
tobacco smoke. Reprinted and adapted with permission.?* Copyright 2016 Elsevier.

MS and other techniques can provide additional characterisation for spin adducts and thus
reactants radicals. These techniques can overcome many of the difficulties associated with
EPR spectroscopy, such as being poorly diagnostic.

However, spin trapping has many well-documented drawbacks. The greatest issue with spin
trapping is side reactions of non-radical species can lead to artifacts which create false
positives. For example, nucleophilic addition of non-radical substrate to a spin trap yields a
hydroxylamine. This hydroxylamine can be subsequently oxidised to form the same species
produced from radical reaction with a spin trap, creating a false positive. Although methods
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exist to detect such artifacts, these suffer from their own limitations.'?” Additionally, nitrone
and nitroso spin traps are not particularly stable and are easily degraded by trace metals.'?8
Spin adducts often have poor stability and therefore short lifetimes, ranging from seconds to
hours.1?°-132 This may complicate experimental set-up and field measurements, quantification
and prevent sample reanalysis. Additionally, the spin adduct radical prevents characterisation
by some commonly used techniques, such as NMR spectroscopy, as discussed previously
(1.3.1.12).

1.3.2.2. Recombination traps

Short-lived radicals can be chemically converted into longer-lived non-radical products using
persistent radical trapping agents, which are present in the radical system.33 In this work, this
process, persistent radical trapping agents and non-radical products are termed
recombination trapping, recombination traps and recombination adducts respectively.
Reaction between a short-lived radical and recombination trap, results in a longer-lived non-
radical recombination adduct, containing the reactant radical (Figure 27). This occurs through
radical-radical recombination.’®® Recombination adducts are usually stable and can be
characterised using many conventional techniques, including MS*3* and NMR*3°, UV-Vis and
fluorescence spectroscopy®**. This longer-lived non-radical species overcomes many
problems associated with poor stability of the short-lived reactant radical, as discussed for
spin trapping (1.3.2.1). Additionally, recombination trap can be exposed to radicals until
sufficient recombination adduct concentration has been accumulated for characterisation.**?
Therefore, recombination trapping is analogous to spin trapping, but utilises a radical trapping
agent to generate a non-radical adduct, rather than a non-radical trapping agents to generate
a radical adduct (1.3.2.1). Many different recombination traps have been developed.

~\

RT "X — R-X

Figure 27: Reaction of a short-lived radical (R*) with a recombination trap (X*), forming a longer-lived non-radical
recombination adduct.33

Arguably the most commonly used recombination traps are nitroxyl radicals, such as TEMPO®*
(Figure 28).

Figure 28: Reaction of a short-lived carbon-centred radical (R®) with a nitroxyl radical recombination trap, forming
a longer-lived non-radical recombination adduct.

Reaction between carbon-centred radicals and persistent nitroxyl radicals usually occurs
rapidly. Additionally, persistent nitroxyl radicals and their recombination adducts are relatively
robust under a range of conditions, usually far more so than spin traps and spin adducts
(1.3.2.1). This high stability usually makes experimental set-up and field measurements
relatively simple.*®® As such, persistent nitroxyl radicals, such as TEMPQ?¢, are routinely used
as recombination traps, particularly in synthetic radical reactions, as both starting materials
and mechanistic probes.**13" For example, TEMPO®* has been used to capture radicals
formed in the one electron oxidation of N-acetyl-L-tyrosinamide, catalysed by horseradish
peroxidase (HRP, Figure 29). Non-radical recombination adduct was characterised using MS,
indicating the presence and structure of the intermediate reactant radical.*3®
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Figure 29: Recombination trapping of N-acetyl-L-tyrosinamide radical by TEMPO?®, forming non-radical
recombination adduct.3®

A key issue with this method is that persistent nitroxyl radicals do not effectively trap
heteroatom-centred radicals which form weak bonds with nitroxyl radical recombination traps,
such as oxygen (O-0: ~140 kJ mol?), nitrogen (N-O: ~200 kJ molt) and sulfur (S-0O: ~270
kJ mol1).1*® This severely limits its applicability. For example, no recombination adducts were
detected for recombination trapping of tert-butyl peroxyl radicals using TEMPO?®. Instead,
tert-butyl oxyl radicals and molecular oxygen were formed and TEMPO® was regenerated.
Therefore, TEMPO® acted as a catalyst and not a trapping agent (Figure 30).14°

Not observed

Figure 30: Reaction observed when attempting to trap ‘BuOO*® with TEMPO?® to form intermediate (centre),
however this species was not observed and instead TEMPO®* acted catalytically to form ‘BuO® and 0.14°

This demonstrates that nitroxyl radicals can initiate some radical reactions and this often
makes them non-innocent components of reaction mixtures. This can lead to false positives.
False positives can also be generated by nitroxyl radical reduction into nitroxide anions, which
can undergo nucleophilic reactions to form the same species produced from radical reaction
with a recombination trap, creating a false positive, similarly as for spin trapping (1.3.2.1).

Other recombination traps have also been used for indirect radical characterisation. Persistent
radical DPPH (1.3.1.4) has frequently been used as a chemical label, as its recombination
adducts can be well quantified using UV-Vis spectroscopy (1.3.1.4).10% However, DPPH
suffers similar issues to nitroxyl radicals, including that it does not react effectively with
heteroatom-centered radicals and it can often be a non-innocent component of reaction
mixtures, leading to false positives.

2,4,6-Tri-tert-butylphenol has also been used as a recombination trap, as it is easily oxidised
to long-lived 2,4,6-tri-tert-butylphenoxyl radicals, for example by PbO; or [Fe(CN)g]*. These
radicals are stabilised through resonance and electron donating tert-butyl groups. These
radicals can then trap heteroatom-centred radicals, such as oxyl, aminyl and thiyl radicals,
through radical-radical recombination.'41-144 This yields a non-radical stable adduct that can
be characterised by conventional techniques. For example, 2,4,6-tri-tert-butylphenol has been
used to trap NO:* radicals (Figure 31). The resulting adduct was characterised by its melting
point and elemental composition.4!
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Figure 31: Formation of radical trapping agent 2,4,6-tri-tert-butylphenoxyl radical and subsequent NO2*
trapping.1#

2,4,6-tri-tert-butylphenoxyl radicals react much more effectively with heteroatom-centred
radicals than nitroxyl radicals and DPPH. However, like other recombination traps, these 2,4,6-
tri-tert-butylphenoxyl radicals can initiate radical reactions, leading to false positives.
Furthermore, 2,4,6-tri-tert-butylphenol is not easily tunable and has poor water solubility. This
limits its applicability, including preventing its use in aqueous solutions.

1.3.2.3. Other trapping agents

Other trapping agents have also been used for short-lived radical conversion into longer-lived
products and these products subsequently characterised.

Salicylic acid has been used as a trapping agent. Salicylic acid has been used to trap *OH in
presence of oxygen, to form a mixture of non-radical hydroxylated salicylic acid derivatives,
which are then characterised using fluorescence spectroscopy (Figure 32).145-147

HO.__O HO.__O ~ HO_O
. 0, HO,
HO __OH _ HO:ES N A, HO
HO™ ™ HO

Figure 32: Salicylic acid and *OH reaction to form example hydroxylated salicylic acid, although a mixture of
isomers is produced.45-147

This method suffers many of the disadvantages associated with other trapping agents, such
as limited scope and potential for false positives.

1.3.2.4. Overall issues with existing indirect radical characterisation techniques

Indirect radical characterisation techniques overcome some of the drawbacks associated with
direct radical characterisation techniques (Table 2).

In particular, trapping agents can be exposed to short-lived radicals, which usually have low
concentration, until sufficient longer-lived adduct concentration has been accumulated for
characterisation. This overcomes the sensitivity issues associated with many direct radical
characterisation techniques. Furthermore, short-lived radicals are converted to longer-lived
adducts, allowing more conventional characterisation techniques to be used and easier
handling. However, these indirect radical characterisation techniques also entail their own
drawbacks (Table 2).

The main issue with these techniques is that they are prone to side reactions, which can lead
to false positives. This may reduce validity of experimental results and resulting conclusions.
Furthermore, many indirect radical characterisation techniques are only applicable to specific
radicals or reactions, limiting their scope. Additionally, some of these techniques yield radical
adducts with poor stability, complicating experimental set-up and field measurements and
preventing reanalysis.
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common setups and do not include more specialised cases or instruments.

Table 2: Summary of advantages and disadvantages of indirect radical characterisation techniques. v/, X and ~
refer to yes, no and sometimes or somewhat respectively. Symbols refer to general radical detection in the most

, Adducts . Can lead | Suitable for Suitable for
Trapping . Widely other
typically . to false EPR :
agent applicable . techniques,
stable positives | spectroscopy
e.g., MS
Spin traps X v v ~
Recombination
traps v X v X v
1.4. Summar

Existing direct and indirect radical characterisation techniques are invaluable tools for
characterising radicals and studying radical reactions. However, all existing techniques have
drawbacks which hinder radical system investigation. In particular, no single radical
characterisation technique exists which can be used to detect short-lived radicals with low
concentration, without the risk of generating false positives. Since radical intermediates are
often short-lived and have low concentration, this means there is scope for development of
radical characterisation technigues. Development of better methods for short-lived radical
detection, characterisation and quantification could significantly develop many areas of
chemistry which involve radical intermediates (1.2).

This project involves the design and development of a new radical characterisation technique,
which aims to solve many of the drawbacks associated with the existing radical
characterisation techniques discussed above (1.3). This new technique will be tested upon a
range of radical systems in many areas of chemistry, such as synthetic chemistry,
biochemistry and atmospheric chemistry. Specific project aims are discussed in the proposal
chapter (2).
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2. Proposal
2.1. Project theory

A new method for radical capture, detection and characterisation is proposed. This method
will utilise a new class of radical traps, combining ideas from both spin traps (1.3.2.1) and
recombination traps (1.3.2.2). These new traps will consist of a leaving group bound to a
terminal allyl group, where the leaving group forms a persistent radical upon bond cleavage.
Radicals will react with these traps to form a non-radical product and a persistent radical
(Figure 33). The radical leaving group is adjacent to the allyl double bond, which allows allylic
rearrangement and hence fast and selective addition of radicals, similarly to spin
trapping.’”#8 The non-radical product can then be studied by highly sensitive techniques
such as MS and NMR spectroscopy, similarly to recombination trapping.135138.148-151 Trgps
may be functionalised at the allyl or non-terminal alkene position to suit the radical system
being studied, for example to contain water-soluble groups for use in biochemistry
investigations.

12 2
R'R /N, R
Lé%%/ R —— R1J\(\R + LG’
R3 R3
Novel radical trap Non-radical product

Figure 33: Reaction between reactant radical (R*) and novel allyl radical trap containing bound leaving group,

forming a persistent radical (LG*) and non-radical product, containing trapped reactant radical (R). This non-

radical product will then be characterised, allowing reactant radical (R) to be identified. R, R? and R3 will be
functionalised to suit the radical system being studied.

These novel radical traps would have many advantages which overcome some limitations of
existing techniques for radical characterisation. Novel radical trapping creates non-radical
products which will have significantly greater stability than the reactant short-lived radical
intermediates. Characterisation of these non-radical products will allow characterisation of
reactant radicals. These non-radical products will likely be significantly more stable than spin-
trapped products, which often have short lives (1.3.2.1). Furthermore, these non-radical
products can be analysed by conventional and highly characteristic techniques, such as MS
and NMR spectroscopy, whereas spin-trapped products often cannot be analysed by such
techniques, for example often having poor MS stability and paramagnetically broadened NMR
spectra. Novel radical traps should also be reactive to a wide variety of radicals, unlike
recombination traps which react poorly with heteroatomic-centred radicals, making novel
radical traps more suitable for studying a wide variety of radicals in different systems. Finally,
it was hoped that novel radical trapping would not produce false positives. In contrast,
recombination traps are usually highly reactive, making them non-innocent components of
reaction mixtures, whilst spin traps are prone to side reactions, causing false positives.

This novel radical trapping idea has been previously explored by another PhD student, whose
work is built upon in this project.

2.2. Previous project work

This project will build upon previous work from “The Development of Portable Chemosensors
for Atmospheric Radicals”, a PhD thesis by Andrew Grantham. Grantham successfully
synthesised four novel radical traps. All four traps had the generic novel radical trap structure
with R and R? jointly functionalised as one cycloalkane or cycloether ring (Figure 34). These
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traps had R! and R? functionality as it was believed that elsewise, reactant radicals may
abstract allylic hydrogen atoms from the trap, which would cause unwanted side reactions.*>?

|
Os N
TEMPO; 1/ TEMPO; }// TEMPO™ TEMPOZ j// TEMPO™ 7

Figure 34: Four traps designed and synthesised by Grantham (left). All four traps had R* and R? jointly
functionalised as one cycloalkane ring. Grantham traps had the shown general structure (right), where X = CHR
or O, R =H or CON(CHs)2 and n = 1 or 2.152

Grantham had successfully utilised these traps for radical trapping of many different types of
radical in many different systems. Grantham used the cyclohexyl trap particularly often in
trapping reactions. This was due to its faster and higher yielding synthesis, coupled with its
relative inertness. However, whilst hydrogen atom abstraction did not occur from the trap,
these traps had a major flaw. Grantham observed that these traps spontaneously isomerised
in solution at RTP, to form terminated alkene. Experiments indicated this isomerisation
occurred via [1,3]-sigmatropic rearrangement (Figure 35).152

(X n Solution, RTP
—_— (X n \
=~ [1,3]-sigmatropic TEMPO

TEMPO rearrangement

Figure 35: [1,3]-sigmatropic rearrangement of Grantham traps, causing terminal alkene to rearrange to non-
terminal alkene. This process occurred readily in solution at RTP. X = CHR or O, R = H or CON(CHg3)2 and
n=1or2.1%2

This isomerisation was detrimental as terminal alkene converted to non-terminal alkene,
severely limiting radical access and therefore, reducing trap reactivity with radicals. In solution
at RTP, half-life for cyclohexyl Grantham traps was ~3 h. However, by storing trap neat
at -20 °C, this half-life could be increased to many months. Therefore, this isomerisation was
usually only an issue during trapping reactions, which usually occurred at room temperature
and pressure (RTP, 293 K, 101325 Pa) or warmer. Furthermore, this isomerisation meant
synthesis had to be done quickly and never yielded pure terminal alkene trap.15?

Despite these issues, Grantham traps were used to study many liquid and gas phase radical
reactions. This involved forming trapped radicals before MS characterisation. MS
characterisation was principally undertaken using a Bruker HCT-Ultra ETD Il mass
spectrometer. Grantham trapped and characterised 1-dodecanethiyl radicals, formed by
initiators azobisisobutyronitrile (AIBN) or PbO,, using Grantham traps. These species
originated from non-oxygenated (thiyl), mono-oxygenated (sulfinyl) and di-oxygenated
(sulfonyl) 1-dodecanethiyl radicals (Figure 36).152

AIBN, Ny, 50 °C
_S. + or Pb02
H™ " "CqzHps
TEMPO

SCioHps 7 SC12Has 0= SC12H25

Figure 36: Trapped radicals from 1-dodecanethiol reaction with AIBN or PbO: in presence of Grantham trap,
observed by Grantham.52
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In the gas phase, Grantham trapped and characterised radicals formed during alkene
ozonolysis, identifying a great variety of trapped radicals and products. Additionally, Grantham
also carried out a detailed analysis of gas phase radicals formed in *OH-initiated n-nonane
degradation (1.2.3). MS peaks indicated that many radicals were successfully trapped and
observed, including RO2*, R(OH)O,* and R(CO)O;*. However formation of other predicted
radicals, such as RO®, was not observed.%?

In this project however, the validity of these results was brought into question, as the Bruker
HCT-Ultra ETD Il mass spectrometer used had low resolution, making false positives relatively
likely (5.2.2.2).

2.3. Project aims

This aim of this project will be to use novel radical trapping to study multiple radical systems.
This will first involve developing novel radical traps (3). These traps needed to have several
properties to be suitable for trapping radicals. Firstly, they should trap radicals efficiently.
Secondly, they should be inert to side reactions and not generate false positives. This will aim
to build upon previous work by Grantham, by developing traps which are stable under a wide
variety of reaction conditions and do not undergo spontaneous [1,3]-sigmatropic
rearrangement (2.2). Thirdly, they should be easy to functionalise to suit a wide variety of
radical reactions. For example, study of biochemical reactions will require water-soluble traps.
Therefore, this project will aim to synthesise a variety of functionalised traps. This will aim to
build upon previous work by Grantham, in which trap functionalisation was hindered by the
temperamental synthetic conditions required for Grantham trap formation (2.2). For example,
no water-soluble traps were created, meaning Grantham traps were inappropriate for studying
biological systems. Further desirable properties were for novel radical traps to be: easily and
quickly synthesised; chemically safe; made from cheap starting materials; stable in storage
and stable in reaction media.

Once novel radical traps were developed, these would be used to investigate radical systems
across many fields of chemistry, including synthetic chemistry, biochemistry and atmospheric
chemistry. Such novel radical traps will be used to investigate radical systems of interest which
could not be studied using Grantham traps due to their inherently poor stability (2.2), including
reactions involving harsh conditions such as high temperature or long reaction times.
Additionally, many reactions Grantham investigated will be repeated using the new radical
traps and high-resolution MS, to improve upon results obtained by Grantham.
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3. Trap design, synthesis and development

3.1. Trap design

Novel radical traps consisted of a leaving group attached to an allyl group (2.1). The leaving
group needed to form a persistent radical upon cleavage. It was decided that the leaving group
would be (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPQO®). TEMPO®* is a ubiquitous, well
understood and relatively inert stable radical. This inertness was important, as side reactions
would complicate results and analysis. Furthermore, TEMPO®* is cheap, readily available and
chemically safe. These characteristics made TEMPO® a desirable leaving group for these
traps. All novel radical traps synthesised used TEMPO?®* as their leaving group. However, it is
believed that other persistent radicals, such as trityl, may also be effective leaving groups.
Other leaving groups were not trialled, as TEMPO® proved suitable in all experiments.

As such, novel radical traps consisted of a TEMPO group bound through its oxygen atom to
an allyl group. These novel TEMPO-AIlyl Radical Traps were termed TARTs. TART
functionality could be tuned to suit the radical reaction under investigation, at the allyl and non-
terminal alkene positions. For example, TART could be functionalised with hydroxyl groups to
enable radical trapping in aqueous solutions. TART reaction with radicals (R*) formed
TEMPO® and a non-radical product. This non-radical product consisted of the reactant radical,
bound through its radical atom, to the allyl group. These Radical-Allyl Radically Trapped
species were termed R-ART, where R was the name of reactant radical R* (Figure 37).
Similarly, recombination trapping of R* with TEMPO*® was termed R-TEMPO, whilst trapping
of R* with the carbon-centred radical formed following hydrogen atom abstraction (HAA) from
TART was termed R-TART (Figure 37). R—-TEMPO and R-TART could be formed through
non-radical pathways and hence observation of these species would not conclusively indicate
a trapped radical.

1 p2 2 i,
RRE R 0
R3 RS
TART R-ART TEMPO
-/‘\ /"\_
i) TEMPO R — TEMPO-R
R-TEMPO
RT\H
TEMPO TEMPO™ X
TEMPOﬁj\*’/ T /\R{ - /\Rs/
R3 RH
TART R.l R l
i)
R R
TEMPO)\*/ TEMPO/\H
R3 R3
R-TART R-TART

Figure 37: i) TEMPO-Allyl Radical Trap (TART) reaction with radical (R®) to form stable non-radical Radical-Allyl
Radically Trapped (R-ART) species, and persistent radical leaving group, TEMPO?®. ii) Recombination trapping
of radical (R*) with TEMPO®* to form R-TEMPO. iii) Trapping of R* with the carbon-centred radical formed
following hydrogen atom abstraction (HAA) from TART to form R-TART. TARTSs were tuned, by R, R? and R3
functionalisation, to suit radical functionality and reaction conditions.

58



Four TARTs had previously been synthesised and used for radical trapping by Grantham
(2.2).%%2 One of these was synthesised by the author using the literature procedure designed
by Grantham, so that it could be used for radical trapping if required.*>?

3.2. Grantham TART

Grantham successfully synthesised four TARTs. Grantham principally used the cyclohexyl
TART for radical trapping. This cyclohexyl TART was synthesised in a two-step synthesis
using the procedure described by Grantham (Figure 38, 11.2.1).%%?

Pyrrolidine, MePPh3Br,

FeCls, NaHMDS,
DMF, N2 24 h dry THF, N5, 3 h
92% (0] 55%
TEMPO™ TEMPO™

TEMPO® Grantham TART

Figure 38: Two-step synthesis to form Grantham TART, performed using a literature procedure (11.2.1).152

The first step involved coupling of TEMPO?®* with cyclohexanecarboxaldehyde, in presence of
pyrrolidine and FeCls, yielding 92% product (Figure 38, 11.2.1). Pyrrolidine catalyses the
reaction by converting cyclohexanecarboxaldehyde into an enamine whilst FeCl; catalyses
the reaction by forming a TEMPO-metal complex.1%3

The second step involved a Witting reaction of the product with MePPhsBr, in presence of
sodium bis(trimethylsilyl)lamide (NaHMDS), yielding 55% pure Grantham TART, or 51%
overall (Figure 38, 11.2.1).

Grantham TART was successfully utilised for radical trapping (5.2.2.1). However, the
[1,3]-sigmatropic rearrangement exhibited by Grantham TART restricted its use for radical
trapping (2.2). Therefore, alternative TARTs were synthesised, starting with allyl-TEMPO.

3.3. Allyl-TEMPO

Removal of R and R? would mean [1,3]-sigmatropic rearrangement of TARTs would yield the
same TART structure. This would prevent TART conversion to a less reactive non-terminal
species. Therefore, allyl-TEMPO was synthesised. Allyl-TEMPO would be the simplest
possible TART, containing no additional functionality. However, removal of R! and R? may
have caused side reactions through allylic HAA (2). Therefore, recombination trapping of
radicals with the carbon-centred radical formed through allylic HAA (Figure 37), was monitored
during radical trapping.

3.3.1. One-step synthesis

Allyl-TEMPO synthesis was first attempted using a single-step literature procedure (Figure 39,
11.2.2.1).1%

N32303,

0 MeCN,
N UV, Ny, 24 h
N ——— 1gmpo
Allyl-TEMPO

TEMPO’

Figure 39: Allyl-TEMPO one-step synthesis, performed using a literature procedure (11.2.2.1).%%4
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This procedure involved UV-initiated TEMPO® substitution of iodide in allyl iodide, in presence
of Na>SO3 (Figure 39, 11.2.2.1). UV caused C-I homolysis and the resultant allyl radical was
trapped by TEMPO®* to yield allyl-TEMPO. NMR spectra indicated that impure product
contained high product yield. However, allyl-TEMPO could not be suitably separated from
remaining allyl iodide using column chromatography, due to their similar R; values. Other
purification techniques were deemed either impractical or unlikely to successfully separate
these two components. Therefore, alternative literature procedures for allyl- TEMPO synthesis
were performed.

3.3.2. Two-step synthesis

Allyl-TEMPO was synthesised in a two-step synthesis using literature procedures (Figure 40,
11.2.2.2).155.156

K,COs3, KI |
H dry DMF, Ny, m-CPBA,
N ~150°C, 18 h CHCl;, 12 h
f g N ——— N ——> 1eMpO”
79% 55%
Allyl-TEMPO
T™MP

Allyl-TMP

Figure 40: Allyl-TEMPO two-step synthesis was performed using two literature procedures (11.1.2.2).155156

The first step involved nucleophilic substitution of bromide in allyl bromide, by
2,2,6,6-tetramethylpiperidine (TMP), in presence of K:COs; and KI, yielding 79% pure
allyl-TMP (Figure 40, 11.1.2.2). TMP is a non-nucleophilic base and therefore, was difficult to
perform nucleophilic substitution with. K.CO3; was a strong base added to prevent TMP
protonation, which would reduce its nucleophilicity. I- from KIl, acted as a nucleophilic catalyst,
offering a lower activation barrier. Likewise, high temperature (~150 °C) was required to
overcome this activation barrier.

The second step involved N-oxidation of allyl-TMP by meta-chloroperbenzoic acid (m-CPBA)
and subsequent Meisenheimer rearrangement (Figure 41), yielding 55% pure allyl-TEMPO,
or 43% overall (Figure 40, 11.1.2.2).4

| r
__m-CPBA _ CPBA g ?
N N oxidation 2 3-Meisenheimer N
rearrangement

Allyl-TMP Allyl-TEMPO

Figure 41: Mechanism of the second step of allyl-TEMPO synthesis.

Allyl-TEMPO was successfully used to trap radicals (5.2, 5.4.1). Observations indicated that
trapping via HAA occurred only in small amounts, usually <1% compared to TART trapping.
Therefore, allylic HAA was deemed to be an insignificant side reaction, indicating R* and R?
functionalisation of TARTs was not essential for radical trapping. Nevertheless, R-TART
production was still monitored in all trapping reactions.

However, when utilised for TART trapping, allyl-TEMPO had some shortcomings. Firstly,
allyl-TEMPO was volatile. This limited its use to liquid phase trapping, as allyl-TEMPO and
lightweight allyl-TEMPO-trapped radicals readily evaporated when exposed to a gas stream.
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Another issue was that the allyl functionality had poor ionisation efficiency. This meant that
radicals with poor ionisation efficiency formed allyl-TEMPO-trapped radicals which also had
poor ionisation efficiency, resulting in low MS intensity. This meant allyl-TEMPO could only be
used in radical systems where radicals had reasonably high ionisation efficiency (5.3.1.1).
Furthermore, quantification of these systems was difficult, as the MS intensity of allyl-TEMPO
trapped radicals was highly dependent on radical ionisation efficiency. Finally, allyl-TEMPO
could not be easily functionalised, for example, to make water-soluble traps. Therefore,
synthesis of alternative TARTs was required.

3.4. Amide-functionalised TARTS

A new class of differently functionalised TARTS were required to minimise problems with
existing TARTSs, observed for Grantham and allyl-TEMPO TARTSs. This novel class of TARTs
required careful design considerations.

3.4.1. Design

As for allyl-TEMPO, a [1,3]-sigmatropic rearrangement would be degenerate for an R?®
functionalised TART. Therefore, its reactivity with radicals would not be reduced. Ideally, this
R3 functionalisation would increase TART reactivity with radicals and hence rate of radical
trapping. The new class of TARTSs therefore needed to be designed such that they were: low
volatility; easily functionalised; relatively inert; solely R® functionalised and that R3
functionalisation increased TART reactivity with radicals. It was decided that these criteria
were most successfully met using R® amide functionalisation (Figure 42).

TEMPo/\f

@) NHR

Figure 42: Novel amide-functionalised TARTS.

These TARTSs were unlikely to be volatile, due to amide functionalisation having low volatility.
Amides are also relatively inert and therefore, new side reactions should have been minimal.
Furthermore, radical addition occurs more favourably with a,f-unsaturated carbonyls than
alkenes. For example, phenylthiyl radicals react with methyl methacrylate and 2-methyl-1-
pentene with rate constants 3.2x10% M1 st and 2.1x10* M s respectively (296 K).15 This is
because conjugate radical addition, i.e., rearrangement and delocalisation upon radical
addition, stabilises the reaction intermediate. This addition would be particularly favourable for
electron-rich radicals, although electron-deficient radicals would still add rapidly to such a,B-
unsaturated carbonyls. Therefore, rate of radical trapping should be faster for amide-
functionalised TARTSs than allyl-TEMPO. Increased favourability of TART trapping should also
reduce side reactions via allylic HAA.

These amide-functionalised TARTs could be synthesised from an amide coupling reaction
between amine and carboxylic acid-functionalised TART. Amide coupling reactions are
ubiquitous simple organic transformations, which can be utilised with many different amines.
Therefore, amide-functionalised TARTs could be easily functionalised as required. For
example, ethanolamine could be utilised to introduce a hydroxyl group, making a water-soluble
amide-functionalised TART.

In summary, it was hypothesised that these considerations would make amide-functionalised
TARTSs superior to Grantham and allyl-TEMPO TARTs. These amide-functionalised TARTs
were novel and therefore no literature synthesis existed. Therefore, novel syntheses had to
be devised.
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3.4.2. Synthesis

3.4.2.1. 2-(Bromomethyl)acrylic acid nucleophilic substitution by TMP and
Meisenheimer rearrangement

First, a three-step amide-functionalised TART synthesis was designed. The first two steps
were based upon the procedure used for allyl-TEMPO synthesis (3.3.2), whilst the third would
be an amide coupling reaction.*>>1% Nucleophilic substitution was performed before the amide
coupling reaction, as it was theorised that bromide would be vulnerable to nucleophilic
substitution by the amine used in amide coupling (Figure 43).

K,CO3, KI

H dry DMF, N,
\ N: / Br o
/\f ~150°C, 18 h N/f
+ —_——
(55%)
(e} OH
T™MP O~ OH
2-(TMPmethyl)acrylic acid

Figure 43: 2-(TMPmethyl)acrylic acid formation from 2-(bromomethyl)acrylic acid, adapted from a literature
procedure.?

The first step involved nucleophilic substitution of bromide, in 2-(bromomethyl)acrylic acid, by
TMP, under otherwise identical conditions to allyl-TEMPO two-step synthesis, yielding 55%
(QNMR) impure 2-(TMPmethyl)acrylic acid. The resultant mixture could not be easily purified
by column chromatography, due to similar R; values for reagents and products. Therefore, this
impure mixture was carried into the next step. This step was adapted from a literature
procedure.?

Next the N-oxidation and subsequent Meisenheimer rearrangement were performed. This was
advantageous as performing the amide coupling last allowed TART functionality to be tuned
in a single step. However, N-oxidation of 2-(TMPmethyl)acrylic acid failed. It was hypothesised
that the 3° amine may have been protonated by its intramolecular carboxylic acid forming a
Zwitterion, preventing oxidation. 3° amine protonation could not be prevented using base, as
this would interfere with the m-CPBA reagent, again causing the reaction to fail. Therefore,
the amide coupling was performed before N-oxidation and subsequent Meisenheimer
rearrangement, to block the carboxylic acid group (Figure 44, 11.2.3).

NH2  HeTU, DIPEA, N/f m-CPBA, %
N . DMF, 18 h o7 NN _CHOk 12h
0] NH
0] OH @ f

32% 4%
2-(TMPmethyl)acrylic acid
CHANT

Figure 44: CHANT formation from 2-(TMPmethyl)acrylic acid. The second step was adapted from a literature
procedure.*

The second step involved amide coupling of cyclohexylamine to 2-(TMPmethyl)acrylic acid, in
presence of (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HTBU), N,N-diisopropylethylamine (DIPEA), yielding 32% pure product (Figure 44, 11.2.3).
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The third step involved product N-oxidation by m-CPBA and subsequent Meisenheimer
rearrangement, under otherwise identical conditions to allyl-TEMPO two-step synthesis,
yielding 4% pure CHANT or 1% overall (11.2.3). This final step was adapted from a literature
procedure.* This very low 4% final step yield severely limited overall yield and the resulting
1% overall yield was deemed too low for practical use. It was unknown how the poor yield for
the final step could be improved. Therefore, an alternate route for amide-functionalised TART
synthesis was sought.

3.4.2.2. 2-(Bromomethyl)acrylic acid UV irradiation with TEMPQO*

Allyl-TEMPO synthesis had originally been attempted through UV irradiation of allyl iodide with
TEMPO?®*. Although the reaction was high yielding, allyl iodide and allyl-TEMPO could not be
separated. However, it was theorised that if the same reaction was performed with different
reagents, reagents and products may be separable. Therefore, this reaction was used to form
2-(TEMPOmethyl)acrylic acid (Figure 45, 11.2.4).

2-(lodomethylacrylic acid was not commercially available. Therefore, UV irradiation of
2-(bromomethylacrylic acid with TEMPO® was attempted, under otherwise identical
conditions to allyl-TEMPO one-step synthesis (3.3.1). This achieved <20% conversion after
24 h. This poor conversion rate was deemed too slow for viable use. Slow conversion rate
was likely due to the C—Br bond being stronger than C-1 (285 kJ mol* compared to 213 kJ
mol1)13 and therefore, bond homolysis occurred less readily. Therefore, a Finkelstein reaction
was employed to convert 2-(bromomethyl)acrylic acid to 2-(iodomethyl)acrylic acid.
2-(lodomethyl)acrylic acid was then UV irradiated with TEMPO?®, under otherwise identical
conditions to allyl-TEMPO one-step synthesis (3.3.1) (Figure 45, 11.2.4).

TEMPO., Nazso:;,

Nal, acetone, MeCN, UV,
—_—
07 SOH % 0~ “OH 0~ “OH
2-(TEMPOmethyl)acrylic acid

Figure 45: 2-(TEMPOmethyl)acrylic acid TART formation from 2-(bromomethyl)acrylic acid (11.2.4). The second
step was adapted from a literature procedure.5

The first step involved a Finkelstein reaction of 2-(bromomethyl)acrylic acid with Nal, yielding
94% pure 2-(iodomethyhacrylic acid. The second step involved UV irradiation of
2-(iodomethyl)acrylic acid with TEMPQO?®, yielding 2-(TEMPOmethyl)acrylic acid (Figure 45,
11.2.4). Conditions were otherwise identical to allyl-TEMPO one-step synthesis (3.3.1). Whilst
the desired product was formed, the reaction vyielded a complex mixture of
TEMPO-polymethacrylates (Figure 46). This second step was adapted from a literature

procedure.5
g;ﬁ
(0]
H
KD\ZOJ
n

Figure 46: TEMPO-polymethacrylates formed from UV irradiation of 2-(iodomethyl)acrylic acid with TEMPO®,
where n=1.

It was hypothesised that this polymerisation could be prevented by protecting the carboxylic
acid group as an ester, during UV irradiation. These esters would require deprotection prior to
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amide coupling. It was decided that 2-(bromomethyl)acrylic acid protection was most easily
achieved by starting the entire synthesis with commercially available methyl
2-(bromomethylacrylate. This synthesis would be performed similarly as for
2-(bromomethylhacrylic acid, but with an additional deprotection step, yielding
2-(TEMPOmethyl)acrylic acid.

3.4.2.3. Methyl 2-(bromomethyl)acrylate reaction with TEMPQO*

It was originally thought that 2-(TEMPOmethyl)acrylate synthesis would have the same first
two steps for as for 2-(TEMPOmethyl)acrylic acid synthesis from 2-(bromomethyl)acrylic acid.
However, the first two steps were instead combined, saving time and resources. This
combined first step involved UV irradiation of methyl 2-(bromomethyl)acrylate with TEMPO?®,
in presence of Nal and Na>SOs, yielding methyl 2-(TEMPOmethyl)acrylate (Figure 47). It was
later discovered that UV irradiation could be replaced by heating the reaction over 48 h, under
otherwise identical conditions to UV irradiation conditions above, yielding 93% pure methyl
2-(TEMPOmethyl)acrylate (Figure 47, 11.2.5). This was unexpected, as it was believed that
C-1 homolysis of methyl 2-(iodomethyl)acrylate required UV. Maximum yield was obtained at
65 °C whilst reflux (~82 °C) resulted in a reduced product yield. The precise mechanism of this
transformation is not understood and could involve a combination of nucleophilic and radical
reactions. Although methyl 2-(TEMPOmethyl)acrylate was a TART, it was not deemed to have
particularly useful functionality.

After methyl 2-(TEMPOmethyl)acrylate formation, deprotection (Figure 47, 11.2.6) and amide
coupling reactions were used to synthesise CHANT (Figure 48, 11.2.8), which was previously
obtained in a poor yield via a different synthetic route (3.4.2.1).

O. Nal. Na»SO NaOH/H,0,
» NazoUg, 1,4-dioxane,
Br/f + N MeCN, 65 °C, 48 h TEMPO/\Z 24h TEM Po/f
_— > —_— >
0 (l) 93% O (|7 91% 0~ “OH
TEMPO’ Methyl 2-(TEMPOmethyl)acrylate 2-(TEMPOmethyl)acrylic acid

Figure 47: 2-(TEMPOmethyl)acrylic acid TART formation from methyl 2-(bromomethyl)acrylate (11.2.5 and
11.2.6).

This second step involved deprotection of methyl 2-(TEMPOmethyl)acrylate with NaOH,
yielding 91% 2-(TEMPOmethyl)acrylic acid (Figure 47, 11.2.6). Although synthesised as an
intermediate in the synthesis of amide-functionalised TARTs, 2-(TEMPOmethyl)acrylic acid
was a potentially useful TART, due to its carboxylic acid group providing acidic functionality.
For example, 2-(TEMPOmethyl)acrylic acid would dissolve readily in basic solution. This could
allow it to be used for radical trapping in biochemistry systems conducted in basic solution.
Amide-functionalised TARTs were then synthesised through amide coupling with
2-(TEMPOmethyl)acrylic acid (Figure 48, 11.2.8).

TEMPO
NH; HBTU, DIPEA,
TEMPo/f i DMF, 18 h 07 "NH
+ e
77% i

(0] OH
2-(TEMPOmethyl)acrylic acid

CHANT

Figure 48: CHANT formation from 2-(TEMPOmethyl)acrylic acid (11.2.8).
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This final step involved 2-(TEMPOmethyl)acrylic acid amide coupling to cyclohexylamine, in
presence of HBTU and DIPEA, yielding 77% pure CHANT, or 65% overall (Figure 48, 11.2.8).
This 65% overall yield was an enormous improvement upon the 1% overall yield previously
obtained for CHANT (3.4.2.1) and was deemed acceptable for future use. Further yield
optimisation was seen as beyond the scope of the project, as the purpose of the project was
not to obtain high TART yields, but to utilise obtained TARTSs for radical trapping.

CHANT had been synthesised as an inert, compact, amide-functionalised TART. However,
different TART functionalisation was also desired to suit individual radical reaction conditions
and to improve methodology. Therefore, different amide-functionalised TARTs were
synthesised, each designed with a niche.

As for CHANT, amide-functionalised TART synthesis involved 2-(TEMPOmethyl)acrylic acid
amide coupling with the appropriate amine to form the desired amide-functionalised TART.
Conditions were otherwise identical to CHANT synthesis from 2-(TEMPOmethyl)acrylic acid
(11.2.8). From this, ten amide-functionalised TARTs were synthesised, with yields ranging
from 16-77%. Two further TARTs were formed through transformations of these amide-
functionalised TARTS, with 32-99% yields (Figure 49).
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Figure 49: Amide-functionalised TARTs synthesised by amide coupling with 2-(TEMPOmethyl)acrylic acid.

COANT (11.2.9) was chemically very similar to CHANT. However, COANT-trapped radicals
had a significant m/z difference to CHANT-trapped radicals. This was useful if CHANT-trapped
radicals were obscured by nearby dominating non-trapped products. DECANT (11.2.10) was
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synthesised for use in TART trapping undertaken in extremely non-polar solvents. However,
the need for a less polar TART than CHANT never arose and therefore, DECANT was never
used for trapping.

DANT (11.2.11) and GLANT were designed with hydroxyl groups to aid water solubility. Water-
soluble TARTs were necessary for studying aqueous radical reactions, such as in
biochemistry (7). GLANT was formed from AGLANT (11.2.12), in presence of NaOH (11.2.13).
AGLANT was not used in trapping reactions. GLANT was trialled in biochemical radical
trapping. However, it was very vulnerable to side reactions, complicating results and analysis.
The single hydroxyl group in DANT mitigated this problem, as fewer side reactions were
observed whilst water solubility was maintained. However, these side reactions still caused
problems and in acidic solution, DEADANT was generally used as alternative, due to it
undergoing fewer side reactions. DANT was originally synthesised by Daniel (Dan) Gugan,
during their Laidlow Undergraduate Research and Leadership Scholarship, mentored by the
author.

Tabaqui-1 (11.2.14) and Tabaqui-2 (11.2.15) were designed to increase TART trapping rate.
Both TARTs featured two TART groups attached back-to-back. This was hoped to double
TART trapping rate for Tabaqui molecules. Tabaqui-1 was synthesised first but found to have
poor solubility in many solvents. It was believed that the short amide-amide bridge caused a
rigid compact structure, which crystallised very favourably, thereby making redissolution
unfavourable. Tabaqui-2 was synthesised to counteract this problem, as it was hypothesised
that its longer amide-amide bridge would decrease TART rigidity, making dissolution more
favourable. Tabaqui-2 indeed dissolved more easily in solution. However, when Tabaqui-2
was used for radical trapping, it was found that the two TART functional groups created many
possible combinations of no TART trapping, single TART trapping or double TART trapping.
This considerably increased results and analysis complexity. This increased complexity
outweighed potential gain in TART trapping rate and therefore, Tabaqui TARTs were
abandoned.

BIOANT (11.2.16) was designed to aid TART-trapped radical purification. TART-trapped
radical separation from non-trapped products would have simplified results and analysis.
BIOANT and BIOANT-trapped radicals would contain biotin functionality, whereas non-
trapped products would not. Species containing biotin functionality could then be separated
by using avidin-based enzymes in affinity chromatography to bind biotin containing species.
Bound species could then be released and MS characterised as usual. All observed species
should be BIOANT-related and therefore, results and analysis would be significantly simplified.
This idea was attempted by the University of Copenhagen, using BIOANT synthesised in York.

DEADANT (11.2.17) and TREADANT (11.2.18) were designed to increase MS intensity of
TART-trapped radicals. DEADANT-trapped radicals had high basicity, due to 3° amine
functionality. Therefore, in presence of weak acid, DEADANT-trapped radicals were
protonated. This allowed MS peaks corresponding to DEADANT-trapped radicals to be
observed with high intensity. Furthermore, DEADANT dissolved readily in weakly acidic
solution. This made it useful for radical biochemistry studies and was used ubiquitously for
these studies (7). These highly favourable properties resulted in DEADANT being the second
most widely used TART, after CHANT. However, 3° amine functionality made DEADANT-
trapped radicals easily oxidised by ozone to N-oxides. This made DEADANT impractical for
studying many radical atmospheric chemistry studies, including alkene ozonolysis (8).

TREADANT was synthesised to counteract this problem. This involved nucleophilic
substitution of iodide, in Mel, by DEADANT 3° amine yielding TREADANT. Unlike for
DEADANT, the 4° ammonium in TREADANT could not be oxidised by ozone. TREADANT-
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trapped radicals were likewise observed with high MS intensity, due to their inherent cationic
nature. TREADANT also dissolved readily in water, due to its ionic nature. However,
TREADANT was unlikely to dissolve in non-polar solvents, limiting its potential usefulness.
However, oxidation of the iodide counterion in TREADANT by ozone led to many side
reactions, severely complicating results and analysis (8.6.2.2). A possible solution would be
to replace the iodide counterion with a non-coordinating and unreactive counterion, such as
PFs . This non-coordinating and unreactive ion should not undergo oxidation by ozone. It was
hypothesised that this ion exchange could be easily achieved. However, this was not
completed due to time constraints and therefore, should be carried out as future work (0).

SILANT (11.2.19) was designed to give TART-trapped radicals a highly characteristic m/z
fingerprint. This could be used to unambiguously assign SILANT-related peaks, including
TART-trapped radicals. This highly characteristic m/z fingerprint meant SILANT was
occasionally used as TART, to find elusive TART-trapped radicals.

3.5. TART stability, properties and non-radical reactivity

Before TART trapping could be undertaken, stability of newly synthesised TARTs needed to
be determined. As discussed previously, Grantham TARTs isomerised rapidly in solution at
RTP, to form non-terminal alkene, which severely limited TART trapping rate (2.2).%%? It was
hoped that TART functionalisation at the R? position, instead of R! and R? positions, would
remove this issue. This needed to be probed. Furthermore, stability of newly synthesised
TARTs in storage (3.5.1) and under radical reaction conditions (3.5.3) needed to be
determined. This was to ascertain whether these TARTs were fit for radical trapping in these
systems. In particular, it was hoped that TART trapping and subsequent analysis could not
lead to false positives (3.5.2 and 3.5.3).

3.5.1. TART stability in long-term storage

Stability of TARTSs in long-term storage was investigated, to establish their shelf life. For this,
neat CHANT, DEADANT and SILANT TARTs had NMR spectroscopy and MS
characterisation performed periodically over six months. TARTs were usually stored neat in
the fridge (~5 °C), sealed under air. NMR spectroscopy and MS analysis indicated that
CHANT, SILANT and DEADANT purity did not decrease over six months under these
conditions. However, DEADANT visibly yellowed over this period. This was presumed to be
due to slow N-oxidation formation, a process which occurs commonly for amines. However,
this decay was undetectable by NMR spectroscopy and MS and therefore, these three TARTS
were assumed to be stable under these storage conditions for six months.

These three TARTs were also characterised over three months, when stored neat on the
benchtop at RTP, sealed under air. NMR spectroscopy and MS analysis indicated that purity
of these TARTSs did not decrease over three months under these conditions. Again however,
DEADANT visibly yellowed over this period, likely due to N-oxidation.

This suggested that CHANT, DEADANT and SILANT were stable when stored neat in the
fridge and at RTP. Therefore, these TARTs could be synthesised in large quantities, stored
for at least six months in the fridge and then used for radical trapping. This contrasted to spin
traps, which are generally poorly stable and are easily degraded by trace metals (1.3.2.1).1%8

3.5.2. Free TEMPQO?®* concentration in TART solution

TARTSs contained bound TEMPO®, which was released during TART trapping (3.1). Released
TEMPO?* could then react with radicals through recombination trapping. Therefore, once TART
trapping began, TARTs competed with TEMPO®* to trap radicals. However, since each TART
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trapping reaction released one TEMPO*® molecule, TART-trapped radicals should have always
outnumbered TEMPO-trapped radicals. However, this may not have been true if free TEMPO*
concentration in TART solution was high, for example, due to impurities or if TEMPO was very
weakly bound in TARTs and therefore, was released into solution. Furthermore, since
TEMPO* terminates radical reactions, if concentration of TEMPO® compared to TART was
high, TEMPO* may terminate radical cycles faster than TART trapping could occur. This may
have slowed TART trapping and produced low TART-trapped radical yields. Therefore,
concentration of TEMPO® compared to TART was investigated. Furthermore, free TEMPO*
could initiate radical reactions, potentially making TARTs non-innocent in radical mechanisms.

For this, EPR was conducted to estimate TEMPO® concentration in CHANT/MeCN solution
(Figure 50, 11.3.1).

Intensity / a.u.

323.0 3235 324.0 3245 3250 3255 326.0 326.5 327.0 327.5
Magnetic field / mT

Figure 50: EPR spectra recorded for CHANT (1.00 mM, scaledx100, black) and TEMPO* (0.100 mM, orange),
indicating CHANT had free TEMPO?® content ~0.05mol.% (11.3.1).

Results indicated that TEMPO® concentration was ~0.05mol.% CHANT concentration in
CHANT/MeCN solution. This low TEMPQO?® content indicated that most TEMPO*® was bound in
CHANT. This was assumed to be true of all amide-functionalised TARTs. Furthermore, if
TEMPO?* reacted rapidly with radicals as hypothesised, TEMPO*® concentration should remain
low compared to TART concentration, throughout TART trapping.

3.5.3. TART stability in solution and non-radical reactivity

TART stability in solution was also investigated. TART stability in CDsOD and D,O were of
particular concern because the TART alkene group was potentially vulnerable to addition of
these polar solvents. Such side reactions would decrease amount of TART available for
radical trapping and complicate analysis. A more significant concern was that false positives
could occur if solvent addition generated a TART-trapped radical structure through TEMPO*
loss, without radicals being present or TART trapping occurring.

For investigation of TART stability in solution, TART dissolved in solvent had NMR
spectroscopy performed periodically over three weeks (11.3.3). NMR spectroscopy indicated
that purity of CHANT (~10 mM) did not decrease over three weeks at RTP, when dissolved in
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CDCl;, CD3sCN, CDsOD or D;0. These solvents were used because analogues of these
solvents were used for most radical reactions to which TART trapping was applied. These
data suggested that TARTs were stable when stored in these solvents at RTP. This indicated
that TARTSs should be suitable for radical trapping in these solvents.

This high stability in solution was an excellent result, particularly for CDsOD and DO.
However, TART vulnerability to addition by nucleophiles was still a concern, especially for the
potential to generate false positives. Therefore, TART susceptibility to Michael addition by
weak bases was explored. CHANT in presence of diisopropylamine (~10 mM CHANT, ~1:5
mol ratio) and dissolved in CD3;0OD, showed no detectable decay after 24 h but some decay
after three weeks (Figure 52). From NMR spectra (11.3.3), it was believed that
diisopropylamine added to the CHANT double bond, without the loss of TEMPO* (Figure 51).
This was because NMR spectra showed decreasing intensity exclusively for peaks
corresponding to alkene and allyl hydrogen atoms, whilst new peaks were observed with
increasing intensity and hence were assigned to the decay product. Meanwhile, intensity of
peaks corresponding to the 4xCHs; in the TEMPO moiety did not change, indicating TEMPO*

was not lost.
H )\ J\
N

TEMPO~ N H
)\ J\ co,o0  TEMPO
O” °NH + N —
H
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Figure 51: Michael addition of diisopropylamine to CHANT, forming a decay product.

Relative intensities of CHANT and its decay product were mapped over time, indicating ~25%
CHANT decay and ~25% decay product yield after three weeks (Figure 52). This showed that
CHANT was resistant to polar solvents and fairly resistant to weak nucleophiles but more
importantly, indicated that TEMPO®* loss and hence TART trapping, did not occur for non-
radicals. Therefore, TART reaction with non-radicals did not lead to false positives. This was
assumed to be true for all TARTS. This contrasted to spin trapping and recombination trapping,
which can both generate false positives (1.3.2).1%7
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Figure 52: Decay of CHANT in presence of diisopropylamine dissolved in CDz0D, monitored using *H NMR
spectroscopy (11.3.3).

Additionally, oxidation and reduction processes of CHANT were investigated using cyclic
voltammetry (CV). Cyclic voltammograms showed that CHANT did not undergo any significant
oxidative or reductive processes under these conditions (11.3.2). This indicated CHANT was
robust under mildly oxidative and reductive conditions.

TARTs were demonstrated to have high stability and react slowly with nucleophiles. However,
TARTSs also needed to be suitably stable during MS, so that they could be reliably observed.
Therefore, mass spectra of TARTs were investigated.

3.5.4. TART properties during MS and calibration curves

MS calibration curves were obtained for CHANT, allowing concentration to be estimated from
intensity of CHANT corresponding peaks. This was performed using the mass spectrometer
and parameters most routinely used for characterisation of trapping reaction samples (4.3.2)
and as such, positive ESI-MS was used for characterisation. MS calibration curves were
obtained for CHANT, where CHANT concentration was mapped against MS intensity of
[CHANT+H]* (Figure 53).

Mass spectra showed a linear relationship between [CHANT] and MS intensity between
~0.01-1.00 pyM and a gently curved relationship between ~1.0-10.0 uM. Therefore, intensity of
CHANT corresponding peaks was approximately directly proportional to [CHANT] between
~0.01-10.0 yM. This approximate linearity was assumed true for all TARTSs.

However, at concentrations of >25 pM, [CHANT+H]* intensity sharply decreased and
fragmentation was observed, with the most intense peak corresponding to a TMP cation
(Figure 53). This indicated that at high concentrations, CHANT was unstable in MS. This was
assumed to be true for all TARTs. Therefore, TART trapping reactions were not analysed
>10.0 uM TART concentration, assuming no TART had reacted.

70



6.00

. | 180
[CHANT+H]
X % [Fragment]*
160
5.00
140
% =
e 400 120 =
= z
b= I
3 X 100 §
S 3.00 « =
I ©
= . 80 >
< 200 60
x * 40
1.00
20
s
=
o.ooﬁﬁ 0
0 20 40 60 80 100

Concentration / pM

Figure 53: Calibration curve of intensity of MS peak corresponding to [CHANT+H]* (m/z 323.270) at different
CHANT concentrations (black), showing rapidly decreasing intensity >25 yM due to CHANT fragmentation. The
most intensely observed fragment peak (m/z 140.144) appears to correspond to a TMP cation (orange).

Amide-functionalised TARTs were found to be stable and did not undergo non-radical
reactions at a significant reaction rate. Furthermore, amide-functionalised TARTSs ionised well
and were stable during MS below ~25 uM. Therefore, amide-functionalised TARTs were
trialled as radical traps.

3.6. Conclusions and future work

Novel radical traps consisting of a leaving group attached to an allyl group were synthesised.
The leaving group needed to form a persistent radical upon cleavage and hence TEMPO® was
chosen as the leaving group. Sixteen TEMPO-AIllyl Radical Traps (TARTS) were successfully
synthetised, fourteen of which were novel, with overall yields of 14-93%. These fourteen
TARTs all involved the reaction of methyl 2-(bromomethyl)acrylate and TEMPO® to form
methyl 2-(TEMPOmethyl)acrylate TART with a 93% yield, using a novel synthetic route.
Deprotection of methyl 2-(TEMPOmethyl)acrylate afforded 2-(TEMPOmethyl)acrylic acid
TART with a 91% vyield (85% overall). Subsequent amide coupling with a chosen amine
afforded ten other TARTs with yields of 16-77% (14-65% overall). Two further TARTSs were
formed through transformations of amide-functionalised TARTS.

These TARTSs had different functionalities and properties, which allowed them to be used in a
wide variety of radical reactions. These different properties included TARTs being: neutral,
charged, weakly acidic, weakly basic, volatile, non-volatile, soluble in organic solvents and
water soluble. Of these TARTS, five were mainly used for radical trapping, with CHANT and
DEADANT being used ubiquitously (Figure 54). This was because CHANT was neutral and
robust, whilst DEADANT was soluble in aqueous acidic solution and DEADANT-trapped
radicals yielded MS peaks with high intensity.
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Figure 54: Five main TARTSs used for TART trapping, with CHANT and DEADANT being especially ubiquitous.

Stability, properties and non-radical reactivity of amide-functionalised TARTs were then
probed. CHANT, DEADANT and SILANT were stable when stored neat and sealed under air
in the fridge (=5 °C) for at least six months and at RTP for at least three months. Furthermore,
CHANT was found to be stable in solution for at least three weeks. This showed that amide-
functionalised TARTs were highly stable and easily stored, making them very practical radical
traps. This contrasts to both spin traps, which are generally not very stable, and previously
synthesised Grantham TART, which rapidly undergoes [1,3]-sigmatropic rearrangement in
solution at RTP (2.2). However, in contrast to Grantham TART, these amide-functionalised
TARTs were potentially vulnerable to allylic HAA. As such, allylic HAA from TARTs was
monitored in all TART trapping reactions. Alternatively, allylic C-H could have been
substituted with a group which would have not been so vulnerable to allylic HAA, such as C-F
or N-Me. However, this was not attempted as such substitutions may have caused TARTSs to
undergo [1,3]-sigmatropic rearrangement, as has been observed previously (2.2).

Experiments also indicated that TARTS did not produce false positives. Firstly, in CHANT, free
TEMPO®* concentration was low (~0.05mol.%), indicating that radical reactions should not be
initiated by TARTSs. Furthermore, whilst CHANT was shown to slowly undergo Michael addition
in presence of weak bases (~25% CHANT decay over three weeks), this Michael addition did
not cause TEMPO®* cleavage, unlike TART trapping. Therefore, detection of TART-trapped
radicals or Radical-Allyl Radically Trapped (R-ART) should only be possible for species
formed through reaction of TARTs and radicals. This showed a significant advantage over
spin trapping and recombination trapping, which can both generate false positives.
Furthermore, MS calibration curves were recorded for CHANT, indicating a linear relationship
and an approximately linear relationship between MS intensity and TART concentration,
between TART concentrations of 0.01-1 uM and 0.01-10 uM respectively. However, it was
observed that TARTs were unstable in MS above concentrations of 25 pM.

Other amide-functionalised TARTs were conceived which would offer some advantages over
existing TARTSs (Figure 55). In particular, the formation of an ammonium-functionalised TART
was highly desired (Figure 55, left). Most importantly, the TART-trapped radicals this TART
would form would be observed with high MS intensity, due to its inherently cationic nature.
Furthermore, it would allow DEADANT to be used in presence of ozone without oxidation.
Ammonium-functionalised TREADANT was synthesised for this purpose, however oxidation
of its iodide counterion by ozone led to many side reactions, severely complicating results and
analysis. It was theorised that a PFs counterion could prevent this issue. Such a TART was
believed to be easily synthesised from TREADANT reaction with AgPFs in an organic solvent,
forming the desired TART and Agl, which would precipitate from solution, allowing TART
purification. Furthermore, it was believed that this new TART would dissolve more easily in
organic solution than TREADANT. However, this TART was not synthesised due to time
constraints.

72



Similarly to SILANT, a germanium-functionalised TART (Figure 55, middle) would give TART-
trapped radicals a highly characteristic m/z fingerprint, allowing MS peaks corresponding to
TART-trapped radicals to be assigned more easily and with greater certainty. A germanium-
functionalised TART would produce a more distinctive m/z fingerprint than SILANT, due to its
greater number of isotopes which have a more even abundance distribution. However, this
germanium-functionalised TART may be more vulnerable to side reactions. Finally, an
aromatic-functionalised TART Figure 55, right) could be used for in situ UV-Vis and
fluorescence imaging. This could be used to detect areas of high radical reactivity, for example
in cells, potentially having applications in biochemistry and medicinal chemistry.
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Figure 55: Potential TARTs with functionalities which would offer advantages over existing TARTS.
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Once TARTs were synthesised, found to have high stability and proven to not cause false
positives through reaction with non-radical species, radical trapping could be undertaken. First
however, a methodology for TART trapping, MS characterisation of samples and mass spectra
analysis was developed (4).
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4. General methodology

4.1. Introduction

Radical intermediates play a key role in many chemical processes (1). In this project, TARTs
were used for radical trapping in many fields of chemistry, including: synthetic radical reactions
(5); photochemistry (6); biochemistry (7) and atmospheric chemistry (8 and 9). Radicals were
investigated across a wide variety of systems, to demonstrate the wide applicability of TART
trapping to investigate any radical system. Most importantly, these studies demonstrated the
viability of TART trapping, as a tool for all chemists, to investigate any radical reaction.
Furthermore, each field required specific methodology development, improving TART trapping
methodology for others to use. Additionally, many TART trapping investigations undertaken in
this report, have improved scientific understanding of radical reaction mechanisms and
kinetics.

TART trapping followed a general methodology, with a more specific methodology developed
for each reaction. Generally, TART trapping methodology involved TART trapping and control
reactions (4.2), characterisation of samples using MS (4.3) and analysis of obtained mass
spectra (4.4). Improvements were made across these three components during the project.
The final general methodologies developed for these components are discussed below.

4.2. TART trapping

TART trapping was used to investigate literature-sourced radical reactions. Initially, the
procedure for literature-sourced radical reactions was replicated as closely as possible, but
with TART incorporated into the system. For liquid phase radical reactions (5-7), this usually
involved dissolving TART in the reaction mixture pre-initiation. For gas phase radical reactions
(8 and 9), this usually involved bubbling a radical reaction gas stream through a solution
containing TART. Workups described in procedures for literature-sourced radical reactions to
which TART trapping was applied, were not usually performed, unless the workup: was
required for product formation, for example addition of base in Hofmann-Loffler-Freytag (HLF)
reaction (5.3.2); physically removed particles which may damage the mass spectrometer, for
example filtering out silver bromide particles formed in the Hunsdiecker reaction (5.3.3) or
removal of solvents in vacuo which were not suitable for ESI-MS, for example DCM removal
following the Barton reaction (5.3.1).

For most radical reactions, two experiments were initially run under literature-sourced
conditions: a control reaction containing no TART and a trapping reaction containing TART.
Aliquots were removed from both reactions pre-initiation and post-reaction and these samples
MS characterised (4.3). An unreacted TART standard, with the same initial concentration as
was used in the TART trapping reaction, was often MS characterised too. The mass spectra
obtained from this MS characterisation were then analysed (4.4). Comparing mass spectra
between samples ensured that observation of peaks corresponding to TART-trapped radicals
in post-trapping mass spectra, were due to chemical reactions involving TART.

Depending on the results of this analysis and the desired outcomes of the reaction
investigation, further TART trapping or control reaction experiments were performed or further
MS characterisation upon previously obtained samples was undertaken. Further experiments
could have involved performing additional control reactions or reactions which deviated from
the literature-sourced conditions. Alternatively, conditions could be altered to optimise
conditions for TART trapping or to further investigate the radical reaction, including: substrate
structure; substrate concentration; TART structure; TART concentration or environmental
reaction conditions.
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4.3. MS characterisation

Samples from TART trapping were principally characterised using mass spectrometry (MS).
MS was a useful technique for this purpose for many reasons. Firstly, MS is very sensitive,
with routine ESI-MS using analyte concentrations of 10°-107 M. However, analyte with
concentrations as low as 10-24-10-'8 M have been detected.®® This contrasts with techniques
such as NMR spectroscopy, with routine *H NMR spectroscopy using analyte concentrations
of 10-1-10-3 M.1%8 High sensitivity was necessary as many TART-trapped radicals had very low
concentrations and therefore, were only observable using highly sensitive techniques.
Secondly, MS is a good technique for analysis of complex mixtures. This is because species
with different molecular formulae are usually well separated and easily identifiable. This
contrasts with techniques such as NMR spectroscopy, IR spectroscopy and GC where
complex mixtures usually have overlapping peaks, which makes spectra analysis challenging.

However, MS also has some disadvantages. Firstly, some other techniques offer more
structural information, such as NMR spectroscopy. Secondly, MS quantification is very
difficult, due to many factors influencing peak intensity, besides species concentrations
(4.3.1.4). This contrasts with techniques such as NMR spectroscopy, EPR spectroscopy and
GC, which are generally more quantitative techniques.

Thorough understanding of MS theory was required to correctly interpret mass spectra from
TART trapping reactions (4.3.1). Practical aspects of MS characterisation of TART trapping
samples are discussed below (4.3.2).

4.3.1. MS theory and instrumentation

4.3.1.1. General principles and instrumentation

MS is an analytical technique which measures mass to charge ratio (m/z) of ions. Number or
frequency of ions detected is recorded as intensity. MS results are usually presented as a
mass spectrum, which plots m/z against intensity. During MS, ions are usually created from
neutral species. The sample used can be a gas, liquid or solid. Neutral species in the sample
are ionised in an ion source. This ionisation may cause species to simply become charged, or
to disintegrate into charged fragments. Extent of fragmentation depends on the MS technique
being used. lonisation eventually causes gaseous ion formation. These gaseous ions are then
separated in a mass analyser according to their m/z, for example by subjecting them to an
electric or magnetic field. Lighter masses with greater charge are deflected more, whilst
heavier masses with lower charge are deflected less. Separated ions are then detected and
their m/z and intensity recorded. This produces a mass spectrum (Figure 56).89-94
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Figure 56: Mass spectrometry (MS). An injected sample contains three analytes. These analytes are ionised in
the ion source, then separated according to m/z in the mass analyser, before being detected, producing a mass
spectrum.

4.3.1.2. Resolution and the mass analyser

MS performed at higher resolution results in decreased m/z error and narrower MS peaks.
This becomes increasingly important as m/z separation between species decreases.8%-4

For example, two species with similar m/z, naphthalene and octanone, had their mass spectra
simulated (Figure 57). In this example, peaks corresponding to [naphthalene+H]*
(m/z 129.0704) and [octanone+H]* (129.1279 m/z), produced through ESI-MS (4.3.1.3), were
individually observed with identical intensities. Individual intensities of these two species were
then summed to simulate MS characterisation which would be obtained practically. Three
simulations were run, each with a different resolution (0.1, £0.025 and +0.005 m/z).

0.1 0.025 0.005

Theoretical intensity

Observed intensity

m/z

Figure 57: MS peak simulations of [naphthalene+H]* (blue) and [octanone+H]* (red) with equal MS intensity. The
sum of these two peaks yielded the observed intensity (black). Simulations were performed at three different
resolutions (0.1, £0.025 and +0.005). Maximum intensity was set equal for both individual species at all
resolutions. Different resolutions yielded different degrees of overlapping.
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At the lowest resolution (m/z £0.1) significant peak overlap was observed, resulting in a single
observed MS peak, with m/z 129.0990. This differed from correct values by m/z ~0.029. At
medium resolution (m/z £0.025), some peak overlap was observed, resulting in a single
observed MS peak with two maxima, with m/z 129.0770 and 129.1210. These differed from
correct values by m/z ~0.007. At high resolution (m/z £0.005), no peak overlap was observed,
resulting in two observed MS peaks, with m/z 129.0700 and 129.1280. These differed from
correct values by m/z <0.0005. Therefore, these m/z were much more accurate than at lower
resolution. This shows that as resolution decreases and peak overlap increases, m/z accuracy
may decrease.

Higher resolution therefore provides several advantages, especially in complex mixtures. As
peak overlap increases, m/z accuracy decreases. This reduces certainty in peak m/z and
therefore identity. For example, if two peaks overlap into a signal peak (Figure 57, m/z £0.1)
it becomes uncertain whether the first species, second species or both species are present
and contributing to the peak. This means that each species existence cannot be confirmed.

Also, as m/z precision decreases, peak identity becomes less certain, reducing confidence in
peak assignment. This problem becomes more significant when an important unpredicted
peak requires assignment. If trying to assign a molecular formula, larger m/z error leads to a
greater number of likely species. In the above example, at low resolution, a low accuracy and
low precision peak of m/z 129.0990+0.1 was identified (Figure 57, m/z £0.1). This could match
>20 possible species with sensible molecular formulae (limits set Co-10Ho-22No-500-10). However,
at high resolution, two high accuracy and high precision peaks of m/z 129.0700+0.005 and
129.1280+0.005, were identified (Figure 57, m/z £0.1). These two peaks could respectively
match 3 and 2 possible species with sensible molecular formulae (limits set Co.10Ho-22No-500-10).
This smaller number of possible species makes peak assignment easier. Furthermore, the
closer m/z values between the peak and its assigned molecular formula, gives greater
confidence to the assignment.

Furthermore, as resolution decreases, quantification becomes less reliable. This is because if
two peaks combine in a lower resolution system (Figure 57, m/z £0.1), it is unknown to what
extent each species contributes. Furthermore, unexpected species could significantly increase
desired peak intensity, leading to a falsely high intensity.

Therefore, for the complex mixtures produced by TART trapping, high mass spectrometer
resolution was ideal. Mass spectrometer resolution is principally determined by the mass
analyser used.

The mass analyser separates ions according to their m/z, for example by subjecting them to
an electric or magnetic field. A time-of-flight (TOF) mass analyser uses an electric field to
accelerate ions. lons with a greater m/z accelerate more slowly. Therefore, the time taken for
these ions to reach the detector is directly related to their m/z. Time taken is calculated by
detecting each ion once. lon trap and Fourier transform ion cyclotron resonance (FT-ICR)
mass analysers use an electric field and a magnetic field respectively, to cause ions to oscillate
within these fields. The magnetic fields used in FT-ICR-MS cause faster ion oscillation than
the electric fields used in ion trap-MS. lons with a greater m/z oscillate more slowly. Therefore,
the cyclotron frequency of these ions is indirectly related to their m/z. Frequency is calculated
by detecting each ion many times. Frequency is converted into a function of time using the
Fourier Transform.89-%4

Resolution is higher for ion trap-MS than TOF-MS, since ions are detected multiple times.
However, resolution is higher for FT-ICR-MS than ion trap-MS, as ions are detected more
times. In contrast, TOF-MS spectra are recorded more rapidly than ion trap-MS or FT-ICR-MS,

77



as ions are not detected multiple times. Faster acquisition times may be useful in certain
circumstances, such as in situ reaction monitoring. Furthermore, a FT-ICR mass spectrometer
is larger and more expensive than TOF or ion trap mass spectrometers, due to the large and
expensive magnet required.8%-%4

Therefore, since TART trapping produced complex mixtures, a high-resolution FT-ICR mass
spectrometer would be ideal for MS characterisation. Fortunately, the University of York hosts
the Centre of Excellence in Mass Spectrometry (COEMS). This facility houses many different
spectrometers and all are available for research purposes. Of these spectrometers, three were
used. These were a: Bruker HCT ultra ETD Il mass spectrometer (HCT); Bruker compact
QTOF mass spectrometer (compact) and Bruker solariX XR FT mass spectrometer (solariX),
with the latter being used ubiquitously.

The HCT was a low-resolution mass spectrometer with fast acquisition speeds (m/z +0.1
precision, m/z 0.3 mass resolution, m/z 26,000 s scan speed). The compact was a higher
resolution mass TOF spectrometer (m/z £0.001 precision, 30000 resolution, 1-50 Hz scan
speed) and was of a type which should be accessible in most well-financed research or
industrial chemical institutions. The solariX was a very high-resolution FT-ICR mass
spectrometer (m/z £0.0001 precision, >10’ maximum resolution, mass accuracy 600 ppb
(internal), 1 Hz scan speed) but was of a type unlikely to be found in most well-financed
research or industrial chemical institutions. Due to its high resolution, the solariX was used
ubiquitously for MS characterisation of TART trapping reactions, being used exclusively for
most MS characterisation undertaken.

Whilst the solariX was used ubiquitously for MS characterisation of TART trapping reactions,
the HCT and compact were also occasionally used. For most liquid phase synthetic radical
reactions, there were relatively few radical structures and radical concentrations were
relatively high, resulting in relatively few and highly concentrated TART-trapped radicals. This
relatively simple mixture allowed the HCT to be adequate for clearly identifying peaks
corresponding to TART-trapped radicals. However, even if the HCT was used for
characterisation of TART trapping samples, the solariX was always used additionally to
confirm the assignment of analytes. In this report, no mass spectra obtained using the HCT
are discussed. Furthermore, the compact could also be used instead of the HCT, due to its
high resolution. For most gaseous phase radical reactions, radical concentrations were lower
and there were many radical structures, resulting in many TART-trapped radicals with low
concentrations. This made the HCT unfit for sample characterisation. However, the compact
was sometimes adequate for clearly identifying peaks corresponding to TART-trapped
radicals. However, even if the compact was used for TART-trapping sample characterisation,
the solariX was always used additionally to confirm the assignment of analytes. Experimental
details of how MS characterisation was performed using all three mass spectrometers is
detailed in the experimental section (11.9.1).

4.3.1.3. lonisation and the ion source

The ion source generates ionised species. The ion source ionisation method can be classified
as soft or hard. Soft ionisation imparts small quantities of energy into analytes, causing little
fragmentation and therefore, mostly resulting in ions containing intact analytes. Therefore, soft
ionisation yields m/z of ionised intact analytes. Soft ionisation techniques include electrospray
ionisation (ESI), atmospheric-pressure chemical ionisation (APCI) and matrix-assisted laser
desorption/ionisation (MALDI). Hard ionisation imparts large quantities of energy into analytes,
causing significant fragmentation and therefore, mostly resulting in many fragment ions.
Therefore, hard ionisation yields m/z of ionised analyte fragments. Hard ionisation techniques
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include electron ionisation (El). Most ionisation techniques can be used to detect cations
(positive mode) or anions (negative mode).8%-9

For complex mixtures, soft ionisation is generally more useful. This is because soft ionisation
yields far fewer peaks, simplifying complex mixture analysis. Furthermore, hard ionisation of
different analytes may result in the same fragment ions, making these analytes more difficult
to distinguish. -9 TART trapping produced complex mixtures. Therefore, MS characterisation
of TART trapping samples used exclusively soft ionisation, with positive ESI being used
ubiquitously.

ESI ionises solvated analytes using an electrospray. An electrospray uses high voltage for
formation of highly charged liquid droplets. These highly charged droplets rapidly disperse due
to electrostatic repulsion, forming ionic aerosol. This electrostatic repulsion is defined by
Coulomb’s law. In the aerosol, charged droplets rapidly desolvate, until they reach their
Rayleigh limit, i.e., the maximum amount of charge the droplet can hold. At this point,
electrostatic repulsion outweighs droplet surface tension, causing the droplet to collapse
through Coulomb fission, forming many smaller and more stable droplets. These new droplets
may undergo further desolvation and Coulomb fission. Eventually these droplets become
sufficiently small and desolvated to form gaseous ions. Usually, these droplets contain a single
ionised intact analyte. These species were then separated by electric or magnetic fields,
according to their m/z and subsequently detected, as above (Figure 58).159-162
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Figure 58: Electrospray ionisation mass spectrometry (ESI-MS). Sample solution is passed through the
electrospray needle. High needle voltage causes charged liquid droplet formation. Droplet desolvates until droplet
Rayleigh limit is reached. Droplets then undergo Coulomb fission forming smaller stable droplets. This process
may repeat itself. Eventually droplets form gaseous ions. Gaseous ions then continue into spectrometer.

ESI requires sample to be dissolved or diluted in solvent. Solvent typically comprises H,O and
a volatile organic solvent, usually MeOH or MeCN. H,O stabilises ion formation, whilst volatile
solvents are used to aid droplet desolvation. Furthermore, these solvents are miscible with
each other. Additionally, compounds which increase solution conductivity, such as formic acid
or acetic acid, are commonly added to reduce initial droplet size. This reduces desolvation
required for droplet Coulomb fission. Additionally, in positive ESI-MS, these weak acids act as
a source of protons,159-162

In general, ESI-MS quantification is possible but complicated (4.3.1.4). ESI-MS can be
coupled with other techniques to further characterise species. Tandem MS can provide further
structural information to analytes (4.3.1.5), whilst chromatography can be used to simplify
mass spectra and offer further analyte characterisation (4.3.1.6).

4.3.1.4. MS guantification

Although MS can be a quantitative technique, absolute quantification is usually very
challenging. This is because many factors influence the intensity of peaks corresponding to
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analytes, including: analyte concentration; analyte ionisation efficiency; concentration of other
analytes; solvent composition; cation concentration (including pH) and MS parameters.8%-94

In positive ESI-MS, peaks corresponding to neutral analytes are usually observed complexed
with cations present in the solvent, most commonly H*, Na* or K*, creating charged MS
adducts [analyte+H]*, [analyte+Na]* or [analyte+K]*. The solvent system may be selected to
contain cations, such as H* in solvent containing forming acid, or cations may leach into the
solvent from external sources, such as Na* and K* from glassware. The extent to which an
analyte is observed is heavily dependent on its ionisation efficiency. Peaks corresponding to
inherently charged analytes are usually detected with high intensity. For neutral analytes,
intensities of corresponding peaks are highly dependent on the ionisation efficiency of the
analyte. For example, strongly basic analytes, such as 3° amines, readily form [analyte+H]*
complexes and hence, corresponding [analyte+H]* peaks are usually observed with high
intensity. In contrast, peaks corresponding to poorly basic analytes, such as alkanes, are
usually not observed or observed with low intensity. If peaks corresponding to such species
are observed, it is usually most intensely as [analyte+Na]* adducts. This means that the
ionisation efficiency of analytes strongly effects the intensity of corresponding peaks. Much
research has been undertaken to quantify analyte ionisation efficiency, to improve MS
quantification. However, the results of such investigations vastly differ, strongly limiting the
universal applicability of such predictions.8%-%4

Extent of analyte ionisation is highly dependent on concentration of other analytes and cations,
as analytes compete for cations with which to form MS adducts. This is especially significant
for analytes which ionise with cations which are not in excess, such as leached Na* or K*.
Therefore, cations are often included in MS solvent, with a source of H* commonly being
included in the MS solvent. Chromatography can be used to improve quantification, as it
separates analytes, preventing them from competing for cations (4.3.1.6).8%-%

MS parameters also affect intensity of peaks corresponding to analytes.-% For example, ion
accumulation time is generally directly related to intensity of peaks corresponding to analytes
with greater m/z.

However, despite these complications, approximate quantitative interpretations can be made
using mass spectra. In the same sample, relative intensities of MS peaks corresponding to
analytes with similar structures, similar m/z values and forming MS adducts with the same
cations, can be used to approximate relative concentrations of these species. For example,
for a sample mass spectrum containing two peaks corresponding to [dihexylamine+H]* and
[dioctylamine+H]* with equal relative intensities, concentrations of dihexylamine and
dioctylamine were assumed to be approximately equal. This approximation was frequently
made in this project.

Furthermore, between two different samples, relative intensities of MS peaks corresponding
to the same MS adduct for a particular analyte, characterised using the same MS parameters
and dissolved in the same solvent, can be used to approximate relative concentrations of
analyte between samples. For example, for mass spectra recorded for different aliquots
removed after 10 min and 20 min from a reaction mixture in which dihexylamine was
consumed, the relative intensity of the peak corresponding to [dihexylamine+H]* observed in
a 2:1 ratio was assumed to indicate dihexylamine concentration halved during this time. This
approximation was also made frequently in this project.

MS quantification could be improved by making calibration curves for analytes. This involves
correlating MS peak intensity with analyte concentration.
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4.3.1.5. Tandem MS

Tandem MS can provide further structural information to analytes. Tandem MS involves
fragmentation of isolated gaseous ions, yielding new fragment ions. Fragment ion analysis
can then indicate fragment ion structure, providing structural information for its parent ion and
therefore, its parent analyte. Tandem MS techniques include electron-capture dissociation and
(ECD) and collision-induced dissociation (CID).163-166 CID was used for tandem MS
characterisation of TART trapping samples.

In CID, prior to fragmentation, ions with specific m/z are selected using a multipole, which
consists of four parallel metal rods. lons travel down the multipole between the rods. Only ions
of a certain m/z will escape the multipole, with other ions having unstable trajectories and
hence colliding with the rods. The selected ions are then accelerated by an applied electric
potential, increasing their kinetic energy. An inert collision gas is then introduced, causing
these energetic ions to collide with the inert molecules, typically helium, N2 or argon. These
collisions cause some kinetic energy to be converted to internal energy. This internal energy
causes ions to undergo bond fission, producing smaller ion fragments.163-166 The smaller ion
fragments are then detected in the mass analyser.

Additionally, sustained off-resonance irradiation CID (SORI-CID) can be used to further select
and fragment ions. This involves multiple CID stages. Short bursts of collision gas and electric
field, either applied at resonance frequency (excitation) or off-resonance frequency
(relaxation), causes ion excitation, fragmentation and relaxation. This process can be
repeated multiple times, yielding many fragmentation stages.'¢":168¢ SORI-CID can be used
much more selectively than CID, however obtained signals are significantly weaker.

4.3.1.6. Chromatography

Chromatography, can be used to separate analytes, simplifying mass spectra, and offer further
characterisation to these analytes. Furthermore, separation of analytes reduces the effect of
other analytes on the extent of ionisation on target analytes. Chromatography methods include
gas chromatography (GC) and high-performance liquid chromatography (HPLC).169-171

HPLC-MS was used for MS characterisation of TART trapping samples. HPLC involves
passing pressurised liquid solvent containing sample through a column. The column separates
analytes according to their polarity. Once analytes elute from the column, they are injected
into the mass spectrometer and are characterised. A chromatogram is then obtained by
plotting retention time against MS intensity for each m/z, corresponding to different
analytes.'6%-171 HPLC-MS typically uses a reverse phase column and therefore, as analyte
polarity increases, retention time inside the column decreases. HPLC-MS uses an appropriate
solvent for the MS method. For ESI-MS, solvent used is typically H>O with MeOH or MeCN.
Additionally, formic acid or acetic acid are often added. Eluent typically transitions from higher
to lower polarity solvent. This polarity gradient aids elution of less polar analytes from the
column,169-171

Although HPLC simplifies mass spectra and offers further characterisation to analytes,
HPLC-MS also has some disadvantages. Firstly, HPLC-MS is time consuming to perform and
requires significant optimisation, which is also time consuming. Furthermore, some analytes
may degrade on the column, due to residual transition metals or other species. Finally, low
polarity species may be observed with lower intensity than without HPLC, due to low polarity
solvent containing fewer cations. These disadvantages meant that positive ESI-MS without
HPLC was initially utilised for characterisation of TART trapping samples, with HPLC-MS only
being undertaken if necessary.
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4.3.2. Practical MS characterisation

TART trapping samples were analysed near exclusively using positive ESI-MS (4.3.1.3).
Negative ESI-MS was occasionally used for characterisation of TART trapping samples when
2-(TEMPOmethyl)acrylic acid was used as TART. This was because 2-(TEMPOmethyl)acrylic
acid and its corresponding TART-trapped radicals easily formed anions, due to their weak
acidity. However, no TART trapping reactions using 2-(TEMPOmethyl)acrylic acid as TART
are discussed in this report and therefore, all presented MS characterisation was performed
in positive ion mode. Furthermore, softer positive APCI-MS was occasionally implemented if
hypothesised peaks were not observed using positive ESI-MS, for example for peaks
corresponding to low-stability organic peroxides. In practice however, APCI-MS only yielded
results which were also obtained using ESI-MS and therefore, no APCI-MS results are
discussed in this report. Therefore, positive ESI-MS was used exclusively for all presented MS
characterisation of TART trapping samples.

Prior to MS characterisation, sample preparation and mass spectrometer calibration were
required (4.3.2.1-4.3.2.2).

Many MS techniques were utilised for sample analysis. This was usually to offer further
structural information to analytes or to improve obtained characterisation. Standard MS was
usually the first MS technique used for sample analysis (4.3.2.3). Standard MS involved
performing MS upon sample continuously and directly injected into the mass spectrometer.
Standard MS was usually accompanied by background standard MS, to clean spectra and
simplify analysis (4.3.2.4). These two techniques were used with all three spectrometers.

Other techniques were used exclusively with the solariX. Further structural information was
provided by D,O exchange or tandem MS characterisation. D.O exchange analysis yielded
number of labile hydrogen atoms in each analyte with an observed MS peak (4.3.2.5). Tandem
MS characterisation allowed analyte isolation and fragmentation, yielding further structural
information (4.3.2.6). HPLC-MS was used to improve peak isolation, clean spectra and use
HPLC to further characterise analytes (4.3.2.7). Furthermore, HPLC-MS source-waste
function could be used to remove desired analytes, prior to MS characterisation. In certain
cases, this allowed sample concentration to be increased significantly, by removing analytes
with a significantly high concentration that they would otherwise have caused spectrometer
contamination (4.3.2.8).

4.3.2.1. Sample preparation

Samples which were not in solution first required dissolution. For highly concentrated samples,
this was usually in MeCN. MeCN dissolved most species well, was unreactive and contained
no labile hydrogen atoms. Samples already in solution, dissolved samples and non-dissolved
samples with low concentration, were dissolved or diluted in an appropriate solvent to
undertake MS characterisation. TART trapping samples were dissolved or diluted such that,
assuming TART did not react, initial unreacted TART concentration was as high as possible,
without causing long-term mass spectrometer contamination. This was typically 100 yM for
initial unreacted TART concentration. For positive ESI, these samples were usually diluted in
0.1%HCOOH/50%MeCN:50%H,0 (11.9.1).

This solvent system is commonly used for MS sample dilution. 50%MeCN/50%H-0 dissolved
or diluted most samples well, whilst HCOOH and H,O provided H* and Na* for analyte
ionisation. Furthermore, H,O was a good solvent for stabilising cations, encouraging their
formation. For negative ESI, these samples were usually dissolved in 50%MeCN/50%H-0. As
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previously, this solvent system dissolved or diluted most samples well. H,O was a good
solvent to aid species anion formation.

4.3.2.2. Spectrometer calibration

Spectrometer calibration was essential to ensure the mass spectrometer used for MS
characterisation recorded spectra as accurately and precisely as possible. For this, detected
calibrant peaks were calibrated to known calibrant m/z values. Spectrometer calibration was
carried out under the same conditions as for sample MS characterisation (11.9.3).

The HCT and compact were routinely calibrated. However, the solariX was calibrated before
each use (11.9.1). Calibrant used was CF3;COONa dissolved in 50%MeCN/50%H,0.

4.3.2.3. Standard MS spectrum

Standard positive ESI-MS was the first MS characterisation performed upon most samples
and yielded a standard MS spectrum (11.9.1).

Standard MS involved continual injection of sample solution into the mass spectrometer
(2.0 yL mint). Sample injection was continued until MS signal stabilised, monitored by total
ion current (TIC) stabilisation (usually ~4 min). Once signal stabilised, an average sample
mass spectrum was then recorded by averaging 16 mass spectra. TIC was checked to ensure
MS signal remained stable. Once sample analysis was complete, sample was washed out
using clean solvent (10.0 yL min-%, 5 min) and mass spectra inspected to ensure intensities of
peaks corresponding to analytes were significantly diminished (11.9.1).

Spectrometer parameters were optimised for MS characterisation of TARTs and TART-
trapped radicals (11.9.3). These parameters were optimised to show significant intensity
across m/z 100-800, with maximum intensity being observed between m/z 300-400. This was
because most studied systems yielded species which produced peaks within m/z 100-800.
However, typical species produced peaks within m/z 300-400, hence parameters were
optimised to increase intensity of this region. These parameters included: sample injection
speed; ion accumulation time; drying gas temperature and number of scans (11.9.3). Spectra
were most commonly recorded within m/z 100-1000, although occasionally this was extended
to m/z 100-1500, for species with particularly high m/z. The obtained average mass spectrum
was then used for sample analysis (11.9.1).

The excellent sensitivity of the solariX caused many low intensity signals to be observed, even
in very high purity solvent. These signals likely came from trace solvent impurities and residual
spectrometer contamination. Therefore, background signals were removed, to clean and
simplify spectra but also to better reflect sample composition.

4.3.2.4. Background spectrum

Prior to sample injection, a background spectrum was taken. This was achieved by continually
injecting clean MS solvent (2 uL mint). Injection was continued until MS signal stabilised, as
described previously. Once signal stabilised, an average background mass spectrum was
then recorded by averaging 16 mass spectra. Before this background spectrum was accepted,
it was inspected to ensure intensities of peaks corresponding to analytes were significantly
diminished. If sufficiently clean, sample injection was then undertaken.

MS solvent used was the same solvent in which the sample was diluted and all MS parameters
and conditions were the same as for sample characterisation (11.9.3). The obtained average
background mass spectrum was then used for background removal during analysis (4.4.3).
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Standard MS and background mass spectra were recorded for all samples characterised using
the solariX. Samples could be further characterised using different MS techniques, such as
D,O exchange (4.3.2.5), tandem MS (4.3.2.6) and HPLC-MS (4.3.2.7).

4.3.2.5. D20 exchange

D>0O exchange analysis was used to determine the number of labile hydrogen atoms in each
analyte corresponding to an observed MS peak. This was achieved by exposing sample to
deuterated solvent and observing the mass shifts of peaks, corresponding to the number of
deuterium atoms exchanged for each analyte. Equal concentrations of protonated and
deuterated analyte were assumed to produce equal corresponding peak intensities.

For this, D,O exchange was performed very similarly as for standard MS and background
spectra, using positive ESI. First, sample was dissolved or diluted in
0.1%DCOO0D/50%MeCN:50%D,0, with DO and DCOOD having 99.9 atom % D and 98%
atom % D. Sample was then allowed to equilibrate for at least 1 h. Otherwise, background and
standard MS spectra were recorded as described previously (4.3.2.3 and 4.3.2.4). The
obtained average D,O sample and background mass spectra were then used for sample
analysis. This involved comparing D,O exchange spectra with sample and background
spectra recorded in protonated solvent, as described below.

To simplify calculations, D.O and DCOOD were assumed to have 100 atom % D and MeCN
was assumed to be totally dry. Rapidly exchanged hydrogen atoms (such as in alcohol O-H,
amine N-H and ammonium N—-H) were assumed to exchange immediately upon exposure to
deuterated solvent, at the protonated:deuterated solvent ratio. For example, for CH;OH
weakly dissolved in protonated solvent and then diluted 1:99 in deuterated solvent was
assumed to immediately form 1:99 CH3OH:CHsOD.

For peaks which corresponded to a single analyte containing a single slowly exchanged
hydrogen atom (such as in amide N-H), rate of hydrogen atom exchange could be estimated
by comparing the intensity of deuterium shifts observed after DO exchange, such as for
TARTS. For example, for CHANT weakly dissolved in protonated solvent and then diluted 1:99
in deuterated solvent, with a OD:1D:2D ratio of 0:1:9, proportion of amide N—-H exchange was
estimated to be 90.9%, using probability theory. For radicals not containing slowly exchanged
hydrogen atoms, proportion of amide N-H exchange calculated for CHANT was also assumed
to be true of CHANT-trapped radicals. For example, if rate of amide N—H was calculated to be
90.9% from peaks corresponding to CHANT, for CHANT-trapped radical MS adduct
[CH3;0-ART+Na]*, 0D—1D was expected to be 90.9%. Likewise, for two species with similar
structures, proportion of slow hydrogen atom exchange was assumed to be the same for both
species. For example, relative intensities of deuterium shifts observed for peaks
corresponding to [thymine+Na]* and [uracil+Na]* were expected to be the same. For >90% full
deuterium exchange, this approximation was deemed suitable for making quantitative
conclusions, although ideally, samples would have been allowed longer to undergo full
deuterium exchange.”?

4.3.2.6. Tandem MS

Tandem MS characterisation allowed species isolation and fragmentation, yielding further
structural information (4.3.1.5).

For this, sample dissolved or diluted in solvent was continually injected into the mass
spectrometer. Injection was continued until MS signal stabilised, as for standard MS. Tandem
MS was then performed upon peaks of interest. CID was used to select and fragment analytes
corresponding to peaks which were very intense compared to nearby peaks. This was used
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most commonly to analyse liquid phase TART trapping samples, as these mixtures were less
complex and intensities of peaks corresponding to TART-trapped radicals were generally
higher. If species could not be suitably selected before CID then SORI-CID was used instead.

SORI-CID was performed upon analytes corresponding to peaks which were similar or lower
intensity compared to nearby peaks or analytes which could not be relatively cleanly selected
during CID. This was so that nearby peaks could be removed prior to SORI-CID fragmentation,
ensuring peak fragments corresponded to the desired parent ion. This was used most
commonly to analyse gas phase TART trapping samples, as these mixtures were complex
and intensities of peaks corresponding to TART-trapped radicals were low. If SORI-CID could
not be used to suitably select or fragment peaks then tandem MS was abandoned.
Additionally, SORI-CID was used to further fragment ion fragments formed during CID.

Tandem MS was only performed using positive ESI. Sample was usually dissolved in
protonated solvent for tandem MS, although occasionally deuterated solvent was used.
Tandem MS was usually most effective on protonated MS adducts, although tandem MS could
also be performed upon sodiation MS adducts if no protonated adducts were observed.
Tandem MS characterisation often required longer acquisition times, especially for
fragmentation of low intensity peaks. Tandem MS parameters utilised the same optimised
parameters as standard MS, with the exception of: ion accumulation time; octupole ion
selection m/z; octupole tandem MS CID energy; in-source ion selection m/z; in-source collision
energy and number of scans (11.9.3). lon accumulation time and number of scans were set
depending on the intensity of the selected MS peak. Octupole ion selection m/z and in-source
ion selection m/z were set to select the desired MS peak. Octupole tandem MS CID energy
and in-source collision energy were set to cause an appropriate amount of fragmentation.

Tandem MS was a challenging technique, particularly for low intensity sodiated MS adducts,
with results often being poor.

4.3.2.7. HPLC-MS

HPLC-MS was used to improve peak isolation, clean spectra and use HPLC to further
characterise species (4.3.1.6).

Sample dissolved or diluted in protonated solvent was used in HPLC-MS. Before HPLC-MS
was performed, MS characterisation parameters had to be optimised. MS method was largely
similar to optimised standard MS characterisation parameters (4.3.2.3, 11.9.3). However,
instead of several scans being averaged, single scans were taken sequentially, to characterise
analytes outputted from the HPLC column more frequently. Furthermore, some MS
parameters were changed to suit the fast injection stream speed required by HPLC, including
ion accumulation time and drying gas temperature (11.9.3).

In HPLC-MS, sample solution was mixed with HPLC solvent. This mixture was then passed
through a column before injection into the mass spectrometer. Analytes were separated in the
column, causing MS adducts of these analytes to be detected at different retention times.
Sample solution injection needle was washed automatically between each injection. HPLC
solvents used were 0.1%HCOOH/H,0 and 0.1%HCOOH/MeCN. Eluent composition changed
throughout HPLC-MS run, beginning with high 0.1%HCOOH/H,0 content and ending with
high 0.1%HCOOH/MeCN content. HPLC-MS eluent composition and HPLC column were
optimised for each sample, such that separation was maximised across a reasonable
timeframe (11.9.3).
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4.3.2.8. HPLC-MS source-waste species removal

HPLC-MS source-waste function could be used to remove desired species, after HPLC but
prior to MS characterisation. In certain cases, this allowed sample concentration to be
increased significantly, by removing analytes with high concentration which would otherwise
have caused spectrometer contamination. This resulted in some analytes producing MS peaks
which were observed with significantly greater intensity. The source-waste function allowed
the HPLC stream to be expelled as waste rather than injected into the mass spectrometer.

HPLC-MS source-waste analyte removal involved first performing HPLC-MS characterisation
upon a sample dissolved or diluted in solvent (4.3.2.7). This yielded retention time of any highly
concentrated analytes. HPLC-MS was then repeated with more concentrated sample.
However, the HPLC stream was diverted to waste during the measured retention time
windows in which highly concentrated analytes eluted, preventing highly concentrated
analytes from entering the mass spectrometer. This prevented mass spectrometer
contamination. Outside of these retention time windows, the HPLC stream was injected into
the mass spectrometer, allowing other analytes to be MS characterised.

This was used for samples with very high intensity peaks corresponding to a one or two
analytes but otherwise low intensity peaks. This was usually used for HPLC-MS
characterisation of gas phase TART trapping samples, where low gaseous radical
concentrations resulted in high TART concentration but low concentration of TART-trapped
radicals. HPLC-MS source-waste function was then used to remove TART from the more
concentrated sample, prior to MS characterisation. TART-trapped radicals not expelled as
waste during TART removal, were then MS observed, with corresponding peaks usually being
observed with increased intensity. This allowed MS observation of peaks corresponding to
TART-trapped radicals which were previously undetected.

This technique was very challenging. All highly concentrated species needed to be sent to
waste. However, other species would ideally be observed as much as possible, outside of the
required waste window. This was made challenging because highly concentrated species
retention time varied significantly, up to several minutes. This meant the time window in which
the HPLC stream was diverted to waste had to be widened beyond the minimum retention
time window. This prevented MS characterisation of other analytes wasted during this time
window. Furthermore, occasional mistakes led to severe MS contamination. Therefore, this
technique was only used when species were not MS observable through any other technique.

These MS characterisation techniques outputted data, which required analysis to extrapolate
meaningful results.

4.4. Mass spectra analysis

MS characterisation generated an enormous quantity of data. Proficient data handling was
therefore essential for quickly and efficiently processing these data.

MS characterisation data could be handled manually (4.4.2). However, the enormous quantity
of data generated by MS characterisation made manual data handling generally slow and
inefficient. Therefore, most data handling was processed through self-written computer
programmes. MATLAB was used to write and run all computer programmes, whilst Microsoft
Excel was used to input certain data and store outputted results. Many programmes were
developed to handle MS characterisation data differently. The most significant programmes
are discussed below (4.4.4-4.4.7). However, before data analysis could be undertaken,
acceptance limits had to be decided (4.4.1).
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All species were searched for as protonated, sodiated and potassiated MS adducts, however
only significantly observed MS peaks are discussed. Peaks corresponding to CHANT-trapped
radicals and DEADANT-trapped radicals were usually most intensely observed as MS adducts
[R-ART+Na]* and [R-ART+H]* respectively, depending on the ionisation efficiency of R.
Peaks corresponding to R-TEMPO and R-TART were usually most intensely observed as
MS adducts [R-TEMPO+H]* and [R-TART+H]".

4.4.1. Acceptance limits

Acceptance limits had to be set for all data handling. These acceptance limits were: systematic
m/z deviation; random m/z deviation tolerance and noise intensity. These acceptance limits
defined whether a peak was deemed valid, by ensuring peaks had m/z acceptably close to
their predicted m/z and had intensity significantly greater than noise intensity.

Systematic m/z deviation was the m/z deviation between predicted and observed m/z
deviation for TART. In the main region of interest, (usually m/z 300-400), this was typically
between m/z -0.0006-0.0000.

Random m/z deviation was the m/z deviation between predicted and observed m/z minus
systematic m/z deviation for an individual peak. In the main region of interest, (usually
m/z 300-400), this was typically between m/z ~0.0000-0.0015. Therefore, random m/z
deviation tolerance was typically m/z +0.0008-0.0015. However, if searching for peaks
significantly outside the main region of interest, random m/z deviation may be significantly
greater and therefore, random m/z deviation tolerance was set wider, typically
m/z £0.0015-0.0030, but occasionally m/z £0.0015-0.0050. Random m/z deviation tolerance
was usually set such that it included most observed peaks corresponding to hypothesised
species.

Finally, noise intensity was the intensity below which signal was considered noise. For a single
mass spectrum, this was typically ~60000 absolute count. Noise intensity was usually
estimated based upon mass spectrum profile observation.

Once acceptance limits were decided upon, spectrum analysis could be undertaken. Manual
analysis could be performed without additional programming.

4.4.2. Manual analysis

Mass spectra could be handled manually using Bruker DataAnalysis, a mass spectrum
analysis programme. With this, overall mass spectra could be viewed and peak m/z and
intensity could be determined. Usually, an overall impression of MS characterisation was
obtained by manual observation. However, manual MS analysis was generally slow and
therefore, self-made programmes were used for most standard MS analysis. For this, Bruker
DataAnalysis was used for converting mass spectra files into text file format, suitable for use
in MATLAB programmes.

HPLC-MS mass spectra were usually handled both manually and through self-made
programmes. Often, an average HPLC-MS spectrum was obtained manually and converted
for programming use, to determine peaks of interest (4.4.4 and 4.4.6). Chromatograms of
observed peaks of interest were then obtained manually to find retention time of maximum
peaks of interest intensities. Mass spectra in which maximum peaks of interest intensities were
observed were then converted for programming.

Although background spectra could be handled manually, background spectra could be
subtracted from sample spectra most easily through programming.
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4.4.3. Background removal

Before sample MS characterisation was performed, a background spectrum was obtained
(4.3.2.4). Background signals were removed during sample analysis processing using the
obtained background mass spectrum. Self-made standard MS analysis programmes involved
background removal, whilst tandem MS and HPLC-MS usually did not. Peak m/z in all
obtained mass spectra were subject to small fluctuations. Therefore, peaks in sample and
background spectra did not necessarily align exactly, even if these peaks arose from the same
analyte. Therefore, for background removal in analysis programmes, peaks between sample
and background spectra within random m/z deviation tolerance of each other were aligned.
Programmes then subtracted background peak intensities from corresponding sample peak
intensities. If no background peak was observed with random m/z deviation tolerance of a
sample peak, intensity of the background signal at the sample peak m/z value was subtracted
from the sample peak intensity. Background peak intensities in samples were likely
overestimated. This was because in background mass spectra, fewer analytes reduced
competition between analytes for cations (4.3.1.4), causing background peak intensities to be
greater than in sample spectra. This overestimation increased validity of outputted sample
peaks.

Additionally, background removal could be used to subtract sample spectra, in order to
compare differences between two different sample spectra. For example, MS characterisation
of a no TART control could be subtracted from MS characterisation of a TART trapping
sample, yielding only TART related species, including TART-trapped radicals.

4.4 4. Peak Pick

The Peak Pick programme was used to automatically find MS peaks corresponding to
hypothesised species in mass spectra of samples (11.9.2). For this, species were
hypothesised and inputted into a Microsoft Excel table, along with their predicted m/z when
protonated, sodiated and potassiated. Peak Pick then imported these m/z values and
screened mass spectra for them. Peaks were only accepted if they satisfied acceptance limits
(4.4.1). Observed peak m/z and intensity were then exported into the Microsoft Excel table.
Additionally, Peak Pick outputted any peaks above a defined fraction of maximum peak
intensity, which had not been inputted into the original Microsoft Excel table. This was to find
any intense peaks which had not been hypothesised.

Peak Pick was used to analyse most standard MS and D,O exchange mass spectra. This
radically decreased time required for MS analysis and therefore, increased efficiency. Peak
Pick was adapted to include carbon content estimation.

4.4.5. Carbon content (Cy) estimation

Carbon content (Cx) estimation was used to calculate number of carbon atoms in a species,
using its corresponding monoisotopic and first 13C satellite peaks. This programming aspect
was combined with Peak Pick, to output Cx estimation alongside m/z and intensity of observed
peaks.

For this, Cx estimation compared the monoisotopic peak corresponding to each hypothesised
species with its first 13C satellite. >C and '3C have isotopic masses 12.0000 g mol* and
13.0034 g mol*, and abundances 98.9% and 1.1% respectively. Therefore, carbon-containing
species can contain *?C and **C. For lightweight carbon-containing species, probability of
containing only *?C decreases as number of carbon atoms (n) increases, whilst probability of
containing one 33C increases. These probabilities are calculated by 0.989" and
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0.011nx0.989"! respectively, resulting in 1x'3C:*?C calculated by 0.011nx0.989. Therefore,
by comparing the ratio of intensities of peaks corresponding to each hypothesised species
and its first 13C satellite, species Cx could be estimated.

If peak Cx estimation was similar to hypothesised species Cy, this further validated that the
peak corresponded to the hypothesised species. Cx estimation usually worked well for high
intensity peaks but more poorly for low intensity peaks. For example, accuracy of Cx estimation
for TARTSs decreased with decreasing [TART]. This was because as peak intensity decreased,
its relative error increased. Furthermore, for very low intensity monoisotopic peaks, the first
13C satellite was unobserved.

This programme aspect was employed commonly for MS analysis of mass spectra obtained
from TART trapping samples. This programme aspect could have been adapted to other
elements with multiple abundant isotopes, such as chlorine or bromine. However, it was
decided that this would not be particularly useful for several reasons. Firstly, few TART
trapping reactions contained such elements. Secondly, of those that did, species usually only
contained one or two atoms of these elements. For elements with one isotope vastly more
abundant than other, such as sulfur, peak isotopic analogues had low intensity, usually
resulting in large atom content estimation error. For elements with many equally abundant
isotopes, each isotopic analogue was important and therefore, each isotopic analogue was
searched for using Peak Pick.

4.4.6. Formula Find

The Formula Find programme used a reverse strategy to Peak Pick. Whilst Peak Pick aimed
to find peaks corresponding to hypothesised species of certain molecular formulae with m/z,
Formula Find aimed to find molecular formulae from observed peaks (11.9.2). Species could
then be hypothesised for obtained molecular formulae. As for Peak Pick, peaks were only
accepted if they satisfied acceptance limits (4.4.1). However, Formula Find was significantly
slower than Peak Pick and could yield many more data. Therefore, the Formula Find used
additional limits to decrease data quantity. Furthermore, additional limits removed suggestions
of unlikely species. These limits were: m/z search range; background proportion tolerance;
molecular formulae; unsaturation and species charge.

Firstly, m/z search range limits prevented screening of peaks unlikely to be of interest. Above
the main region of interest (usually m/z 300-400), spectra were usually relatively empty and
species were less likely to be TART-trapped radicals. Therefore, m/z search range was usually
set between m/z 100-500, as required.

Background proportion tolerance was used to remove peaks which appeared relatively
intensely in background spectra compared to sample spectra, indicating that these peaks were
less likely to be sample related. For this, sample peaks were excluded if the corresponding
background peaks had intensity above the fractional proportion tolerance of sample peaks
intensity. This was typically set at 0.5. This meant that sample peaks were excluded if the
corresponding background peaks had intensity >50% sample peak intensity.

Molecular formulae and unsaturation limits defined what quantities of certain atoms were
allowed in species. This produced molecular formulae with plausible atomic compositions for
the sample species. C, H, N, O and Na were used exclusively for most systems, with N, O and
Na sometimes being excluded for particular samples. Other elements were also included when
analytes may plausibly contain them, such as S, Cl and Br. Molecular formulae were typically
set with limits Ci-100H1-100No-300-10Nao1 and unsaturation with limits 0-15, as required.
Furthermore, these limits could be used to selectively search for particular types of species.

89



For example, if DEADANT was used for saturated alkyl radical trapping, all DEADANT-trapped
radicals should contain exactly two N, one O and no Na, as all should appear protonated in
mass spectra, and two unsaturations. Therefore, setting molecular formulae limits as
C1-100H1-100N20 and two unsaturations yielded only peaks and molecular formulae which could
correspond to DEADANT-trapped saturated alkyl radicals. Therefore, using TARTs with ARTs
containing elements not found in radicals of interest, made finding TART-trapped radicals
using Formula Find significantly easier.

Species charge defined what charges ions could have. This was near-universally set to find
singly charged species but was occasionally altered to find more highly charged species.

All these additional limits increased Formula Find speed whilst reducing outputted data
guantity, allowing species to be hypothesised more rapidly, using relevant molecular formulae.
Additionally, Formula Find outputted whether species corresponding to peaks and their
hypothesised molecular formulae had previously been searched for using Peak Pick, again
increasing speed of outputted data analysis.

Formula Find was commonly used upon mass spectra obtained from standard MS
characterisation, to find species not previously hypothesised. Additionally, Formula Find was
used to analyse tandem MS characterisation, with molecular formula limits being set from no
molecular formula to equal the parent ion molecular formula. Cx estimation was included in
Formula Find to further limit false positive output. However, in reality Cx estimation was seldom
used, due to Cx estimation being too unreliable for low intensity peaks. For similar reasons as
described for Peak Pick, element content estimation using peak isotopic analogues would not
be particularly useful (4.4.5).

Formula Find would likely have been unusable with a significantly lower resolution mass
spectrometer, since many other molecular formulae would have fallen with acceptance limits
(4.3.1.2 and 4.4.1). This large number of false molecular formulae would have taken too long
to exclude to make Formula Find useful.

4.4.7. Metal complex structures using Formula Find

Metal complex structures could also be determined by adapting Formula Find.

Metals present in radical reactions could form charged metal complexes with ligands. These
charged metal complexes could be MS characterised. However, in these radical reactions,
different ligands could be present. This could result in formation of many different metal
complexes. This was further complicated when sample was diluted in MS solvents, as up to
three further ligands were available for metal complex formation. Therefore, Formula Find was
applied to determine metal complex structure.

For this, Formula Find was used similarly as to previously, including setting additional limits to
improve Formula Find analysis efficiency (4.4.7). These limits were: m/z search range;
background proportion tolerance; molecular formulae and species charge (4.4.7). However,
unlike Formula Find, unsaturation limits were not used. Furthermore, molecular formulae and
species charge limits were used differently to Formula Find.

For molecular formulae limits, metal centres and ligands were utilised instead of atoms.
Species thought likely to be able to complex to metals were also included. These species
could include: initial metal salt, ligands and anions; substrate; additives; solvents and MS
solvents. Number of each ligand was set to a maximum coordination number. This number
could be decreased for multidentate ligands.
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For species charge, overall species charge was not limited. Instead, a metal charge range
limit was applied. This would be the likely oxidation states for the metal within radical reaction
conditions. Additionally, inputted ligands were also assigned charges. When Formula Find
was applied, each possible metal complex would use overall metal complex charge to
calculate theoretical m/z.

Formula Find was occasionally used upon standard MS characterisation of radical reactions
containing metals, to find metal complexes not previously hypothesised.

4.5. Summary

A general TART trapping, MS characterisation and mass spectra analysis methodology was
developed. TART trapping was usually used to investigate literature-sourced radical reactions.
Initially, the procedure for literature-sourced radical reactions was replicated as closely as
possible, but with TART incorporated into the system. A trapless control was also run, with
aliquots removed before and after reactions. Any required workups were then performed
before MS characterisation was undertaken.

MS characterisation involved first obtaining a background and standard mass spectrum for all
samples. Mass spectra analysis was then undertaken. This typically used the Peak Pick
programme to search for hypothesised MS adducts, with manual analysis often conducted as
well. Additionally, the Formula Find programme was sometimes employed to suggest
molecular formulae corresponding to observed MS peaks, depending on the desired outcome
of the radical reaction investigation.

Depending on the results of this analysis and the desired outcomes of the reaction
investigation, further TART trapping or control reaction experiments were performed or further
MS characterisation upon previously obtained samples was undertaken. Further TART
trapping or control reaction experiments involved altering reaction conditions to obtain further
mechanistic or kinetic information. Further MS characterisation could include D»,O exchange,
tandem MS, HPLC-MS or a combination of these techniques, for example tandem HPLC-MS.
Mass spectra from these MS characterisation techniques were typically analysed using: Peak
Pick for D,O exchange; Formula Find for tandem MS and manually for HPLC-MS, with
programmes sometimes being employed for HPLC-MS analysis too.

With a protocol developed for TART trapping and MS characterisation, TART trapping was
undertaken. TARTs were used for radical trapping in: liquid phase synthetic radical reactions
(5); liquid phase photochemistry (6); aqueous biochemistry (7); gaseous alkene ozonolysis (8)
and gaseous °*OH-initiated alkane degradation (9). Initially, TART trapping was used to
investigate synthetic radical reactions (5). This was due to their relative simplicity, high radical
flux and widely accepted mechanisms.
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5. Synthetic radical reactions

5.1. Introduction

Liquid phase synthetic radical reactions were chosen for initial TART trapping investigations,
due to their high radical flux and relative simplicity. Higher radical flux would help generate a
higher concentration of trapped radicals, whilst the relative simplicity of these reactions would
generate relatively few trapped radical structures. Higher concentration of few trapped radical
structures would reduce the sensitivity required for MS detection, making successful
observation of TART-trapped radicals more likely. Furthermore, TART trapping undertaken in
relatively simple homogenous reaction mixtures would likely be easier to troubleshoot, should
TART-trapped radicals not be observed. These attributes were especially advantageous
during development of TART trapping and MS characterisation methodology.

Radical characterisation within these reactions should allow structures of intermediate radicals
to be determined. This could validate or inform synthetic reaction mechanisms. Additionally,
radical quantification could validate or inform reaction kinetics.

TART trapping was first applied to a model thiyl radical system, where radicals were generated
using thiol as substrate and an initiator. Grantham also performed TART trapping upon thiyl
radicals, using Grantham TARTSs (2.2).1%2 Thiyl radical TART trapping was performed very
early in the project and therefore, little development of TART trapping and MS characterisation
methodology had occurred. As such, thiyl radical TART trapping analysis did not benefit from
many TART trapping methodology improvements established during the project. Since this
thiyl radical TART trapping was designed as a test and not to yield new information about this
system, these test experiments were not repeated with methodology improvements.

5.2. Thiyl radicals

Thiyl radicals were generated by hydrogen atom abstraction (HAA) from thiol using an initiator.
TART was employed to trap these thiyl radicals (Figure 59).
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Figure 59: Thiyl radical formation from thiol using initiator and subsequent radical trapping by TART.

1-Dodecanethiol was chosen as reactant because its high boiling point should have ensured
that TART-trapped 1-dodecanethiyl radicals also had a high boiling point, regardless of ART
identity. Therefore, minimal sample loss should have occurred through evaporation, prior to
MS characterisation.

Initially azobisisobutyronitrile (AIBN) was used as initiator at 50 °C. At this temperature, AIBN
decomposed to form two isobutyronitrile radicals (IBN*) and N.. These radicals then abstract
hydrogen atoms from thiol S—H to form thiyl radicals (RS*). 1-Dodecanethiyl radicals can react
with O, to form sulfinyl radicals (RS(O)*®) or sulfonyl radicals (RS(O)2*). Therefore, this reaction
was performed under N2, to prevent thiyl radical oxidation.

When TART trapping of thiyl radicals was undertaken, only Grantham TART and allyl-TEMPO
TARTs had successfully been synthesised. Since Grantham TART would decay rapidly in
solution at 50 °C (2.2), allyl-TEMPO was initially employed to trap thiyl radicals (Figure 60,
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11.4.1.1). The sample mixture, containing TART-trapped radicals, was then MS characterised.
Initially positive ESI-MS was performed using a Bruker HCT-Ultra ETD Il ion trap mass
spectrometer (4.3.1.2).

AIBN, toluene,

CoHpssH N220°C. 121 Trapped
TART radicals

Figure 60: Initial thiyl radical trapping experiment, using 1-dodecanethiol as substrate and AIBN as initiator
(11.4.1.2).

Mass spectrum analysis was then undertaken. Initially, this involved manually analysing the
spectrum to find MS peaks corresponding to hypothesised species (4.4.2).

5.2.1. Initial results

Initial results indicated that thiyl radicals were successfully TART-trapped using allyl-TEMPO
(Figure 61, Table 3, 11.4.1.1). Initially, only peaks corresponding to species relevant to TART
trapping were searched for. More detailed investigation was undertaken following system
optimisation (5.2.3).
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Figure 61: Mass spectrum from TART trapping of thiyl radicals, using allyl-TEMPO as TART and a HCT mass
spectrometer for MS characterisation (11.4.1.1). The peak corresponding to [allyl-TEMPO+H]* had the greatest
intensity (m/z 198.186, green).
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Table 3: Species identified from TART trapping of thiyl radicals, using allyl-TEMPO as TART and a HCT mass
spectrometer for MS characterisation (11.4.1.1). Systematic m/z error = -0.2; random m/z error = +0.4;
100% intensity = 1.92x108 absolute count.

Intensity
. Predicted relative to
Species

m/z unreacted

TART / %
TART [Allyl-TEMPO+H]* 198.2 100
[Allyl-TEMPO+Na]* 220.2 0.06
[RS-ART+H]* 243.2 0.05
[RS-ART+Na]* 265.2 0.13
Trapped [RS(O)-ART+H]* 259.2 1.71
radicals [RS(O)-ART+Na]* 281.2 0.06
[RS(O).-ART+H]* 275.2 0.02
[RS(O),-ART+Na]* 297.2 0

Peaks corresponding to TART-trapped RS* (RS-ART) RS(O)* (RS(O)-ART) and RS(0O),*
(RS(0).-ART) were observed. These observations indicated that RS® was trapped using
allyl-TEMPO and that this species could be detected using MS. This was a good result, as it
suggested that TARTSs could be used to trap, detect and characterise liquid phase radicals.

Grantham conducted similar thiyl radical trapping experiments but instead utilised Grantham
TART. Grantham observed MS peaks corresponding to the equivalent Grantham TART-
trapped sulfur-centred radicals.'? Therefore, these observations agreed with Grantham.

Before more detailed or quantitative analysis was undertaken, optimisation was carried out to
identify the best TART (5.2.2.1) and spectrometer (5.2.2.2) for sample MS characterisation.

5.2.2. Optimisation

5.2.2.1. TART

TART trapping of thiyl radicals was undertaken in presence of Grantham TART to prove
allyl-TEMPO was a superior TART for investigating this reaction (Table 4, 11.4.1.1).

Table 4: Species identified from TART trapping of thiyl radicals, using AIBN as initiator, Grantham TART or
allyl-TEMPO as TART and a HCT mass spectrometer for MS characterisation (11.4.1.1). Systematic m/z error
=-0.2; random m/z error = +0.4; 100% intensity = 1.92x108 absolute count.

Grantham TART Allyl-TEMPO

Intensity Intensity

Species Predicted relative to Predicted relative to

Mz unreacted m/z unreacted
allyl-TEMPO allyl-TEMPO

| % | %

TART [TART+H]* 266.2 26.97 198.2 100
[TART+Na]* 288.2 0.01 220.2 0.06
[RS-ART+H]* 311.3 0.01 243.2 0.05
[RS-ART+Nal* 333.3 0.02 265.2 0.13
Trapped [RS(O)-ART+H]* 327.3 0.02 259.2 1.71
radicals [RS(O)-ART+Na]* 349.3 0.05 281.2 0.06
[RS(O),-ART+H]* 343.3 0.30 275.2 0.02
[RS(O),-ART+Na]* 365.2 1.20 297.2 0

MS peaks corresponding to TART-trapped sulfur-centred radicals were successfully observed
for both TARTs. Peaks corresponding to allyl-TEMPO-trapped sulfur-centred radicals had
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significantly greater intensity than peaks corresponding to Grantham TART-trapped sulfur-
centred radicals, as predicted. This indicated that rearrangement was more of a hinderance
to TART trapping than HAA (3.1). As such, allyl-TEMPO became first choice of TART for
studying simple liquid phase synthetic radical reactions, until other TARTs were successfully
synthesised.

5.2.2.2. Mass spectrometer

Initially a HCT mass spectrometer had been used for sample MS characterisation. However,
this HCT mass spectrometer had relatively poor accuracy and precision. This reduced
confidence in obtained results, as discussed previously (4.3.1.2). Therefore, thiyl radical TART
trapping was repeated, but using the higher accuracy and higher precision solariX mass
spectrometer for MS characterisation (4.3.1.2, Table 5). Using this higher accuracy and higher
precision mass spectrometer increased confidence in obtained results.

Table 5: Species identified from TART trapping of thiyl radicals, using AIBN as initiator, allyl-TEMPO as TART
and HCT or solariX mass spectrometers for MS characterisation (11.4.1.1). HCT: systematic m/z error = -0.2;
random m/z error = +0.4; 100% intensity = 1.92x108 absolute count. solariX: systematic m/z error = -0.0004;
random m/z error = +0.0002; 100% intensity = 4.87x108 absolute count.

HCT solariX
. Difference  Intensity  Difference  Intensity
. Predicted : .
Species m/z frqm relative to frqm relative to
predicted unreacted predicted unreacted
m/z TART / % m/z TART / %
TART [Allyl-TEMPO+H]* 198.1858 -0.2 100 -0.0004 100
[Allyl-TEMPO+Na]* 220.1677 0.1 0.06 -0.0005 0.045
[RS-ART+H]* 243.2146 -0.2 0.05 - 0
[RS-ART+Na]* 265.1966 -0.2 0.13 - 0
Trapped [RS(O)-ART+H]*  259.2096 -0.2 1.71 -0.0005 4.23
radicals [RS(O)-ART+Na]* 281.1915 -0.1 0.06 - 0
[RS(O),-ART+H]* 275.2045 -0.2 0.02 -0.0004 0.015
[RS(O),-ART+Na]* 297.1864 - 0 - 0

Differences between predicted and observed m/z for observed species were significantly
smaller and fluctuated less using the solariX mass spectrometer compared to the HCT mass
spectrometer (typically <+0.0010 compared to <+0.5). Therefore, the solariX mass
spectrometer was much more accurate and precise. This higher accuracy and precision
improved confidence in obtained results (4.3.1.2).

Furthermore, many peaks corresponding to predicted species observed by the HCT mass
spectrometer were not observed using the solariX mass spectrometer. This was due to the
lower resolving power of the HCT mass spectrometer causing other species to contribute to
peaks corresponding to predicted species (4.3.1.2). This brought into question the validity of
the results reported by Grantham. Grantham had exclusively used the HCT mass
spectrometer for thiyl radical trapping experiments (2.2).1%2 Concerns as to the HCT mass
spectrometer suitability, threatened the validity of these results.

This was particularly significant for RS—-ART, for which no corresponding MS peak was
observed using the solariX mass spectrometer, indicating that this species was not present in
the sample mixture at sufficiently high concentration for detection. Upon solariX mass
spectrum inspection, the peak initially observed at m/z 243.0 using the HCT mass
spectrometer, appeared to have instead come from a peak observed at m/z 243.288 (Figure
62). Furthermore, this peak seemed to be a 1x3C satellite peak of m/z 242.284, thereby
making its correspondence to RS—-ART even less plausible.
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Figure 62: Mass spectrum from TART trapping of thiyl radicals, using AIBN as initiator, allyl-TEMPO as TART
and HCT (bottom) and solariX (top) mass spectrometers for MS characterisation (11.4.1.1). A peak at m/z 243.0
appears to correspond to [RS-ART+H]* (predicted m/z 243.2146) using the HCT mass spectrometer, however
the solariX mass spectrometer shows that this peak is mainly due to a peak with m/z 243.2877, disproving
presence of RS-ART.

This false positive obtained using the HCT mass spectrometer but not in the solariX mass
spectrometer shows the importance of using a high accuracy, high precision and high
resolving power mass spectrometer for MS characterisation. Therefore, the solariX mass
spectrometer was used in all following studies for MS characterisation of TART trapping
samples (4.3.2).

These results indicated that TART-trapped thiyl radical was not present in the system. This
was a disappointing result. However, a peak corresponding to TART-trapped sulfinyl radical
was observed convincingly. Since the reaction was performed under N3, the reason sulfinyl
radicals were TART trapped whilst thiyl radicals were not, was uncertain. However, it was
decided that further MS analysis should be undertaken, since some positive results were
obtained.

5.2.3. Detailed results

Once the TART and mass spectrometer had been chosen for the thiyl radical TART trapping
experiment, more detailed MS analysis could be undertaken. First however, PbO, was also
explored as an initiator for thiyl radical formation, in an attempt to observe TART-trapped thiyl
radicals (Figure 63, 11.4.1.2).

PbO,, DCM,

CypHpsSH — 2N, Trapped
Aly-TEMpo  radicals

Figure 63: TART trapping of thiyl radicals, using 1-dodecanethiol as substrate, PbO: as initiator and allyl- TEMPO
as TART (11.4.1.2).

MS characterisation and analysis was then performed and compared to TART trapping of
AIBN-initiated thiyl radical formation (Table 6).
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Table 6: Species identified from TART trapping of thiyl radicals, using AIBN or PbO: as initiator, allyl- TEMPO as
TART and MS for characterisation (11.4.1). Systematic m/z error = -0.0004; random m/z error = +0.006; 100%
intensity = 4.87x108 absolute count.

Intensity relative to

. Predicted unreacted TART in
Species

m/z AIBN sample / %

AIBN PbO,
TART [Allyl-TEMPO+H]* 198.1858 100 10.4
[Allyl-TEMPO+Na]* 220.1677 0.045 0.085
[RSH+H]* 203.1833 0 0
Reactants [RSH+Na]* 225.1653 0 0
[AIBN+H]* 165.1140 0 0
[AIBN+Na]* 187.0960 0 0
[RS-ART+H]* 243.2146 0 0.016
[RS-ART+Na]* 265.1966 0 0
[RS-TEMPO+H]* 358.3143 0.036 0.030
[RS-TEMPO+Na]* 380.2963 0 0
[RS-TART+H]* 398.3456 0.018 0.075
[RS-TART+Nal* 420.3276 0 0
[RS(O)-ART+H]* 259.2096 4.23 11.9
[RS(O)-ART+Na]* 281.1915 0 0.022
Trapped [RS(O)-TEMPO+H]*  374.3093 0 0.060

radicals  [RS(O)-TEMPO+Na]*  396.2912 0.021 0.037
[RS(O)-TART+H]*  414.3406 0.021 0.316

[RS(O)-TART+Na]*  436.3225 0 0
[RS(O).-ART+H]*  275.2045 0.015 0.066
[RS(0),-ART+Na]*  297.1864 0 0
[RS(0),~-TEMPO+H]*  390.3042 0 0
[RS(0),-~-TEMPO+Na]* 412.2861 0.017 0
[RS(0),-TART+H]*  430.3355 0 0
[RS(0),-TART+Na]*  452.3174 0 0

Importantly, it was noted that particular MS adducts formed for certain types of species. MS
peaks corresponding to allyl-TEMPO were observed much more intensely protonated than
sodiated. This was hypothesised to be due to its highly basic 3° amine group. This was found
to be true for all synthesised TARTs. For identical reasons, TEMPO-trapped radicals and
radicals trapped via allylic HAA from TART were also observed most intensely as protonated
MS adducts. From here onwards, only protonated MS adducts are shown for TART, TEMPO-
trapped radicals and trapped radicals formed via allylic HAA of TART, although sodiation was
still monitored. Conversely, TART-trapped radicals did not contain this 3° amine group. This
meant that the most likely MS adduct formed was highly dependent on the R-ART structure.
From here onwards, both protonated and sodiated MS adducts are shown for TART-trapped
radicals, unless they are predicted to be predominantly one MS adduct, such as radicals
containing highly basic amine groups.

The MS peak corresponding to [TART+H]* showed significantly lower intensity in presence of
PbO; than AIBN. This suggested that more TART was consumed in the PbO-initiated
reaction. In contrast, greater intensities were generally observed for MS peaks corresponding
to TART-trapped radicals in the PbO.-initiated reaction. This matched the lower intensity
observed for peaks corresponding to TART in the PbO-initiated reaction.

Furthermore, a peak corresponding to TART-trapped thiyl radical (m/z 243.2146) was
observed using PbO; as initiator using the solariX mass spectrometer. The high accuracy,
precision and resolving power of this spectrometer ensured that this peak could
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unambiguously be assigned to the molecular formula of TART-trapped thiyl radical (C15Hs1S).
Other possible molecular formulae had m/z values outside the solariX m/z acceptance limits
for this peak (Table 7).

Table 7: Possible molecular formulae for [RS-ART+H]* corresponding peak (observed m/z 243.2146) from TART
trapping of thiyl radicals, using PbOz2 as initiator, allyl-TEMPO as TART and MS for characterisation (11.4.1.2).
Molecular formulae and unsaturation limits were set to Co-100Ho-100N0-500-10S0-5Nao-1Ko-1Pbo-s and 20 respectively.
Only one molecular formula had an acceptable difference (typically m/z £0.0000-0.0020) between predicted and
observed m/z (black).

Difference
Molecular from
formula observed
m/z
Cis5Hz1S 0.0000
CigH27 0.0033

C12H27N4O -0.0039

Therefore, TART was successfully used to trap and characterise thiyl radicals, satisfying the
experimental aim. However, more information was gathered by further analysing sample MS
characterisation.

For both initiators, MS peaks corresponding to RS(O)-ART were observed with greatest
intensity of TART-trapped sulfur-centred radicals. Therefore, thiyl radicals potentially reacted
faster with O, than allyl-TEMPO. Indeed, literature suggests that reaction rate of sulfur-centred
radicals with O is diffusion controlled.'”3174 Alternatively, in PbO. presence, PbO, may act as
an oxidising agent, causing thiyl radical oxygenation. However, thiyl radical formation using
AIBN as initiator was performed under N». Therefore, O, should not have been present in the
system. This may have suggested that N2 purging had not been performed thoroughly enough.
However, repeating this experiment especially carefully did not improve experimental results.

An alternative explanation was that RS(O)-ART was more easily ionised than RS-ART. This
would make MS peaks corresponding to RS(O)-ART of greater intensity than peaks
corresponding to the same concentration of RS—ART. This could mean that sample [RS—-ART]
was much greater than [RS(O)-ART]. This illustrates a key issue for MS quantification. TARTs
which yielded TART-trapped radicals with higher ionisation efficiency, regardless of reactant
radical structure, were later synthesised to combat this issue (3.4.2.3). However, this system
was not further investigated with these new TARTS, since this thiyl radical TART trapping was
designed as a test and not to yield new information about this system.

No reactant corresponding peaks were observed. Thiol was initially in a large excess
compared to all other reactants, making it unlikely that no thiol remained. This was likely due
to thiol having poor ionisation efficiency, concurring with previous observations.

MS peaks corresponding to TEMPO-trapped radicals (e.g., RS(O)-TEMPO) were generally
of low intensity, especially for RS(O)-TEMPO compared to RS(O)-ART. This was expected,
since it was believed that TEMPO® would poorly trap sulfur-centred radicals, since the N-O-S
bond formed would be weak. However, any RS-TEMPO corresponding peak observation was
unexpected. Literature suggested that a rearrangement of the initially formed N-O-S species
occurs to form a mono-oxygenated N-S=0 species (Figure 64).175176 However, since these
two species have identical molecular formulae, standard MS cannot be used to confirm which
structural isomers are present. Although, tandem MS may have helped elucidate species
structure, this was not attempted.
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Figure 64: Initially formed RS-TEMPO adduct (left) from TART trapping of thiyl radicals and subsequent
rearrangement to form structural isomer suggested by literature.75176

Allylic HAA from TART and subsequent radical trapping (e.g., RS(O)-TART) was observed
(3.1, Figure 37). This was unfortunate as this wasted TART and further complicated mass
spectra (3.1). RS-TART and RS(O).-TART were observed with similar or greater intensity
than RS-ART and RS(O),-ART. This may have suggested that allylic HAA occurred faster
than TART trapping. However, trapped radicals formed via allylic HAA of TART, were
significantly more basic than TART-trapped radicals and therefore, MS intensity of peaks
corresponding to these species would likely be significantly greater for trapped radicals formed
via allylic HAA of TART. This was somewhat confirmed by RS(O)-ART being of significantly
greater intensity than RS(O)-TART. This potentially suggested that in the sample, allylic HAA
occurred relatively slowly. However, this was not certain and needed to be monitored in further
reactions.

Several satellite peaks were visible for peaks corresponding to TART-trapped radicals formed
in PbO.-initiated thiyl radical formation. For the intensely observed peaks corresponding to
[allyl-TEMPO+H]* and [RS(O)-ART+H]*, predicted and observed ratio of satellite peaks to
their monoisotopic peak correlated well, further validating that these monoisotopic peaks
corresponded to these species (Table 8).

Table 8: Predicted and observed fraction of different isotopes of two most intense species identified from TART
trapping of thiyl radicals, using PbO: as initiator, allyl-TEMPO as TART and MS for characterisation (11.4.1.2).
Systematic m/z error = -0.0004 random m/z error = +0.0003; 100% intensity = 5.08x107 absolute count.

Intensity
Speci Predicted Observed relativeto Observed
pecies Formula fracti .
raction m/z unreacted fraction

TART / %
12C4,H,3NOH 1.000 198.1853 100.00 1.000
[TART+H]* 12C4113CH23NOH 0.133 199.1886 14.55 0.146
12C1013C,H23NOH 0.008 200.1919 1.04 0.010
12C15H3003%2SH 1.000 259.2090 114 1.000
12C1413CH300%2SH 0.162 260.2125 19.3 0.170
. 'Ci5H3003%*SH 0.045 261.2049 5.52 0.048
[RS(O)-ART+H] 12C1313C,H300%2SH 0.012 261.2159 1.35 0.012
12C1413CH300%*SH 0.007 262.2082 0.827 0.007

12C1,13C3H300%2SH 0.001 . - -

TART was successfully used to trap thiyl radicals and these TART-trapped radicals were then
successfully observed using MS characterisation. This proved that liquid phase radicals could
be trapped and characterised using TARTs and MS characterisation. This implied that TART
trapping could be used to trap, characterise and possibly quantify radicals in simple liquid
phase synthetic reactions, potentially validating or informing reaction mechanisms and
kinetics. As such, synthetically useful liquid phase radical reactions were explored.
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5.3. Common synthetic radical reactions

Initially it was decided to explore well-known and widely used simple liquid phase synthetic
radical reactions. These reactions had well-established mechanisms. This high mechanistic
certainty was beneficial whilst TART trapping methodology and MS methodology were being
established. TART trapping could offer further validation to these reaction mechanisms.

Three common synthetic radical reactions were explored: the Barton reaction (5.3.1), the
Hofmann-Loffler-Freytag reaction (5.3.2) and the Hunsdiecker reaction (5.3.3). Initially, all
three reaction mechanisms were investigated using allyl-TEMPO, as only Grantham TART
and allyl-TEMPO had been successfully synthesised at the time. However, TART trapping
using allyl-TEMPO was largely unsuccessful for all three reactions, for example, as shown for
the Barton reaction. This was hypothesised to be due to shortcomings of allyl-TEMPO as a
radical trap, especially that its allyl ART group provided poor ionisation efficiency, resulting in
TART-trapped radicals having low MS intensity (5.3.1.1).

These three radical reactions were reinvestigated once amide-functionalised TARTs were
successfully synthesised, principally using CHANT and DEADANT. These investigations were
much more successful, with MS peaks corresponding to TART-trapped radicals being
observed for all three reactions. These investigations are discussed for the Barton reaction
(5.3.1.2) and exclusively shown for the Hofmann-Loffler-Freytag reaction (5.3.2) and the
Hunsdiecker reaction (5.3.3).

5.3.1. Barton reaction

The Barton reaction was discovered by Sir Derek Barton in 1960, who mainly used it for
synthesis of unnatural steroids.’’-17° Although this reaction is less commonly utilised today,
the Barton reaction demonstrates one of the first examples of C—H activation reactions. The
Barton reaction involves alkyl nitrite UV photolysis to form &-nitroso alcohols. Barton used the
kinetic isotope effect to suggest a mechanism for this reaction (Figure 65).17°
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Figure 65: Widely accepted mechanism of the Barton reaction for isopentylnitrite.179:180

Whilst widely accepted, TART trapping could further validate the Barton reaction mechanism.
This would involve TART trapping of R1, R2 and R3 in a Barton reaction and subsequent MS
characterisation of these TART-trapped species. Successful MS identification of these TART-
trapped radicals would indicate that these radicals were produced during the Barton reaction,
hence offering validation to the widely accepted mechanism. Therefore, TART trapping was
performed on the Barton reaction, using isopentyl nitrite as substrate (Figure 66, 11.4.2).

OH

i |
ON. iPr,NH, DCM,

N
o UV,N2, 1h_~ HO + Trapped
K)\ TART radicals

Figure 66: TART trapping of the Barton reaction, using isopentyl nitrite as substrate (11.4.2).
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5.3.1.1. TART trapping using allyl-TEMPO

Initially, TART trapping of the Barton reaction was carried out using allyl-TEMPO. For this, a
control reaction containing no TART and a trapping reaction containing TART were
undertaken. Aliquots were removed from these reaction mixtures pre-initiation and post-
reaction and these aliquots MS characterised (Table 9, 11.4.2). R2 and R3 had the same
molecular formulae and therefore, all R2/R3 related species could not be distinguished using
standard MS.

Table 9: Species identified from TART trapping of the Barton reaction, using isopentyl nitrite as substrate, allyl-
TEMPO as TART and MS for characterisation (11.4.2). Systematic m/z error = 0.0000; random m/z error =
+0.0006; 100% intensity = 2.08x10° absolute count.

Intensity relative to unreacted
Predicted TART pre-trapping reaction / %

Species m/z Trapless Pre- Post-
control initiation  trapping
TART [Allyl-TEMPO+H]* 198.1858 0 100 0
[R1-ART+H]* 72.0449 0 0 0
[R1-ART+Na]* 94.0269 0 0 0
Trapped [R1I-TART+H]* 227.1759 0 0 3.46
radicals [R2/R3-ART+H]* 129.1279 0 0 0
[R2/R3-ART+Na]* 151.1099 0 0 0
[R2/R3-TEMPO+H]* 244.2276 0 0 29.5
[R2/R3-TART+H]* 284.2589 0 0 0

No MS peaks corresponding to TART were observed post-reaction, indicating that TART was
totally consumed during the reaction.

However, no MS peaks corresponding to TART-trapped species were observed. This was a
disappointing result. However, MS peaks corresponding to R1-ART were outside m/z limits
and therefore were undetectable. Likewise, peaks corresponding to R2/R3-ART were at the
edge of m/z limits. Therefore, it was theorised that these TART-trapped radicals may have
formed but evaporated prior to MS characterisation. Furthermore, both TART-trapped radicals
likely had poor ionisation efficiency. Therefore, this reaction would have been better studied
using a TART that generated TART-trapped radicals with higher m/z and higher ionisation
efficiency.

Whilst no MS peaks corresponding to TART-trapped species were observed, MS peaks
corresponding to R2/R3-TEMPO were observed. This implied that TEMPO®* had trapped R2,
R3 or both. These MS peaks were predicted to be exclusively caused by R3-TEMPO, since
TEMPOQ* trapping of non-carbon centred radicals is generally unfeasible (1.3.2.2).1%°
Therefore, peaks corresponding to TEMPO-trapped nitrogen-centred, oxygen-centred or halo-
centred radicals are generally not shown from here onwards. For TEMPO?® to react with R3,
TEMPO* must have been released by TART trapping. This validated that TART trapping had
occurred, but that the resulting TART-trapped radicals were unobservable.

Although MS peaks corresponding to R1-TART were observed, this was not proof of TART
reaction with *NO, as this species could be an artefact.

TART trapping of the Barton reaction using allyl-TEMPO was unsuccessful. This was largely
attributed to allyl-TEMPO functionality being inappropriate to form TART-trapped radicals
which could be MS characterised. TART trapping of the Barton reaction was later undertaken
using CHANT.
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5.3.1.2. TART trapping using CHANT TART

TART trapping of the Barton reaction and subsequent MS characterisation was repeated as
before (5.3.1.1), but with CHANT being used as TART (Table 10, 11.4.2). As previously, R2
and R3 had the same molecular formulae and therefore, all R2/R3 related species could not
be distinguished using standard MS.

Table 10: Species identified from TART trapping of the Barton reaction, using isopentyl nitrite as substrate,
CHANT as TART and MS for characterisation (11.4.2). Systematic m/z error = -0.0008; random m/z error =
+0.0005; 100% intensity = 3.66x10° absolute count.

Intensity relative to unreacted

. ) : . 0
Species Predicted TART pre-trapping reaction / %

m/z Trapless Pre- Post-

control initiation  trapping
TART [CHANT+H]* 323.2698 0.036 100 43.6
[R1-ART+H]* 197.1290 0 0 0
[R1-ART+Na]* 219.1109 0 0 0
Trapped [R1I-TART+HJ* 352.2600 0.003 0 0.046
radicals [R2/R3-ART+H]* 254.2120 0 0 0.026
[R2/R3-ART+Na]* 276.1939 0 0 0.184
[R3-TEMPO+H]* 244.2276 0.003 0 0.003
[R2/R3-TART+H]* 409.3430 0.001 0 0.025

Intensity of MS peaks corresponding to TART approximately halved during the reaction,
indicating that approximately half of TART was consumed and therefore that TART reaction
had occurred.

Peaks corresponding to R2/R3-ART were observed exclusively post-trapping reaction. This
indicated that R2/R3 were present in the trapping reaction and were successfully TART
trapped. This agreed with the widely accepted Barton reaction mechanism (Figure 65). This
was an excellent result and proved that CHANT was more appropriate for TART trapping in
the Barton reaction than allyl-TEMPO. As previously, R2-ART and R3-ART were
indistinguishable and therefore, standard MS could not confirm existence of either species.

As previously, MS peaks corresponding to R1-ART were not observed. This was a
disappointing result. However, nitroso compounds have notoriously poor stability, due to the
high stability of nitric oxide (*NO). R1-ART may have especially poor stability, due to *ART
stabilisation through allylic resonance. Therefore, [R1-ART] was likely to be low and hence
was not observed. Although MS peaks corresponding to R1-TART were observed, this was
not proof of TART reaction with *NO, as this species could be an artefact.

Although standard MS could not be used to determine presence of R2, R3 or both, D,O
exchange or tandem MS may have offered further structural characterisation. At the time, D20
exchange had not been considered as a useful tool for further structural characterisation.
However, tandem MS was employed to try and distinguish whether R2/R3-ART
corresponding peaks were due to R2-ART, R3—-ART or both. Tandem MS indicated R3-ART
presence, whilst R2-ART presence could not be confirmed (S13.1). D,O exchange may have
enabled R2-ART detection.

TART trapping of the Barton reaction using CHANT was successful and provided evidence to
support the widely accepted reaction mechanism proposed by Barton (Figure 65).179:180
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5.3.2. Hofmann-Lo6ffler-Freytag (HLF) reaction

The Hofmann-Loffler-Freytag (HLF) reaction was discovered in 1885 by August Wilhelm von
Hofmann but was little utilised until Karl Loffler and Curt Freytag increased the reaction scope
in 1909.181.182 The HLF reaction involves thermal or photochemical decomposition of a
N-haloamine, in presence of strong acid, to form a cyclic amine. A widely accepted mechanism
was later published by Corey et al. (Figure 67).182 In the propagation cycle, 1,5-HAT is widely
reported to be the rate-determining step.'84-187 |t should be noted that numbering of species
restarts for each investigated radical reaction, for example, S1, R1 and P1 in the Barton
reaction are not necessarily the same species as S1, R1 and P1 in the HLF reaction.

1,5-HAT

H/\

X H* H X Aorhv H H
| N | . \ s
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Figure 67: Widely accepted mechanism for N-haloamine HLF reaction, where typically X = Cl or Br.183

TART trapping was applied to this reaction because of the difficulty in detecting its N-centred
radical.18818 As for the Barton reaction, TART trapping was first unsuccessfully performed
using allyl-TEMPO, before later being successfully performed using CHANT. For this, a control
reaction containing no TART and a trapping reaction containing TART were undertaken, using
N-chlorodibutylamine as substrate and CHANT as TART (Figure 68). Aliquots were removed
from these reaction mixtures pre-initiation and post-reaction and these aliquots MS
characterised (Table 11, 11.4.3). R2 and R3 had the same molecular formulae and therefore,
all R2/R3 related species could not be distinguished using standard MS.

H,SOy, i j

cl 95°C,2h N + Trapped
\/\/N\/\/ CHANT radicals

Figure 68: TART trapping of the HLF reaction, using N-chlorodibutylamine as substrate and CHANT as TART
(11.4.3).
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Table 11: Species identified from TART trapping of the HLF reaction, using N-chlorodibutylamine as substrate,
CHANT as TART and MS for characterisation (11.4.3). Cl containing species are shown with 35Cl only.
Systematic m/z error = 0.0000; random m/z error = £0.0009; 100% intensity = 2.14x10° absolute count.

Intensity relative to unreacted

. ) . . 0
Species Predicted TART pre-trapping reaction / %

m/z Trapless Pre- Post-
control initiation  trapping
TART [CHANT+H]* 323.2698 0 100 47.2
Products [N-Butylpyridine+H]* 128.1439 0.003 0 0.157
[N-Butylpyridine+Na]* 150.1259 0 0 0
[R1-ART+H]* 202.0999 0 0 0
[R1-ART+Na]* 224.0818 0 0 0
Trapped [R1I-TART+H]* 357.2309 0 0 0.287
radicals [R2/R3-ART+H]* 295.2749 0 0 23.8
[R2/R3-ART+Na]* 317.2569 0 0 0.729
[R3-TEMPO+H]* 285.2906 0.001 0 0.008
[R2/R3-TART+H]* 450.4059 0 0 0.021
Side [TART+HCI+H]* 359.2465 0.002 0 0
products [TART+HOCI+H]* 375.2414 0.009 0 0.312

Intensity of MS peaks corresponding to TART approximately halved during the trapping
reaction, indicating TART trapping had occurred.

MS peaks corresponding to R2/R3-ART were observed exclusively post-trapping reaction,
suggesting R2, R3 or both were formed during the HLF reaction. This agreed with the
mechanism proposed by Corey et al. (Figure 67). Intensity of the [R2/R3-ART+H]*
corresponding peak was especially high, with intensity nearly half that of the peak
corresponding to [TART+H]*. Assuming these two species ionised equally, this indicated that
most TART was converted to R2/R3-ART. Since R2/R3-ART had identical molecular
formulae, they could not be distinguished using standard MS. These observations indicated
that TART and TART-trapped radicals were stable in mild acid and at high temperature. Peaks
corresponding to R3-TEMPO were also detected, however with significantly weaker intensity
than for R2/R3-ART.

In contrast, no peaks corresponding to R1-ART were detected. This was likely due to low CI*
flux, since Cl* was only produced during initiation and not during propagation. It was theorised
that manipulation of reaction conditions could allow Cl* to be trapped, though this was not
attempted.

MS peaks corresponding to R1-TART and R2/R3-TART were detected. R1-TART was
particularly intensely observed, possibly due to reaction with CI- ions formed in the reaction.
Alternatively, CI* may have been abstracted from N-chlorodibutylamine following TART allyl
radical formation. Peaks corresponding to R2/R3-TART were observed with significantly
weaker intensity than for R2/R3-ART. This suggested that TART trapping was occurring far
more readily than allylic HAA from TART, as desired. Radical trapping via allylic HAA from
TART was monitored in all trapping reactions, however from here onwards, it is not reported
unless deemed patrticularly significant.

Further investigations were performed to determine whether the peak corresponding to
[R2/R3-ART+H]* (m/z 295.275) corresponded to [R2-ART+H]* or [R3-ART+H]* or both.
[R2-ART+H]* and [R3-ART+H]* would contain two and three labile hydrogen atoms
respectively (Figure 69). Therefore, a D,O exchange was performed to determine number of
labile hydrogen atoms associated with each peak (Figure 70).
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Figure 69: Total D exchange of [R2-ART+H]* (top) and [R3-ART+H]* (bottom), yielding 2D and 3D exchanges
respectively.

Intensity

2950 2955 206.0 2965 297.0 2975 2080 2985 299.0
m/z

Figure 70: Background corrected mass spectra of TART trapping of the HLF, using N-chlorodibutylamine as
substrate and CHANT as TART, MS characterised in protonated (top) and deuterated (bottom) solvent, showing
peaks corresponding to R2/R3-ART (blue). 2D exchanges were observed (m/z 295.275), indicating R2-ART.

The m/z 295.275 peak shifted to m/z 297.287, corresponding to R2-ART. The peak predicted
for deuterated R3-ART at m/z 298.294 was dominated by the first 13C satellite of the m/z
297.287 peak (m/z 298.291). Since each R2-ART and R3-ART species were expected to
have similar ionisation efficiency, it was concluded that [R2-ART] was much greater than
[R3-ART]. Therefore, these data indicated that R2 was produced in reaction mixtures, whilst
there was no evidence that R3 was produced. High [R2] to [R3] ratio matched literature
evidence that the 1,5-HAT was rate-determining.'84-187 Further investigations were undertaken

105



to discover if R3 had also been trapped. Tandem MS was utilised to fragment the m/z 295.275
peak, to provide further structural information (Figure 71, 11.4.3).
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Figure 71: Tandem mass spectrum performed upon peak corresponding to [R2/R3-ART+Na]* (green) from
TART trapping of the HLF reaction, using N-chlorodibutylamine as substrate and CHANT as TART, yielding
suggested fragments. Structures were successfully assigned to most fragments (blue).

Whilst most peaks could be attributed to either TART-trapped radical, two low-intensity peaks
could only be attributed to R3-ART (Figure 72, SI3.2.2). This indicated that R3 was also
produced in reaction mixtures, albeit at much lower concentrations than R2. These
observations offered validation to the widely accepted mechanism.183.190
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Figure 72: Tandem mass spectrum of m/z 295.275 peak from TART trapping of the HLF reaction, using
N-chlorodibutylamine as substrate and CHANT as TART, yielding fragment peaks. Two fragment peaks could
only be assigned to R3-ART corresponding structures (red and blue), indicating R3 was also trapped.

Further evidence for R3-ART formation was obtained using tandem MS upon deuterated
samples. For this, the deuterated R2-ART corresponding peak at m/z 297.287 was
fragmented (SI3.2.2). Intensity of the deuterated equivalents of the two fragmentations
attributed exclusively to R3-ART (Figure 72, SI3.2.2) were diminished compared to other
fragmentations. This suggested that these two fragments were not R2-ART related, which
provided further evidence for R3-ART formation.

Furthermore, HPLC-MS was undertaken to further characterise R2-ART and R3-ART. Two
intense chromatogram peaks corresponding to R2/R3-ART emerged, with a lower intensity
maximum at 13.49 min and a greater intensity maximum at 13.62 min (Figure 73). A third
significantly less intense peak was observed at 13.85 min. The two intense peaks were
assumed to correspond to R2-ART and R3-ART, with the greater intensity peak (13.62 min)
predicted to correspond to R2-ART, based on previously obtained D,O exchange
characterisation (Figure 70). The structure of the species corresponding to the third less
intense peak (13.85 min) was unknown.
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Figure 73: HPLC-MS chromatograms of the peak corresponding to [R2/R3-ART+H]* (m/z 295.275+0.002) and
overall chromatogram (inset) detected from TART trapping of the HLF reaction, using N-chlorodibutylamine as
substrate and CHANT as TART. A peak corresponding to unreacted CHANT dominated the chromatogram
(green), whilst two intense peaks corresponding to [R2/R3-ART+H]* were also clearly visible (red, blue), with
maxima at 13.49 min and 13.62 min respectively. This indicated that [R2/R3-ART+H]* was composed of at least
two species. Further separation was attempted but not achieved.

Furthermore, tandem HPLC-MS was also undertaken upon the R2/R3-ART corresponding
MS peak (m/z 295.275). Intensity of the two fragmentations attributed exclusively to R3-ART
(Figure 72, SI3.2.2) were more intense for the first chromatogram peak (13.49 min) compared
to the second (13.62 min), whilst other fragmentations were observed with similar intensity for
both peaks (S13.2.2). This suggested that the first peak was due to R3—-ART, whilst the second
was due to R2-ART. These data provided further evidence that both R2 and R3 were present
in the reaction mixture and trapped, offering validation to the widely accepted
mechanism.'31%0 Tandem HPLC-MS of the third smaller peak indicated the corresponding
species was similar in character to R2-ART. The relatively high intensity of R2-ART
compared to TART, potentially made R2-ART a viable candidate for isolation and further
characterisation, for example by NMR spectroscopy. However, this was not attempted.

Standard MS was also performed using the compact mass spectrometer, to show that lower
resolution mass spectrometers were also suitable for characterisation of TART-trapped
radicals. Peaks corresponding to TART and R2/R3-ART were the most intensely observed
peaks in the mass spectrum, as previously (Figure 72).

108



3.00

2.50

2.00

1.50

Absolute count / 10°

1.00

0.50

0.00 | . L | I | 1
150 200 250 300 350 400 450

m/z

Figure 74: Mass spectrum from TART trapping of the HLF reaction, using N-chlorodibutylamine as substrate and
CHANT as TART (11.4.3), showing peaks corresponding to unreacted TART (m/z 323.270, green) and
R2/R3-ART (m/z 295.275, blue), recorded using the less high resolution compact mass spectrometer.

TART trapping of the HLF reaction using CHANT was successful and provided evidence which
supported the widely accepted reaction mechanism proposed by Corey et al. (Figure 67) and
that the 1,5-HAT step was rate-determining.83-187.1%0 Fyrthermore, DO exchange, tandem MS
and HPLC-MS had been used effectively to aid characterisation of two species with identical
molecular formulae.

5.3.3. Hunsdiecker reaction

The Hunsdiecker Reaction was discovered by Alexander Borodin in 1861, however was
developed into a general method by Clare and Heinz Hunsdiecker around 1940.1°1:192 The
Hunsdiecker Reaction involves silver carboxylate decarboxylation and subsequent alkane
bromination. The most widely accepted mechanism is still largely unproven (Figure 75).1%3

0 Br, AgBr 0 0o
J o~ g e AR B ReBr
R™ ~OAg* R” "0~ R "0
R1 R2 R3 P1

Figure 75: Proposed mechanism for the Hunsdiecker reaction.®3

Carboxyl radicals generally decarboxylate rapidly, with rate constants between ~108-10° s1
(~RTP) having been reported.'%+-1% However, carboxyl radicals also react rapidly with
alkenes, with rate constants between ~107-10° M* s (~RTP) having been reported.1°7-1%°
Therefore, it was deemed plausible that TARTSs could be used to trapped carboxyl radicals, if
used at suitably high concentrations.

As for the Barton reaction, TART trapping was first unsuccessfully performed using
allyl-TEMPO, before later being successfully performed using CHANT. For this, a control
reaction containing no TART and a trapping reaction containing TART (0.1 M, 0.2 eq.) were
undertaken, using silver octanoate as substrate and CHANT as TART (Figure 76). Aliquots
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were removed from these reaction mixtures pre-initiation and post-reaction and these aliquots
MS characterised (Table 12, 11.4.4).

o) %C|4,
/\/\/\)J\ *+Bra == /\/\/\/Br + Trapped
OAg* CHANT radicals

Figure 76: TART trapping of the Hunsdiecker reaction, using silver octanoate as substrate and CHANT as TART
(11.4.4).

Table 12: Species identified from TART trapping of the Hunsdiecker reaction, using silver octanoate as substrate,
CHANT as TART and MS for characterisation (Pos ESI, 11.4.4). Br containing species are shown with 7°Br only.
Systematic m/z error = -0.0002; random m/z error = £0.0005; 100% intensity = 3.66x10° absolute count.

Intensity relative to unreacted

Species Predicted TART standard / %
m/z Trapless Pre- Post-

control initiation  trapping
TART [CHANT+H]* 323.2698 0.873 0 39.5
[R1-ART+H]* 310.2382 0 0 0.001
[R1-ART+Na]* 332.2202 0.002 0 3.89
Trapped [R2-ART+H]* 246.0493 0 0 0
radicals [R2-ART+Na]* 268.0313 0 0 0
[R3-ART+H]* 266.2484 0 0 0
[R3-ART+Na]* 288.2303 0 0 0
[R3-TEMPO+H]* 256.2640 0 0 0

CHANT was entirely consumed in the pre-initiation sample. The reason for this was unclear
but was presumed to be due to unreacted Br, causing TART degradation. Therefore,
intensities were set relative to an unreacted TART standard. In the post-trapping reaction,
intensity of peaks corresponding to CHANT had decreased to approximately 40% of the
unreacted TART standard. This indicated that around 60% TART was consumed during the
trapping reaction.

A peak corresponding to R1-ART was observed exclusively post-trapping reaction, indicating
that R1 was produced during the reaction. This agreed with the proposed Hunsdiecker
mechanism (Figure 75). Alternatively, R1-ART could have been produced through octanoate
undergoing Michael addition to TART and subsequent TEMPO- cleavage. However, this was
deemed unlikely, as this effect was not observed in control experiments, in which stronger
diisopropylamine base was used (3.5.3). No peaks corresponding to R2-ART or R3-ART
were observed. For R3-ART, it was hypothesised that efficient R1-ART formation or rapid
R2-R3 radical coupling, caused [R3] to be low, preventing significant R3—ART formation. For
R2-ART, since each R1 forming reaction also created an R2, if R1-ART was observed then
R2-ART should also have been observed. It was hypothesised that R2-R2 radical termination
may have occurred efficiently, reducing [R2] concentration. It is possible that R3 could still
form product with terminated Br,. This was less likely to occur for R1, due to the formed
RCO,-02CR terminated products having weak bond strengths. Alternatively, R2-ART may
be poorly stable, either not forming or decomposing readily.

TART trapping of the Hunsdiecker reaction using CHANT was successful and had provided
some evidence to support the widely accepted reaction mechanism proposed (Figure 75).

5.3.4. Conclusion

TART trapping was successfully used to study three old, well-known and widely used simple
liquid phase synthetic radical reactions, using CHANT. Many hypothesised radicals were
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successfully TART trapped and MS characterised, offering validation to previously suggested
mechanisms and kinetic observations for these reactions. Additionally, this proved the viability
of the TART trapping method as a new method for short-lived radical isolation and
characterisation. Furthermore, TART trapping methodology and MS methodology were
developed.

CHANT had successfully been used for TART trapping in these three reactions. However,
early unsuccessful investigations utilised allyl-TEMPO as TART. Allyl-TEMPO was
hypothesised to be unsuitable for TART trapping in these reactions because of the low
ionisation efficiency of its allyl functionality. Furthermore, highly volatile radicals would also
yield volatile allyl-TEMPO-trapped radicals. These would likely evaporate easily and be weakly
detected using MS. Therefore, it was theorised that allyl-TEMPO could only be used upon
liquid phase synthetic radical reactions which yielded radicals with suitably high ionisation
efficiency and low volatility. This was largely untrue for the three previously explored reactions.

Therefore, after TART trapping of common synthetic radical reactions was performed
unsuccessfully using allyl-TEMPO, and in absence of a more suitable TART, similar radical
reactions which vyielded radicals believed to be suitable for study with allyl-TEMPO, were
investigated. For this, TART trapping using allyl-TEMPO was performed upon a suitable
modern reaction, to investigate its mechanistic aspects (5.4).

5.4. Modern reactions

Contrary to the common synthetic radical reactions (5.3), investigated modern reactions were
newer, less well-known and little used. Early reactions were discovered through serendipity,
as mechanisms were less well understood at the time. Their mechanisms were later
investigated and hypothesised using experimental evidence. In contrast, modern reactions are
usually designed based on existing mechanistic knowledge. Therefore, when a modern
reaction is published, it is normally accompanied by a hypothesised mechanism. However,
this often means that the predicted mechanism is not thoroughly investigated.

Whilst these reactions were less ideal for preliminary investigations, since their mechanisms
were not widely proven, there was not believed to be a viable alternative at the time. Therefore,
a modern radical aromatic aminophosphinoylation reaction had its mechanism probed using
TART trapping with allyl-TEMPO.

5.4.1. Radical aromatic aminophosphinoylation

Wang et al. developed a radical aromatic aminophosphinoylation reaction, using different
styrenes, anilines and diphenylphosphine oxide (DPPO) as substrates, FeCls as catalyst and
'BUOOH as initiator, producing 64-87% yields. Wang et al. also suggested a mechanism for
this reaction (Figure 77), though they did not undertake experiments to validate it.?%°
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” PO,
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Figure 77: Proposed mechanism for radical aromatic aminophosphinoylation.2%°
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This reaction was designated appropriate for allyl-TEMPO trapping due to the low volatility
and relatively high ionisation efficiency of radicals. Therefore, TART trapping of radical
aromatic aminophosphinoylation was undertaken, using allyl-TEMPO as TART. For this, a
trapless control reaction and a trapping reaction containing TART were undertaken, using
4-methylstyrene, 4-chloroaniline and DPPO as substrates (Figure 78). In TART absence, this
reaction yielded 83% product.?®® Aliquots were removed from these reaction mixtures pre-
initiation and post-trapping and these aliquots MS characterised (Table 13, 11.4.5).
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Figure 78: TART trapping of radical aromatic aminophosphinoylation, using 4-methylstyrene, 4-chloroanaline and
DPPO as substrates and allyl-TEMPO as TART (11.4.5).

Table 13: Species identified from TART trapping of radical aromatic aminophosphinoylation, using 4-

methylstyrene, 4-chloroalanine, and DPPO as substrates, allyl- TEMPO as TART and MS for characterisation
(11.4.5). Cl containing species are shown with 35Cl only. Systematic m/z error = -0.0008; random m/z error =
+0.0004; 100% intensity = 6.68x10° absolute count.

Species

Intensity relative to unreacted
Predicted TART pre-trapping reaction / %

m/z Trapless Pre- Post-

control initiation  trapping
TART [Allyl-TEMPO+H]*  198.1858 0 100 34.6
Reactants [DPPO+H]* 203.0626 8.41 5740 16.8
[DPPO+Na]* 225.0445 0 33.7 0
[P1] 319.1252 32200 2080 35300
Products [P2+H]* 446.1440 0 0 0
[P2+Na]* 468.1260 206 0 448
[R1-ART+H]* 115.1123 0 0 0
[R1-ART+Nal]* 137.0942 0 0 0.32
Suggested [R2-ART+H]* 243.0939 0 1.78 19.7
trapped [R2-ART+Na]* 265.0758 0 0 0
radicals [R2-TEMPO+H]* 358.1936 0 0 0
[R3-ART+H]* 361.1721 0 0 48.6
[R3-ART+Na]* 383.1541 0 0 12.1
[R3-TEMPO+H]* 476.2718 0 0 3.35

Other
trapped [RA-ART+H]* 368.0971 0 0 2.93

radical

Ar\[\ll.
POPh, [R4-ART+Na]" 390.0790 0 0 0
R4

[R3-H+H]* 321.1408 158 0.833 866
[R3-H+Na]* 343.1228 4.22 0 69.0
Side [R3-R2+H]* 521.1799 97.4 0 313
products [R3-R2+Na]* 543.1619 17.9 0 79.4
[R3-R4+H]* 646.1831 0 0 11.8
[R3-R4+Na]* 668.1651 14.6 1.15 51.9
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[R4-H+H]* 328.0658 314 538 233

Side [R4-H+Na]* 350.0477 0 114 0
products [R4-R4+H]* 528.1049 29.0 0 21.2
[R4-R4+Na]* 550.0868 3.77 0 3.62

MS peaks corresponding to TART decreased to around a third from pre-initiation to post-
trapping, which indicated approximately two thirds of TART was consumed during the trapping
reaction.

DPPO was the only detectable reactant, with intensity of its MS corresponding peaks being
decreased by >99% post-trapping, suggesting >99% DPPO had reacted. The MS peak
corresponding to P1 was observed with very high intensity, likely due to P1 being inherently
ionised, offering mechanistic validity. MS peaks corresponding to P2 were detected in the
trapless control and post-trapping, indicating product could be formed even in TART presence.
This theoretically allowed for formation of all hypothesised radicals.

Peaks corresponding to R1-ART, R2-ART and R3-ART were observed exclusively or with
much greater intensity post-trapping, compared to other samples. This indicated radicals R1,
R2 and R3 were produced during the reaction, offering mechanistic validity. MS peaks
corresponding to R2-TEMPO were not detected, likely due to N-O-P bond formation being
unfavourable, showing TART trapping superiority over TEMPO?®* trapping.

Additionally, peaks corresponding to R4-ART were also detected, suggesting a radical R4
was produced during the reaction, which had not previously been hypothesised. This radical
species likely formed through R2 reaction with 4-chloroaniline. Additionally multiple side
products were also detected. These observations offered potential side radicals and side
products formed during radical aromatic aminophosphinoylation, potentially explaining the
17% vyield loss observed in TART absence.?%

Tandem MS was conducted upon MS peaks corresponding to R2-ART and R3-ART, yielding
many fragments which sensibly corresponded to the predicted TART-trapped radical
structures (SI13.3).

These data gave significant validation to the proposed radical aromatic
aminophosphinoylation mechanism, which was otherwise largely unproven. It also proved that
liquid phase synthetic radical reactions could be studied using TART trapping and hence
validated that TART-trapped radicals were not observed for the common synthetic radical
reaction, due to allyl-TEMPO being unsuitable for TART trapping in these reactions. Once
amide-functionalised TARTs were synthesised, the common synthetic radical reactions were
reinvestigated (5.3). Subsequently, TART trapping was applied to a modern decarboxylative
aromatic iodination radical reaction using amide-functionalised TARTs (5.4.2). However, in
the radical aromatic aminophosphinoylation reaction, all hypothesised radicals were observed
and hence, this reaction was not reinvestigated using CHANT as TART.

5.4.2. Radical decarboxylative aromatic iodination

Perry et al. developed a radical decarboxylative aromatic iodination, using different benzoic
acid derivatives and iodine as reactants and K3sPOQO4 as base, producing 0-99% vields. Perry et
al. suggested a possible radical decarboxylation-radical recombination pathway (Figure 79).20%
This reaction and its suggested mechanism are similar to the Hunsdiecker reaction (5.3.3),
but do not require transition metal catalyst.
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Figure 79: Proposed mechanism for reaction performed by Perry et al.?0t

Perry et al. later concluded that the mechanism actually occurred through a non-radical
concerted decarboxylation-iodination pathway, evidenced using radical clock and DFT
experiments.?! Nevertheless, it was decided to investigate this reaction using TART trapping,
to determine if the previously hypothesised radical mechanism occurs.

Therefore, TART trapping of radical decarboxylative aromatic iodination was undertaken,
using CHANT as TART. For this, a control reaction containing no TART and a trapping
reaction containing TART were undertaken, using p-anisic acid as substrate. In TART
absence, Perry et al. reported a 93% vyield for this reaction.?°* Samples were removed from
these reaction mixtures pre-initiation and post-reaction and these samples MS characterised
(Table 14, 11.4.6).
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Figure 80: TART trapping of radical decarboxylative aromatic iodination, using p-anisic acid as substrate and
CHANT as TART (11.4.6).

Table 14: Species identified from TART trapping of radical decarboxylative aromatic iodination, using p-anisic
acid as substrate, CHANT as TART and MS for characterisation (11.4.6). Systematic m/z error = -0.0001;
random m/z error = +0.0006; 100% intensity = 4.71x10° absolute count.

Intensity relative to unreacted
Predicted TART pre-trapping reaction / %

Species m/z Trapless Pre- Post-
control initiation  trapping

TART [CHANT+H]* 323.2698 3.08 100 22.0
[R1-ART+H]*  318.1705 0 0 4.32
[R1-ART+Na]*  340.1525 0.018 0.004 3.32
Trapped [R2-ART+H]*  294.0355 0 0.002 0.013
radicals [R2-ART+Na]* 316.0174 0 0.009 0.012
[R3-ART+H]*  274.1807 0 0 0.011
[R3-ART+Na]* 296.1626 0 0 0
[R3-TEMPO+H]* 264.1963 0.001 0 0

Intensity of MS peaks corresponding to TART decreased to ~20% from pre-initiation to post-
trapping, which implied ~80% TART was consumed during the trapping reaction. No peaks
corresponding to reactants or products were observed, likely due to these species having poor
ionisation efficiency.

MS peaks corresponding to R1-ART, R2-ART and R3-ART were observed exclusively or
with much greater intensity post-trapping, compared to other samples. This indicated radicals
R1, R2 and R3 were produced during the reaction, supporting the radical pathway previously
hypothesised by Perry et al. However, this contradicted Perry et al. who concluded that the
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mechanism was non-radical. MS peaks corresponding to R3-TEMPO were not detected,
showing TART trapping superiority over TEMPO®* trapping.

Additional MS characterisation was undertaken to provide further evidence for TART-trapped
radical structures. Tandem MS was conducted upon MS peaks corresponding to R1-ART and
R3-ART yielding many fragments which sensibly corresponded to the predicted TART-
trapped radical structures (S13.4). Furthermore, HPLC-MS chromatograms indicated a single
structure for each TART-trapped radical, as expected (Figure 81, SI3.4).
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Figure 81: HPLC-MS chromatograms of peaks corresponding to [CHANT+H]* (m/z 323.270+0.002, 9.06 min),
[R1-ART+H/Na]* (m/z 318.171+0.002 and m/z 340.152+0.002, 8.57 min), [R2-ART+H/Na]*x100
(m/z 294.035+0.002 and m/z 316.017+0.002, 7.82 min) and [R3-ART+H/Na]**x1000 (m/z 274.181+0.002 and
m/z 296.163+0.002, 1.53 min) detected from TART trapping of radical decarboxylative aromatic iodination, using
p-anisic acid as substrate and CHANT as TART (11.4.6).

These observations further supported the hypothesised TART-trapped radical structures.
Whilst presence of radicals does not necessarily indicate the reaction proceeds via a radical

pathway, it is suggested that the radical pathway previously hypothesised by Perry et al. may
proceed to at least some extent.

TART trapping was successfully used to study the mechanism of radical decarboxylative
aromatic iodination. Many previously hypothesised radicals were successfully TART trapped
and MS characterised, offering new mechanistic insights. Additionally, this proved the viability
of the TART trapping method as a new method for short-lived radical isolation and
characterisation. Further liquid phase synthetic radical reactions were explored, which were
photoinitiated (6).

5.5. Conclusions and future work

TART trapping was successfully used to investigate a wide variety of synthetic radical
reactions, including well-established reactions, such as the Barton reaction, Hofmann-Loffler-
Freytag (HLF) reaction and the Hunsdiecker reaction, and newly developed reactions. From
these reactions, many hypothesised radicals were successfully TART trapped and MS
characterised. These included carbon-centred and heteroatom-centred radicals, such as
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nitrogen-, oxygen-, phosphorus- and sulfur-centred radicals. In contrast, recombination
trapping using nitroxyl radicals is usually not suitable for studying heteroatom-centred radicals
(1.3.2.2). Results also indicated that TART trapping occurred significantly faster than side
reactions of TART involving HAA from allylic C-H.

TART trapping was conducted under a range of conditions including: strong acid at high
temperature (95 °C) for 2 h; strong base at high temperature (~80 °C) for 4 h; weak base under
UV for 1 h and at high temperature (~80 °C) for 12 h in presence of a metal catalyst.
Observations of peaks corresponding to TART-trapped radicals under these conditions
showed that TARTs and TART-trapped radicals were stable under fairly harsh conditions. This
contrasts to spin traps, which are highly vulnerable to metal catalysts, showing a significant
advantage of TART trapping over spin trapping (1.3.2.1).128 Furthermore, studying short-lived
radicals formed during these reactions, using direct radical characterisation techniques, would
have been very challenging, if not impossible, under all these reaction conditions (1.3.1).
Therefore, TART trapping offered advantages over all existing radical characterisation
techniques, for studying these synthetic radical reactions.

TART trapping results offered validation to hypothesised and widely accepted mechanisms
and kinetic observations. For example, TART trapping of the HLF reaction indicated presence
of the nitrogen-centred radical (R2) and carbon-centred radical (R3) formed following 1,5-HAT
proposed in literature. Furthermore, observations showed that R2 was the radical resting state
in the reaction, agreeing with literature that the 1,5-HAT was rate determining.

These investigations proved the viability of TART trapping and MS characterisation as a new
method for short-lived radical isolation and characterisation. Furthermore, it showed that
TART trapping and MS characterisation could offer mechanistic and kinetic information to
synthetic radical reactions. This information could be used to develop and improve such
reactions, for example by increasing product yields.

These studies also aided development of TART trapping, MS characterisation and mass
spectra analysis methodology. In particular, it was discovered that Grantham TART and
allyl-TEMPO were generally inferior to amide-functionalised TARTs for TART trapping.
Therefore, from here onwards, TART trapping was only undertaken using amide-
functionalised TARTSs. Furthermore, investigations showed that using a high-resolution mass
spectrometer was essential for complex reaction mixtures. D-O exchange, tandem MS and
HPLC-MS were also used effectively to further characterise TART-trapped radicals.

These TART trapping studies were preliminary and much deeper investigations could be
undertaken upon all synthetic radical reactions explored. For all reactions this could include:
effect of different substrates; substrate concentration; different TART concentration and
functionality; experimental conditions; kinetics investigations; D,O exchange studies; tandem
MS studies and HPLC-MS studies. Kinetic modelling would also allow results to be more fully
interpreted, for example to convert intensity of MS peaks corresponding to TART-trapped
radicals into relative concentrations of radicals.

D>0 exchange MS characterisation of the Barton reaction could indicate presence of R2-ART,
R3-ART or both. This could offer the proposed mechanism further validation.

Furthermore, investigation into the effect of using different substrates in the HLF reaction,
could provide kinetic insights. Many studies report that HLF reaction efficiency is highly
dependent on N-haloamine structure. This is because N-haloamine structure determines
radical stability and therefore, governs propagation and chain transfer rates.®+87 For
example, propagation rate would likely be faster for N-chloro-N-methyl-4-phenylbutylamine
than N-chloro-N-methyl-butylamine, due to aromatic resonance stabilisation of carbon-centred
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radical R3. Therefore, changing substrate structure would likely affect concentration of
nitrogen-centred radical R2 and carbon-centred radical R3. TART-trapping could be used to
monitor [R2] and [R3] via MS intensities of R2-ART and R3-ART. Furthermore, R2-ART may
be suitable for isolation and further characterisation, for example by NMR spectroscopy,
providing further evidence for R2-ART structure. From this, MS calibration curves could be
made for R2-ART, to obtain better quantification of TART trapping in the HLF reaction.
Additionally, reaction conditions could be altered to favour R1-ART formation.

TART trapping had offered mechanistic and kinetic information to these synthetic radical
reactions. Additionally, TART trapping had been successfully performed in the presence of
UV in the Barton reaction. Therefore, TART trapping was applied to photochemical radical
reactions (6). In recent years, these reactions have gained a lot of attention (1.2.1) and hence
information regarding their mechanisms and kinetics obtained using TART trapping would be
of greater interest.
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6. Photochemistry

6.1. Introduction

Photochemistry uses light absorption to activate chemical reactions. Photochemistry often
employs a photoredox catalyst, which absorbs light and subsequently activates and catalyses
a chemical reaction through single electron transfer processes (1.2.1).%7 Historically,
photochemistry reactions have been discovered and optimised through empirical findings.
Although reaction mechanisms have often been hypothesised, significant proof of
hypothesised mechanisms and utilisation of mechanistic understanding for further reaction
development are unusual.?%?

More recently however, the importance of mechanistic understanding of photochemical
reactions has increased. It is believed that better understanding radical reaction mechanisms,
including initiation and main radical cycle mechanisms, may help optimise reaction conditions
to improve product yields, substrate scope and industrial viability.

It was hypothesised that TART trapping could be used to probe photochemistry mechanisms.
A collaboration was sought with Dr. William Unsworth at the University of York to explore
TART trapping within such systems. All these reactions used a general methodology (6.2).

First, TART trapping was tested in a Ru-photocatalysed radical cyanomethylation, offering
validation to the suggested mechanism (6.3). Once it was discovered that TART trapping could
be used to trap and characterise radicals in photocatalytic systems, TART trapping was used
to investigate many aspects of a more generic Ru-photocatalysed radical thiol-ene addition
(6.4). Using the knowledge gained from TART trapping of this reaction, TART trapping was
used to investigate a niche catalyst-free photoinitiated radical dearomative spirocyclisation,
which was closely related to radical thiol-ene addition (6.5).

6.2. Methodology and controls

TART trapping in photochemistry systems broadly followed the general methodology for TART
trapping (4). Additionally, photochemistry systems used blue LEDs (60 W) for photoinitiation.
All trapping reactions used CHANT as TART, due to its high stability in solution and otherwise
relatively low chemical reactivity.

Absorbance of ultraviolet-visible light (250-800 nm) by CHANT was measured using
ultraviolet-visible (UV-Vis) spectroscopy. This was to ensure CHANT did not absorb light from
the blue LEDs (455 nm) used for radical thiol-ene addition photoinitiation, which may have
caused CHANT to be non-innocent in the thiol-ene addition radical cycle. The resulting UV-Vis
spectrum showed CHANT did not absorb light above 350 nm, ensuring CHANT could not
contribute to photoinitiation (Figure 82). As such, TART trapping of photochemical radical
reactions was undertaken.
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Figure 82: UV-Vis spectrum of CHANT (10.0 mM) in MeCN. Wavelength of blue LED irradiation (455 nm), used
for TART trapping of radical thiol-ene addition, is indicated (blue dashed line).

6.3. Radical cyanomethylation

Donald et al. developed a general Ru-photocatalysed radical cyanomethylation reaction, using
a great variety of compounds and 3-azido-2-methylbut-3-en-2-ol as reactants, [Ru(bpy)s]** as
photocatalyst and 2,6-lutidine as base, forming 31 products with ~36-100% yields over 4-24 h.
Donald et al. also suggested a mechanism for this reaction (Figure 83), though did not
undertake experiments to validate this mechanism.2%3
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Figure 83: Mechanism of Ru-photocatalysed radical cyanomethylation, using 2-bromoacetophenone as
substrate, proposed by Donald et al.?%
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TART trapping of radical cyanomethylation was undertaken, using CHANT as TART. For this,
a control reaction containing no TART and a trapping reaction containing TART were
undertaken, using 2-bromoacetophenone as substrate (11.5.1). In TART absence, this
reaction yielded 97% product.?2®® Aliquots were removed from these reaction mixtures pre-
initiation and post-trapping and these aliquots MS characterised (Table 15, 11.5.1). Dr. James
Donald synthesised the starting materials and performed the trapping reactions and controls.
MS characterisation and mass spectra analysis performed by the author.

2,6-lutidine,
OH N~  Ru(bpy)sCly6H,0 o

+
O _N~ MeCN, blue LED, 4 h
)K/Br * N” - — > PhM * I;?j?cpael‘:
CHANT

Figure 84: TART trapping of Ru-photocatalysed radical cyanomethylation, using 2-bromoacetophenone as
substrate and CHANT as TART (11.5.1).

Table 15: Species identified from TART trapping of Ru-photocatalysed radical cyanomethylation, using MS for
characterisation (11.5.1). Systematic m/z error = -0.0006; random m/z error = +0.0013; 100% intensity =
1.64x10° absolute count.

Intensity relative to unreacted

Species Predicted TART pre-initiation / %
m/z Trapless Pre- Post-
control initiation  trapping
TART [CHANT+H]* 323.2698 0 100 47.2
[S1)?* 285.0553 0.348 4.05 0
Reactants [S2+Na]* 220.9578 0 0 0
[S3+Na]* 150.0643 0 0 0
[R1-ART+Nal* 308.1626 0 0.065 4.40
[R1-TEMPO+H]* 298.1783 0 0 0.122
[R2-ART+Nal]* 435.2372 0 0 0
-Ir-;?j?c%?g [R2-TEMPO+H]* 425.2528 0 0 0
[R3-ART+Na]* 407.2311 0 0 0
[R4-ART+Na]* 248.1626 0 0.025 0.773
[RA-TEMPO+H]* 238.1783 0 0 0
Products [P1]3* 190.7087 0 0.043 0
[P2+Na]* 182.0582 0.024 0.002 0.011
Other [9IRu(bpy)2*CI®Br]*  527.9290 0.024 0 0.344
products [°'Ru(bpy).”°Bré'Br]* 573.8765 0.350 0 19.9
['°'Ru(bpy)."°Br]* 492.9602 11.3 4.42 3.25

Intensity of MS peaks corresponding to CHANT approximately halved from pre-initiation to
post-trapping, indicating around half of CHANT was consumed during the trapping reaction.

No peaks corresponding to S2, S3 or P2 were observed, likely due to these species having
poor ionisation efficiency. Peaks corresponding to Ru-photocatalyst S1 were observed
significantly more intensely pre-initiation compared to other samples, indicating that the
catalyst degraded during the reaction. Peaks corresponding to P2 were detected in the
trapless control and post-trapping, indicating product could be formed even in TART presence.
This theoretically allowed for formation of all hypothesised radicals. Additionally, peaks
corresponding to other Ru complexes were observed, indicating catalyst degradation. These
complexes were clearly recognisable by their distinctive isotopic profile (Figure 85), allowing
their structures to be suggested. Simulation of the expected isotopic distribution patterns of
the suggested Ru complexes matched the observed isotopic profiles. [*°'Ru(bpy).’°Br]* was
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likely to be an MS artefact formed from ['°'Ru(bpy).Br’°Br], which was chargeless and
therefore unobservable using MS. Therefore, [Ru(bpy):Br:] and [Ru(bpy):Brz]* were
hypothesised to be the two most significant catalyst degradation products. Although these
species were unrelated to radical trapping, they did offer some mechanistic insights.
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Figure 85: Mass spectrum from TART trapping of radical cyanomethylation (11.5.1), showing two most intense
sets of peaks corresponding to Ru complexes, with [*°*Ru(bpy)2"°Br]* (m/z 492.960, pink) and
[*9*Ru(bpy)2"°Bré'Br]* (m/z 573.876, sky blue) highlighted. 100% intensity = 1.64x10° absolute count.

Peaks corresponding to R1-ART and R4-ART were observed exclusively or with much
greater intensity post-trapping, compared to other samples. Post-trapping, these peaks were
observed with high intensity compared to neighbouring peaks (Figure 86). This indicated
radicals R1 and R4 were produced during the reaction, as expected. Furthermore, peaks
corresponding to R1-ART were significantly more intense than R4-ART, possibly due to R4
being formed later in the reaction cycle, meaning R4 radical flux would be lower, due to chain
termination through trapping. These observations supported the hypothesised mechanism
(Figure 83). In contrast, peaks corresponding to R1-TEMPO and R4-TEMPO were observed
with significantly lower intensity, showing TART trapping superiority over TEMPO®* trapping.
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Figure 86: Mass spectrum from TART trapping of radical cyanomethylation (11.5.1), highlighting peaks
corresponding to R1-ART (m/z 308.163, blue) and R4-ART (m/z 248.163, red). 100% intensity = 1.64x10°
absolute count.

Peaks corresponding to trapped R2-ART and R3-ART were not observed. It was
hypothesised that the suggested R2 and R3 intramolecular reactions occurred too quickly for
trapping to occur. This indicated a limitation of TART trapping, that TART trapping may not be
able to detect radicals which undergo fast intramolecular reactions.

Tandem MS was conducted upon [R1-ART+H]* (m/z 286.181) and [R4-ART+H]*
(m/z 226.181) corresponding peaks, yielding many fragments which sensibly corresponded to
the predicted TART-trapped radical structures (Sl4.1). Additionally, for [R4-ART+H]* one
fragment peak likely corresponded to dehydration, indicating an alcohol with neighbouring
B-hydrogen atom, validating the hypothesised R4 structure.

TART trapping was successfully used to study the mechanism of Ru-photocatalysed radical
cyanomethylation. Two previously hypothesised radicals were successfully TART trapped and
MS characterised, supporting the suggested mechanism (Figure 83). Products were also MS
characterised, which showed that the Ru-photocatalyst degraded during reaction. This
demonstrated that products and radicals could be characterised simultaneously, a significant
advantage of TART trapping over other radical characterisation methods. These observations
proved the viability of the TART trapping method as a new method for short-lived radical
isolation and characterisation in photochemistry systems.

6.4. Radical thiol-ene addition

Once it was proven that TART trapping could be used to trap radicals in photochemistry
systems in presence of photocatalyst, it was decided that further investigations would be better
focused on a more generic and better studied photochemistry reaction. This was because
utilising radical trapping, other than for qualitative radical identifying purposes, would be better
suited to a more widely studied and understood system. Therefore, a click chemistry
Ru-photocatalysed radical thiol-ene addition reaction was investigated.
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6.4.1. Introduction

Thiol-ene click chemistry is a hydrothiolation reaction, involving thiol addition to an alkene
double bond to form an anti-Markovnikov thioether (1.2.1). The reaction can proceed through
a radical addition or Michael addition pathway.'”-?* The radical addition pathway is typically
initiated using light and a photocatalyst. Propagation then occurs through anti-Markovnikov
addition of thiyl radical to alkene, forming a carbon-centred radical. Finally, chain transfer
occurs through carbon-centred radical abstracting a hydrogen atom intermolecularly from
another thiol, forming thioether product and a new thiyl radical, creating a propagation cycle
(Figure 87).1721 Structure of substrates determines which propagation step is rate
determining.18:19.204

The reaction rose to prominence in recent decades owing to its industrial feasibility, largely
due to its usually high yields and stereoselectivity. The reaction is also relatively robust and
under certain conditions can even be run in presence of O,.18-?! Furthermore, these properties
aid clean and efficient polymer and dendrimer synthesis. The reaction has also proven useful
in biosynthesis, such as for fluorescent label functionalisation.?°

Tyson et al. developed a Ru-photocatalysed radical thiol-ene addition, using different thiols
and alkenes as reactants (in a 4:1 ratio) at high concentrations (2.00 M yield limiting
concentration) and [Ru(bpz)s]?* as photocatalyst, forming 21 products with 73-99% yields over
1-26 h. Optimisation was undertaken using benzyl mercaptan and styrene as reactants,
achieving 98% product yield after 2 h using 4:1 thiol:alkene. Tyson et al. also suggested a
mechanism for this reaction (Figure 87), though did not undertake experiments to validate this
mechanism.?%> This mechanism included initiation from thiol (S2) to thiyl radical (R1),
propagation of R1 to carbon-centred radical (R2) via addition to alkene (S3) and chain transfer
of R2 to R1 and thioether product (P2), via hydrogen atom abstraction (HAA) of S2. As
discussed previously, rate of propagation steps determines the rate of reaction.

/\RZ
R1SH S3
hv/
+e . 1 .
[Ru]2+ [Ru]+ R1SH R1S R S\/\RZ
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Figure 87: Mechanism of Ru-photocatalysed radical thiol-ene addition, proposed by Tyson et al.2%

6.4.2. Literature replication

First, replication of these literature results was attempted. This was to ensure the reactants,
photocatalyst and light source were suitable for probing this radical thiol-ene addition. For this,
benzyl mercaptan and styrene were used as reactants (in a 2:1 ratio), for which Tyson et al.
reported an 80% yield (11.5.2.1).2°5 A 2:1 ratio thiol:alkene ratio was used, as it was feared
that when TART trapping, a significant excess of thiol would cause TART-trapped radicals to
undergo side reactions, as discussed later (6.4.3).

The post-reaction sample was characterised by NMR spectroscopy without work-up or
purification (Sl4.2.1). Final reactant:product ratio was ~1:0.4, indicating ~30% styrene
conversion and ~30% vyield. This assumed all styrene was converted to product, which
appeared to be the case from NMR spectra. This 30% yield was far below the reported 80%
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yield.?% It was believed that conditions had been reproduced as closely as possible and
therefore, this exact yield could not be produced with the equipment and reactants available.
Since some product had been generated, this yield was deemed acceptable for reaction
investigation. As such, TART trapping was undertaken in this system.

6.4.3. Initial results of TART trapping and reaction condition optimisation

TART trapping of the above Ru-photocatalysed radical thiol-ene addition was undertaken,
using CHANT as TART, but otherwise replicating literature conditions (Figure 88).2% For this,
a control reaction containing no TART and a trapping reaction containing TART were
undertaken, using benzyl mercaptan and styrene as reactants (in a 2:1 ratio). Aliquots were
removed from these reaction mixtures pre-initiation (no irradiation) and post-trapping and
these aliquots MS characterised (Table 16, 11.5.2.1).

0.25%
Ru(bpz)3(PFe).,

blue LEDs
2 e+ N MeCN,2h  ph_ g Trapped
Ph SH ~ “Ph CHANT > N \/\Ph + radicals

Figure 88: Initial TART trapping of Ru-photocatalysed radical thiol-ene addition, using benzyl mercaptan and
styrene as substrates and CHANT as TART (11.5.2.1).

Table 16: Species identified from initial TART trapping of Ru-photocatalysed radical thiol-ene addition under
Tyson et al. conditions after 2 h, using benzyl mercaptan and styrene as substrates and MS for characterisation
(11.5.2.1). Ru containing species are shown with 1°?Ru only. Systematic m/z error = -0.0004; random m/z error =

+0.0011; 100% intensity = 2.27x10° absolute count.

Intensity relative to unreacted

Species Predicted TART standard / %

m/z Trapless Pre- Post-

control initiation  trapping

TART [CHANT+H]* 323.2698 0.078 70.5 82.5

[S1)* 288.0410 0 0.005 0

[S2+H]* 125.0425 0 0 0

Reactants [S2+Na]* 147.0244 0 0 0

[S3+H]* 105.0704 0 0 0

[S3+Na]* 127.0524 0 0 0

[R1-ART+H]* 290.1579 0 0.002 0.071

[R1-ART+Na]* 312.1398 0 0.025 0.490

Trapped [R1-TEMPO+H]* 280.1735 0 0 0

radicals [R2-ART+H]* 394.2205 0 0 0.091

[R2-ART+Na]* 416.2024 0 0 0.090

[R2-TEMPO+H]* 384.2361 0 0 2.01

Other ~ [RIZARTHS2HHI™ ) ) 1955 0 0 0003
trapped (thiol-ene addltlon)+a

radicals L i ARTHS2HNA]™ 4 0q 4745 0 0 0001
(thiol-ene addition)

[P1]* 576.0821 0 0 0

Products  [P2+H]* 229.1051 0.035 0 0.042

[P2+Na]* 251.0870 0.091 0 0.090

Other  [TART+S2+H]™ 447.3045 0 0010 257

products  (thiol-ene addition)
aFormed through thiol-ene addition of S2 to R1-ART. PFormed through thiol-ene addition of S2 to TART.
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Intensity of MS peaks corresponding to CHANT decreased by ~20% post-trapping compared
to the unreacted TART standard (Table 16), indicating around ~20% of TART was consumed
during the trapping reaction. However, intensity of peaks corresponding to CHANT decreased
by ~30% pre-initiation compared to the unreacted TART standard (Table 15). The reason for
this was unclear but was presumed to be due to unreacted thiol causing TART degradation,
either through radical or non-radical mechanisms.

Peaks corresponding to S2 and S3 were not observed (Table 16), likely due to these species
having poor ionisation efficiency. Peaks corresponding to Ru-photocatalyst S1 were observed
pre-initiation but not in other samples, indicating that the catalyst degraded during the reaction.
Peaks corresponding to P1 were also not observed. Peaks corresponding to reactants and P1
were observed with low intensity for all subsequent radical thiol-ene addition reactions and
therefore, are not shown from here onwards. Peaks corresponding to product P2 were
observed exclusively post-reaction, in similar amounts in both presence and absence of TART.
This theoretically allowed for formation of all hypothesised radicals.

Peaks corresponding to R1-ART and R2-ART were observed exclusively or with much
greater intensity post-trapping, compared to other samples. This indicated radicals R1 and R2
were produced during the reaction, as expected, and successfully trapped. Furthermore,
peaks corresponding to R1-ART were significantly more intense than R2-ART. Modelling was
required to fully interpret these data (6.4.6). These observations supported the hypothesised
mechanism (Figure 87). In contrast, peaks corresponding to R1-TEMPO were not observed,
likely due to TEMPO?®* trapping heteroatom-centred radicals poorly, showing TART trapping
superiority over TEMPO®* trapping. Therefore, peaks corresponding to R1-TEMPO are not
shown from here onwards. However, peaks corresponding to R2-TEMPO were observed with
much greater intensity post-trapping than R2-ART, likely due to the superior ionisation
efficiency of -TEMPO to -ART.

Peaks corresponding to R1-ART were also observed pre-initiation. Trapless optimisation by
Tyson et al. observed that some product was formed during radical benzyl mercaptan-styrene
addition both with and without catalyst when irradiated with compact fluorescent lamp (CFL)
light but (82% compared to 19%). Furthermore, the same product yield was achieved for
radical thiophenol-styrene addition with and without catalyst (98% compared to 99%). These
observations indicated that some radical thiol-ene additions could progress in this system, in
absence of certain reaction conditions.?%® Literature indicated that concentrated radical
thiol-ene addition reactions can self-initiate. This self-initiation can occur through thiol
autoxidation or molecule-assisted homolysis (MAH) to form thiyl radicals (Figure 89). Self-
initiation occurs especially favourably at high reactant concentrations and for thiols with
strongly polarised S—H bonds, such as thiols with electron-withdrawing groups.2°® Formed thiyl
radicals may then progress through the main radical cycle. Many radical cycles may occur
through a single initiation, meaning few self-initiation reactions would be required to form high
product yields.

R'SH + 0, — R'S™+ HO,
RISH + 27 R2 === Rig"+ ~ “R2

Figure 89: Possible mechanisms of thiol initiation, through thiol autoxidation (top) and molecule-assisted
homolysis (MAH, bottom).

Tyson et al. used high reactant concentrations in Ru-photocatalysed radical thiol-ene addition,
aiding self-initiation. Observation of peaks corresponding to R1-ART from TART trapping of
this radical thiol-ene addition in absence of light provided evidence for self-initiation.
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Initial experiments showed that TART trapping and MS characterisation could be used to trap
and characterise short-lived radicals formed during Ru-photocatalysed radical thiol-ene
addition, using benzyl mercaptan and styrene as reactants and CHANT as TART. Next, TART
trapping of radical thiophenol-styrene addition was undertaken. This was of particular interest
for kinetic study. This was because radical thiophenol-styrene addition was prolific in kinetic
literature of radical thiol-ene addition, meaning rate constants were widely obtainable, allowing
more reliable kinetic modelling to be undertaken.

TART trapping of Ru-photocatalysed radical thiol-ene addition was undertaken, using CHANT
as TART, adapted from literature conditions (Figure 90).2°° For this, a control reaction
containing no TART and a trapping reaction containing TART were undertaken, using
thiophenol and styrene as reactants (in a 2:1 ratio). Aliquots were removed from these reaction
mixtures pre-initiation (no irradiation) and post-trapping and these aliquots MS characterised
(Table 17, 11.5.2.1).

0.25%
Ru(bpz)s(PFe).,

blue LEDs
P MeCN, 1 h PhS Trapped

CHANT

Figure 90: TART trapping of Ru-photocatalysed radical thiol-ene addition, using thiophenol and styrene as
substrates and CHANT as TART (11.5.2.1).

Table 17: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition under Tyson et
al. conditions after 1 h, using thiophenol and styrene as substrates and MS for characterisation (11.5.2.1).
Systematic m/z error = 0.0000; random m/z error = +0.0012; 100% intensity = 9.76x10° absolute count.

Intensity relative to unreacted

Species Predicted TART standard / %

m/z Trapless Pre- Post-

control initiation  trapping

TART _ [CHANT+HT" 323.2698 0.020 0 0

[R1-ART+HT" 276.1422 0003 0018 0023

[R1-ART+Na]* 208.1241 0012 0159  0.120

I;?crﬁg [R2-ART+H]" 380.2048 0 0 0001

[R2-ART+Na]* 402.1867 0 0 0004

[R2-TEMPO+HJ* 370.2205 0 285 1.54

Other RIZART+S2tNa]™ 400 1615 0 0073 1.60
trapped (thiol-ene addltlon)+a

radicals L[R2 ART+52+Na 408.1432 0 1.10 5.06
(thiol-ene addition)

oroducie IP2HT 215.0894 0031 0001 _ 0.004

[P2+Na]* 237.0714 0060 0001  0.004

Other  [TART+S2+H]™ 433.2889 0 0494 1.13

products (thiol-ene addition)
aFormed through thiol-ene addition of S2 to R1-ART. PFormed through thiol-ene addition of S2 to TART.

Peaks corresponding to CHANT indicated that no CHANT was present in either the pre-
initiation or post-trapping samples. This was not ideal as without excess TART, TART-trapped
radicals were more likely to undergo side reactions with radicals. Furthermore, this reduced
kinetic information as to how rapidly the reaction had occurred, since TART could have been
totally consumed anytime between 0-60 min.
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Peaks corresponding to P2 product were observed in all samples, although most intensely in
the trapless control. This was likely because TART trapping hindered product formation, by
breaking the radical cycle.

Peaks corresponding to R1-ART and R2-ART were observed near exclusively in TART
presence. This indicated radicals R1 and R2 were produced during the reaction, as expected,
and successfully trapped. However, peaks corresponding to R1-ART were observed with
greater intensity pre-initiation than post-trapping. This indicated that the reaction was self-
initiating, as discussed previously. This occurred more efficiently in radical thiophenol-styrene
addition than radical benzyl mercaptan-styrene addition, likely due to resonance in thiophenol
better stabilising the resultant thiyl radical.

The most intense peak observed post-trapping corresponded to R1-ART+S2, i.e., the product
formed through thiol-ene addition of S2 to R1-ART. This thiol-ene addition could occur
through a radical or nucleophilic mechanism with either RS® or RS respectively (Figure 91).
Likewise, peaks corresponding to TART+S2, i.e., the product formed through thiol-ene
addition of S2 to TART, were also observed relatively intensely. However, TART+S2 likely
had high ionisation efficiency due to its ~-TEMPO group, likely making its corresponding peak
relatively intense. S2 addition to TART was believed to occur through a nucleophilic
mechanism (Figure 91). This was because nucleophilic addition to TARTs was previously
observed to result in nucleophilic addition to the alkene without TEMPO® cleavage (3.5.3).
Alternatively, it could be due to radical addition to the other end of the alkene.
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Figure 91: Side reactions of CHANT-derived structures with thiols (S2). S2 reaction with R1-ART and TART form
R1-ART+S2 (top) and TART+S2 (bottom) respectively.

These observations indicated that TART was totally consumed and that [R1-ART+S2] was
significantly greater than [R1-ART], indicating that after 1 h, the reaction had progressed too
far. This was not ideal, as these side reactions complicated mass spectra and reduced
intensity of peaks corresponding to TART-trapped radicals. Therefore, the TART trapping of
radical thiol-ene addition procedure was altered to reduce the rate of reaction. This was mainly
achieved by reducing the concentrations of all reactants by a factor of ten. This would also
reduce rate of self-initiation.?°¢ Samples were also diluted immediately upon removal from the
reaction mixture and analysed as soon as possible, to reduce the extent to which the reaction
occurred. These changes reduced the rate of reaction and therefore allowed better control
over reaction progression, significantly improving results (Table 18, 11.5.2.4).
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Table 18: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition under standard
conditions after 2 h, using different thiols and styrene as substrates and MS for characterisation (11.5.2.4).
Systematic m/z error = -0.0004; random m/z error = +0.0011; 100% intensity = 2.69x10° absolute count.

Intensity relative to unreacted TART
standard / %

Species BnSH BnSH PhSH PhSH

pre- post- pre- post-

initiation _ trapping __initiation  trapping

TART [CHANT+H]* 71.9 69.7 22.3 20.9

[R1-ART+H]* 0 0.014 1.31 1.43

Trapped [R1-ART+Na]* 0.018 0.192 5.19 6.76

radicals [R2-ART+H]* 0 0.005 0.003 0

[R2-ART+Na]* 0 0.012 0 0

[R2-TEMPO+H]* 0 0.277 1.20 3.05
[R1-ART+S2+H]*

tr(;g;)eerd Eg‘g";f%e asd ;Iit:\(l)n]) 0 0 0.469 0
. - +S2+Nal*

radicals (thiol-ene addition) 0 0 0.247 0.002

Products [P2+H]* 0 0.017 0 0

[P2+Na]* 0 0.021 0 0

Other — [TART+S2+H] 0.060 0.209 2.19 1.74

products  (thiol-ene addition)

These data indicated that TART was not totally consumed during trapping, as desired.

Peaks corresponding to R1-ART were observed with significantly greater intensity post-
trapping than R1-ART+S2 corresponding peaks. Furthermore, for radical thiophenol-styrene
addition, peaks corresponding to R1-ART were observed much more intensely under these
diluted conditions than under Tyson et al. conditions. These observations indicated that under
these conditions, the reaction did not progress to the same extent, making these conditions
much more suitable for TART trapping. However, for radical thiophenol-styrene addition,
peaks corresponding to TART-trapped radicals were observed with similar intensity both pre-
initiation and post-trapping, indicating that self-initiation was still occurring.

From here onwards, these optimised “standard” conditions were applied to all trapping
reactions, deviating from Tyson et al. conditions. However, whilst Tyson et al. conditions were
optimised for high product yield, trapping conditions were optimised for suitable kinetic control
over reaction progression.?%® Whilst not exactly emulating Tyson et al. conditions, it was
assumed that reaction dilution would not significantly change rate constants, allowing
conclusions to be applied to Tyson et al. reaction conditions.

Following optimisation of TART trapping conditions, control reactions were undertaken.
6.4.4. Controls

A full set of controls were undertaken for TART trapping of radical thiol-ene addition, to ensure
peaks corresponding to TART-trapped radicals were only detected in presence of all reaction
conditions necessary for TART-trapped radical formation. TART trapping of radical thiol-ene
addition (three repeats) and control reactions were carried out using standard optimised
conditions and benzyl mercaptan and styrene as substrates (11.5.2.5). Each control omitted
a single condition required for TART-trapped radical formation: no thiol, no alkene, no catalyst,
no light, no TART and an unreacted TART standard (set as 100% relative intensity). MS was
then used to characterise these reaction mixtures (Table 19).
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Table 19: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition and controls
under otherwise standard conditions after 2 h, using benzyl mercaptan and styrene as substrates and MS for
characterisation (11.5.2.5). Systematic m/z error = -0.0004; random m/z error = £0.0007; 100% intensity =
2.69x10° absolute count.

. Intensity relative to unreacted TART standard / %
Predicted

Species m/z No No No No No Trapping
thiol alkene catalyst light TART reaction?

[CHANT+H]" 3232698 745 163 67.1 741 0 97.4+1.1
[RI-ART+H]" 290.1579 0 0059 0004 0.008 0 0.0170.001
[R1-ART+Na]* 312.1398 0 0275 0035 0034 0  0.200+0.005
[R2-ART+H]" 394.2205 0 0 0 0 0  0.031+0.002
[R2-ART+Na]* 416.2024 0 0 0 0 0  0.015+0.012
[R2-TEMPO+H]*  384.2361 0 0 0 0 0  0.53+0.03
[R1I-ART+S2+H]*
(thiol-ene addition) ~ +1#1925 0 0 0 0 0 0
[R1-ART+S2+Na]*
(thiol-ene addition) 2501745 0 0 0 0 0 0
[P2+H]" 229.1051 0 0 0 0 0029 0.009+0.001
[P2+Na]* 251.0870 0 0 0 0 0.38 0.018+0.001
[TART+S2+H] 447.3045 0 0290 0020 0015 0 0.248+0.013

(thiol-ene addition)

aThree repeats undertaken and an average and associated error calculated.

Peaks corresponding to TART were observed in all reactions, except the no TART control, as
expected. In general, the errors observed across the three trapping reactions were very low,
improving the validity of these intensities.

Peaks corresponding to product P2 were only observed in the no TART control and trapping
reactions, as expected. Additionally, these peaks were observed with much greater intensity
in absence than presence of TART. This was likely because TART broke the radical cycle,
hindering the reaction and therefore producing lower product yields.

Peaks corresponding to R1-ART were not detected in absence of thiol or TART, since these
species are both required for R1-ART formation. In contrast, peaks corresponding to R1-ART
were observed intensely in absence of alkene and in trapping reactions. The radical thiol-ene
addition mechanism shows that alkene was not required for R1-ART formation (Figure 87).
Since R1 reacted with alkene, [R1] was higher in absence of alkene and hence maximum
intensity was observed for R1-ART corresponding peaks in absence of alkene. Likewise,
peaks corresponding to TART indicated that more TART was consumed in absence of alkene
than other reactions, likely due to presence of alkene causing reduced [R1], reducing rate of
TART trapping of R1 and hence TART consumption. In contrast, peaks corresponding to
R1-ART were observed with much lower intensity in absence of catalyst and light. This was
logical as although absence of catalyst and light led to significantly less initiation, self-initiation
could still occur, causing some R1-ART to be formed. All these observations indicated that
R1-ART was formed most efficiently with or without alkene, but in presence of all other
trapping reaction conditions, as expected.

Peaks corresponding to R2-ART were only exclusively observed in trapping reactions. Thiol,
alkene and TART were all constituents of R2—ART and therefore, R2-ART was not formed in
their absence. In absence of catalyst and light, intensities of MS peaks corresponding to
R1-ART indicated that the reaction progresses much less efficiently than in the trapping
reactions. Therefore, [R2-ART] was likely significantly lower in these controls than in trapping
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reactions. Since peaks corresponding to R2-ART were near the MS detection limits in the
trapping reactions, R2-ART was likely below the detection limits in these controls.

These observations indicated that TART-trapped radicals were only formed in presence of all
necessary conditions, validating the suggested structures and indicating that TART trapping
could be used to investigate short-lived radicals formed in radical photochemistry systems.
Furthermore, reproducibility of the three trapping reactions was excellent. For example, the
peak corresponding to [R1-ART+Na]* was detected with 0.200+0.005%, a percentage error
of <3%. This increased confidence in experimental findings. Furthermore, HPLC-MS
chromatograms indicated a single structure for each TART-trapped radical, as expected
(Figure 92, S14.2.2).
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Figure 92: HPLC-MS chromatograms of peaks corresponding to [R1-ART+H/Na]* (m/z 290.158+0.002 and
m/z 312.140+0.002, 20.0 min) and [R2-ART+H/Na]* (m/z 394.220+0.002 and m/z 416.202+0.002, 24.0 min)
detected from TART trapping of radical thiol-ene addition, using benzyl mercaptan and styrene as substrates

(11.5.2.3).

To further validate the suggested structures of TART-trapped radicals, isolation and further
characterisation of a TART-trapped radical was attempted.

6.4.5. TART-trapped radical isolation

TART-trapped radical isolation was undertaken using thiophenol as substrate and CHANT as
TART, forming R1-ART. Thiophenol was used in preference to benzyl mercaptan, due to its
faster rate of reaction with TART and its widespread discussion in kinetic literature of radical
thiol-ene addition. Alkene was excluded as this reduced R1-ART formation, as discussed
previously (6.4.4). Reaction conditions used closely matched those used by Tyson et al., i.e.,
using highly concentrated reactants.?°> Due to the risk of R1-ART+S2 formation, the reaction
was monitored using MS and stopped when maximum intensity of peaks corresponding to
R1-ART was observed, totalling 3 h (Figure 93, 11.5.2.6).
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Figure 93: TART trapping of phenylthiyl radical (11.5.2.6).

A 63% isolated yield was obtained for CHANT-trapped R1, with characterisation confirming
the suggested structure (11.5.2.6). The *H NMR spectrum showed appearance of aromatic
signals and loss of —-TEMPO signals, confirming the suggested TART-trapped radical structure

(Figure 94).
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Figure 94: 'H NMR spectrum of TART-trapped phenylthiyl radical (CDCls, 400 MHz, 298 K, 11.5.2.6).

This was an excellent result, as it confirmed the TART trapping mechanism occurred as
expected. Furthermore, it showed that other analytical techniques, besides MS, could be used
to characterise TART-trapped radicals.

MS calibration curves were recorded for CHANT and CHANT-trapped R1 (11.5.2.6). This was
so that MS intensities of peaks corresponding to these substrates could be correlated to
substrate concentration. Substrate concentrations used were in the range of values used in
TART trapping of radical thiol-ene addition, after dilution. These calibration curves showed
that equally concentrated CHANT and CHANT-trapped R1 were observed with significantly
different corresponding peak MS intensities, with intensity of CHANT corresponding peaks
being five times greater than intensity of CHANT-trapped R1 corresponding peaks (Figure 95).
This indicated CHANT ionised more efficiently than low basicity CHANT-trapped radicals.
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Figure 95: Calibration curve of intensity of MS peaks corresponding to [CHANT+H]* (m/z 323.270, black),
[R1-ART+H]* (m/z 276.142, dark blue) and [R1-ART+Na]* (m/z 298.124, light blue) at different analyte
concentrations, where R1-ART is CHANT-trapped phenylthiyl radicals. This indicated CHANT ionised more
efficiently than low basicity CHANT-trapped radicals.

These calibration curves were used with kinetic experiments and kinetic modelling to relate
MS intensity of peaks corresponding to TART and R1-ART to their concentrations in TART
trapping of radical thiophenol-ene addition.

6.4.6. Kinetics experiments and kinetic modelling

Radical thiol-ene addition is a relatively simple and highly efficient radical reaction. However,
once radical trapping is employed, the mechanism quickly becomes too complex to make well-
informed conclusions about reaction kinetics. Therefore, kinetic modelling was used to justify
results from TART trapping of radical thiol-ene addition (11.10.2). Kinetics experiments were
also undertaken to compare to kinetic modelling. This would inform adjustment of the rate
constants used in the kinetic model, as required. This kinetic model would then be used to
interpret other results from TART trapping of radical thiol-ene addition, for example, the effect
of different substrates on reaction kinetics.

A kinetic model was built and run using the Kintecus chemical simulation programme.2°” This
model was designed using previous DFT-informed kinetic modelling of radical thiol-ene
addition undertaken by Northrop et al.?%* and Findik et al. (298 K).2%¢ who focused upon radical
methanethiol-alkene and aromatic thiol-alkene addition respectively (11.10.2). First, the main
radical cycle of thiol-ene addition was kinetically modelled. Rate constants for initiation (k;),
propagation (kp), chain transfer (kct) and radical-radical termination (k) were obtained from
Northrop et al. and Findik et al., where propagation and chain transfer steps had associated
forward and backward (k» and k.cr) rates (Figure 96).204.208
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Figure 96: Kinetic model of radical thiol-ene addition, with initiation rate, ki, forward and backward propagation
rates, ke and k-r and forward and backward chain transfer rates, ket and k-cr.

Initiation rate constant was unknown for photocatalytic systems. Therefore initiation rate
constant was initially set as 10 s, estimated by Northrop et al. and Findik et al. and later
altered to better fit experimental findings.?%42%® Rate constants of propagation and chain
transfer were obtained from Northrop et al. and Findik et al. for each substrate or estimated
from similar substrates.?%4208 Radical-radical termination rate constant was set as 108 M s,
as estimated by Northrop et al.?%4

Radical trapping was then included in the model (Figure 97). Trapping by both TART and
TEMPO* were included. Trapping was believed to be irreversible. The rate constant of TART
trapping of R1 (kri-art) Was estimated to be equal to forward R1 reaction with methyl
methacrylate (4.35x108 M s1), calculated by Findik et al.?% This compared with a literature-
sourced experimental rate constant for the same reaction of 3.2x10® M* s1.15 TEMPO®*
reacted poorly with heteroatom-centred radicals and hence TEMPQO?®* trapping of R1 was not
modelled. Rate constants of trapping of R2 by TART (kr2-arT) and TEMPO® (Kkr2-tempo)were
estimated from literature, with rate constants of benzyl radical reaction with methyl acrylate
(450 Mt s1)2%° and PhC*HCHj; reaction with TEMPO® (1.64x108 M s1)20 being used
respectively. This former rate constant was reasonable because although not an exact match,
since both the reactant radical and the radical formed were missing an alkyl group, it was
estimated that these would stabilise both radicals approximately equally and therefore, a more
representative rate constant would be similar. Ideally, calculations would be undertaken to
estimate more accurate rate constants, however this was beyond the scope of the project.

Additionally, TART-trapped radicals could undergo further radical thiol-ene addition, as seen
experimentally (6.4.3). Rate constants of forward and backward propagation and chain
transfer were estimated to be equal to R1 reaction with methyl methacrylate, calculated by
Findik et al.> Furthermore, the radicals formed could be trapped, for which the same rate
constants were assigned as previously. From these reactions, the kinetic model of TART
trapping of radical thiol-ene addition was developed (Figure 97).

133



| Rl

R S >‘\
+ TEMPO
V

7ART 2ART TEMPO
TEMPO
kcr
R1SH TEMPO
S2 R1S )
R2 R'SH R
P2 S2

Figure 97: Kinetic model of TART trapping of radical thiol-ene addition. Arrows with “=” are included to indicate
that trapped radicals R1-ART and R2-ART could undergo subsequent radical thiol-ene addition.

The model was initially used to simulate TART trapping of radical thiophenol-styrene addition,
using experimental concentrations of substrates and TART (Figure 98, 11.5.2.4).
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Figure 98: Kinetic model produced for TART trapping of radical thiol-ene addition (11.10.2), using thiophenol
(orange) and styrene (blue) as substrates and TART (purple), yielding thioether product (yellow). Complete
styrene conversion and near 100% product yield were obtained after ~3 h.

The model predicted that TART was slowly consumed over ~3 h. In contrast, ~50% styrene
was slowly consumed over ~3 h, whilst the remaining ~50% was rapidly consumed in the
following few minutes, with ~90% product yield obtained overall. This indicated that the
reaction occurred significantly slower in TART presence, with modelling indicating that in
TART absence, complete styrene conversion and ~100% product yield were obtained after
~1 min. This effect occurred because TART terminated radical propagation cycles, meaning
that its presence significantly slowed the overall rate of reaction. However, once TART was
mostly consumed, radical thiol-ene addition occurred rapidly. [Thiophenol] after 3 h was ~0.9
eg. and ~0.8 eq. in TART absence and presence respectively. Reduced product yield and
greater thiophenol consumption in TART presence, was due to formation of R2-TEMPO,
R1-ART formation and R1-ART+S2 formation (Figure 99).

134



20.00 | 0.10
\
18.00 "'-\ TART 0.09
/| TEMPO*
16.00 Y R1-ART 0.08
\ ' R2-TEMPO

14.00 \ R1-ART+S2 | 007
E .\. ) |
E \
= 12.00 \ 0.06
c =
S \ z
E 10.00 X 0.05 2
= X | &
S 8.00 /\ 0.04 W

\

UO N

6.00 \ 0.03

\\

4.00 \\ | 0.02

2.00 \\ 0.01

0.00 “ 0.00

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Reactiontime / h

Figure 99: Kinetic model produced for TART trapping of radical thiol-ene addition (11.10.2), using thiophenol and
styrene as substrates and TART (purple), yielding TEMPQO?®* (green), R1-ART (sky blue), R2-TEMPO (grey) and
R1-ART+S2 (pink).

Modelling indicated that TART was near totally consumed by R1-ART formation, as was
observed experimentally (6.4.3). As for styrene, [R1-ART] sharply decreased after ~3 h. As
previously, this was because R1-ART rapidly underwent radical thiol-ene addition into
R1-ART+S2, once was TART was consumed. The computed model predicted minimal
formation of R2-ART but much greater formation of R2-TEMPO. The model predicted similar
[R1-ART] and [R2-TEMPO] until TART was near totally consumed ~3 h and indeed similar
intensities of corresponding MS peaks were observed for both species after 1 h (6.4.3).

It was subsequently decided that each rate constant should be varied individually, to determine
to what extent their values influenced species concentrations. Initiation rate constant had the
largest effect on species concentrations, significantly affecting all species. This value had only
been estimated by Northrop et al. and was not specific to any initiation method.* This meant
that accuracy of this value was unknown. Furthermore, this initiation rate constant was more
significant in radical trapping experiments compared to trapless experiments, as radical
trapping resulted in cycle termination, meaning relatively more R1 were formed through
initiation than the main radical cycle. This indicated that experimental TART trapping and
kinetic modelling could be used to determine initiation rate constants in photochemical
reactions. [R1-ART] was little affected by fluctuations of other rate constants. In contrast,
[R2-ART] and [R2-TEMPQO] were much more susceptible to rate constant changes,
particularly to rate constants of the main radical cycle, R1-ART formation and their own
formations through R2 trapping.

To inform the model, kinetics experiments were undertaken using standard conditions of TART
trapping of radical thiol-ene addition, with aliquots regularly removed and MS characterised
over 24 h, using CHANT as TART (11.5.2.7). Rate of TART trapping of radical benzyl
mercaptan-styrene addition was deemed too slow for kinetic experiments to be practical.
Therefore, kinetics of TART trapping of radical thiophenol-styrene was investigated (11.5.2.7).
Additionally, radical methyl thiosalicylate-styrene addition was investigated as it was believed
that rate constants should be comparable to radical thiophenol-styrene addition but yielded
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greater [R2-ART] (6.4.7). Furthermore, better results were generally obtained for this reaction,
possibly due to methyl thiosalicylate-derived TART-trapped radicals having better ionisation
efficiency and hence improved MS detection. MS intensities of protonated, sodiated and
potassiated MS adducts were summed for each analyte, as these three adducts all indicated
analyte concentration and relative efficiencies of protonation, sodiation and potassiation were
unknown. The kinetic experimental results for TART-trapping of thiophenol-styrene addition
and calibration curves were used to inform the kinetic model.

Intensities of MS peaks corresponding to TART and R1-ART were converted to
concentrations using existing calibration curves. These concentrations were then used to
calculate a more accurate initiation rate constant. The obtained initiation rate constant was
6.81x10% s, about half that predicted by Northrop et al.2%4

A comparison of the experimentally estimated and simulated [TART] and [R1-ART] using this
rate constant showed an approximate but not excellent fit (Figure S190). Whilst experimental
data showed that TART was consumed more rapidly than the simulation suggested,
consumption of R1-ART occurred more slowly than the simulation suggested. This potentially
indicated that TART was consumed by additional side reactions not modelled in the simulation
or that the rate constant for R1-ART consumption was too rapid. It was first hypothesised that
radicals may undergo oxidation. However, MS peaks corresponding to oxygenated TART-
trapped radicals were observed with relatively low intensity compared to R1-ART and
R2-ART, making this unlikely to be a significantly occurring process. It was unknown what
other side reactions could occur. Therefore, due to the number of reactions involved and the
uncertainties in their rate constants, it was decided that the model was too complex to develop
further. Such development would require additional experimentation or calibration curves to
convert intensities of MS peaks corresponding to reactants, products or TART-trapped
radicals into their respective concentrations. However, since the obtained initiation rate
constant was similar to that suggested by Northrop et al., it was decided that this value was
suitable for use, although should be treated with caution.?°* As such, the developed model
was used with an awareness of its potential inaccuracy.

Using these rate constants and in absence of TART, steady state [R1]/[R2] was ~10° (S14.2.4),
meaning R1 was the radical resting state. This factor was significantly large that R1 was near
certainly the resting state.

Like for thiophenol-styrene addition, the results of the kinetics experiment conducted for
methyl thiosalicylate could not be well modelled, due to the number of reactions with uncertain
rate constants. Worse still, the R1-ART calibration curve used for the thiophenol-styrene
model, could not be used in the methyl thiosalicylate model because MS peaks corresponding
to R1-ART were observed with significantly greater intensity in the methyl thiosalicylate
kinetics experiments. Nevertheless, the results of the methyl thiosalicylate experiment had a
qualitatively plausible profile (Figure 100). Therefore, it was believed that with appropriate
calibration curves or more accurate rate constants, these results could be well modelled.
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Figure 100: Intensities of peaks corresponding to species identified in TART trapping of radical thiol-ene addition,
using methyl thiosalicylate and styrene as substrate and CHANT as TART (11.5.2.7), showing [TART+H/Na/K]*
(purple), [R1-ART+H/Na/K]* (sky blue), [R2-ART+H/Na/K]*x10 (peach), and [R2-TEMPO+H/Na/K]* (grey).

Kinetic modelling was developed to aid interpretation of results from TART trapping of radical
thiol-ene addition. Therefore, TART trapping of radical thiol-ene addition was used to explore
the effects of the thiol (6.4.7) and alkene (6.4.8) on reaction kinetics, with kinetic modelling
being used to allow further interpretation of obtained results.

6.4.7. Effect of different thiols on reaction kinetics

Tyson et al. tested thiol scope in their system, using styrene as substrate. Whilst obtained
yields were high, reaction time varied significantly for different thiols, from 86-98% over
1-20 h.?% For each radical thiol-ene addition, the slower propagation step determines the rate
of reaction. The rate constant of each propagation step is dependent on the thiol and alkene
structures and hence the slower propagation step can either be the first or second propagation
step, causing either R1 or R2 to be the radical resting state respectively. Thus, it was
hypothesised that in TART presence, different thiols would incur different intensities of peaks
corresponding to trapped radicals. TART trapping results could then be used to inform reaction
kinetics, determine the radical resting state and potentially aid development of reaction
conditions to improve product yields.

To explore this, TART trapping of radical thiol-ene addition was undertaken, using different
thiols and styrene as substrates (Table 20, 11.5.2.8). Four of the six thiols probed were used
as reactants by Tyson et al., whilst two additional thiols were probed in order to increase
aromatic thiol diversity (Figure 101).
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Figure 101: Thiols probed in TART trapping of radical thiol-ene addition (11.5.2.8). Literature yields after the
indicated reaction time are shown for the associated thioether product of each thiol.2%®

Table 20: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition under standard
conditions after 2 h, using different thiols and styrene as substrates and MS for characterisation (11.5.2.8).
Systematic m/z error = -0.0004; random m/z error = £0.0011; 100% intensity = 2.55x10° absolute count.

Thiols S2. 1 2 3 4 5 6

Species Intensity relative to unreacted TART standard / %

TART [CHANT+H]* 69.7 20.9 13.5 58.5 36.3 84.9

[R1-ART+H]* 0.014 1.43 1.84 0 1.49 0

Trapped [R1-ART+Na]* 0.192 6.76 9.16 0 13.6 0

radicals [R2-ART+H]* 0.005 0 0 0 0.016 0

[R2-ART+Na]* 0.012 0 0 0 0.102 0

[R2-TEMPO+H]* 0.277 3.05 3.48 0.051 570 0.013
[R1I-ART+S2+H]*

tgg“fer g (tiol-ene addition) 0 0 0 0 0 0

radicals b1 ART+S2+Nal 0 0.002 0.004 0 0 0
(thiol-ene addition)

Products [P2+H]* 0.017 0 0.011 0 0.014 0

[P2+Na]* 0.021 0 0.018 0 1.39 0

Other — [TART+S2+H] 0209 175 242 0009 0272 0

products  (thiol-ene addition)

Results for each thiol differed dramatically depending on their functionality. Peaks
corresponding to TART-trapped radicals were not observed for S2.6. Under Tyson et al.
conditions, 86% product yield was achieved after 20 h, much longer than that required for
benzyl mercaptan (98%, 2 h). Therefore, it was likely that after 2 h, little S2.6 conversion had
occurred, hence trapped radical concentration was low. Therefore, to increase trapped radical
intensity for all thiols, the experiment was repeated for all thiols over 24 h (Table 21, 11.5.2.8).

Table 21: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition under standard
conditions after 24 h, using different thiols and styrene as substrates and MS for characterisation (11.5.2.8).
Systematic m/z error = -0.0004; random m/z error = £0.0006; 100% intensity = 2.55x10° absolute count.

Thiols S2. 1 2 3 4 5 6

Species Intensity relative to unreacted TART standard / %

TART [CHANT+H]* 91.2 0.093 0.016 93.3 1.22 113

[R1-ART+H]* 0.029 7.32 0.705 0.083 3.67 0.015

Trapped [R1-ART+Na]* 1.05 12.2 11.6 0.181 22.8 0.051

radicals [R2-ART+H]* 0.030 0.016 0.013 0.056 0.031 0.095

[R2-ART+Na]* 0.078 0.011 0.014 0.068 0.126 0.204

[R2-TEMPO+H]* 2.24 17.9 10.7 1.15 10.8 2.18

Other [F;?‘IART*Sd%TH] 0 0103 0.043 0 0 0
trapped (thiol-ene a |t|on)+

radicals LR ART+S2+Na| 0 0.089 0.052 0 0.004 0

(thiol-ene addition)
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[P2+H]* 0.004 0.001 0.018 0 0.013 0
[P2+Na]* 0.017 0.009 0.031 0.008 1.158 0
Other  [TART+S2+H]*
products _ (thiol-ene addition) 1.56 6.30 3.49 0.285 2.87 0.015
~[R1-ART+X]*/[R2-ART+X]*2 10.0 726 459 2.14 169 0.219
Resting state® ~R2 R1 R1 R2 ~R1 R2
aEstimated by ratio of summed intensities of peaks corresponding to protonated (X = H) and sodiated (X = Na) MS

adducts. Greater than ratios (>) were determined assuming [R2-ART+X]* was at intensity detection limits
(0.002%). PDetermined using kinetic modelling (11.10.2).

Products

After 24 h, peaks corresponding to trapped radicals were observed in presence of all thiols,
allowing better comparison between experiments.

TART consumption was observed for all species. Intensity of peaks corresponding to TART
were weakest and strongest in presence of 3-methoxythiophenol (S2.3) and ‘BuSH (S2.6)
respectively, indicating radical TART was consumed the fastest and slowest in presence of
3-methoxythiophenol and '‘BuSH respectively. Peaks corresponding to TART were observed
with lower intensity in presence of the three functionalised thiophenols (S2.2, S2.3 and S2.5)
than the three alkylthiols (S2.1, S2.4 and S2.6), indicating TART was consumed faster in
presence of thiophenols. Indeed, peaks indicated that CHANT was near totally consumed in
presence of thiophenols (Table 21), making side reactions more likely. Likewise, peaks
corresponding to R1-ART+S2 were observed in these reactions. However, these peaks had
weak intensity and therefore, few side reactions had occurred.

Peaks corresponding to R1-ART were observed most intensely in presence of the three
thiophenols as previously, with the highest and lowest total R1-ART corresponding peak
intensities observed in presence of methyl thiosalicylate (S2.5) and '‘BuSH (S2.6) respectively,
with two orders of magnitude difference between these two intensities (Table 21). Indeed,
R1-ART corresponding peak intensities were observed at least one order of magnitude
greater in presence of thiophenols than alkylthiols. Similarly, peaks corresponding to
R2-TEMPO were most intense in presence of thiophenols (Table 21). However, the variation
in R2-TEMPO corresponding peak intensities between different thiols was much smaller, with
the maximum and minimum being only one order of magnitude apart.

In contrast, the least intense R2-ART corresponding peaks occur in presence of thiophenols
S2.3 and S2.2, whilst the most intense R2-ART corresponding peak occurred in presence of
'BuSH (S2.6, Table 21). This was noteworthy since Tyson et al. reported that product formation
occurred an order of magnitude slower for 'BuSH (S2.6) than thiophenol (S2.2).2° Therefore,
it was likely that generally, R1-ART and R2-ART were detected more and less intensely in
presence of thiophenols than alkylthiols respectively, suggesting that [R1] was relatively
higher than [R2] in presence of thiophenols than alkylthiols. [R1-ART+X]*/[R2-ART+X]* ratio
well demonstrated this conclusion, which was estimated by comparing the ratio of summed
MS intensities of peaks corresponding to protonated (X = H) and sodiated (X = Na) MS adducts
for or R1-ART and R2-ART (Table 21). [R1-ART+X]*/[R2-ART+X]* is broadly proportional
to [R1]/[R2]. For example, as [R1-ART+X]*/[R2-ART+X]* decreases, R2 becomes relatively
more populated and therefore, more likely to be the resting state.

Kinetic modelling was used to predict the resting states in presence of each thiol (11.10.2).
For effects of different thiols, all rate constants were kept the same except for rate in which
R1 was involved. Reverse rate constants were kept constant and hence, ke/k,p and ker/kcr
defined the propagation cycle rate constants. Trapping rate constants were estimated from
Northrop et al. and Findik et al.24208 |nitiation and forward propagation rate constants were
then reasonably altered by hand until [R1-ART]/[R2-ART] broadly matched the ratio of
experimental intensities of MS peaks corresponding to [R1-ART+X]*/[R2-ART+X]*. TART
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was then removed from the simulation, to determine [R1]/[R2] and hence estimate the radical
resting state (Table 21, 11.10.2).

Kinetic modelling indicated that in presence of thiophenols, R1 was the resting state,
particularly for thiophenol (S2.2), although methyl thiosalicylate (S2.5) was a borderline case.
In contrast, in presence of alkylthiols, R2 was the resting state, particularly for '‘BuSH (S2.6),
although benzyl mercaptan (S2.1) was a borderline case. For thiophenols, the R1 resting state
was attributed to increased R1 stability. Thiyl radical delocalisation into the phenyl ring aided
R1 stabilisation, meaning phenylthiyl radicals generally had greater stability than alkylthiyl
radicals.?!! However, for methyl thiosalicylate, the o-ester group was electron withdrawing,
slightly destabilising the phenylthiyl radical compared to thiophenol. This caused it to be a
borderline case. Similarly for benzyl mercaptan, the adjacent benzyl group offered additional
stabilisation to the alkylthiyl radical and hence caused it to be a borderline case. In presence
of the other alkylthiols, R2 was favoured, due to its benzylic stabilisation outweighing the
poorly stabilising alkyl groups for R1 stabilisation.

Tandem MS was conducted upon peaks corresponding to trapped radicals in all reactions, to
offer further validity to their suggested structures (Sl4.2.5). Tandem MS of these peaks yielded
fragments which sensibly corresponded to the predicted trapped radical structures.

6.4.8. Effect of different alkenes on reaction kinetics

Tyson et al. tested alkene scope whilst utilising benzyl mercaptan as thiol. Whilst obtained
yields were high, reaction time varied significantly for different alkenes. For example, the
standard styrene reaction reached a 98% yield after 2 h, whilst ethyl trans-cinnamate reached
a 93% yield after 26 h, with R1 adding to the double bond at the a-carbonyl position and hence
R2 being formed at the 3-carbonyl position.?% This demonstrates variable reaction rates for
different alkenes, affecting radical population throughout the reaction. Thus it was
hypothesised that in presence of radical trap, different alkenes would incur different trapped
radical intensities. Therefore, like for different thiols, standard radical trapping reaction
optimised previously (6.4.2) was undertaken, but using benzyl mercaptan and different
alkenes as substrates (Table 22, 11.5.2.9). Six of the fourteen alkenes Tyson et al. obtained
products for were probed (Figure 102). Furthermore, since TART trapping of benzyl
mercaptan-alkene was now understood to occur slowly, aliquots were removed from these
reactions periodically over 24 h, so that comparisons between different alkenes could be
drawn when TART-trapped radical concentrations were suitably high for MS characterisation.
This occurred after 24 h.

é(f@@%owg

$3.1 $3.2 $3.3 $3.4 83.5 S3.6
98% (2h) 98% (1h)  73% (6 h) 90% (3 h) 80% (3h)  93% (26 h)

Figure 102: Alkenes probed in TART trapping of radical thiol-ene addition (11.5.2.9). Literature yields after the
indicated reaction time are shown for the associated thioether product of each alkene.?%®
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Table 22: Species identified from TART trapping of Ru-photocatalysed radical thiol-ene addition under standard
conditions after 24 h, using benzyl mercaptan and different alkenes as substrates and MS for characterisation
(11.5.2.9). Cl containing species are shown with 35Cl only. Systematic m/z error = -0.0005; random m/z error =

+0.0012; 100% intensity = 2.11x10° absolute count.

Alkenes S3. 1 2 3 4 5 6

Species Intensity relative to unreacted TART standard / %

TART [CHANT+H]* 72.2 7.91 9.79 1.50 10.1 7.78
[R1-ART+H]* 0.176 0.260 0.139 1.26 0.138 0.400
[R1-ART+Na]* 1.43 2.45 3.28 7.29 1.19 2.48

Trapped [R1-TEMPO+H]* 0.014 0 0 0.014 0 0
radicals [R2-ART+H]* 0.317 0 0 0.049 0.006 0
[R2-ART+Na]* 0.314 0 0 0 0.014 0
[R2-TEMPO+HT* 5.13 0.008 0.017 0.240 0.044 0.209

[R1-ART+S2+H]*

Other | H 0.005 0039 0164 0217 0052 0.042
hiol-ene add
trapped (thio f;ﬁ a82 |t||\<l)n)+
radicals EtF:#ol—eneJra > dﬁioi]) 0.010 0.116 0236 0.800 0.065 0.090
oroducie [P2HHT 0.031 0.008 0 0.015 0 0061
[P2+Na]* 0.045 0 0 0.027 0 0.500

Other  [TART+S2+H]*
oroducts _ (thiol-ene addition) 1.73 369 743 176 417 3.78
~[R1-ART+X]*/[R2-ART+X]*2 254 >1360 >1710 175 68.3 >1440

Resting state® ~R2 R1 R1 ~ ~R1 R1
agstimated by ratio of summed intensities of peaks corresponding to protonated (X = H) and sodiated (X = Na) MS

adducts. Greater than ratios (>) were determined assuming [R2-ART+X]* was at intensity detection limits
(0.002%). "Determined using kinetic modelling (11.10.2).

TART corresponding peaks were decreased compared to the unreacted TART standard, as
expected. However, these results indicated TART was consumed much less significantly with
styrene than any other alkene. In contrast, TART was consumed most significantly in presence
of phenylacetylene (S3.5).

Peaks corresponding to R1-ART were in all reactions. In contrast, R2-ART corresponding
peaks were only observed in presence of S3.1, S3.4 and S3.5. As such,
[R1-ART+X]*/[R2-ART+X]* was smaller for these three species, indicating R2 is relatively
more populated. As previously, kinetic modelling (11.10.2) indicated that in presence of
styrene (S3.1), modelling indicated R2 was the resting state, although was a borderline case.
For phenylacetylene (S3.5) modelling indicated R1 and R2 were similarly populated and hence
no resting state was determined. R2 was destabilised for phenylacetylene compared to
styrene, as R2 was centred on a double bond instead of a single bond, meaning the radical
was less delocalised, due to the smaller size of the radical atom. All other alkenes had R1
resting states, with allyl chloride (S3.5) being a borderline case. For styrene, R2 was more
stabilised than for S3.2, S3.3 and allyl chloride, due to the adjacent phenyl ring offering
resonance stabilisation. Allyl chloride was a borderline case, due to the adjacent (-chlorine
atom offering some additional stabilisation over $-alkyl groups. Finally, ethyl trans-cinnamate
was an interesting case. Although modelling clearly indicated R1 was the resting state, R2
was stabilised by the adjacent phenyl ring as for styrene. However, it was theorised that
formation of R2 from R1 was relatively unfavourable, due to this causing the conjugated
system to be broken and hence R1 was the favoured state.

Tandem MS was conducted upon peaks corresponding to trapped radicals in all reactions, to
further validate their suggested structures (S14.2.6). The yielded fragments from tandem MS
sensibly corresponded to the predicted trapped radical structures.
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6.4.9. Conclusion

TART trapping was used to thoroughly characterise mechanistic and kinetic aspects of a
Ru-photocatalysed radical thiol-ene addition. This led to several developments in TART
trapping methodology. Initially, thiyl radicals (R1) and carbon-centred radicals (R2) were
successfully trapped and MS characterised. Results also indicated that thiophenol-styrene
self-initiated without requiring photocatalysis.

In radical thiophenol-styrene addition, phenylthiyl radicals were formed so favourably that by
altering experimental conditions, TART-trapped phenylthiyl was successfully isolated in a 63%
yield and fully characterised. NMR spectra were consistent with the expected structure of this
TART-trapped radical, indicating that the TART trapping mechanism occurred as expected.
This isolated TART-trapped radical was used to make MS calibration curves.

These calibration curves were used to quantify concentration of TART-trapped phenylthiyl,
formed during kinetics experiments involving TART trapping of radical thiophenol-styrene
addition, using its corresponding MS peak intensities. This aided improvement of the kinetic
model for this reaction, although a high quality fit could not be obtained.

This model aided interpretation of results from TART trapping of other radical thiol-ene
additions, in which different thiols and alkenes were used as substrates. This allowed radical
resting states to be assigned to these reactions, in absence of TART. This kinetic information
could be used to modify radical thiol-ene addition reactions, to improve product yields.

The knowledge gained from TART trapping of radical thiol-ene addition was applied to a more
niche but similar radical dearomative spirocyclisation.

6.5. Radical dearomative spirocyclisation

Ho et al. developed a catalyst-free photoinitiated radical dearomative spirocyclisation reaction,
using assorted indole-tethered ynones and thiols as substrates, forming 20 products with
36-99% vyields over 16 h. A mechanism for the main radical cycle of this reaction was
hypothesised and offered validity using observations from TART trapping of this system. Ho
et al. also independently suggested the same mechanism, which was later published, though
without TART trapping validation (Figure 103).212
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Figure 103: Mechanism of photoinitiated radical dearomative spirocyclisation for indole-tethered ynone (S1),
hypothesised based upon TART trapping observations and independently proposed by Ho et al.?*?

TART trapping was used to probe the main radical cycle mechanism (6.5.1), initiation
mechanism (6.5.2) and the effects of different thiols on the reaction mechanism and kinetics
(6.5.3).

6.5.1. Main radical cycle mechanism

First, the mechanism of the main radical cycle was probed. For this, TART trapping of the
photoinitiated radical dearomative spirocyclisation was undertaken, using CHANT as TART,
but otherwise replicating literature conditions (Figure 104).2'2 For this, a control reaction
containing no TART and a trapping reaction containing TART were undertaken, using an
indole-tethered ynone (S1) and 3-methoxythiophenol (S2) as substrates. These reactions and
an unreacted TART standard were then MS characterised (Table 23, 11.5.3.2). Hon Ho
synthesised the starting materials and performed these initial trapping reactions and controls.
MS characterisation and mass spectra analysis performed by the author.

% Blue LED (60 W) SR
DCE (0.1 M),
N\ + RigH —Aut6h + Trapped
AN Ph 1 CHANT Ph radicals
N
\
s1

Figure 104: TART trapping of photoinitiated radical dearomative spirocyclisation, using indole-tethered ynone
(S1) and 3-methoxythiophenol as substrates and CHANT as TART (11.5.3.2).
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Table 23: Species identified from TART trapping of photoinitiated radical dearomative spirocyclisation, using
3-methoxythiophenol as substrate (1.6 eq.) and MS for characterisation (11.5.3.2). Systematic m/z error
=-0.0003; random m/z error = +0.0025; 100% intensity = 3.66x10° absolute count.

Intensity relative to unreacted
Predicted TART standard / %

Species m/z Trapless TART  Trapping

control  standard reaction

TART [CHANT+H]* 323.2698 0 100 33.3

Reactants [S1+H]* 274.1232 0.002 0 5.58

[S1+Na]* 296.1051 0.067 0 0.150

[R1-ART+H]* 306.1528 0 0 3.83

Trapped [R1-ART+Na]* 328.1347 0 0 18.6

radicals [R2/R3-ART+H]* 579.2681 0 0 0.005

[R2/R3-ART+Na]* 601.2501 0 0 0.058

[R2/R3-TEMPO+H]*  569.2838 0 0 0

Other  RL-ART+S2+H] 463.2994 0 0 0612
trapped (thiol-ene addltlon)+

radicals  [RLARTHS2HNal™ o0 501 0 0 0028
(thiol-ene addition)

Products  [PLHHI" 414.1527 72.4 0 4.56

[P1+Na]* 436.1347 9.93 0 62.6

Intensity of the MS peak corresponding to CHANT was ~33% in the trapping reaction
compared to the unreacted TART standard, indicating around ~67% of TART was consumed
during the trapping reaction. Peaks corresponding to S2 were not observed, likely owing to
poor ionisation efficiency. Peaks corresponding to S1 were observed significantly more
intensely in presence than absence of TART, likely due to TART quenching the radical cycle
and hence, S1 was consumed less rapidly. Peaks corresponding to P1 were observed with
significant intensity both in presence and absence TART, indicating all radicals formed in
absence of TART were available for trapping.

Peaks corresponding to R1-ART and R2/R3-ART were observed exclusively in the trapping
reaction. R2 and R3 had the same molecular formula and therefore, R2 and R3-derived
species were indistinguishable. However, it was predicted that peaks corresponding to
R2/R3-ART were mainly due to R3-ART, as intramolecular cyclisation was predicted to be
rapid and hence R2 trapping was unlikely, as observed previously in TART trapping of radical
cyanomethylation (6.3). Further characterisation was required to confirm this.

As previously, results indicated that S2 could add to TART-trapped radicals. However, the
intensities observed suggested that this had not occurred too significantly, as desired.

No other radicals were observed and hence, the initiation mechanism was still unknown.
Therefore, TART trapping was used to try and determine the initiation mechanism.

6.5.2. Initiation mechanism

The initiation mechanism of radical dearomative spirocyclisation was of particular interest, as
although the reaction was photoinitiated, it did not require a photocatalyst. This was unusual
and consequently, the initiation mechanism was poorly understood. UV-Vis spectra obtained
by Ho et al. suggested that S1 formed an intramolecular charge transfer complex that could
undergo electron transfer upon photoexcitation, forming a zwitterionic diradical (Figure 105).
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Figure 105: Initiation of radical dearomative spirocyclisation via indole-tethered ynone excitation, as suggested by
Ho et al.?*?

This suggested that S2 was not required for initial excitation. Initiation was predicted to be a
slow process due to a high activation barrier. However, once R1 was formed through initiation,
the radical cycle (Figure 103) was expected to occur at a much faster rate, quickly depleting
remaining S1, similarly as for radical thiol-ene addition (6.4.6). This theory assumed radical
cycle quenching was low. Therefore, few S1 were expected to be produced during initiation in
S2 presence, owing to remaining initiator S1 being quickly depleted in the main radical cycle.

As such, TART trapping of radical dearomative spirocyclisation was undertaken as previously,
but with reduced amounts of S2 (11.5.3.3). It was theorised that with less thiol available for
reaction, S1 would be more slowly depleted and therefore, would allow more initiation
reactions to occur. It was hoped that radicals produced later in this initiation process would be
sufficiently trapped to allow MS detection. An initiation mechanism (Figure 106) was
suggested for the trapless reaction based upon MS characterisation of TART-trapped radicals
from these experiments (Table 24, 11.5.3.3). In this suggested initiation mechanism,
photoexcitation of S1 forms a zwitterionic diradical, as described by Ho et al.?*? This
zwitterionic diradical and its derivatives react with thiol S2 leading to S1-derived radicals
R4/R5 and thiyl radical R1 or undergo charge transfer with another S1 to form S1-derived
radical R6. R4-R6 may further react with S2 to form R1 (Figure 106). Formed R1 then
undergoes propagation in the main radical cycle (Figure 103).
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Figure 106: Hypothesised initiation mechanism for photoinitiated radical dearomative spirocyclisation.
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Table 24: Species identified from TART trapping of radical dearomative spirocyclisation, using different quantities
of 3-methoxythiophenol as substrate (0.0-1.6 eq.) and MS for characterisation (11.5.3.3). Systematic m/z error =
0.0000; random m/z error = £0.0025; 100% intensity = 5.45x10° absolute count.

Intensity relative to

Species Predllcted unreacted TART in 0.0 eq. /

miz 0.0eq. 05eq. 1.6eq.
TART [CHANT+H]* 323.2698 100 0.206 0
Reactants [S1+H] 274.1232 3.93 0 0.411
[S1+Na]* 296.1051 22.6  0.353 0
[R1-ART+H]* 306.1528 0.007 0.054 0.445
Trapped [R1-ART+Na]* 328.1347 0.015 0.139 0.678
main cycle [R2/R3-ART+H]* 579.2681 0 0.072 0.010
radicals  [R2/R3-ART+Nal]* 601.2501 0.001 0.784 0.086
[R2/R3-TEMPO+H]*  569.2838 0 0 0.003
[R4-ART]* 441.25422 0.006  0.002 0
Trapped [R5-ART+H]* 441.25422 0.006 0.002 0
initiation ~ [R5-ART+Na]* 463.2361 0.043 0.010 0
radicals [R5-TEMPO+H]* 431.2698 0.062  0.039 1.07
[R6-ART]* 439.23852 0.021 0 0
[R7-ART+H]* 439.23852 0.021 0 0
Other [R7-ART+Na]* 461.2205 0.024 0 0
trapped [R7-TEMPO+H]* 429.2542 0 0 0
radicals [R8-ART+H]* 264.0922 0.007 0 0
[R8-ART+Na]* 286.0741 0.017 0 0
[R8-TEMPO+H]* 254.1078 0 0 0
Products [P1+H] 414.1527 0.021 11.7 19.8
[P1+Na]* 436.1347 0.057 1.68 11.2

aQOther table entries have predicted species with same m/z.

Peaks corresponding to CHANT decreased significantly with increasing thiol equivalence. This
suggested that radical concentrations were much higher in presence of thiol. Intensity of S1
corresponding peaks decreased significantly with increasing thiol equivalence. This suggested
that S1 was depleted much faster through the radical cycle than through initiation, as
theorised. Likewise, intensity of P1 corresponding peaks increased significantly with
increasing thiol equivalence, as expected.

[R4-ART]* and [R5-ART+H]* had the same molecular formula and therefore, were
indistinguishable using MS. Peaks corresponding to R4/R5-ART and R6-ART decreased in
relative intensity when thiophenol equivalence increased. This was expected as these radicals
would react rapidly with thiols leading to further initiation. Furthermore, fewer initiation
reactions were expected to occur in thiol presence, due to the increased S1 depletion caused
by the faster dominating radical cycle that occurs following R1 formation.

R6 formation involved charge transfer from excited S1. Therefore, this reaction would be
expected to proceed in thiol absence. However, for initiation from S1 forming R4/R5, a labile
hydrogen atom source was required. Due to its weak S—-H bond, thiol was the most likely
source of labile hydrogen atoms when present. In thiol absence however, the labile hydrogen
atom source was less certain. HAA could have occurred from S1, forming R7 (Figure 107).
Alternatively, HAA occurred from dichloroethane (DCE) solvent, forming R8 (Figure 107). MS
peaks corresponding to R7-ART and R8-ART were observed exclusively when thiol was
absent. Despite the vastly greater quantity of DCE available for HAA than S1, the relatively
high activation barrier of HAA from haloalkanes resulted in a lower corresponding peak
intensity of RB—ART than R7-ART.’
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Figure 107: Radicals formed from HAA abstraction from S1 or DCE in absence of thiol.

Peaks corresponding to TART-trapped radicals formed through initiation decreased with
varying linearity as thiol equivalence increased. Peaks corresponding to R4/R5 were observed
with 0.0 eq. to 0.5 eq. of thiol, whilst peaks corresponding to R6/R7 and R8 were not. This
agreed with the suggested initiation mechanism, since formation of R4/R5 occur more
efficiently in thiol presence and therefore these initiation routes were accelerated, however
this was counteracted by partial S1 depletion caused by faster dominating radical cycle.
Conversely charge transfer for R6 formation was not accelerated by thiol presence, but S1
depletion occurred more rapidly, causing decreased R6 formation. Furthermore, HAA by S1
would occur preferentially from thiol to S1 or DCE, causing decreased formation of R7 and
R8. Therefore, formation of R6, R7 and R8 decreased more rapidly with increasing thiol
equivalence than R4/R5. TART-trapped radicals formed through initiation were not observed
with 1.6 eq. thiol, likely due to rapid S1 depletion in the main reaction cycle leaving little S1 for
initiation. These observations support the proposed initiation mechanism (Figure 106).

Tandem MS of peaks corresponding to TART-trapped initiation radicals was attempted but
their low intensities meant that they could not be suitably isolated.

Intensity of peaks corresponding to R1-ART and R2/R3-ART did not increase linearly
compared to each other with increasing thiol equivalence. R1-ART corresponding peak
intensity peaked with 1.6 eq. thiol, whereas R2/R3-ART corresponding peak intensity peaked
with 0.5 eq. thiol. This was hard to explain without modelling, though this was not undertaken.

6.5.3. Effects of different thiols on reaction mechanism and kinetics

TART trapping of radical thiol-ene addition was used to explore the effects of thiols on reaction
kinetics, similarly as was undertaken for radical thiol-ene addition (6.4.7).

Ho et al. tested thiol scope in their system, using S1 as substrate and obtaining 37-99%
product yields. As previously, TART trapping results could be used to inform reaction kinetics,
determine the radical resting state and potentially aid development of reaction conditions to
improve product yields.

Therefore, TART trapping of radical dearomative spirocyclisation was undertaken as
previously, but with different thiols used as substrate (Table 25, 11.5.3.4). Four thiols used by
Ho et al. to probe reaction scope were used as thiol substrates. These varied significantly in
structure and product yield: 3-methoxythiophenol (S2.3, 94%); cyclohexanethiol (S2.4, 74%);
methyl thiosalicylate (S2.5, 54%) and '‘BuSH (S2.6, 37%).%'?
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Table 25: Species identified from TART trapping of radical dearomative spirocyclisation, using different thiols as
substrate (1.6 eq.) and MS for characterisation (11.5.3.4). Systematic m/z error = 0.0000; random m/z error =
+0.0026; 100% intensity = 5.45x10° absolute count.

Thiol S2. 3 4 5 6
Literature yield?'? / % 94 74 54 37
Intensity relative to unreacted TART

Species standard / %
TART [CHANT+H]* 0.012 0 0.017 0.013
Reactants [S1+H]* 0.763 0.492 1.44 0.280
[S1+Na]* 0.006 0.276 0 0.416
[R1-ART+H]* 0.661 0.546 0.980 0.874
Trapped [R1-ART+Na]* 1.01 1.25 349 141
radicals [R2/R3-ART+H]* 0.015 0.141 0.013 0.188
[R2/R3-ART+Na]* 0.127 1.32 0.005 2.00
[R2/R3-TEMPO+H]* 0 0 0 0
Products [P1+H]* 29.5 121 61.3 81.7
[P1+Na]* 16.7 15.7 329 7.96
~[R1-ART+X]*/[R2/R3-ART+X]*? 11.8 1.23 251 1.04

aestimated by ratio of summed intensities of peaks corresponding to protonated (X = H) and sodiated (X = Na) MS
adducts.

In general, these results showed similar trends to results from TART trapping of radical thiol-
styrene addition, using different thiols as substrates.

Results indicated that TART was near totally consumed in all reactions. Likewise, peaks
corresponding to products were observed in all reactions. However, results also indicated that
a significant quantity of S1 remained, meaning the reactions had not gone to completion.

In general, peaks corresponding to R1-ART were more intense for functionalised thiophenols.
This was likely due to increased R1 stability due to aromatic resonance stabilisation.
Conversely, peaks corresponding to R2/R3-ART were more intense for alkylthiols. This is
likely due to the poorer stability of R1, causing less favourable radical HAA by R3. These
observations were similar as for radical thiol-ene addition (6.4.7). However,
[R1-ART+X]*/[R2/R3-ART+X]* was higher for methyl thiosalicylate (S2.5) than
3-methoxythiophenol (S2.3). The reason for this was not totally understood. However, it was
tentatively hypothesised that the greater electron withdrawing effect of methyl thiosalicylate
reduces alkene electron density on the carbon-centred radical, stabilising it.

From the obtained [R1-ART+X]*/[R2/R3-ART+X]* it was suggested that for thiophenols, the
radical resting state was R1, whereas for alkylthiols, the radical resting state was R2, as for
radical thiol-ene addition (6.4.7). However, confidently interpreting these ratios required kinetic
modelling, which was not attempted.

Tandem MS was conducted upon peaks corresponding to trapped radicals in S2.6 reactions,
to offer further validity to their suggested structures (S14.2.5). Tandem MS of these peaks
yielded fragments which sensibly corresponded to the predicted trapped radical structures.

6.6. Conclusions and future work

MS peaks corresponding to TART-trapped carbon-centred and heteroatom-centred radicals
were successfully observed in multiple photochemical radical reactions, some of which used
transition metal complexes as photocatalysts. In general, spin trapping and nitroxyl radical
recombination trapping would have been inappropriate to study such systems, due to spin
traps being easily degraded by transition metal catalysts and nitroxyl radical recombination
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traps not be able to trap heteroatom-centred radicals (1.3.2).1?8 Direct radical characterisation
techniques would also have been inappropriate, due to these reactions being complex and
many of the intermediate radicals having low concentration and being short-lived (1.3.1).
Therefore, TART trapping offered advantages over existing radical characterisation
technigues.

TART trapping offered validation to previously hypothesised main radical cycles. For a
Ru-photocatalysed radical thiol-ene addition, TART trapping indicated that thiophenol-styrene
addition could self-initiate. By adjusting experimental conditions, a TART-trapped phenylthiyl
radical was successfully isolated in a 63% yield and fully characterised, with NMR
spectroscopy confirming the hypothesised structure of this TART-trapped radical. This
validated that the TART trapping mechanism occurred as hypothesised. Using this TART-
trapped radical, MS calibration curves were recorded, allowing concentration of TART-trapped
phenylthiyl to be obtained from the MS intensities of its corresponding peaks. This calibration
curve was used to improve a kinetic model by relating it to a kinetics experiment in which mass
spectra were recorded over time for TART trapping of radical thiophenol-styrene addition.
Intensities of peaks corresponding to TART-trapped radicals formed during TART trapping of
radical thiol-ene addition, using different thiols and alkenes as substrates, were then used in
conjunction with the model, to estimate radical resting states for each reaction. This suggested
that TART trapping could be used to inform and potentially measure reaction rate constants.
This improved knowledge could be used to improve product yields in trapless reactions, by
changing reaction conditions to increase the rate constant of the rate limiting step.

A more niche metal-free photoinitiated radical dearomative spirocyclisation reaction, which
was related to radical thiol-ene addition, was also investigated using TART trapping. This
allowed a main radical cycle to be proposed. Additionally, by changing reaction conditions,
peaks were observed corresponding to TART-trapped radicals formed exclusively through
initiation. From these radicals, an initiation mechanism was hypothesised. TART trapping and
MS characterisation offered a new technique to decipher such mechanisms. As for thiol-ene
addition, TART trapping was then used to observe how different thiols affected the reaction
mechanisms and kinetics. This showed that TART trapping could have real applications as a
tool to aid mechanistic and kinetic understanding.

In general, the biggest improvement that could be made to these investigations is to make
TART trapping and MS characterisation more guantitative. This would allow more meaningful
interpretation of results and allow models to be fitted and hence make rate constants more
accurate, which would further improve interpretation. This could involve using TARTs or
substrate which produce species which are observed with similar intensities regardless of
species structure, for example by using an ammonium-functionalised TART. HPLC-MS may
also improve quantification, by reducing differences in intensity of MS peaks corresponding to
species when in presence of other species. Calibration curves of all significant TART-trapped
radicals would also allow their concentration to be calculated from their corresponding MS
intensities. Substrates and products were also suitably concentrated that they could be
monitored using other techniques, such as NMR spectroscopy, to further inform reaction
kinetics. Together, these could allow reaction mechanisms and kinetics to be well modelled.
Better understanding of these mechanisms and kinetics could lead to improved product yields,
by changing reaction conditions which would increase the rate of the rate limiting step.

Additionally, the radical dearomative spirocyclisation should be modelled, including the
suggested initiation steps. If the modelling matched experimental observations, this would
offer validation to the suggested initiation mechanism.
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Selected synthetic radical reactions, including photochemical radical reactions, had been
investigated using TART trapping with MS characterisation. Next, TART trapping was applied
to aqueous biochemistry systems, to determine if TART trapping could be used to provide
them with mechanistic and kinetic insights (7).
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7. Biochemistry

7.1. Introduction

Investigation of radical intermediates produced in biological systems is of great scientific
interest, particularly in biochemistry and medicinal chemistry (1.2.2). Unquenched radicals
produced as by-products during oxidative metabolism, such as reactive oxygen species (ROS)
0O2* and *OH, cause cell damage.*3* This cell damage is thought to induce many diseases,
such as cancers, autism and Alzheimer’'s disease.***? Oxidative stress describes when a
biological system fails to control ROS concentration (1.2.2).30:34

*OH is widely believed to be the most damaging ROS, due to it reacting extremely rapidly and
non-specifically with almost any biological component.®%34 *OH and HO,* are formed during
free iron-catalysed degradation of H,O, (Figure 8).33:34

H,0, + Fe?* —"OH + "OH + Fe3*
H,0, + Fe3* ——HO, + H" + Fe?**

Fe?* . .
2H,0; ——> "OH + HO, + H,0

Figure 108: Uncontrolled conversion of H20:2 into ROS species *OH and HO>*, catalysed by Fe?*. Individual
equations (top and middle) and overall equation (bottom) are shown.33:34

Though not discussed in further detail, the total mechanism of H.O, degradation by Fe?* is
much more complex. Additionally, whilst H,O, reaction with Fe?* is fast, reaction with Fe3* is
much slower and hence limits the rate of reaction.

Mildly reactive H,O,, formed in mitochondria as a by-product of oxidative metabolism, can
travel far within a biological system, for example, to the cell nucleus. H.O, may then degrade
into *OH causing cell damage far from the H>O- source, for example, to DNA in the nucleus.
ROS are believed to be able to induce DNA crosslinking, which changes DNA structure and
could cause the cell to behave abnormally, either causing cell death or incorrect DNA
replication, which could lead to cancer (1.2.2).213-216 Cell components which are particularly
vulnerable to ROS include DNA and proteins.3? Antioxidants, such as ascorbic acid, reduce
oxidation of cell components by converting ROS into less harmful species, (1.2.2).3334

Radical quantification in cells could help determine where and when a biological system is
suffering oxidative stress. Furthermore, radical characterisation could allow the site of radical
attack and therefore, vulnerable cellular components, to be determined. This information could
be used to treat or prevent further damage to damaged cells and cell components.
Furthermore, improved knowledge of areas of biological systems likely to experience oxidative
stress and vulnerable cellular components could aid development of antioxidants to reduce
this oxidative stress (1.2.2). Therefore, TART trapping was used to investigate in vitro
*OH-initiated substrate degradation of alcohols (7.5), nucleobases (7.6), dipeptides (7.7),
saccharides (7.8) and antioxidants (7.9). Nucleobases and dipeptides were investigated as a
proxy for key components of DNA and protein macromolecules, as these substrates were
much simpler and hence more suitable for initial investigations. Furthermore, MS
characterisation would likely be less accurate for high m/z macromolecules, reducing analysis
reliability. However, *OHe-initiated proxy degradation did not necessarily correspond to
*OH-initiated macromolecule degradation. These investigations would determine if TART
trapping could be used for studying aqueous biochemistry radical reactions and could offer
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these reactions mechanistic and kinetic information. For this, a general methodology was
designed for TART trapping of *OH-initiated biochemical degradation (7.3).

*OH-initiated biochemical degradation progresses through many possible propagation and
termination steps. Principal radicals and products formed are radicals (R®) and for carbon-
centred radicals: peroxyl radicals (RO2*); oxyl radicals (RO®); hydroperoxides (ROOH);
alcohols (ROH) and carbonyls (RCO). For most biochemicals, these species are produced
and destroyed through the same key pathways, as described below.

7.2. General mechanistic steps of *OH-initiated substrate degradation

7.2.1. R*® formation through *OH-initiation

*OH-initiates biochemical degradation by reacting with substrate through the most favourable
pathway. Therefore, in species with many different environments, radicals will form more
favourably in some locations than others, yielding certain radical structures. *OH is so reactive
that it reacts near immediately once formed, which tends to keep [*OH] low, with typical rate
constants being 108-10'° Mt st in solution (~RTP).?” This high reactivity means °*OH
generally react with lower selectivity than other radicals, although selectivity is still important.
For species not containing unsaturated carbon-carbon bonds, *OH usually abstracts hydrogen
atoms from R-H bonds, to form a new radical R* and water (Figure 109). Low stability of *OH
and highly favourable formation of water, drive this reaction. Hydrogen atom abstraction (HAA)
typically occurs at C—H bonds, but can also occur at other bonds, such as N-H or O-H.2%8

‘OH H,0

RH N4 Rr°

Figure 109: HAA from an R-H bond, by *OH, to form a radical (R*) and water.

HAA from C-H bonds by *OH typically occurs with rate constants of 108-10%° M-* s'* in solution
(~RTP).21721% HAA by *OH becomes increasingly favourable as resultant radical stability
increases. For example, HAA usually occurs more rapidly from allylic C—H than alkane C-H,
due to resonance stabilisation. In addition, HAA occurs faster for 3° C—H than 2° C-H in
alkanes. However, HAA may occur more quickly at a 2° carbon-centre than a 3° carbon-centre,
due to the former having a greater number of C-H (1.1).

In presence of carbon-carbon unsaturated bonds however, *OH can instead add to these
unsaturated bonds. Proportion of HAA compared to addition is dependent on the stabilities of
the resulting intermediate radicals but the two processes are usually competitive. *OH addition
involves *OH reacting with a double bond to form alcohol B-hydroxyl-R® and water.?'® For
unsymmetrical alkenes, two different B-hydroxyl carbon-centred radicals may be formed
(Figure 110). *OH addition to alkenes typically occurs with rate constants of 10°-10° M1 s in
solution (~RTP).217:219

R1
HO R?
R1 ‘OH R?
4
R3 R
R2 X
R4 \ R1
OH J\[<R3
R2"
R4OH

Figure 110: *OH addition to alkene, forming 3-hydroxyl carbon-centred radical.
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Carbon-centred radicals, such as those described above, generally have low stability and
quickly form peroxyl radicals RO,*.2*®

7.2.2. RO* formation and degradation

In solution, carbon-centred radicals R*® rapidly react with dissolved O to form peroxyl radicals
RO.*, with rate constants typically being ~10° M s' (~RTP) in solution (Figure 111).220.22
RO,* are generally relatively stable and consequently long-lived, degrading in solution with
typical rate constants being 106-10” M s (~RTP).?? As such, RO;* degradation, which is
generally slow, usually strongly influences the overall rate of reaction.?*®

RO-* typically degrade through RO»*+R0O;* reaction, propagating to form two highly unstable
oxyl radicals (RO?*), terminating to form alcohol (ROH) and carbonyl (RCO) via a non-radical
pathway (known as the Russel Mechanism) or coupling to form peroxide (ROOR), with O>
being released in all processes (Figure 111). These two RO;* species may have different
structures, resulting in two potential RO* and ROH structures, up to two RCO structures,
depending on each RO.* structure, and one ROOR, for each RO,* pair.?*® Proportion of
propagation, termination and coupling depends on RO:* structure and resulting radical
intermediate and product stabilities. HAA may occur from ROH and RCO, forming new R®,
whilst ROOR can reversibly decay to form RO®, although this process is usually slow at
RTP.2® Besides ROOR formation through TART trapping, ROOR product formation was
largely ignored, since many possible ROOR structures would significantly complicate analysis.

Alternatively, RO2* may undergo reversible intramolecular or intermolecular HAA (Figure 111),
forming hydroperoxide ROOH.?8 If this occurs from an a-hydroxyl-RO.*, a highly unstable
RO* is formed, which quickly fragments to form a carbonyl and HO,* (7.2.3, Figure 112).218
HAA by RO>* can also occur with HO»*, forming ROOH and O,. HAA is significantly slower for
RO3* than *OH, due to the greater stability of RO2* compared to *OH. For example, RO,* and
*OH react with (CH3),CHOH with rate constants ~102 (303 K) and ~10° M!s?! (~RTP)
respectively.?1%222 ROOH can reversibly degrade to form RO* and *OH, although this process
is usually slow at RTP (Figure 111).%8

RO’
ROOR =~ RO’
RO’
0, .
ROz'T R 2\)/ va OH
o RH R’
R° —> RO, =~ ROOH
Roz. \QOZ.
RCHO
ROij

Figure 111: RO2* formation from R® and subsequent RO2* degradation. Oz release is not shown.

Relative proportion of RO2*+R0O-* reactions to HAA by RO-* is dependent on concentrations
of RO2* and hydrogen atom donors and stabilities of RO»* and resulting intermediate radicals
and products. The RO* species formed through these processes are highly unstable and
degrade rapidly.?t®

7.2.3. RO* degradation

Oxyl radicals RO* are highly unstable and hence very reactive, with similar reactivity to *OH.
As such, RO* degrade rapidly through many possible paths. RO* can undergo intramolecular
or intermolecular HAA, forming a radical R* and ROH (Figure 112).28
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Alternatively, RO®* may fragment to form a carbonyl species and new radical R* (Figure 112).
This occurs rapidly for a-hydroperoxide-RO¢®, forming RCO and HO:*, and carboxyl radical,
forming carbon-centred radical R* and CO, (Figure 112).?® RO*®* may also undergo
radical-radical coupling with RO*® to form ROOR (Figure 111).

RH R’
RO ~4 ROH
i 7 i
R’ kR2 R1J\R2 R1J 'R2
o ooH Ho%' o
— I
R1 R2 R'] R2
O COz
. R

R @]
Figure 112: Common RO*® degradation pathways.

Relative proportion of HAA by RO¢®, fragmentation and radical-radical coupling is dependent
on concentrations of hydrogen atom doners and stabilities of resulting intermediate radicals
and products.

These key *OH-initiated substrate degradation pathways can be used to predict an overall
mechanism for a particular substrate. Principal radicals and products formed usually include
radicals (R*) and for carbon-centred radicals (R*®): peroxyl radicals (RO:*); oxyl radicals (RO*®);
hydroperoxides (ROOH); alcohols (ROH), carbonyls (RCO) and peroxides (ROOR). TART
trapping of these systems will involve trapping of R*, RO.* and RO* and subsequent MS
characterisation. Differences in trapping rates of these types of radicals will affect
concentrations of TART-trapped radicals. Therefore, quantifying radical concentrations in
solution through measuring TART-trapped radical concentration requires consideration of
TART trapping rate.

7.2.4. Trapping rates

According to Hammond’s postulate, rates of radical reaction are strongly dependent on radical
stability. Radical stability is dependent on the radical atom and its surrounding structure (1.1).
This also holds true for radical trapping, meaning some radicals are trapped much more
efficiently than others, resulting in relatively greater trapped radical concentrations.
Subsequent MS characterisation then measures higher intensity for these greater trapped
radical concentrations. This was previously observed in photochemistry (6). Therefore, rate of
radical trapping must be carefully considered when determining radical concentration from MS
intensities of trapped radicals.

Since no literature rate constants were available for TART trapping, rate of TART trapping was
estimated using solution phase rate constants for radical addition to alkenes, ideally
methacrylates, forming a new carbon-centred R*® (Figure 113). These literature reactions were
chosen such that their substrates used were as similar as possible to the substrates used
experimentally.
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Figure 113: Radical reaction with alkenes, used to estimate rate of TART trapping.

As shown above, *OH-initiated biochemical degradation yields carbon-centred R*, RO»* and
ROe*. R* stability is dependent on the structure surrounding the radical. For example, *CHs and
(CHj3)3C* react with H,C=C(CHgs). with rate constants ~10* and ~10° M s (298 and 300 K)
respectively.?23224

RO,* are generally relatively stable, hence RO;* addition to alkenes, such as TARTS, is
generally slow. R* are generally less stable, hence R* addition to alkenes is faster. For
example, (CHs)sC* reacts with H,C=C(H)COOCHs; with rate constant ~10% M s (299 K)
whilst (CH3)3CO.* reacts with H,C=C(CH3)COOCH; with rate constant ~0.1 M1 st
(303 K).??5226 These alkenes have similar alkene functionality to TARTs. TEMPO* reacts
rapidly with carbon-centred radical R®, for example (CHs)sC*® recombination with TEMPO®*
occurs with rate constant ~10° M1 s1.210 This is orders of magnitude faster than R* reaction
with TARTS. In contrast, TEMPO* does not recombine with RO-*, since the N-O-0O-0 bond
that would be formed would be very weak.

ROe* are poorly stable, hence RO* addition to alkenes is rapid. As such RO*® react much more
efficiently with alkenes. For example, (CHs3)3sCO-* reacts with (CHs3).C=C(CHs). with rate
constant ~10 Mt st (393 K) whilst (CH3)sCO*® reacts with norbornene with rate constant
~10% M s71 (301 K).?27228 TEMPO* does not recombine with RO®, since the N-O-0 bond that
would be formed would be very weak.

Reaction kinetics would ideally be investigated in conjunction with kinetic modelling. However,
due to the general lack of rate constants available for *OH-initiated biochemical degradation
pathways, such modelling would be challenging and time consuming and therefore, was not
undertaken. However, comparable modelling was undertaken for gaseous systems involving
RO,* and RO* (8.6.3.7 and 9.4.3).

Key *OH-initiated substrate degradation pathways and kinetics, allowed an overall mechanism
to be determined for substrates. A broad understanding of trapping rates enabled some
guantitative conclusions to be drawn from results of TART trapping of *OH-initiated substrate
degradation. A general methodology was designed for TART trapping of °*OH-initiated
biochemical degradation and subsequent MS characterisation.

7.3. Methodology

For TART trapping of *OH-initiated biochemical degradation, *OH was generated using Fenton
chemistry, which utilised iron-catalysed H-O, degradation to generate *OH and HO*, as
occurs similarly in biological systems (Figure 8).22° Therefore, this system partially emulated
biological conditions. In contrast, an acetic acid/sodium acetate buffer was used to create an
acidic system (pH 4), which was below what was usually biologically relevant (pH 7.0-7.4).2%°
This was because at biologically relevant pH, Fe3* solubility would be significantly reduced,
forming insoluble Fe(OH)s. Fe3* precipitation would restrict access to Fe®*, causing significant
slowing of reaction rate. This is especially significant since the reaction between H,O, and
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Fe3* is rate limiting. Therefore, pH was lowered to prevent Fe3* precipitation. At lower pH still,
Fe?* coordinates more strongly to water, forming more tightly bound [Fe(H20)s]?*, which
restricts access to Fe?*, reducing the rate of reaction. Therefore an optimal pH 4 was used in
the system, as is commonly used in Fenton chemistry.?3! Importantly, acetic acid/sodium
acetate buffer was also vulnerable to degradation by *OH.

To emulate *OH-initiated biochemical degradation, the biochemical of interest (1 eq.) was
included into the Fenton chemistry system, containing H»O; (10 eq.) and FeSO, catalyst
(1 eq.). The procedure and conditions used were adapted from literature procedures.?32-234
For TART trapping of *OH-initiated biochemical degradation, TART (0.1 eq.) was similarly
included in the same system. This was hoped to generate trapped radicals and products of
*OH-initiated biochemical degradations (11.6.3, Figure 114). All *OH-initiated biochemical
degradation reactions where left open to air and stirred rapidly, allowing atmospheric O, to
immediately replace consumed aqueous O-.

H20, (10 eq.)
FeSO, (1 eq.)

TART (0.1eqa.)  Trapped radicals

AcOH/NaOAc + products
(50 mM, pH 4)

Substrate

Figure 114: General TART trapping of *OH-initiated biochemical degradation (11.6.3).

H.O, was significantly in excess of substrate and TART, with a 10 and 100 fold excess
respectively. Each H,O; had the potential to form two *OH. Even though side reactions may
cause *OH quenching, it was therefore likely that *OH was significantly in excess of substrate
and TART. This meant that non-radical products formed following *OH reaction with substrate
could be reinitiated by another *OH. This does not well emulate a biological system, in which
sites available for attack far exceed the number of *OH and hence, *OH are unlikely to react
with the same reaction site multiple times. However, these conditions were used to replicate
conditions in similar literature investigations.232-234

Initially, only a *OH-initiated biochemical degradation trapless control and trapping reaction
were performed and MS characterised. Peaks exclusively or significantly more intensely
observed in the trapping reaction compared to trapless control, were attributed to trap related
species, including TART-trapped radicals. However, it was later realised that peaks
exclusively or significantly more intensely observed in the trapping reaction, could have
corresponded to minor contaminants already present in unreacted TART. Therefore, latterly
MS characterisation of unreacted TART standard was undertaken as an additional control.

Whilst all species were able to undergo TART trapping, only carbon-centred radicals could be
trapped by TEMPO®, hence TART-trapped and TEMPO-trapped carbon-centred radicals were
hypothesised, whilst heteroatom-centred radicals were hypothesised to be exclusively TART
trapped.

Before TART trapping was used to investigate *OH-initiated biochemical degradation, TART
trapping was undertaken in the Fenton chemistry system in absence of a biochemical. TART-
trapped *OH and HO2* would indicate that the Fenton chemistry system was producing these
radicals as desired and that aqueous radicals could be trapped using TARTS.

7.4. °*°OH and HO-*® trapping

Initial TART trapping of *OH-initiated biochemical degradation studies utilised GLANT as
TART. First, GLANT was subjected to *OH radical attack (Figure 115).
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Figure 115: TART trapping of *OH and HO2* in Fenton chemistry system, using GLANT as TART (11.6.1).

In the trapless control, orange particles precipitated whilst in the trapping reaction, no colour
change or precipitation occurred. It was theorised that the precipitated particles were a mixture
of iron hydroxides. Trapped radicals were characterised using MS (11.6.1).

Peaks corresponding to TART-trapped *OH radicals were observed albeit with very low
relative intensity (~0.01%), whilst no peaks corresponding to HO,* were observed. This was
surprising, as H>O- was in significant excess. It was theorised that since iron hydroxide
precipitation had not occurred, as it had for the trapless control, GLANT had instead chelated
most iron, preventing its precipitation. This iron chelation may have reduced the catalytic
activity of the iron, which would hamper H>O. degradation and radical formation. Indeed
glucose, which has structural similarities to GLANT, has been observed to chelate Fe2* and
especially strongly chelate Fe3*.23> Furthermore, it was hypothesised that GLANT may easily
undergo HAA side reactions, due to relatively low energy HAA from its many C(OH)-H.
Therefore, GLANT was deemed unsuitable for Fenton chemistry trapping. Project student Dan
Gugan later synthesised new water-soluble trap DANT. DANT would likely complex iron
significantly less well than GLANT and be less vulnerable to side reactions and therefore,
should have been more suitable for trapping in this system (Figure 116, 11.6.1). Nevertheless,
HAA may have still occurred from the allylic C—H and amide N-H.

TEMPO H,0, (10 eq.) OH OOH
FeSO4 (1 eq.)
0~ "NH T rcotNaore . O7 TNH ¥ 07 °NH
AcOH/NaOAc
K/OH (50 mM. pH 4) K/OH K/OH
Figure 116: TART trapping of *OH and HO2* in Fenton chemistry system, using DANT as TART (11.6.1).

Iron hydroxide precipitations were observed both with and without DANT presence, indicating
DANT was not significantly complexing iron, as desired. However, peaks corresponding to
these TART-trapped HO® species were not observed in MS spectra. This was theorised to be
due to their poor ionisation efficiency and low m/z, disfavouring MS observation, as had been
observed previously in non-aqueous liquid phase experiments (5.3.1.1). However, it was
decided that TART trapping of biochemicals subjected to Fenton chemistry should be
undertaken, as these trapped radicals may have greater ionisation efficiency and higher m/z,
therefore making them more suitable for MS observation.

TART trapping was subsequently used to investigate many °OH-initiated substrate
degradations, including for alcohols (7.5), nucleobases (7.6), dipeptides (7.7), saccharides
(7.8) and antioxidants (7.9). Initially DANT was used for TART trapping investigation of
*OHe-initiated nucleobase degradation (7.6.2). However, DEADANT was found to perform
superiorly to DANT in this system (7.6.3). As such, all subsequent TART trapping
investigations of *OH-initiated biochemical degradation used DEADANT as TART. This
included TART trapping of *OH-initiated alcohol degradation, which was investigated as a

157



simpler model system, appropriate for testing TART trapping of *OHe-initiated biochemical
degradation system, despite its biological irrelevance (7.5). This was especially
advantageous, as unlike previous TART trapping experiments, mechanisms of *OH-initiated
biochemical degradations are less finite and therefore, significantly more complex.

7.5. Alcohols

TART trapping was used to investigate *OH-initiated alcohol degradation. First methanol was
used as substrate, due to its very simple structure and hence, relatively simple mechanism of
aqueous *OH-initiated degradation (Figure 117).

on O 0 oy on MO o OfHO 0
o2 T % § A 2 7 %= L —
' 00’ ’ 00

R1 R1.1 P1.1.1 R1.1.1.1 R1.1.1.1.1
Formaldehyde

co
HO,"

Figure 117: Hypothesised mechanism of aqueous *OH-initiated methanol degradation.

TART trapping was undertaken in this system, alongside two control reactions excluding trap
or substrate, and all were MS characterised (Figure 118, Table 26, 11.6.2). This latter control
was usually unnecessary, however it was hypothesised that acetic acid/sodium acetate buffer
degradation may lead to some of the same radicals as methanol degradation. Therefore,
comparison between the trapping reaction and this control would indicate if and to what extent
methanol-derived trapped radicals indeed originated from methanol degradation.

H,0, (10 eq.)
FeSO4 (1 eq.)
_OH _DEADANT (0.1eq.) Trapped radicals
R AcOH/NaOAc + products
(50 mM, pH 4)

Figure 118: TART trapping of *OH-initiated alcohol degradation, using DEADANT as TART (11.6.2).

Table 26: Species identified from TART trapping of *OH-initiated methanol degradation, using DEADANT as
TART and MS for characterisation (11.6.2). Systematic m/z error = -0.0005; random m/z error = £0.0003;
100% intensity = 1.14x10° absolute count.

Intensity relative to unreacted

MS species Predicted TART standard / % _

m/z No Trapless  Trapping

substrate control reaction

TART [DEADANT+H]* 312.2651 13.1 0.030 6.53
[R1-ART+H]* 187.1446 0 0 0.013
[R1-TEMPO+H]* 188.1650 0 0 0
[R1.1-ART+H]* 219.1345 0.004 0 0.141
Trapped [R1.1.1.1-ART+H]* 185.1290 0 0 0
radicals [R1.1.1.1-TEMPO+H]* 186.1494 0 0 0
[R1.1.1.1.1-ART+H]* 217.1188 0.090 0 0.385
[OH-ART+H]* 173.1290 0.018 0 0.018
[HO.—ART+H]* 189.1239 0 0 0.007

MS peaks corresponding to TART exhibited significantly lower intensity in unreacted TART
standard than in the trapping reaction and no substrate control, indicating TART consumption.
This likely meant that TART trapping had occurred. Furthermore, TART corresponding peaks
were observed with greater intensity in absence of methanol, potentially indicating methanol-
derived radicals were more efficiently TART-trapped than *OH or HO-*.
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Peaks corresponding to TART-trapped methanol-derived radicals were detected exclusively
or with significantly greater intensity in the trapping reaction compared to controls, indicating
these trapped radicals predominantly originated from °*OH-initiated methanol degradation.
Peaks corresponding to TART-trapped radicals were observed, corresponding to radicals
including R1 (radical formed during initial HAA) and R1.1 (the subsequently formed RO-*).
This validated the hypothesised radical structures and hence mechanism suggested.
Furthermore, peaks corresponding to *OH and HO.* were both observed in the trapping
reaction, with OH-ART observed with similar intensity in the no substrate control. These
TART-trapped HO,* radicals were not observed for DANT, which was attributed to poor
ionisation efficiency of DANT-trapped radicals (7.4). However, DEADANT had much better
ionisation efficiency, due to its basic 3° amine functionality. This allowed peaks corresponding
to *OH and HO:* to be observed. This indicated that DEADANT was more suitable for TART
trapping than DANT, as discussed later (7.6.2).

The simplicity of methanol and its degradation mechanism made it a model substrate, suitable
for testing the *OH-initiated biochemical degradation. Next, TART trapping was used to
investigate *OHe-initiated tert-butanol (‘BuOH) degradation. Whilst being a more complex
alcohol than methanol, the nine identical C-H limited the possible ‘BuOH degradation
pathways and structural isomers. An °*OH-initiated '‘BuOH degradation mechanism was
proposed, based upon known general °*OH-initiated biochemical degradation reaction
pathways (Figure 119). As previously, TART trapping was undertaken in this system,
alongside two control reactions excluding trap or substrate, and all were MS characterised
(Table 27).
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Figure 119: Non-comprehensive hypothesised reaction scheme for *OH-initiated '‘BuOH degradation in agueous
solution, only indicating major pathways. i) + *OH, - Hz20. ii) + O2. iii) + RH, - R*. iv) + RO2®, - RO*. v) + RO2*,
- RCO. vi) + RO2°*, - ROH. vii) - *OH. viii) Fragmentation. ix) - HO2".
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Table 27: Species identified from TART trapping of *OH-initiated '‘BuOH degradation, using DEADANT as TART
and MS for characterisation (11.6.2). 100% = 1.09x10° absolute count. Systematic m/z error = -0.0004; random
m/z error = £0.0007.

Intensity relative to unreacted

Species Predicted TART standard / % '

m/z No Trapless Trapping

substrate  control  reaction
TART [DEADANT+H] 312.2651 13.1 0.004 3.88
[R1-ART+H]* 229.19162 0 0 0.075
[R1-TEMPO+H]* 230.21202 0 0 1.73
[R1.1-ART+H]* 261.1814 0 0 0.209
[R1.1.1-ART+H]* 245.1865? 0 0 0.129
[R1.1.1.1-ART+H]* 215.1759 0 0 0
[R1.1.1.1-TEMPO+H]* 216.1963 0 0 0
[R1.1.1.1.1-ART+H]* 247.1658 0 0 0.045
[R1.1.3.1-ART+H]* 245.1865? 0 0 0.129
Trapped [R1.1.3.1-TEMPO+H]"* 246.2069?2 0.004 0 0.154
radicals [R1.1.3.1.1-ART+H]* 277.1764 0 0 0.069
[R1.1.4.1-ART+H]* 243.1709 0.004 0 0.042
[R1.1.4.1-TEMPO+H]* 244.1913 0 0 0.092
[R1.1.4.1.1-ART+H]* 275.1607 0 0 0.054
[R1.1.4.1.1.1-ART+H]"* 259.1658 0.004 0 0.143
[OH-ART+H]* 173.1290 0.018 0 0.006
[OH-TEMPO+H]* 174.1494 0.005 0 0.009
[HO,-ART+H]* 189.1239 0 0 0
[HO,-TEMPO+H]* 190.1443 0 0 0

a0ther table entries have predicted species with identical m/z.

As previously, MS peaks corresponding to TART had significantly lower intensity in the
unreacted TART standard than in the trapping reaction and no substrate control, likely
meaning TART trapping had occurred. TART corresponding peaks were observed with
greater intensity in presence of methanol than ‘BuOH (6.53% to 3.88%), potentially indicating
'BuOH-derived radicals were trapped more efficiently than methanol-derived radicals or that
*OH reacted more efficiently with ‘BuOH than methanol.

Peaks corresponding to nearly all TART-trapped '‘BuOH-derived radicals were detected
exclusively or with significantly greater intensity in the trapping reaction compared to controls,
indicating these trapped radicals originated from *OH-initiated ‘BuOH degradation. These
observations validated the hypothesised radical structures and hence mechanism suggested.

However, some isomers could not be distinguished using standard MS, such as
R1.1.1/R1.1.3.1-ART, since these two species had the same m/z. However, these two
species had different numbers of labile hydrogen atoms (Figure 120). Therefore, DO
exchange was used to assess labile hydrogen atom population (4.3.2.5). The resulting
D-shifted peak intensities could be used to indicate relative concentrations of these two
species. Unreacted DEADANT contained two labile hydrogen atoms, one quickly exchanged
ammonium NH and one slowly exchanged amide NH. Two shifted peaks were observed for
unreacted DEADANT which corresponded to one and two D exchanges, with relative
intensities 14.7% and 85.3% respectively. From this and inherent solvent D/H ratio of 99.0%,
86.1% of slow D/H amide exchange was calculated to have occurred. This slow D/H amide
exchange could be applied to TART-trapped radicals, as they had identical amide functionality
to unreacted TART (4.3.2.5). However, since 86.1% was below 90%, quantitative
interpretation should be treated with caution (4.3.2.5).
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Figure 120: 3D or 4D exchanges expected for [R1.1.1-ART+H]*" and [R1.1.3.1-ART+H]* respectively.

Table 28: D exchanges observed for MS peaks corresponding to TART-trapped radicals from DO exchange of
*OH-initiated 'BuOH degradation, using DEADANT as TART and MS for characterisation (11.6.4). Systematic
m/z error = -0.0004; random m/z error = £0.0004.

Proportion of total intensity of all D-shifted

Species Prsd'ﬁ.tf?d species / %
shl oD 1D 2D 3D 4D 5D
[DEADANT+H]* 2D 0 14.7 85.3 0 0 0
Observed RLART+HI* 3D 0 0 25 975 0 0
[R1.1-ART+H]* 3D 0 0 41 299 66.0 0
[R1.1.1/R1.1.3.1-ART+H]* 3D/4D 0 0 13.2 79.0 7.9 0
[2 labile H+H]* 3D 0 0.3 153 844 0 0
Predicted [3 labile H+H]* 4D 0 0 04 16.0 835 0
[4 labile H+H]* 5D 0 0 0 06 16.7 827

aSimulated using inherent solvent D/H ratio = 99.0% and calculated D/H amide exchange = 86.1% from DEADANT.
For R1-ART, 3D exchanges were observed, consistent with the suggested R1-ART structure.

For R1.1.1/R1.1.3.1-ART, the observed D exchanges appeared to partially correspond to both
3D and 4D exchanges, as predicted. Simulation indicated that 91% and 9% of species
contributing to the protonated peak had three and four labile hydrogen atoms respectively,
indicating 91% R1.1.1-ART and 9% R1.1.3.1-ART. Since the exact rate of R1.1.1 and
R1.1.3.1 trapping is unknown, it is difficult to estimate concentrations of these radicals.

For R1.1-ART, the observed D exchanges appeared to mainly correspond to 4D exchanges,
with 3D exchanges being less intensely observed. Simulation indicated that 21% and 79% of
species contributing to the protonated peak had three and four labile hydrogen atoms
respectively, indicating 21% RO>-ART and 79% R(OH)O-ART or R(OOH)-ART. This was
perhaps surprising. However, TART-trapping rate of RO,* was likely to be slow, as discussed
previously (7.2.4). No structure corresponding to R(OH)O-ART or R(OOH)-ART was
hypothesised in the mechanism. However, such structures were simply assigned to further
*OH-initiation of products. For example, R(OH)O* could be formed from HAA from —CHj; of
P1.1.3 by *OH and subsequent RO,* and RO* formation, whilst R(OOH)* could be formed
from HAA from P1.1.2 by *OH (Figure 121). Further analysis was required to determine which
of these two species this 4D exchange corresponded to.

OH OH
HO\/*\/O' HOO\/*\

Figure 121: Possible radical structures for R(OH)O* and R(OOH)*.
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Tandem MS was undertaken to further characterise and elucidate trapped radical structures.
Tandem MS was performed upon peaks corresponding to [R1-ART+H]* (m/z 229.192),
[R1.1-ART+H]* (m/z 261.181) and [R1.1.1/R1.1.3.1-ART]* (m/z 245.187). All these tandem
MS spectra showed peaks indicating dehydration and dehydration with loss of NH(CHzs)2
(SI5.1). Dehydration indicated an alcohol with neighbouring 3-hydrogen atom, whilst loss of
NH(CHs). indicated the 1,1-dimethylethylenediamine functionality present in DEADANT-
trapped radicals, supporting the suggested structures. However, tandem MS of peak
corresponding to [R1.1-ART+H]* (m/z 261.181), did not yield fragments which confirmed
presence of R(OH)O-ART or R(OOH)-ART (SI5.1).

TART trapping was successfully used to investigate model *OH-initiated alcohol degradation,
using standard MS characterisation. Additional MS characterisation techniques, DO
exchange and tandem MS, were used to further elucidate trapped radical structures. These
data validated the suggested radical structures and hence hypothesised mechanism. This
success indicated TART trapping could be used to investigate more complex and biologically
relevant *OH-initiated biochemical degradations. As such, TART trapping was used to
investigate *OH-initiated nucleobase degradation.

7.6. Nucleobases

7.6.1. Introduction

DNA oxidation, especially nucleobase oxidation, is believed to be a significant cause of
carcinogenesis (1.2.2).213-216 Detection, characterisation and quantification of radicals
produced during oxidative damage of DNA and subsequent mechanistic understanding of this
process could lead to development in cancer prevention and treatment. Therefore, radical
trapping was used to investigate *OH-initiated nucleobase degradation as a proxy for key
components in *OH-initiated DNA degradation. *OH-initiated nucleobase degradation was a
simpler system and hence more suitable for initial investigations, although did not necessarily
correspond to *OH-initiated DNA degradation. Once TART trapping was shown to successfully
characterise trapped radicals produced in TART trapping of °OH-initiated nucleobase
degradation, investigation of *OH-initiated DNA degradation would have been more feasible,
although this was not attempted. TART trapping was initially applied to *OH-initiated thymine
degradation.

DNA utilises four nucleobases: adenine, thymine, guanine and cytosine. Of these, thymine
was chosen as substrate in the TART trapping investigation of *OH-initiated nucleobase
degradation, due to it having the highest water solubility (3.82 g L).2%¢ This higher solubility
was hoped to aid reproducibility. An *OH-initiated thymine degradation mechanism was
proposed, based upon literature and known general *OH-initiated biochemical degradation
reaction pathways (Figure 122).45218.237
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Figure 122: Non-comprehensive *OH-initiated thymine degradation in aqueous solution. Structures and pathway
probabilities were obtained or hypothesised using literature sources.*® i) + *OH. ii) + *OH, - H20. iii) + O.
iv) + RH, - R*. v) + RO2°, - RO®". vi) + RO2*, - RCO. vii) + RO2*, - ROH. viii) - *OH. ix) Fragmentation. x) - HOz".

TART trapping was used to investigate the radical intermediates produced in this mechanism.
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7.6.2. Initial results

TART trapping of *OH-initiated thymine degradation was initially performed using DANT as
TART (Figure 123, 11.6.4). A trapless control was also performed and reaction mixtures
characterised using MS (Table 29, 11.6.4).

O H,0, (10 eq.)

FeSO,4 (1 eq.)

HN | TART (0.1 eq.)
O)\N
H

AcOH/NaOAc
(50 mM, pH 4)

Trapped radicals
+ products

Figure 123: TART trapping of *OH-initiated thymine degradation (11.6.4).

Table 29: Species identified from TART trapping of *OH-initiated thymine degradation, using DANT as TART and
MS for characterisation (11.6.4). Systematic m/z error = -0.0004; random m/z error = £0.0004; 100% intensity =
5.83x108 absolute count.

Intensity relative to
unreacted trap in

Species Prerﬂllited trapping reaction / %

Trapless Trapping

control reaction

TART  [DANT+H]* 285.2178 0 100
Reactants [Thymine+Na]* 149.0327 0.083 0.128
[R1/R2-ART+Na]* 294.1066 0 0.304
[R1/R2-TEMPO+H]* 300.1923 0 0.709
[R1.1/R2.1-ART+Na]* 326.0964 0 0.016
[R1.1.1/R2.1.1-ART+Na]" 310.10152 0 0
[R1.1.1.1/R1.1.1.2-ART+Na]* 310.10152 0 0
[R1.1.1.2-TEMPO+H]* 316.18722 0 0
[R1.1.3.1-ART+Na]* 310.10152 0 0

Trapped [R1.1.3.1-TEMPO+H]* 316.18722 0 0
radicals [R1.1.3.1.1-ART+Na]* 342.0913 0 0
[R2.1.1.1/R2.1.1.2-ART+Na]* 310.10152 0 0
[R2.1.1.1/R2.1.1.2-TEMPO+H]* 316.18722 0 0
[R3-ART+Na]* 276.0960 0 0
[R3-TEMPO+H]* 282.1818 0 0.596
[R3.1-ART+Na]* 308.0859 0 0
[R3.1.1-ART+Na]* 292.0909 0 0
[OH-ART+Na]* 168.0637 0 0.053
[HO,-ART+Na]* 184.0586 0 0
[P1.1.2/P2.1.2+Na]* 199.0331 0.142 0.029
[P1.1.3+Na]* 183.0382 0.151 0.026
Products  [P1-1.4+Na]* 181.0225? 0.050 0.015
[P3.1.2+Na]* 181.02252 0.050 0.015
[P3.1.3+Na]* 165.0276 0 0
[P3.1.4+Na]* 163.0120 0.008 0

a0ther table entries have predicted species with identical m/z.

As for CHANT and other non-basic reactants (5.3), peaks corresponding to DANT-trapped
radicals, reactants and products were not observed or observed exclusively or much more
intensely as sodiated MS adducts and hence, are only these adducts are shown.

R1/R2 corresponding peaks were observed with significant intensity exclusively in the trapping
reaction. Literature indicated 95% thymine molecules decay via these two species. An R3
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corresponding peak, comprising the remaining 5%, was not observed, nor was its successor
R3.1, likely due to a low proportion of R3 production. R1.1/R2.1 corresponding peaks were
also observed, albeit with lower intensity than their predecessors.

It was theorised that tandem MS may allow structural elucidation of R1.1/R2.1 corresponding
peaks. Tandem MS was attempted upon [R1/R2-ART+H]* and [R1.1/R2.1-ART+H]*
corresponding peaks to elucidate species structure, however high intensity fragments were
unobtainable. It was previously established that tandem MS performed upon protonated
species is generally more successful than for sodiated species (4.3.2.6). Therefore, a more
basic water-soluble trap was suspected to be more useful for tandem MS elucidation of
trapped *OH-initiated thymine degradation radicals.

It was theorised that in the acidic system used (pH 4), weakly basic DEADANT radical trap
may be protonated and consequently water-soluble. Furthermore, this protonation would
reduce N-oxidation through single electron transfer. Use of DEADANT over DANT in
*OH-initiated thymine degradation radical trapping offered many potential advantages:

a) Peaks corresponding to basic species tended to be observable with greater MS
intensity, due to their high protonation affinity compared to lower sodiation affinity of
non-basic species. This may have increased MS intensity of peaks corresponding to
TART-trapped species relative to other species, possibly making peaks corresponding
to R3 and R3.1 observable.

b) DEADANT 3° amine basicity was predicted to mainly govern protonation propensity of
TART-trapped radicals and not reactant radical structure. This contrasted to DANT,
where the structure of radicals affected TART-trapped radical sodiation propensity.
Therefore, quantification of TART-trapped radicals, relative to each other, was likely
be more accurate for DEADANT-trapped radicals.

c) Useful tandem MS fragmentation occurred more readily for protonated species,
allowing better elucidation of trapped radical structure.

7.6.3. Main results

Therefore, TART trapping of °*OH-initiated thymine degradation using DEADANT was
undertaken (Figure 123). A trapless control was also performed. Reaction mixtures and TART
standard were then characterised using MS (Table 30, 11.6.4).

Table 30: Species identified from TART trapping of *OH-initiated thymine degradation, using DEADANT as TART
and MS for characterisation (11.6.4). Systematic m/z error = -0.0002; random m/z error = £0.0005; 100%
intensity = 1.09x10° absolute count.

Intensity relative to unreacted

. Predicted TART standard / %
Species m/z Trapless Trapping
Standard .
control reaction
TART [DEADANT+H]* 312.2651 0 100 51.4
Reactants [Thymine+Na]* 149.0327 0.024 0 0.036
[R1/R2-ART+H]* 299.1719 0 0 1.62
[R1/R2-TEMPO+H]* 300.1923 0 0 1.45
[R1.1/R2.1-ART+H]* 331.1618 0 0 0.456
Trapped [R1.1.1/R2.1.1-ART+H]* 315.16682 0 0 1.55
radicals [R1.1.1.1/R1.1.1.2-ART+H]* 315.1668% 0 0 1.55
[R1.1.1.2-TEMPO+H]* 316.18722 0 0 0.727
[R1.1.3.1-ART+H]* 315.16682 0 0 1.55
[R1.1.3.1-TEMPO+H]"* 316.18722 0 0 0.727
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[R1.1.3.1.1-ART+HJ" 347.1567 0 0 0.134
[R2.1.1.1/R2.1.1.2-ART+H]* __ 315.1668° 0 0 1.55
[R2.1.1.1/R2.1.1.2-TEMPO+H]* 316.18722 0 0 0727

Trapped  [R3-ART+HT' 281.1614 0 0 0033

s _[R3-TEMPO+HI" 282.1818 0 0 1.23
[R3.1-ART+H[" 313.1512 0 0 0.090
[R3.1.1-ART+H]" 297.1563 0 0 0.032
[OH-ART+HT" 173.1290 0 0  0.010
[HO,~ART+H[* 189.1239 0 0 0
[P1.1.2/P2.1.2+Na]" 199.0331  0.042 0 0025
[P1.1.3+Na]* 183.0382  0.064 0  0.054

broducts  [PL-1-4+Na* 181.02252  0.033 0 0022
[P3.1.2+Nal* 181.02258  0.033 0 0022
[P3.1.3+Na]* 165.0276  0.003 0  0.007
[P3.1.4+Na]* 163.0120  0.007 0 0

a0ther table entries have predicted species with identical m/z.

MS peaks corresponding to TART had ~50% intensity compared to unreacted TART standard
in the trapping reaction. Thymine corresponding peak had lower intensity in the trapless
control than in the trapping reaction, suggesting greater thymine consumption. In contrast,
product corresponding peaks generally had greater intensity in the trapless control than in the
trapping reaction, suggesting greater product formation. These results indicated that TART
had hindered °*OH-initiated thymine degradation, as has been similarly observed and
discussed for other trapping reactions.

As anticipated, R1/R2 and R1.1/R2.1 corresponding peaks were observed with much greater
intensity when DEADANT was used as TART, instead of DANT. Additionally, peaks
corresponding to multiple radicals which were previously unobserved, were realised. TART-
trapped radicals were observed near-exclusively protonated. Therefore, DEADANT performed
superiorly for radical trapping in biochemistry systems and showed that DEADANT was
soluble in acidic solution.

Peaks corresponding to all hypothesised thymine-derived radicals were observed exclusively
in the trapping reaction, as expected. R1/R2 corresponding peaks were observed the most
intensely. This made good sense, as R1/R2 were the earliest radicals formed and therefore,
had the highest radical flux of all radicals, allowing the most opportunity for trapping. R3 was
also observed exclusively in the trapping reaction, as expected. Relative intensity of
[R3-ART+H]* compared to [R1/R2-ART+H]* was ~2:98%, broadly corresponding with the
relative intensities of the R3 to R1/R2 routes indicated by literature to be 5:95%.4° These
differences likely arose from differences in rates of radical consumption and trapping.

R1.1.1/R2.1.1-ART corresponding peaks were also observed with high intensity, whilst
R1.1/R2.1-ART corresponding peaks were observed with significantly lower intensity. This
was likely due to RO* reacting with TART more efficiently than RO:*, as discussed previously
(7.2.4). Similar intensities of R1/R2-ART and R1.1.1/R2.1.1-ART corresponding peaks may
be similarly explained by the relatively low concentrations of RO®* compared to R* being
counteracted by the relative faster trapping rate of RO®* compared to R* (7.2.4). Another
possible reason for the R1.1.1/R2.1.1-ART corresponding peak having higher intensity than
the R1.1/R2.1-ART corresponding peak was that the former peak was believed to be able to
correspond to multiple other radicals including R1.1.1.1/R1.1.1.2-ART and R1.1.3.1-ART,
which could also contribute to peak intensity. Modelling was required to fully interpret these
data, however this was not attempted.
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Most hypothesised radicals had identical molecular formulae but different structural formulae
to other radicals. This meant that the corresponding trapped radicals would have identical m/z
and therefore could not be distinguished by standard MS. Therefore, further MS techniques
were utilised.

7.6.4. Structural isomers

D.O exchange, tandem and HPLC-MS were used to further elucidate trapped radical
structures. D,O exchange assessed labile hydrogen atom population (4.3.2.5), tandem MS
created fragments with m/z values which aided parent ion structure elucidation (4.3.2.6) and
HPLC-MS separated and detected species with the same m/z (4.3.2.7).

The R1/R2 corresponding peak (m/z 299.172) was hypothesised to only correspond to R1 and
R2, which had similar structures containing the same functional groups. Separation and
detection of these two species was achieved using HPLC-MS (Figure 124).
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Figure 124: HPLC-MS chromatogram of the peak corresponding to R1/R2-ART (m/z 299.172+0.002), detected
from TART trapping of *OH-initiated thymine degradation, using DEADANT as TART (11.6.4). Two peaks
dominate (blue and red). Mass spectrum (inset) recorded at time of maximum chromatogram intensity (blue)
shows m/z 299.172 cleanly isolated (blue).

The HPLC-MS chromatogram of the m/z peak corresponding to R1/R2-ART (m/z 299.172)
was indeed dominated by two peaks, believed to correspond to R1 and R2. R1-ART and
R2-ART were expected to ionise equally, due to their near-identical functionality and identical
m/z. This implied that relative intensities of these two chromatogram peaks would
approximately correspond to relative concentrations of R1 and R2. Integration of these
chromatogram peaks produced relative intensities of 63% (blue) and 37% (red). This may
match the relative proportion of R1 (63%) and R2 (37%) production, as indicated by
literature.*®> However, the relative integrations of these chromatogram peaks are significantly
similar that without values for radical consumption or trapping, peaks cannot be confidently
assigned to each species. Nevertheless, the observation of two different species offered
validation to the hypothesised mechanism.
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Tandem MS of the peak corresponding to R1-ART and R2-ART (m/z 299.172) was also
performed, to further prove the peak corresponded to both species (Figure 125). However,
tandem MS did not distinguish between R1-ART and R2-ART. This was because differences
between R1-ART and R2-ART structures were located directly on the cyclic ring, but ring
fragmentation did not alter m/z, stopping normally useful fragmentations from elucidating
structure. Nevertheless, observed peaks supported that these parent ion peaks emanated
from TART-trapped radical species. One peak also likely corresponded to dehydration,
indicating an alcohol with neighbouring B-hydrogen atom. These data further validated the
suggested structures.
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Figure 125: Tandem mass spectrum of peak corresponding to R1-ART and R2-ART (m/z 299.172, green) with
structures suggested for major fragment peaks (blue). Structures are derived from R1-ART, but all peaks could
be equally attributed to R2-ART .

Although R1-ART and R2-ART could not be distinguished using DO exchange, D-O
exchange could offer further validation to their structures. For [R1-ART+H]* and
[R2-ART+H]*, five D exchanges were expected (Figure 126). These were two rapidly
exchanged H (in ammonium and hydroxyl groups) and three slowly exchanged H (-ART
amide NH and two other amide NH). Assuming that all MS peak corresponding to
[R1-ART+H]* and [R2-ART+H]* (m/z 299.172) corresponded to only these two species,
exchange of slow amide NH present in TART-trapped thymine-derived radicals could be
estimated using the observed D shifts (Table 31). This was a reasonable assumption, based
upon the hypothesised mechanism and HPLC-MS evidence.
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Figure 126: Total D exchange of [R1-ART+H]*, yielding five D exchanges.

Table 31: D exchanges observed for [R1/R2-ART+H]* from D20 exchange of *OH-initiated thymine degradation,
using DEADANT as TART and MS for characterisation (11.6.4). Systematic m/z error = -0.0004; random m/z
error = £0.0002.

Predicted Contribution / %
D exchange _

m/z Observed  Simulated?
0 299.1719 0 0
1 300.1782 0 0
2 301.1845 0 0.34
3 302.1908 4.13 5.31
4 303.1970 32.43 31.13
5 304.2033 63.07 63.21
6 305.2096 0 0

aSimulated using inherent solvent D/H ratio = 99.0% and calculated slow D/H exchange = 64.6%.

5D exchanges were observed with greatest intensity as expected, further validating the
suggested R1-ART and R2-ART structures. From these data, slow D/H exchange of TART-
trapped thymine-derived radicals was calculated to be 86.4%. This slow D/H exchange ratio
was used to estimate labile hydrogen atom population of other TART-trapped thymine-derived
radicals.

In contrast to R1-ART and R2-ART, the R1.1.1/R2.1.1 corresponding peak (m/z 315.167)
was believed to be able to correspond to multiple other species, including R1.1.1.1/R1.1.1.2
and R1.1.3.1. Whilst having the same m/z, the MS adduct of trapped RO°®, such as
[R1.1.1-ART+H]*, would have different numbers of labile hydrogen atoms to the MS adduct
of trapped R(OH)*, such as [R1.1.3.1-ART+H]*, with five and six respectively (Figure 69).
Therefore, DO exchange was used to distinguish these species (Table 32).

Figure 127: Total D exchange of [R1.1.1-ART+H]* and [R1.1.3.1-ART+H]", yielding 5D and 6D exchanges
respectively.
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Table 32: D exchanges observed for m/z 315.167 from D20 exchange of *OH-initiated thymine degradation,
using DEADANT as TART and MS for characterisation (11.6.4). Systematic m/z error = -0.0004; random m/z
error = +0.0004.

Contribution / %

Predicted ) i
D exchange / Simulated 5D  Simulated 6D
m/z Observed
exchange? exchange?
0 315.1668 0 0 0
1 316.1731 0 0 0
2 317.1794 0 0.34 0
3 318.1857 2.95 5.31 0.39
4 319.1920 22.01 31.13 5.57
5 320.1982 75.04 63.21 31.45
6 321.2045 0 0 62.58
7 322.2108 0 0 0

aSimulated using inherent solvent D/H ratio = 99.0% and calculated slow D/H exchange = 64.6% from R1/R2-ART.

The observed D exchanges broadly matched the prediction for 5D exchanges and not 6D.
This suggested all trapped radicals were trapped RO®, such as R1.1.1-ART and R2.1.1-ART,
and not trapped R(OH)*. Therefore R1.1.3.1 production could not be validated.

The HPLC-MS chromatogram of m/z 315.167 was dominated by two peaks although, other
less intense peaks were also observed (Figure 128). These peaks were believed to
correspond to R1.1.1 and R2.1.1, due to these radicals being formed first in the mechanism
and hence having a greater radical flux, though this could not be confirmed.
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Figure 128: HPLC-MS chromatogram of the peak corresponding to R1.1.1/R1.1.2-ART (m/z 315.167+0.002),
detected from TART trapping of *OH-initiated thymine degradation (11.6.4). Two peaks dominate (blue and red),
although other smaller peaks were also observed. Mass spectrum (inset) recorded at time of maximum
chromatogram intensity (blue) shows m/z 315.167 cleanly isolated (blue).

Non-deconvoluted integration of the two dominant chromatogram peaks produced relative
intensities of 62% (blue) and 38% (red). As previously, without further characterisation, these
peaks could not be specifically assigned to R1.1.1-ART or R1.1.2-ART. Other peaks could
correspond to radicals such as R1.1.1.1/R1.1.1.2 and R2.1.1.1/R2.1.1.2, but this could not be
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confirmed. Tandem MS was not performed upon the m/z 315.167 peak but may have aided
further structural elucidation.

Like for R1.1.1-ART and R2.1.1-ART, the R1.1/R2.1 corresponding peak (m/z 331.162) was
believed to be able to correspond to multiple other species. These species were not shown in
the reaction scheme, since they were later stage products but could include R(OH)O® or
R(OH),* species, such as hydroxylated R1.1.1/R2.1.1, hydroperoxylated R1/R2 or
dihydroxylated R1/R2 respectively (Figure 129). Whilst having the same m/z, [RO,-ART+H]",
[R(OH)O-ART+H]*, [R(OOH)-ART+H]* and [R(OH).—ART+H]* would have five, six, six and
seven labile hydrogen atoms respectively. Therefore, D,O exchange was used to distinguish
these species (Table 33).

OOH 0 OOH

HN OH HN OH HN
O)\N O)\N ’ O)\N ’
H H H

OH
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Figure 129: Three radicals possibly formed during *OH-initiated thymine degradation, with same m/z as RO2*
species R1.1/R1.2. These radicals are hydroxylated R1.1.1/R2.1.1 (R(OH)Q¢, left), hydroperoxylated R1/R2
(R(OOH)*, middle) and dihydroxylated R1/R2 (R(OH)z*, right).

Table 33: D exchanges observed for m/z 331.162 from D20 exchange of TART trapping of *OH-initiated thymine
degradation, using DEADANT as TART and MS for characterisation (11.6.4). Systematic m/z error = -0.0004;
random m/z error = +0.0002.

Contribution / %

Predicted ) . .
D exchange m/z Ob Simulated 5D Simulated 6D Simulated 7D
served
exchange? exchange? exchange?
0 331.1618 0 0 0 0
1 332.1680 0 0 0 0
2 333.1743 0 0.34 0 0
3 334.1806 0 5.31 0.39 0.01
4 335.1869 7.93 31.13 5.57 0.20
5 336.1932 33.36 63.21 31.45 3.41
6 337.1994 58.71 0 62.58 25.65
7 338.2057 0 0 0 70.73
8 339.2120 0 0 0 0

aSimulated using inherent solvent D/H ratio = 99.0% and calculated slow D/H exchange = 64.6% from R1/R2-ART.

The observed D exchanges appeared to partially correspond to both 5D and 6D exchanges.
Simulation indicated that 6% and 94% of species contributing to the m/z 331.162 peak had
five and six labile hydrogen atoms respectively, indicating 6% RO>-ART and 94%
R(OH)O-ART or R(OOH)-ART. This 6% RO,-ART was expected to be predominantly
R1.1/R2.1-ART, since R1.1/R2.1 were the first RO,* formed in the suggested mechanism and
therefore would have had the highest radical flux and hence, greatest opportunity for trapping.
The 94% R(OH)O-ART or R(OOH)-ART was expected to be predominantly hydroxylated
R1.1.1/R2.1.1-ART, since literature rate constants indicate that RO* are trapped much more
rapidly than R*. It was perhaps surprising that the somewhat low intensity peak corresponding
to R1.1/R2.1 was mainly caused by species other than R1.1/R2.1. This is predominantly
attributed to the relatively slow trapping rate of RO»* radicals.

Many peaks were visible in the HPLC-MS chromatogram of m/z 331.162 but four peaks were
significantly greater intensity than the others (Figure 130).
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Figure 130: HPLC-MS chromatogram of m/z 331.162+0.002, detected from TART trapping of *OH-initiated
thymine degradation, using DEADANT as TART (11.6.4). Four peaks had significantly large intensity (coloured)
although other smaller peaks were also observed. Mass spectrum (inset) recorded at time of maximum
chromatogram intensity (red) shows m/z 315.167 cleanly isolated (red).

These four peaks could be separated into two groups, with the two most and two least intense
peaks eluting at ~5 mins and ~13 mins respectively. Peaks eluting at similar times likely had
similar functionality, whilst the two groups had different functionality. Integration of the four
peaks produced relative intensities of 26% (blue), 51% (red), 16% (green) and 7% (pink) or in
their groups, total relative intensities of 77% (earlier, blue, red) and 23% (later, green, pink).
These broadly matched the DO exchange data for m/z 331.162, with relative intensities of 6D
and 5D exchanges being 94% and 6% respectively. This suggested the earlier and later
chromatogram peaks corresponded to hydroxylated R1.1.1/R2.1.1 and R1.1/R2.1
respectively. For R1.1/R2.1, relative intensities of the two peaks were 71% (green) and 29%
(pink), whilst for hydroxylated R1.1.1/R2.1.1, relatively intensities of the two peaks were 34%
(blue) and 66% (red). As previously, these peaks could not be specifically assigned to any
TART-trapped radicals without further characterisation.

Therefore, tandem MS was undertaken to elucidate these structures of hydroxylated
R.1.1.1/R2.1.1-ART (SI5.2). However, all obtained peaks could correspond to any of the four
species and therefore, no further structural elucidation was achieved. Nevertheless, observed
peaks supported that these parent ion peaks emanated from TART-trapped radical species,
with loss of NH(CHs). indicating the 1,1-dimethylethylenediamine functionality present in
DEADANT-trapped radicals. One peak also likely corresponded to dehydration fragmentation,
indicating an alcohol with neighbouring B-hydrogen atom, supporting suggested structures.

Mechanistic studies of *OH-initiated thymine degradation using TART trapping had offered
significant validation to the proposed mechanism (Figure 122). Standard MS had indicated
existence of several trapped radicals corresponding to radicals produced during the reaction
and offered some trapped radical quantification. HPLC-MS had allowed separation and
detection of species, allowing isomers to be separately observed. D,O exchange indicated
number of labile hydrogen atoms for each species and tandem MS also provided further
structural information. The success of this characterisation indicated that TART trapping could
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be used for experimental mechanistic studies. To fully interpret the obtained data, kinetic
modelling would be required. Improved MS quantification, through calibration using known
trapped radical concentrations, would also likely be required. However, without any existing
rate constants for this reaction, or a simple way of synthesising such trapped radicals,
modelling and improved MS quantification would be complex and time consuming and hence,
was not attempted.

TART trapping was similarly applied to *OH-initiated degradation of dipeptides as a proxy for
proteins.

7.7. Dipeptides

Proteins are also highly vulnerable to damage by ROS such as *OH. Studies indicate that
~70% °*OH generated within cells reacts with proteins.®> Such damage may induce
diseases.*®#? Therefore, *OH-initiated protein degradation is of significant interest in
biochemistry and medicinal chemistry and therefore, was studied using TART trapping. Like
nucleobases were studied as a proxy for key components of DNA (7.6), protected diglycines
were studied as a simpler and model proxy for key components of proteins. TART trapping
was used to investigate *OH-initiated diglycine degradation in collaboration with postgraduate
Nikolas Vagkidis, who synthesised N-protected-diglycine starting materials, N-acetyl-diglycine
(Ac-Gly-Gly-OH) and N-Boc-diglycine (Boc-Gly-Gly-OH). These dipeptides were N-protected
to reduce amino group side reactions, which were irrelevant to degradation of glycine units in
proteins. An *OHe-initiated diglycine degradation mechanism was proposed, based upon
literature and known general reaction pathways of *OH-initiated biochemical degradation
(Figure 131).32.218,238
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Figure 131: *OH-initiated diglycine degradation in agueous solution. Structures and pathways were obtained or
hypothesised using literature sources.32:218238 X=1: R'=Ac/Boc, R?>=Gly-OH; X=2: R!=Ac/Boc-Gly, R>=OH.
i) + *OH, - H20. ii) + O2. iii) + RH, - R*. iv) + RO2®, - RO*. v) + RO2*, - RCO. vi) + RO2*, - ROH. vii) - *OH. viii)
Fragmentation. ix) - HO2°.

TART trapping was used to investigate *OH-initiated diglycine degradation for Ac-Gly-Gly-OH
and Boc-Gly-Gly-OH, using DEADANT as TART (Figure 132, 11.6.4). Reaction mixtures were
then characterised using MS (Table 34, 11.6.4).
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Figure 132: TART trapping of *OH-initiated dipeptide degradation, using Ac-Gly-Gly-OH and Boc-Gly-Gly-OH as
substrates and DEADANT as TART (11.6.4).

Table 34: Species identified from TART trapping of *OH-initiated dipeptide degradation, using Ac-Gly-Gly-OH
and Boc-Gly-Gly-OH as substrates, DEADANT as TART and MS for characterisation (11.6.4). Ac-Gly-Gly-OH:
systematic m/z error = 0.0000; random m/z error = +0.0006. Boc-Gly-Gly-OH: systematic m/z error = +0.0002;
random m/z error = +0.0014. 100% intensity = 1.09x10° absolute count.

Ac-Gly-Gly-OH Boc-Gly-Gly-OH
Intensity Intensity
. . relative . relative
Species Prertrj];cz:ted to TART Prer(rjlllczzted to TART
standard standard

[ % [ %
TART [DEADANT+H]* 312.2651 1.71 312.2651 1.50
Reactants [D@pept?deﬂ}la]* 197.0538 4.86 255.0957 5.54
[Dipeptide dimer+Na]* 371.1179 61.3 487.2016 27.0
[R1:R3-ART+H]* 329.1825 0.102 387.2243 4.64
[R1:R3-TEMPO+H]*? 330.2029 3.35 388.2447 14.5
[R1.1:R3.1-ART+H]*™? 361.1723 0.934 419.2142 1.18
[R1.1.1:R3.1.1-ART+H]*? 345.1774b 1.20 403.2193 2.14
[R1.1.1.1-ART+H]* 214.1555 0 244.2025 0
[R1.1.1.2.1-ART+H]* 286.1403 0.007 314.1352 0
[R1.1.1.2.1-TEMPO+H]* 287.1607 0.026 315.1556 0
[R1.1.1.2.1.1-ART+H]* 318.1301 0.013 346.1251 0
[R1.1.1.2.1.1.1-ART+H]* 302.1352 0.013 330.1301 0
[R1.1.1.3.1-ART+H]* 242.1505 0 272.1974 0.003
[R1.1.1.3.1-TEMPO+H]"* 243.1709 0.024 273.2178 0.010
[R1.1.1.3.1.1-ART+H]" 274.1403b 0.075 304.1872 0.013
[R1.1.1.3.1.1.1-ART+H]* 258.1454b 0.091 288.1923 0.012
[R1.1.1.4-ART+H]* 258.1454b 0.091 288.1923 0.012
Trapped [R1.1.1.4-TEMPO+H]* 259.1658 0.044 289.2127 0.005
radicals [R1.1.1.4.1-ART+H]* 290.1352 0.075 304.1872 0.013
[R1.1.1.4.1.1-ART+H]* 274.1403b 0.061 290.1352 0.007
[R1.1.1.4.1.1.1-ART+H]* 230.1504 0.007 230.1504 0
[R1.1.1.4.1.1.1-TEMPO+H]* 231.1708 0.004 231.1708 0
[R1.1.3.1:R3.1.3.1-ART+H]"* 345.1774b 1.20 403.2193 2.14
[R1.1.3.1:R3.1.3.1-TEMPO+H]* 346.1978 0.387 404.2397 1.73
[R1.1.3.1.1:R3.1.3.1.1-ART+H]"* 377.1672 0.192 435.2091 0.376
[R2.1.1.1-ART+H]* 271.1770 0 301.2240 0
[R2.1.1.2.1-ART+H]* 229.1188 0.018 229.1188 0
[R2.1.1.2.1-TEMPO+H]* 230.1392 0.041 230.1392 0
[R2.1.1.2.1.1-ART+H]* 261.1087 0 261.1087 0
[R2.1.1.2.1.1.1-ART+H]* 245.1138 0.013 245.1138 0
[R2.1.1.3.1-ART+H]* 299.1719 0 357.2138 0.114
[R2.1.1.3.1-TEMPO+H]* 300.1923 0.107 358.2342 0.554
[R2.1.1.3.1.1-ART+H]* 331.1618 0.484 389.2036 3.83
[R2.1.1.3.1.1.1-ART+H]" 315.1668 0.158 373.2087 0.377
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[R2.1.1.4-ART+H]* 201.1239 0 231.1709 0
[R2.1.1.4-TEMPO+HJ* 202.1443 0 232.1913 0
Trapped [R2.1.1.4.1-ART+H[* 233.1137 0.041 233.1137 __ 0.347
radicals [R2.1.1.4.1.1-ART+H[* 217.1188 0.584 247.1658 0
[OH-ART+H]" 173.1290 0.009 173.1290 __ 0.020
[HO.~ART+NaJ* 189.1239 0.006  189.1239 0
[P1.2:P3.2+Na]* 229.0437 0.167 287.0855 1.81
[P1.3:P3.3+Na]* 213.0487 0.202 271.0906  0.475
[P1.4:P3.4+Na]* 211.0331 0.043 269.0750  0.217
[P1.1.1.2+Na]* 154.0116 0 182.0066 0
[P1.1.1.2.1.1.2+Na]* 186.0015 0 213.9964 0
[P1.1.1.2.1.1.3+Na]* 170.0066 0 198.0015 0
[P1.1.1.3+Na]* 110.0218 0 140.0687 0
[P1.1.1.3.1.1.2+Na]* 142.0116 0 172.0586 0
[P1.1.1.3.1.1.3+Na]* 126.0167 0 156.0637 0
Products  [P1.1.1.4.1.2+Naj* 156.9987 0 184.9936 0
[P1.1.1.4.1.3+Na]* 141.0038 0 168.9987 0
[P2.1.1.2+Na]* 96.9902 0 96.9902 0
[P2.1.1.2.1.1.2+Na]* 128.9800 0 128.9800 0
[P2.1.1.2.1.1.3+Na]* 112.9851 0 112.9851 0
[P2.1.1.3+Na]* 167.0433 0.071 197.0902  0.192
[P2.1.1.3.1.1.2+Na]* 199.0331 0 229.0800  0.021
[P2.1.1.3.1.1.3+Na]* 183.0382 0 213.0851  0.015
[P2.1.1.4.1.2+Na]* 100.9851 0 100.9851 0
[P2.1.1.4.1.3+Na]* 84.9902 0  84.9902 0

aRadicals formed through HAA from C-H of protecting group forming R* (R3), Oz addition to R* forming RO2*
(R3.1) and RO2* degradation forming RO* (R3.1.1). POther table entries have predicted species with identical m/z.

First observation of mass spectra revealed that these dipeptides mainly ionised as dimer
complexes (Figure 133).2%% This was believed to be exclusively an MS effect, as dipeptide
NMR spectra indicated species were monomeric. Dipeptide propensity to dimerise during MS
made quantification potentially challenging, as it would be difficult to predict how dipeptide
side groups may affect propensity for dimerisation for other non-reactant species. However,
manual searching for possible dipeptide-(R1:R3-ART, R1.1:R3.1-ART and
R1.1.1:R3.1.1-ART) dimers yielded no matches, suggesting trapped radicals poorly
dimerised. This suggested MS dimerisation could be ignored for non-reactant species.

Figure 133: Possible R-Gly-Gly-OH dimer structure formed during MS.23°

TART intensity was significantly lower than unreacted TART standard in both trapping
reactions, indicating TART consumption. This likely meant that TART trapping had occurred.

MS peaks corresponding to Boc-Gly-Gly-OH were observed with relatively lower intensity than
peaks corresponding to Ac-Gly-Gly-OH. This indicated that Boc-Gly-Gly-OH was consumed
more rapidly than Ac-Gly-Gly-OH. This was surprising, since it was believed that HAA would
primarily occur at diglycine C—H and therefore, both diglycines should have been consumed
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at similar rates. Similarly, R1:R3, R1.1:R3.1 and R1.1.1:R3.1.1 corresponding peaks were
observed more intensely for Boc-Gly-Gly-OH. In contrast, peaks corresponding to most other
radicals were observed more intensely for Ac-Gly-Gly-OH than Boc-Gly-Gly-OH, including
R1.1.1.2.1, R1.1.1.4 and R2.1.1.2.1. This indicated that HAA occurred more readily for
Boc-Gly-Gly-OH whilst more fragmentation occurred during Ac-Gly-Gly-OH degradation. From
this, it was hypothesised that HAA occurred more dominantly from the protecting group (R3)
for Boc-Gly-Gly-OH than Ac-Gly-Gly-OH. For Boc-Gly-Gly-OH, it was believed that the HAA
from one of nine unrestricted 1° C-H effectively competed with HAA from one of four relatively
sterically shielded glycine 2° C-H. For Ac-Gly-Gly-OH however, HAA from one of three
unrestricted 1° C-H would compete less effectively with HAA from one of four restricted
glycine 2° C-H. HAA from the Boc group was proven to occur using tandem MS upon the
[R1:R3-ART+H]* corresponding peak (m/z 387.224, Figure 134). Two intense fragment peaks
seemed to exclusively correspond to R3, indicating HAA occurred from the Boc group.
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Figure 134: Tandem mass spectrum of [R1:R3-ART+H]* corresponding peak for Boc-Gly-Gly-OH (m/z 387.224,
green) with structures suggested for major fragment peaks (blue). These fragments indicated HAA from
Boc-Gly-Gly-OH occurs readily upon the Boc group.

R3 formation was undesirable, as protecting group degradation was not relevant to protein
degradation. Therefore, Boc-Gly-Gly-OH was not used for any subsequent investigations.

Whilst protecting group degradation probably also occurred for Ac-Gly-Gly-OH, over ten peaks
corresponding to trapped radicals which could only be formed following HAA from a glycine
C-H by *OH, indicated that Ac-Gly-Gly-OH could be used as a proxy for key components of
proteins in their *OH-initiated degradation. D.O exchange was used to further elucidate TART-
trapped radicals and hence radical structures (S15.3). Observation of peaks corresponding to
TART-trapped radicals and additional D,O data validated the mechanism proposed for
*OH-initiated diglycine degradation, as supported by literature.32:218.238
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7.8. Saccharides

Saccharides, such as glucose, ribose, maltose and sucrose, are extremely vulnerable to
degradation by *OH. Saccharides contain many hydroxyl groups, which increase stability of
a-carbon-centred radicals, increasing rate of HAA by *OH. Whilst this makes saccharides very
reactive, it also makes the exact site of initial HAA and radical formation much less certain, as
all C-H are vulnerable to HAA (Figure 135). Furthermore, these radicals would likely progress
through analogous steps in the early stage of the mechanism, leading to large numbers of
isomeric intermediate radicals and products, which have identical m/z values and functionality.

OH OH OH
HO O HO O Ho %
OH ‘on 1,0 | HO +HO HO—»
; HO HO o1 HO on
HO o 4 on —

OH
HO
OH :
HO 0
HO

HO o

OH OH
HO N HO ©
HO HO
HO oH HO oH

Figure 135: Plausible radicals formed after initial HAA in *OH-initiated glucose degradation.

This large number of possible radical intermediates and products makes mechanistic study of
*OH-initiated saccharide degradation very difficult. Indeed, most literature surrounding
*OH-initiated saccharide degradation tend to suggest many isomeric radical intermediates and
products, without much indication of which are more prominent.?4-242 As such, developing a
comprehensive reaction scheme for *OH-initiated saccharide degradation was not attempted.
Instead, functionality of radical intermediates and products was probed. TART trapping (Figure
136) and MS characterisation were undertaken similarly to as previously (11.6.4). However,
MS analysis was conducted using the Formula Find programme (4.4.6). Formula limits and
m/z limits were set as CisHo2sN201.12 and m/z 100-500 respectively, producing only non-
fragmented TART-trapped radicals. Non-isomer specific radical structures were suggested
that corresponded to the thirteen most intensely observed peaks (Table 35).

OH H-0, (10 eq.))

FeSO4 (1 eq.
HO 0 DEADANT (0.1€d) Trapped radicals
HO AcOH/NaOAc + products
(50 mM, pH 4)
HO oH

Figure 136: TART trapping of *OH-initiated glucose degradation, using DEADANT as TART (11.6.4).
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Table 35: Identified radicals from the most intense MS peaks attributed to monomeric non-fragmented TART-
trapped radicals from TART trapping of *OH-initiated glucose degradation, using DEADANT as TART and MS for

characterisation (11.6.4). Molecular formula limits were set as C14Ho-2sN201-12 and m/z limits 100-500.

Unreasonable molecular formulae were eliminated. RCO represents formation of carbonyl from an existing
alcohol group, i.e., R* and R(CO)* differ by Hz. Systematic m/z error = -0.0002; random m/z error = £0.0005;

100% intensity = 1.09x10° absolute count.

Intensity .
relative to Corresponding

Entry Observed DEADANT radical Suggest_ed ra}dlcal
m/z molecular functionality
standard / formula

%

R(CO)O:*
R(CO)(OH)O*
R(CO)(OOH)*
R(CO)(OH),*

R(CO)zOz'
R(CO).(OH)O*
R(CO)2(O0H)*
R(CO)2(OH)2*
R(CO)(OH)O:*

R(CO)(OOH)O*
3 381.1516 0.114 CsHoOo* R(CO)(OH).0*
R(CO)(OH)(OOH)*
R(CO)(OH)s*
R(CO)2(OH)O2*
R(CO),(O0OH)O*
4 379.1361 0.081 CeH709° R(CO)2(OH).0"
R(CO)2(OH)(OOH)*
R(CO)2(OH)s*
R(CO).0*
R(CO)2(OH)*
R(CO)O*
R(CO)(OH)*
R(CO)(OOH)O-*
R(CO)(OH),0;*
R(CO)(OH)(OOH)O*
7 397.1467 0.038 CsHoO10° R(CO)(OH)s0*
R(CO)(OOH),*
R(CO)(OH)2(O0OH)*
R(CO)(OH),*
RO,*
R(OH)O*
R(OOH)*
R(OH).*
R(OH)O:*
R(OOH)O*
9 383.1673 0.027 CsH11009° R(OH).0*
R(OH)(OOH)*
R(OH)s*
10  331.1509 0.023 CsH7O6* R(CO),*
11 333.1662 0.022 CsHoOs* R(CO)*

1 365.1566 0.142 CeHyOs®

2 363.1410 0.140 CeH70sg*

5 347.1460 0.072 CeH7O7°

6 349.1617 0.049 CeHoO7*

8 367.1722 0.034 CeH110g°*
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R(CO):0,*

. R(CO)3(OH)O"
12 361.1247 0.020 CsHsOs R(CO)3(00H)*
R(CO)3(OH),*

. R(CO);0°

13 345.1298 0.017 CeHsO7 R(CO)3(OH)*

All these peaks could correspond to at least one likely TART-trapped radical functionality and
hence radical functionality (Table 35). Some examples of radical structures corresponding to
these radical functionalities are indicated (Figure 137). This indicated TART was successfully
used to trap radicals in *OH-initiated glucose degradation. However, most peaks could
correspond to multiple radical structures. Whilst these radical structures could all be sensibly
produced during *OH-initiated glucose degradation, due to the large number of pathways and
possible structures, making certain structure assignment was impossible without further
analysis. Due to the complex nature of these results, further MS characterisation was not
undertaken. This meant that radical structures could not be specified in greater detail.
However, many of these structures were previously suggested in literature.?40-242

OH OH OH OH OH
OH OH o
R O N S
=0 =0 =0 =0 HO =0
‘00 HO ‘o0 HO ‘o0 HO ‘o0 HO HO
CeHgOg’ CeH70¢’ CeHgOg’ CeH70g’ CeH707
OH OH OH OH OH
o OOH OH
e S o oo F S
HO =0 =0 HO— =0
HO ‘0o HO ‘00 "OH ‘00 "OH HO
CeHgO7' CeHgO1o’ CeH110¢’ CgH110g" CeH70¢"
" ?
O= O=
HS(;&O& HO 2 e) HO < o)
"Ho © ‘00 HO .5 HO
CeHgOs' CeHsOg’ CeHs07’

Figure 137: Example structures possibly produced during from *OH-initiated glucose degradation.

7.9. Antioxidants

Antioxidants, such as ascorbic acid (vitamin C) and glutathione, play an important role in
reducing and preventing oxidative damage to cellular components, such as DNA.3334 As such,
antioxidants and their role in reduction and prevention of oxidative damage and disease, have
been widely researched (1.2.2). Therefore, TART trapping was used to investigate
*OH-initiated ascorbic acid degradation, for which a mechanism was proposed, based upon
literature and known general reaction pathways of *OH-initiated biochemical degradation
(Figure 138).%3
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Figure 138: *OH-initiated ascorbic acid degradation in aqueous solution. Ascorbate and ascorbic acid dominate

at physiological pH (typically pH 7.0-7.4)2 and under somewhat acidic conditions (pH 4) respectively. Structures

and pathways were obtained or hypothesised using literature sources.32 Other reaction pathways, such as HAA
from allylic C—H and alcohol O—-H, were also possible.

TART trapping was then used to investigate *OH-initiated ascorbic acid degradation (Figure
139, 11.6.4). A trapless control was also undertaken. Reaction mixtures and TART standard
were then MS characterised (Table 36). Ascorbic acid has first pKa 4.12 (~296 K).243
Therefore, at physiological pH (typically pH 7.0-7.4)?%, the ascorbate form dominates.
However, under reaction conditions (pH 4), the ratio of ascorbic acid:ascorbate is ~4:3,
meaning both forms are of significant concentration. Mass spectra were originally analysed by
project student Dan Gugan but subsequently reanalysed in greater detail by the author.

H H202 (10 eq)
H FeSO, (1 eq.)

OO \=0 DEADANT(01e4) Trapped radicals
— AcOH/NaOAc + products
(50 mM, pH 4)
OH

HO

‘\\O

Figure 139: TART trapping of *OH-initiated ascorbic acid degradation, using DEADANT as TART (11.6.4).
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Table 36: Species identified from TART trapping of *OH-initiated ascorbic acid degradation, using DEADANT as
TART and MS for characterisation (11.6.4). Systematic m/z error = -0.0005; random m/z error = +0.0008;
100% intensity = 1.09x10° absolute count?.

Intensity relative to unreacted
TART standard? / %

Species Predicted Trapless Standard? Trapp_ing

m/z control reaction
TART [DEADANT+H]* 312.2651 0 100 0
Reactants [Ascorbic acid+Na]* 199.0219 0.0004 0 0
[R1/R2-ART+H]* 349.1611 0 0 0.0021
[R1/R2-TEMPO+H]* 350.1815 0 0 0.0008
[R1.1/R2.1-ART+H]* 381.1509 0 0 0.0039
Trapped [R3/R4-ART+H]* 331.1505" 0 0 0.0050
radicals [R3.1/R4.1-ART+H]* 331.1505° 0 0 0.0050
[R3.1/R4.1-TEMPO+H]* 332.1709° 0 0 0.0466
[R3.1.1/R4.1.1-ART+H]* 363.1404 0 0 0.0315
[OH-ART+H]* 173.1290 0 0 0
[HO,-ART+H]* 189.1239 0 0 0

Products [P1.1.1/P2.1.1+Na]* 215.0168 0.0241 0 0.0461
[P2.1.1.1+Na]* 197.0062 0.0007 0 0.0017

agtandard scaled x10 to match dilution of samples. "Other table entries have predicted species with same m/z.

TART corresponding peak had ~50% compared to unreacted TART standard, post-trapping
reaction. This indicated around half of TART was consumed, suggesting TART trapping had
occurred.

Radicals formed during *OH-initiated ascorbic acid degradation had been successfully TART-
trapped and MS characterised. These results indicated that ascorbic acid reacted with *OH
and therefore, acted as an antioxidant, as expected. It was theorised that this antioxidant could
reduce or prevent *OH-initiated biochemical degradation, such as for nucleobases. This would
reduce concentration of radicals formed during degradation of these biochemicals.

TART trapping was used to investigate *OH-initiated degradation of a nucleobase-antioxidant
system. It was theorised that antioxidant would reduce or prevent nucleobase degradation,
resulting in reduced intensity of TART-trapped radicals. For this, TART trapping of
*OH-initiated degradation of thymine, ascorbic acid or thymine and ascorbic acid were
undertaken (Figure 140). These reaction mixtures were then MS characterised (Table 37,
11.6.5).

o HO H,0, (10 eq.)
= H FeSO, (1 eq.)
HN S 4 o OO DEADANT 0.1 e) Trapped radicals
)\ | — é%OHKANa%'AZC) + products
mM, p
° R Ho  oH

Figure 140: TART trapping of *OH-initiated thymine and ascorbic acid degradation, using DEADANT as TART
(11.6.5).
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Table 37: Trapped radicals from *OH-initiated thymine, ascorbic acid and simultaneous thymine and ascorbic
acid degradation, using DEADANT as TART and MS for characterisation (11.6.5). T and A species are thymine-
(Figure 122) and ascorbic acid-derived (Figure 138) respectively. Systematic m/z error = -0.0005; random m/z
error = +0.0007; 100% intensity = 1.09x10%° absolute count?.

Intensity relative to unreacted

TART standard? / %
: Predicted , Ascorbic Both
Species Thymine . X
m/z acid species
TART [DEADANT+H]* 312.2651 6.17 0 0.0014
Reactants [Thymine+Na]* 149.0327  0.0186 0 0
[Ascorbic acid+Na]* 199.0219 0 0 0
[TRI/TR2-ART+H]* 299.1719 0.260 0 0.0002
[TR1/TR2-TEMPO+H]* 300.1923 0.196 0.0001 0.0184
[TR1.1/TR2.1-ART+H]* 331.1618 0.101 0 0.106
[TR1.1.1/TR2.1.1-ART+H]* 315.1668° 0.311 0 0.0489
[TR1.1.1.1/TR1.1.1.2-ART+H]* 315.1668° 0.311 0 0.0489
Thymine- [TR1.1.1.2-TEMPO+H]* 316.1872° 0.113 0.0017  0.0230
derived [TR1.1.3.1-ART+H]* 315.1668° 0.311 0 0.0489
trapped [TR1.1.3.1-TEMPO+H]* 316.1872° 0.113 0.0017 0.0230
radicals [TR1.1.3.1.1-ART+H]* 347.1567  0.0296 0 0.0521
[TR2.1.1.1/TR 2.1.1.2-ART+H]* 315.1668° 0.311 0 0.0489
[TR2.1.1.1/TR 2.1.1.2-TEMPO+H]*  316.1872° 0.113 0.0017  0.0230
[TR3-ART+H]* 281.1614  0.0058 0 0
[TR3-TEMPO+H]* 282.1818 0.245 0 0.0064
[TR3.1-ART+H]* 313.1512  0.0173 0 0.0102
[TR3.1.1-ART+H]* 297.1563  0.0061 0 0.0008
[AR1/AR2-ART+H]* 349.1611  0.0004 0.0021 0.0031
Ascorbic [AR1/AR2-TEMPO+H]* 350.1815 0 0.0008 0
acid- [AR1.1/AR2.1-ART+H]* 381.1509 0 0.0039 0.0034
derived [AR3/AR4-ART+H] 331.1505° 0 0.0050 0.0045
trapped [AR3.1/AR4.1-ART+H]* 331.1505° 0 0.0050 0.0045
radicals [AR3.1/AR4.1-TEMPO+H]* 332.1709° 0 0.0466  0.0255
[AR3.1.1/AR4.1.1-ART+H]* 363.1404 0 0.0315 0.0195
Other [OH-ART+H]* 173.1290 0.0016 0 0
trapped
radicals  [HO2—ART+H]* 189.1239 0 0 0
[T1.1.2/T2.1.2+Na]* 199.0331  0.0186 0 0.0022
Thymine- [TP1.1.3+Na]* 183.0382  0.0280 0 0.0165
derived [TP1.1.4+Na]* 181.02252  0.0098 0 0.0438
products [TP3.1.2+Na]* 181.02252  0.0098 0 0.0438
[TP3.1.3+Na]* 165.0276  0.0058 0 0
[TP3.1.4+Na]* 163.0120  0.0016 0 0
Ascorbic .
acid- [AP1.1.1/AP2.1.1+Na] 215.0168 0 0.0461 0.0252
derived  raps 1 1. 1+NaJ* 197.0062 0  0.0017 0
products

aStandard scaled x10 to match dilution of samples. POther table entries have predicted species with same m/z.

Averaging the relative intensities of TART-trapped radicals between the simultaneous reaction
to the substrate or antioxidant reactions yielded 50+20% and 95+13% respectively. This
suggested that thymine-derived TART-trapped radicals decreased by ~50% in ascorbic acid
presence, whilst ascorbic acid-derived TART-trapped radicals decreased by only ~5% in
thymine presence. Assuming TART trapping occurred at similar rates for thymine- and
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ascorbic acid-derived radicals, this indicated that ascorbic acid presence decreased thymine
radical concentrations, and therefore thymine consumption, by around half and therefore
acted as an antioxidant.

In this system, *OH are continuously generated and hence substrates continuously react with
*OH. In reality, antioxidants cause radical oxidation chains to break, preventing further radical
reactions. Nevertheless, these results indicate that ascorbic acid is more reactive to *OH than
thymine and therefore, would break radical oxidation chains more efficiently, implying that
ascorbic acid is a better antioxidant than thymine. This showed that TART trapping could be
used to investigate the effect of antioxidants on *OH-initiated biochemical degradation.

7.10. Conclusions and future work

TART trapping was successfully used for preliminary investigations of aqueous iron-catalysed
*OH-initiated biochemical degradation. Biochemicals investigated included nucleobases
(thymine), dipeptides (protected diglycine), saccharides (glucose) and antioxidants (ascorbic
acid). *OH-initiated degradations of these biochemicals were believed to be relevant to
oxidative stress and development of many diseases including cancers.“%-4? Observations of
TART-trapped radicals provided mechanistic and kinetic insights into these degradation
processes, providing validation to hypothesised mechanisms of *OHe-initiated biochemical
degradation. Spin traps, are easily degraded by trace metals and therefore, may be less
suitable than TARTS for radical characterisation in these iron-catalysed systems (1.3.2.1).128
Furthermore, °*OH-initiated biochemical degradation generated many oxygen-centred
radicals, which could not be trapped using nitroxyl radical recombination traps (1.3.2.2).

These investigations showed that DANT and DEADANT were soluble in acidic solution and
able to trap biochemically relevant radicals. However, peaks corresponding to DEADANT-
trapped radicals were observed as protonated MS adducts and with much greater intensity
than peaks corresponding to DANT-trapped radicals, which were observed as sodiated MS
adducts. This was believed to be due to DEADANT-trapped radicals having highly basic
3° amine character, which improved their ionisation efficiency. Furthermore, relatively intensity
of peaks corresponding to TART-trapped radicals were believed to be more reliable, as
ionisation efficiency depended less on reactant radical functionality. Additionally, tandem MS
was performed more successfully for DEADANT-trapped radicals than DANT-trapped
radicals. This indicated that DEADANT was generally a superior TART for these reactions.
However, it should be noted that in some systems, its basicity may cause side reactions and
therefore, its suitability for TART trapping must be carefully considered for each trapping
reaction.

In general, evidence gathered using MS results, reaction mechanisms and literature-sourced
rate constants suggested that TART rapidly reacted with short-lived carbon-centred R* and
RO* but slowly reacted with long-lived RO*. This indicated that whilst TART trapping was an
effective tool for characterisation of short-lived radicals, it was not as useful for
characterisation of long-lived radicals. This was also true of other indirect radical
characterisation techniques, such as spin trapping and recombination trapping (1.3.2).
Nevertheless, since existing direct radical characterisation techniques were generally better
at detecting long-lived radicals and poorer at detecting short-lived radicals (1.3), TART
trapping was still a valuable tool for radical characterisation.

TART trapping and MS characterisation indicated that *OH-initiated thymine degradation
occurred primarily through *OH addition rather than HAA by *OH, as predicted in literature.
D,0O exchange, tandem MS and HPLC-MS were used to further characterise TART-trapped
radicals. These techniques showed that many isomers corresponded to a single peak. In
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particular, HPLC-MS was used effectively to separate and detect species with the same m/z.
With further characterisation or modelling, it was believed that HPLC-MS could be used to
quantify concentration of radicals.

The Formula Find programme was used effectively to find peaks corresponding to TART-
trapped radicals and suggest the molecular formulae of these radicals in *OH-initiated glucose
degradation. This allowed key radicals to be identified, without needing to predict a mechanism
first. This also ensured that intensely observed TART-trapped radicals would not go
unobserved.

TART trapping and MS characterisation of dual *OH-initiated thymine and ascorbic acid
degradation showed that ascorbic acid worked effectively as an antioxidant to reduce
*OH-initiated thymine degradation. This indicated that TART trapping could be used to
evaluate antioxidant activity, similarly to how DPPH and UV-Vis spectroscopy are commonly
used (1.3.2.2).1% However, TART trapping and MS characterisation were far more diagnostic,
offering a distinct advantage over DPPH and UV-Vis spectroscopy.

Although TART trapping and MS characterisation were successfully used to characterise
radicals formed during *OH-initiated biochemical degradation, these investigations were very
preliminary. Therefore, there was a lot of scope for further probing the mechanisms and
kinetics of these reactions. For all reactions this could include: effect of different substrates;
substrate concentration; different TART concentration and functionality; experimental
conditions and kinetics investigations. Kinetic modelling would also allow results to be more
guantitatively analysed, possibly allowing relative concentrations of radicals to be estimated
using intensity of peaks corresponding to TART-trapped radicals. In particular, kinetic
investigations of these reactions would be interesting, as it was not known at what rate these
reactions progressed.

For all reactions, *OH was believed to far exceed the amount of substrate. This meant that
non-radical products formed following substrate reaction with *OH could be reinitiated by
another *OH. This did not well emulate biological systems. Reducing [H-0-] would likely yield
fewer later stage radicals and hence results of TART trapping would have greater biological
relevance. Therefore, an interesting experiment would be to undertake TART trapping in the
studied *OHe-initiated biochemical degradations and observe how relative intensities of TART-
trapped radicals were affected for earlier and later stage radicals. Similarly, antioxidant
capacity of ascorbic acid could be further probed by comparing intensities of peaks
corresponding to TART-trapped radicals between reactions where [thymine] and
[ascorbic acid] were altered.

For TART trapping of *OHe-initiated thymine degradation, further MS characterisation, such as
D,O exchange HPLC-MS or tandem MS HPLC-MS may indicate which HPLC-MS
chromatogram peaks corresponded to which TART-trapped radicals isomers. Furthermore,
kinetic modelling could be used to experimentally determine relative concentrations of the
corresponding radical isomers from intensity of MS peaks corresponding to TART-trapped
radicals.

All TART trapping investigations thus far had been performed upon liquid phase radical
reactions. However, gaseous radical reactions play a key role the formation of secondary
organic aerosol (SOA), photochemical smog and tropospheric ozone and therefore, were of
greater interest.1%!! Therefore, TART trapping was used to investigate the mechanisms and
kinetics of atmospherically relevant radical reactions, such as alkene ozonolysis (8).
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8. Alkene ozonolysis

8.1. Introduction

Atmospheric alkene decomposition is predominantly caused by reaction with hydroxyl radicals
(*OH), nitrate radicals (*NOs3) and ozone (1.2.3). *OH and *NOs appear to be more significant
in alkene decomposition. However, there is strong evidence to suggest significant quantities
of *OH for alkene decomposition are produced as a product of alkene ozonolysis, a radical
process. Furthermore, recent measurements predict that alkene ozonolysis provides missing
*OH reactivity observed over forested areas.® Alkene ozonolysis is also believed to cause
formation of highly oxidised multifunctional (HOM) products.5>67 The high atmospheric
abundance of alkenes, coupled with their widespread use in flavourings and fragrances,
makes them important species in atmospheric chemistry and indoor and outdoor air quality
control. Therefore, understanding the mechanisms of radical alkene decomposition is of great
interest. As such, gaseous alkene ozonolysis was investigated using TART trapping.

8.2. General mechanistic steps of alkene ozonolysis

8.2.1. Alkene reaction with ozone

Alkene ozonolysis is initiated when alkene reacts with ozone in a [3+2] cycloaddition to form
a molozonide. This subsequently breaks down into a carbonyl species and an excited
zwitterionic carbonyl oxide, known as a Criegee zwitterion. This excited Criegee zwitterion is
one of two resonance structures, with the other being an excited a-alkyl-peroxyl biradical,
known as a Criegee biradical. Collectively, these two resonance structures are called Criegee
intermediates (1.2.3).68%%.71 Unsymmetrical alkenes can form two different sets of carbonyls
and Criegee intermediates (Figure 141). Alkene reaction with ozone requires a relatively high
activation energy, with typical rate constants being ~101%-10® molec.? cm® s?
(~10%-10° mol* dm? st) at RTP.57:24 Subsequent reactions are usually much faster, with rate
constants >101* molec.”* cm?® s (>108 mol* dm? s1).57 Alkene reaction with ozone is therefore
the rate determining step.

Excited Criegee intermediates may either rearrange and rapidly decay into a-radical carbonyl
R* species and *OH, via a vinyl hydroperoxide intermediate, or relax to form stabilised Criegee
zwitterions (Figure 141). *OH formed during Criegee intermediate decay can further react with
other species. Criegee intermediate stabilisation is usually a minor pathway, whilst
subsequent reactions are non-radical. Therefore, species formed following Criegee
intermediate stabilisation were largely ignored during radical trapping investigations.

In presence of air and hence high [O;], a-carbonyl radical R* reacts rapidly with O, to form
RO.*, with rate constants typically being ~10-*?-10-** molec.”? cm?® st (~108-10° M s?) at
RTP.245246 This differs to radical reactions in solution, where [O] is significantly lower,
meaning R* reaction occurs less rapidly (7). Unsymmetrical Criegee intermediates may form
two different a-radical carbonyl R® isomers (Figure 141).
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Figure 141: Example ozonolysis mechanism of 2-methylpent-2-ene in presence of Oz, showing formation of
Criegee intermediates and subsequent RO2* formation.

Though faster than alkene reaction with ozone, rate of RO2* consumption is relatively slow
compared to rate of consumption of its subsequent products, resulting in another step which
significantly affects overall rate of reaction. Consequently, detecting primary RO-* species and
elucidating their structures is fundamental for understanding alkene reaction with ozone,
Criegee intermediate formation and degradation and the reaction mechanism for RO2* and its
subsequent species. Furthermore, comparing concentrations of primary RO.* with other
products and between different alkene ozonolysis reaction mechanisms, may offer insights
into their kinetics. However, due to the relatively high stability of RO;*, it was hypothesised to
react slowly with TARTs compared to other radicals, as discussed previously (7.2), For
example in solution, (CHs3)sCO2* reacts with H,C=C(CH3)COOCH; with rate constant
~0.1 M1 s1 (303 K).226

Further reactions which occur during alkene ozonolysis broadly progress through the same
mechanistic steps as discussed previously in aqueous iron-catalysed °*OH-initiated
biochemical degradation (7.2).

8.2.2. Other mechanistic steps and differences from radical reactions in
solution

Further reactions which occur during alkene ozonolysis include: HAA by *OH to form R*; *OH
addition to alkene to form R*; subsequent RO;* formation; RO2*+R0O;* reaction to form two
RO*, ROH and RCO or ROOR; HAA by RO;* to form ROOH; ROOR decay to form two RO®;
ROOH decay to form RO* and *OH; HAA by RO* to form R* and ROH; RO* fragmentation to
form R* and RCO; a-hydroperoxide-RO* decay to form HO,* and RCO and carboxyl RO®*
decay to form R* and CO; (Figure 142, 7.2).
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Figure 142: General reaction mechanism of alkene ozonolysis. Some reactions may occur either intermolecularly
or intramolecularly (blue). Oz release is not shown. RCO represents carbonyl species.

However, there are some key differences between aqueous biological systems and gaseous
systems. Firstly, due to the high concentration of O; in air, R* react rapidly with O, to form
RO,*. Therefore, radical trapping of R* was not hypothesised to occur.

Furthermore, as previously stated, atmospheric alkene degradation principally occurs through
reaction with *OH and °*NOs. Alkene reaction with these radicals is much faster than alkene
ozonolysis (typically ~10°%-107 times faster).5” *OH radicals are formed as a by-product of
alkene ozonolysis, as shown (Figure 141). Therefore, once alkene ozonolysis reactions had
occurred and *OH radicals were produced, it was expected that alkenes would quickly react
with *OH radicals. Compared to many other alkene ozonolysis species, *OH reaction rate was
expected to be particularly high with unreacted alkene, due to its high abundance and reactive
double bond. This contrasted with *OH-initiated biochemical degradation, in which *OH were
in much greater excess than the biochemical (7.3).

To undertake TART trapping of alkene ozonolysis, a reaction set-up had to be devised.

8.3. Methodology

TART trapping of alkene ozonolysis was investigated using a standard set-up (Figure 143,
11.7.1). In this set-up, air was passed over a UV lamp, photolysing O, to generate ozone. The
resulting ozone stream was mixed with a substrate vapour stream. Ozone and substrate
reacted in the combined gas stream before being bubbled through TART trapping solution.

1 flow meter 2

flow meter 1 —
~I

T-shaped
glass tube

—%4— air inflow

substrate

UV lamp substrate

air inflow ==p- f

+—

l RO,

gas outflow

trapping
solution

sample
vial

Figure 143: TART trapping of alkene ozonolysis set-up (11.7.1).
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In this set-up, it was assumed that flow was laminar and mixing occurred instantly at the
T-junction. Different length T-shaped glass tubes could be used to increase residence time for
substrate reaction with ozone, with typical residence length set at 5.0 cm. TART functionality
was chosen as required, however typically CHANT was used. [TART] was set between
50-5000 pM in MeCN but was typically 500 uM. Flow rate through trap solution was set at
1.5 L min', to ensure rapid but controllable bubbling. Flow rate through each bubbler was
adjusted as required, but was typically set at an equal 0.75 L min-! through each flow meter.
Under these standard conditions and in absence of substrate or trapping solution, [ozone] was
measured to be 117.5+0.4 ppm (2.943+0.010x10*®> molec. cm3). Reaction time was varied as
required, but was typically 10 min. Solvent was removed in vacuo upon reaction completion
and the resultant MS characterised. These standard conditions had been optimised (8.6.2).

In this system, all studied alkenes were significantly in excess of ozone. For example in
cyclohexene ozonolysis, gaseous [cyclohexene] was estimated to be 1.15x10* molec. cm3,
>100 fold excess compared to ozone (11.7.1). This strongly contrasted to the *OH-initiated
biochemical degradation system, in which *OH initiator was significantly in excess of the
biochemical. Therefore, the vast majority of ozone and *OH was expected to react with
unreacted alkene and not other species formed during alkene ozonolysis. Therefore,
re-initiation of stable products formed during alkene ozonolysis such as ROH and RCO would
be unlikely to occur and hence was largely ignored. It is important to note that this system
does not reflect atmospheric concentrations of these species and hence, these species may
not undergo typical atmospheric reactions.

Since all radicals were heteroatom-centred radicals, only TART-trapped radicals were
hypothesised to be formed.

Before alkene ozonolysis radical trapping was undertaken, potential TART side reactions with
ozone were explored.

8.4. TART ozonolysis

TARTs were themselves alkenes, which meant they may have undergone liquid phase
ozonolysis in the TART trapping of alkene ozonolysis system. This would be undesirable.
However, it was hoped that the large of excess of alkene to ozone would cause all ozone to
be consumed before reaching the trapping solution, thereby minimising TART reaction with
ozone. To ensure this, control reactions were undertaken. For these, CHANT was subjected
to ozone both in presence and absence of cyclohexene and a-pinene (Figure 144, 11.7.2).
Subsequent MS characterisation indicated three TART ozonolysis products were formed in
solution (Table 38). Cyclohexene and a-pinene were later used as substrates in TART
trapping of alkene ozonolysis studies (8.5 and 8.6).

TEMPO/f

(o) NH O,, UV, 10 min

— > Products

MeCN

Figure 144: CHANT ozonolysis control experiment (11.7.2).
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Table 38: Ozonolysis products identified in TART trapping of alkene ozonolysis, using MS for characterisation
(11.7.2). Systematic m/z error = -0.0005; random m/z error = £0.0003; 100% intensity = 3.08x10° absolute count.

Intensity relative to unreacted

. Predicted TART standard / %
Species
m/z No .
Cyclohexene a-Pinene
alkene
[CHANT+H]* 323.2698 0.164 48.4 18.3
-+

TEMPO/tjiO

O~ 'NH 325.2491  1.86 0 0.010

-+

O 343.2597 6.52 0 0.036

OH
TEMPO OH
NH +H

— —+

TEMPO)IO

MS peaks corresponding to CHANT were significantly reduced compared to unreacted
CHANT standard, for all three reactions. In substrate absence, CHANT was near totally
consumed by ozonolysis, indicated by the peak corresponding to [CHANT+H]* having ~0.2%
intensity compared to unreacted CHANT standard. This was perhaps unsurprising since total
ozone molarity was ~30 in excess of CHANT (1 eq.). However, ozone solubility in MeCN was
low, implying TART reacted rapidly with ozone.?*” In substrate presence, the peak
corresponding to [CHANT+H]* had relative intensity >15%, over two orders of magnitude less
than in substrate absence. This indicated substrate consumed significant ozone before
reaching CHANT solution, reducing CHANT ozonolysis.

Peaks corresponding to CHANT ozonolysis products were observed with significantly greater
intensity in substrate absence than in substrate presence (<1% relatively). This suggested
that in substrate presence, most ozone reacted with substrate prior to reaching CHANT
solution. Furthermore, no CHANT ozonolysis products were detected in cyclohexene
presence but were in a-pinene presence. Using estimated gaseous substrate concentrations
and literature-sourced rate constants, cyclohexene and a-pinene were calculated to react with
ozone with initial rates ~3x10'" and ~2x10% molec. cm3 s respectively (11.7.1).57244
Therefore, ozone was consumed more rapidly by cyclohexene than a-pinene, meaning less
ozone reached the trapping solution, reducing TART ozonolysis. Therefore, TART ozonolysis
product intensities gave an indication of ozone consumption prior to reaching the trapping
solution. Since rate of ozone consumption differed for each alkene, TART ozonolysis products
were screened for in all alkene ozonolysis trapping reactions. However, from here onwards
these TART ozonolysis products are not discussed.
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TART ozonolysis was shown to be negligible in presence of substrate alkene. Therefore, the
system should have been suitable for TART trapping of alkene ozonolysis investigations. First,
TART trapping of cyclohexene ozonolysis was undertaken.

8.5. Cyclohexene ozonolysis

Alkene ozonolysis was initially studied using cyclohexene as substrate. Although not as
atmospherically relevant as other alkenes, its simplicity, symmetry and cyclic nature reduced
the number of possible reaction pathways, making it a model alkene for initial investigation. A
cyclohexene ozonolysis mechanism was proposed, based upon literature and known general
alkene ozonolysis reaction pathways (Figure 145).248
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Figure 145: Non-comprehensive mechanism of cyclohexene ozonolysis. Oz release is not shown. RCO
represents carbonyl species. Structures and pathways were obtained or hypothesised using literature sources.?4®

TART trapping was then used to investigate cyclohexene ozonolysis (Figure 146, 11.7.2). A
trapless control was also undertaken. Reaction mixtures and TART standard were then MS
characterised (Figure 147). Under the experimental conditions, gaseous [cyclohexene] was
estimated to be 1.2x10% molec. cm3, >100 fold excess compared to ozone, whilst total ozone
passed was ~30 in excess of TART molarity.

0Oz, UV, 10 min - Trapped radicals
CHANT, MeCN + products
Figure 146: TART trapping of cyclohexene ozonolysis (11.7.2).
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Table 39: Species identified from TART trapping of cyclohexene ozonolysis, using MS for characterisation
(11.7.2). Systematic m/z error = -0.0005; random m/z error = +0.0005; 100% intensity = 3.08x10° absolute count.

Intensity relative to unreacted

. Predicted TART standard / %

Species m/z Trapless Trapping
Standard .
control reaction
TART [CHANT+H]* 323.2698 0 100 48.4
Reactant [Cyclohexene+Na]* 105.0680 0 0 0
[R1.1-ART+Na]* 334.16302 0 0 0.031
[R1.1.1-ART+Na]* 366.1529 0 0 0
[R1.1.1.1-ART+Na]* 350.1580% 0 0 0.004
[R1.1.1.1.1-ART+Na]* 338.1579 0 0 0.005
Trapped [R1.1.2-ART+Nal* 318.1681 0 0 0.032
radicals [R1.1.2.1-ART+Na]* 350.15802 0 0 0.004
[R1.1.2.1.1-ART+Na]* 334.16302 0 0 0.031
[R1.1.2.1.1.1-ART+Na]* 322.1630 0 0 0
[R2-ART+Na]* 320.1838 0 0 0.009
[R2.1-ART+Na]* 304.1889 0 0 0
[P1.1.3+Na]* 153.05282 0.037 0 0.095
[P1.1.4+Na]* 151.0371 0.002 0 0.002
Products [P2.1.1+Na]* 137.05792 0.045 0 0.127
[P2.2+Na]* 139.0735 0 0 0
[P2.3+Na]* 137.05792 0.045 0 0.127
a0ther table entries have predicted species with identical m/z.
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Figure 147: Background corrected mass spectrum from TART trapping of cyclohexene ozonolysis (11.7.2)

As previously observed for CHANT and other non-basic reactants (5.3), peaks corresponding
to CHANT-trapped radicals, reactants and products were not observed or observed
exclusively or much more intensely as sodiated MS adducts and hence, only these adducts
are shown.
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This mass spectrum (Figure 147) had “stegosaurus” character, i.e., it had several distinct
regions of peaks, where each region formed an approximate bell curve of peaks. These
regions were believed to corresponded to oligomeric products. Since TART trapping of
cyclohexene ozonolysis was undertaken as a preliminary investigation to determine if gaseous
radicals could be trapped and observed, the identities of these oligomeric products were not
of interest.

MS peaks corresponding to CHANT in the trapping reaction had ~50% intensity compared to
the unreacted CHANT standard, indicating approxiamtely ~50% of CHANT was consumed.
The CHANT-corresponding peak was significantly more intense than any other MS peak
(Figure 147). Peaks corresponding to products were observed in both the trapless control and
trapping reaction, as expected.

MS peaks corresponding to most TART-trapped radicals were observed exclusively in the
trapping reaction. This showed that both TART-trapped radicals and products could be
observed using TART trapping and MS characterisation. Peaks corresponding to R1.1-ART
and R1.1.2-ART were observed with the greatest intensity of peaks corresponding to TART-
trapped radicals and were clearly distinguishable from nearby peaks in the trapping reaction
mass spectrum (Figure 148).
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Figure 148: Background corrected mass spectrum from TART trapping of cyclohexene ozonolysis (11.7.2),
showing peaks corresponding to R1.1-ART (m/z 334.163, blue) and R1.1.2-ART (m/z 318.168, red).

Peaks corresponding to R1.1-ART and R1.1.2-ART were of similar intensity. However,
gaseous [RO2*] was predicted to be significantly greater than gaseous [RO*]. This was likely
due to RO reacting with TART more efficiently than RO-*, as discussed previously (7.2). This
was demonstrated through kinetic modelling (8.6.3.7).

Observation of MS peaks corresponding to R1.1-ART, R1.1.2-ART and R2-ART implied
reactant radicals R1.1 (RO;* formed following Criegee intermediate degradation), R1.1.2 (RO*
formed from RO>* degradation) and R2 (RO.* formed from *OH addition to alkene) were
formed during the reaction, trapped and MS observed. This showed that TART trapping could
be used to investigate gaseous radical reactions, such as alkene ozonolysis.
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Cyclohexene ozonolysis was investigated using TART trapping. Peaks corresponding to
multiple TART-trapped radicals were successfully observed. Corresponding radicals observed
included: RO2* from Criegee intermediate decomposition; RO* from RO,* decompaosition and
RO2* from *OH-initiated cyclohexene decomposition. Study of this relatively simple alkene
ozonolysis reaction provided a solid framework in which to investigate more complex alkene
ozonolysis reactions, such as terpene ozonolysis.

8.6. a-Pinene ozonolysis

Terpene ozonolysis was of particular interest due to its significant atmospheric relevance
(1.2.3). As a-pinene was the most atmospherically abundant monoterpene, TART trapping of
a-pinene ozonolysis was undertaken. Furthermore, since a-pinene is a functionalised
cyclohexene, it was hoped that previously successful TART trapping of cyclohexene
ozonolysis experiments would aid TART trapping of a-pinene ozonolysis experimentation.

8.6.1. Initial results

Initial experiments were undertaken to prove that MS peaks corresponding to TART-trapped
radicals could be observed from TART trapping of a-pinene ozonolysis. System optimisation
would then be undertaken to maximise TART-trapped radical intensity. Therefore, initial
experiments only considered early-stage radicals and products of a-pinene ozonolysis (Figure
149), obtained from the Master Chemical Mechanism (MCM).5” These species are formed
through mechanisms which are discussed later (Figure 153 and Figure 154).
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Figure 149: Radicals and products produced early in a-pinene ozonolysis (8.6.3.1).5” These species are formed
through mechanisms which are discussed later (Figure 153 and Figure 154).

TART trapping was used to investigate a-pinene ozonolysis, similarly as for cyclohexene
previously (Figure 150, 11.7.2). A trapless control was also undertaken. Reaction mixtures
and TART standard were then MS characterised (Table 40). Under the experimental
conditions, gaseous [a-pinene] was estimated to be 5.2x10%® molec. cm3, >30 fold excess
compared to ozone, whilst total 0zone passed was ~30 in excess of TART molarity.
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Figure 150: TART trapping of a-pinene ozonolysis (11.7.2).

Table 40: Species identified from TART trapping of a-pinene ozonolysis, using MS for characterisation (11.7.2).
Systematic m/z error = -0.0005; random m/z error = +0.0013; 100% intensity = 2.01x10° absolute count.

Intensity relative to unreacted
TART standard / %

Species Predicted Trapless Standard Trapping
m/z control reaction

TART  [CHANT+H]* 323.2698 0 100 28.1
[R1.1/R1.2-ART+Na]* 388.2100 0 0 0.035

Trapped [R1.1.1/R1.2.1-ART+Na]* 372.2151 0 0 0.020
radicals [R2.1-ART+Na]* 360.2151 0.002 0 0.014
[R2.1.1-ART+Na]* 344.2202 0 0 0.005
[Pinaldehyde+Na]* 191.1048 0.676 0 1.11

[Pinonic acid+Na]* 207.09972 0.511 0 0.239

Products [P1.1.3/P1.2.3+Na]* 207.09972 0.511 0 0.239
[P1.2.4+Na]* 205.0841 0 0 0
[P2.1.3+Na]* 179.1048 0.011 0 0.008
[P2.1.4+Na]* 177.0891 0.010 0 0.008

aQOther table entries have predicted species with same m/z.

Peaks corresponding to products were observed in both the trapless control and trapping
reaction, indicating these species did not require TART for formation, as expected. Peaks
corresponding to TART-trapped radicals were observed exclusively or with much greater
intensity in the trapping reaction, compared to other samples. These initial results indicated
that radicals produced during a-pinene ozonolysis were successfully TART trapped and
observed using MS. However, before more detailed investigations were undertaken, system
optimisation was performed to maximise TART-trapped radical intensity.

8.6.2. Optimisation

Parameters were optimised to maximise intensity of peaks corresponding to TART-trapped
radicals (11.7.3). These included: TART phase (8.6.2.1); functionality of TART, solvent and
additives (8.6.2.2); TART concentration (8.6.2.3); flow rate and substrate concentration
(8.6.2.4); residence time (8.6.2.5) and reaction time (8.6.2.6).

8.6.2.1. TART phase

Thus far, radicals formed during alkene ozonolysis were trapped by bubbling the reaction gas
stream through trapping solution. However, it was theorised that TART immobilisation on a
solid support might achieve cleaner mass spectra and greater intensity of MS peaks
corresponding to TART-trapped radicals. Furthermore, radical dissolution would not need to
be considered, simplifying the system. This would be particularly advantageous when
undertaking kinetic modelling. This interaction between a reaction gas stream over
immobilised TART was conceptually similar to gas chromatography. Therefore, TART trapping
of a-pinene ozonolysis was attempted with TART immobilised on a solid support (11.7.3.2),
rather than bubbling through trapping solution.

Hexadecyl-functionalised celite was synthesised and used as a solid support (11.7.3.2).
Although peaks corresponding to TART-trapped radicals were successfully observed, they
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were observed less intensely and with poorer reproducibility on this solid support, compared
to in solution (S16.1.1.1). This was hypothesised to be because totally redissolving and filtering
samples was challenging, making amount of sample analysed inconsistent. It was theorised
that intensity of peaks corresponding to TART-trapped radicals was reduced because poor
interactions and short exposure times between gaseous radicals and solid TART reduced
effective reactions, compared to gaseous radicals or dissolved radicals and dissolved TART,
which had much longer exposure times. Therefore, additives were trialled, which were added
to immobilised TART to try to improve fluidity. Additives trialled included low polarity oils, such
as dodecamethylpentasiloxane, and ionic liquids, such as [Csmim]*[TfoN]. However, these
additives did not improve TART-trapped radical intensity (S16.1.1.1).

Since no improvement had been made upon bubbling gaseous radicals through trapping
solution, this method was retained. However, it was still believed that optimised immobilised
TART trapping could offer many benefits over dissolved TART trapping, such as a simpler
trapping mechanism without radical dissolution, cleaner mass spectra and greater intensity of
peaks corresponding to TART-trapped radicals.

8.6.2.2. Functionality of TART, solvent and additives

TART functionality was optimised for TART trapping of a-pinene ozonolysis (S16.1.1.2).
CHANT had thus far been used as TART, owing to its high stability in solution and relatively
unreactive functionality. However, CHANT-trapped radicals generally had poor ionisation
efficiency and hence low MS intensity, due to CHANT having a poorly basic ART group.
Therefore, different TARTs were trialled in the reaction, to try to increase observed intensity
of MS peaks corresponding to TART-trapped radicals. Additionally, different TART trapping
solution solvents and additives were trialled during these investigations, to see if intensity of
peaks corresponding to TART-trapped radicals could be increased. Otherwise, standard
alkene ozonolysis conditions were used (11.7.3).

CHANT, DEADANT, TREADANT and Grantham TART were all trialled in MeCN. CHANT and
DEADANT were also trialled in DMF and H2O. Additionally, DEADANT was trialled in MeCN
with trifluoroacetic acid and in H>O with trifluoroacetic acid or AcOH/NaOAc (S16.1.1.2). TART-
trapped radical corresponding peaks were observed with greatest intensity when TART was
dissolved in MeCN (S16.1.1.2). CHANT produced consistently stronger and more reproducible
intensities of peaks corresponding to TART-trapped radicals than the other trialled TARTS.

TART-trapped radicals were also observed in presence of DEADANT. However, DEADANT
suffered from significant TART degradation. It was hypothesised that most DEADANT suffered
from 3° amine oxidation by ozone, even in presence of acids, which were used as additive to
reduce N-oxidation. Whilst not affecting its trapping capability, this possible additional oxygen
atom introduced greater uncertainty into the TART-trapped radical structure and therefore
made it impractical for R*, RO* and RO;* differentiation. For example, in presence of
trifluoroacetic acid peaks corresponding to RO-ART were observed with significantly greater
intensity than RO>-ART corresponding peaks, whilst in absence of trifluoroacetic acid,
RO>-ART corresponding peaks were observed significantly more intensely than RO-ART
corresponding peaks. Therefore, in absence of trifluoroacetic acid, it was believed that peaks
corresponding to RO>—ART more likely corresponded to N-oxidised RO-ART (S16.1.1.2).
Furthermore, due to the weak basicity of N-oxides, DEADANT-oxide-trapped radicals likely
had poorer basicity than DEADANT-trapped radicals. However, it was hypothesised that
DEADANT may perform superiorly to CHANT in other systems with low ozone concentration.

Peaks corresponding to TREADANT-trapped radicals were scarcely observed. It was
hypothesised that I oxidation by ozone produced radicals which were trapped by TREADANT,
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thereby consuming it. This reduced TREADANT available for TART trapping of a-pinene
ozonolysis and hence, decreased concentration of TART-trapped radicals.

Whilst Grantham TART appeared to produce very intense signals, these signals were detected
with near equal intensity in both trapless controls and Grantham TART trapping reactions,
indicating that these peaks did not come from Grantham TART-trapped species (S16.1.1.2). It
was likely that Grantham TART was trapping radicals, but other non-trapped species were
dominating MS signal intensity. This meant that Grantham TART-trapped species could not
be clearly identified and therefore Grantham TART was impractical for use. This also brought
into question the validity of positive results obtained by Grantham for TART trapping of
a-pinene ozonolysis, using Grantham TART (2.2).1%2

CHANT was utilised for most subsequent alkene ozonolysis radical trapping, owing to its better
reproducibility and greater trapped species intensity compared to other TARTS.

8.6.2.3. TART concentration

TART concentration was optimised to achieve maximum TART-trapped radical intensity
compared to unreacted TART. Once appropriately diluted, this achieved maximum absolute
TART-trapped radical signal intensity, increasing signal-to-noise ratio (S/N) and therefore
making TART-trapped radicals as distinguishable as possible. In absence of TART-removing
purification techniques, this was the best way to observe maximum TART-trapped radical
intensity. 50-5000 uM concentrations of CHANT were trialled under otherwise standard alkene
ozonolysis conditions (11.7.3). 500 uM CHANT solution was found to be optimal, achieving
maximum TART-trapped radical signal intensity compared to unreacted TART (S16.1.1.3).

8.6.2.4. Flow rate and substrate concentration

Alkene and ozone concentration could be altered by changing flow rate through each half of
the system, delivering different concentrations of each reactant into the mixing tube. Different
flow rates through each flow meter, totalling 1.5 L min-t, were trialled under otherwise standard
alkene ozonolysis conditions (Table 41, 11.7.3).

Table 41: Species identified from TART trapping of a-pinene ozonolysis, conducted at different substrate flow
rates, using MS for characterisation (11.7.3). Systematic m/z error = -0.0005; random m/z error = +0.0013;
100% intensity = 2.01x10° absolute count.

Intensity relative to unreacted TART
standard / %

Species Predllcted Alkene:ozone flow / L mint
miz 0.25: 0.50: 0.75: 1.00: 1.25:
125 100 075 050 0.25
TART  [CHANT+H]* 323.2698 323 26,6 293 335 47.1
[R1.1/R1.2-ART+Na]* 388.2100 0.025 0.060 0.072 0.056 0.062
Trapped [R1.1.1/R1.2.1-ART+Na]* 372.2151 0.015 0.030 0.033 0.031 0.027
radicals [R2.1-ART+Na]* 360.2151 0.035 0.016 0.010 0.012 0.011
[R2.1.1-ART+Na]* 344.2202 0.005 0.010 0.007 0.007 0.004
[Pinaldehyde+Na]* 191.1048 130 162 164 147 131
[Pinonic acid+Na]* 207.09972 0.590 0.325 0.260 0.268 0.164
Products [P1.1.3/P1.2.3+Na]* 207.09972 0.590 0.325 0.260 0.268 0.164
[P1.2.4+Na]* 205.0841 0.004 0.003 0.003 0.003 0.002
[P2.1.3+Na]* 179.1048 0.028 0.011 0.007 0.006 0.003
[P2.1.4+Na]* 177.0891 0.018 0.015 0.013 0.016 0.011

a0ther table entries have predicted species with same m/z.
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Peaks corresponding to R1.1/R1.2 and R1.1.1 were observed with greatest intensity at
0.75 L min! flow rate through each flow meter. As such, 0.75 L min! flow rate through each
flow meter was deemed optimal. This may be different for other alkenes. At 0.75 L min-! flow
rate through each flow meter and in alkene and trapping solution absence, ozone
concentration was measured to be 117.5£0.4 ppm under other standard alkene ozonolysis
conditions, using an ozonometer (11.7.2).

This corresponded to >30 fold excess of a-pinene to ozone. This should cause most ozone to
react with a-pinene, rather than other species produced during a-pinene ozonolysis. Since
each reaction of a-pinene with ozone produces one *OH, most *OH should likewise react with
a-pinene. Furthermore, at 500 pM TART concentration, a-pinene:ozone:TART was
~1200:30:1, meaning substrates were in great excess in the liquid phase, compared to TART.

For a-pinene ozonolysis, these optimised features were expected to remain unchanged for
the majority of further reactions. However, residence time and reaction time also required
optimisation, but might later be changed for particular experiments.

8.6.2.5. Residence time

Residence time describes the time that substrates resided in the mixing tube and hence were
able to react together in the gas phase, before reaching the trapping solution. Therefore,
residence time is the time for which gaseous alkene ozonolysis occurs.

Residence time was optimised using kinetic modelling (8.6.3.7). Utilising the optimised flow
rate and substrate concentrations, the residence time was altered to maximise [RO-*] formed
following Criegee intermediate degradation. The model predicted maximum RO3*
concentration at ~5 cm tube length or ~56.5 ms residence time, under standard alkene
ozonolysis conditions (Figure 168, 11.7.2). This length and therefore residence time could be
varied as required, for kinetic experiments. Modelling is discussed in greater detail below
(8.6.3.7).

8.6.2.6. Reaction time

Reaction time describes the time that the experiment was run for. Reaction time was optimised
to maximise intensity of peaks corresponding to TART-trapped radicals, both absolutely and
relative to unreacted TART. Different reaction times were trialled under otherwise standard
alkene ozonolysis conditions (Figure 151, 11.7.3).
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Figure 151: Species identified from TART trapping of a-pinene ozonolysis after different reaction times, using MS
for characterisation (11.7.3). Species are scaled to show their maximum values at 100% intensity. Systematic
m/z error = -0.0006; random m/z error = +0.0007.

The peak corresponding to unreacted CHANT was observed to decrease exponentially with
time. [CHANT] was estimated to have decreased to ~50% after 2 min and ~10% after 10 min.
The peaks corresponding to R1.1/R1.2-ART was observed with greatest MS intensity after
5 min, but with a very marginal increase compared to 2 min (90%—100%). Maximum intensity
was observed at 5 min, implying that after this time, R1.1/R1.2-ART formation was slower
than its degradation. This was likely due to both increased TART consumption causing rate of
R1.1/R1.2-ART formation to decrease and the peroxide R1.1/R1.2—-ART having poor stability,
causing it to degrade. Conversely, peaks corresponding to R1.1.1/R1.2.1-ART were observed
most intensely after 60 min, but with a very marginal increase compared to 10 min
(90%—100%). This was hypothesised to be because ethers are more stable than peroxides
and hence R1.1.1/R1.2.1-ART underwent little degradation, whilst R1.1.1/R1.2.1-ART
formation continued as time elapsed, albeit with decreasing rate due to TART consumption.
Pinaldehyde appeared to behave similarly to R1.1.1/R1.2.1-ART.

From these data, it was decided that 10 min was the optimal reaction time, as peaks
corresponding to TART-trapped radicals were observed most intensely around this time.
Furthermore, greater reproducibility was observed as reaction time increased. However, for
certain experiments, such as kinetics experiments, as [TART] significantly decreased, kinetics
of TART trapping became increasingly dependent on [TART]. This meant that TART trapping
kinetics decreasingly resembled the kinetics of gaseous alkene ozonolysis. Therefore, in
kinetics experiments, reaction time was reduced to prevent TART consumption from
significantly affecting TART trapping kinetics (8.6.3.7).

Following optimisation, TART trapping of a-pinene ozonolysis was repeated using these
optimised conditions (11.7.2). Analysis was then undertaken in greater detail.

8.6.3. Detailed results

TART trapping of a-pinene ozonolysis (three repeats) and control reactions were carried out
using optimised conditions (11.7.2). Each control omitted a single condition required for TART-
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trapped radical formation: no substrate, no O, (replaced with Nz), no UV, no TART and an
unreacted TART standard (set as 100% relative intensity). MS was then used to characterise
these reaction mixtures (Figure 152).
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Figure 152: Background corrected mass spectrum from TART trapping of a-pinene ozonolysis (11.7.2).
100% intensity = 2.01x10° absolute count.

Peaks corresponding to unreacted TART were some of the most intense in the mass
spectrum, indicating not all TART had reacted. This was desirable, since dominating TART
concentration should have mitigated side reactions between TART-trapped radicals and
incoming gaseous radicals. Furthermore, mass spectra had stegosaurus character, indicating
presence of oligomeric products.

TART trapping of a-pinene ozonolysis was a very complex system. Therefore, the Formula
Find programme was used for initial analysis of obtained mass spectra. This programme
predicted molecular formulae of TART-trapped radicals, and hence reactant radicals,
corresponding to peaks observed in mass spectra (8.6.3.1). These molecular formulae were
then qualitatively assigned to structures, and their mechanism of formation, using literature.
Peak Pick analysis was used to ensure peaks corresponding to TART-trapped radicals were
only observed in presence of all reaction conditions necessary for TART-trapped radical
formation before quantitative analysis was undertaken (8.6.3.2).

8.6.3.1. Formula Find analysis

The Formula Find programme was used to predict molecular formulae corresponding to peaks
observed in mass spectra. Initially, molecular formula limits were set to only identify
monomeric non-fragmented CHANT-trapped radicals. Molecular formulae limits were set as
C20Ho-38N101-10Nap-1, corresponding to radicals of molecular formulae CigHo-2200-9Nao-1*, and
m/z limits were set as m/z 100-500. These were limits such that only non-fragmented early-
stage TART-trapped radicals should be found. Possible corresponding radical structures were
successfully identified for seven of the ten most intense peaks corresponding to TART-trapped
radicals (Table 42). These structures are discussed below.
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Table 42: Ten most intense peaks believed to correspond to TART-trapped radicals from TART trapping of
a-pinene ozonolysis, obtained using the Formula Find programme. Molecular formula limits were set as
C20Ho-38N101-10Nao-1 and m/z limits 100-500. lllogical molecular formulae were eliminated.

Intensity .
) Corresponding
relative to X .
Observed radical Radical structure
Class unreacted ) .
m/z molecular identified
TART formula
standard / %
C 356.2198 0.097 CioH1502°* R6/R7
B 422.2153 0.070 C10H1706° C10H1706*
B 406.2196 0.063 C10H1705°® R5.1/R5.2/C1oH1705*
D 440.2259 0.051 C10H1007° Unknown
A 388.2097 0.035 C1oH1504° R1.1/R1.2
C 334.2378 0.024 Ci10H1502° R6/R7
A/IC 372.2147 0.020 Ci0H1503°* R1.1.1/R1.2.1

D 424.2311 0.016 C10H1906" Unknown
A 404.2049 0.014 Ci10H1505° R1.1.1.1/R1.2.1.2
D 408.2362 0.013 C10H1905° Unknown

From the outputted radical molecular formulae, four distinct classes of TART-trapped radicals
emerged. These classes indicated radicals of different character and formed through different
mechanisms. Classes A-D had formulae: C1o0H1503.5%, C10H1705.6*, C10H1502.3* and C1oH190s.7*
respectively, with Ci0H1503° belonging to classes A, C or both. These were principally
separated based upon saturation degree. However, classes A and C were separated because
peaks corresponding to TART-trapped CigH1504° and CioH1502° were more intense than the
peak corresponding to TART-trapped CioH1503°. This indicated that C1oH1504* and Ci1oH1502°
were formed through different mechanisms and hence Ci10H1503° could belong to either or
both classes.

These molecular formulae were then qualitatively assigned to structures, and their mechanism
of formation, using literature. Class A radicals, C10H1503.5*, were assigned to structures formed
following a-pinene reaction with ozone. Suggested structures of CioHi15035° were
hypothesised to form through well established and widely accepted mechanistic steps, as
described by the MCM (Figure 153 and Figure 154).57
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subsequent degradation to form ROz*. Radicals (red) have molecular formulae C10H1504° and CoH1503°.
Structures and pathway probabilities were obtained from the MCM.5”
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have molecular formulae C10H1503-5°, CoH1502.4*.and CoH1304°. Structures and pathway probabilities were
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Many radicals including R1.1/R1.2 and R1.1.1/R1.2.1 had identical molecular formulae and
therefore, their corresponding TART-trapped radicals had identical m/z. This meant that these
species could not be distinguished using standard MS. However, peaks corresponding to
R1.1/R1.2-ART and R1.1.1/R1.2.1-ART were clearly identifiable in the mass spectrum
(Figure 155, 11.7.2).
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Figure 155: Background corrected mass spectrum from TART trapping of a-pinene ozonolysis (11.7.2), showing
peaks corresponding to [R1.1/R1.2-ART+Na]* (m/z 388.210, blue) and [R1.1.1/R1.2.1-ART+Na]* (m/z 372.215,
red). 100% intensity = 2.01x10° absolute count.

Qualitatively, observations of MS peaks corresponding to Class A radicals (Table 42)
supported the widely accepted mechanistic steps of a-pinene reaction with ozone (Figure 153
and Figure 154). This included Criegee intermediate formation, Criegee intermediate
degradation into RO,*, RO2*+R0O,* reaction to form RO* and subsequent RO* degradation, as
given in the MCM.%’

Another key mechanistic step believed to occur is *OH addition to a-pinene and subsequent
O addition, to form B-hydroxyl-RO.*, with molecular formulae CioHi;03* (Figure 156).
However, this molecular formula did not correspond to any of the ten most intense peaks
corresponding to TART-trapped radicals (Table 42).
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RO* formation. Oz release is not shown. RCO represents carbonyl species. Radicals (red) have molecular
formulae C10H1503.4°. Structures and pathway probabilities were obtained from the MCM.57

Peak Pick analysis indicated that peaks corresponding to R3/R4-ART and R3.1/R4.1-ART
were weakly detected in both the no TART control and trapping reactions. This was a
surprising result, since these peaks should only have been detectable in TART presence.
Furthermore, modelling of the a-pinene ozonolysis gas stream indicated that gaseous [R3]
and [R4] were similar to gaseous [R1.1] and [R1.2] (8.6.3.7). However, the peak corresponding
to [R3/R4-ART+Na]* (observed m/z 374.2301) could be sensibly assigned to a species of
molecular formula C19H3407 (Table 43).

Table 43: Possible molecular formulae calculated for observed m/z 374.2301, ordered with increasing difference
from the observed m/z. Sensible molecular formula limits were set as Co-40Ho-100No-200-20Nao-1. Only two
molecular formulae had an acceptable difference between predicted and observed m/z (black).

Molecular formula m/z
Predicted Correspondmg Predicted Difference
radical
C19H3407 CnggN.106° 374.2305 -00004
C20H33NOsNa C10H1703* 374.2307 -0.0006
C22H32NO4 C12H1603° 374.2280 0.0021

Therefore, formation of radicals R3 and R4 during a-pinene ozonolysis could not be confirmed.
This appeared to contradict literature.5” Furthermore, peaks corresponding to TART-trapped
B-hydroxyl-RO,* formed following *OH addition to alkene were previously observed during
TART trapping of cyclohexene ozonolysis (8.5). These observations coupled with existing
literature suggested that peaks corresponding to TART-trapped R3/R4 should have been
observed. The reason that this was not the case was unknown.
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However, peaks corresponding to TART-trapped Class B radicals, C1oH1705* and C10H170¢°,
were observed (Table 42). These radicals were hypothesised to be related to C1oH1703* but
were more greatly oxygenated. The MCM did not describe formation of radicals with molecular
formulae Ci1oH170s* and CioH1706® during a-pinene ozonolysis.5” However, these molecular
formulae could correspond to cycloperoxide-RO*-derived radicals.

Computational chemistry experiments conducted by Vereecken et al. indicated that following
*OH addition, ring opening of the a-pinene four-membered ring was competitive with RO;*
formation under atmospheric conditions (Figure 157).24° In this reaction, the carbon-centred
R* formed following *OH addition to the a-pinene double bond, causes the four-membered
ring to fragment, forming a new double bond, a stabilised 3° carbon-centred R* and releasing
four-membered ring strain. Following O» addition, the new RO-* (R5) adds to the double bond,
forming a cycloperoxide-R* and following O, addition, a cycloperoxide-RO,* (R5.1). This
process has been computationally calculated to be significantly faster than RO2* reaction into
RO* (R5.3), though it was theorised that RO*® formation may still occur, potentially leading to
cycloether-RO,* formation (R5.3.1) through the same ring closure mechanism (Figure 157).24°
Radical addition to the double bond is conceptually similar to radical addition to TARTS, prior
to TEMPO?* cleavage.

‘OH H,0 o o
A4 7/ OH _2_ </ OH 2, OH
. 0
R5 R5.1
M?OH

N

KRO'
o .
% 2 RO

%8?‘ <7 OH %2,
L.
R3 R5.3

Figure 157: Mechanism of *OH addition to a-pinene and strained four-membered ring opening to form
cycloperoxide-RO2* and cycloether-RO2°*. O2 release is not shown.

R5.3.1

Likewise, many non-radical synthetic reactions involving a-pinene entail rearrangement to
relieve four-membered ring strain, commonly via Wagner-Meerwein rearrangement. For
example, for a literature reaction between a-pinene and acetyl chloride, 81% of identifiable
products involved four-membered ring rearrangement (Figure 158).2%0

g 5 Kok

3.1

Figure 158: a-Pinene reaction with AcCl, showing formation of the majority of isolated products involved strained
four-membered ring rearrangement.?>°

Though not yet totally accepted by the scientific community, much literature has since been
published in agreement with the mechanism proposed by Vereecken et al.?51252 Berndt et al.
suggested that ring opened ROz* (R5) may undergo autoxidation prior to ring closure and that
these species would be important in highly oxidised multifunctional (HOM) product formation
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(Figure 160).252 *OH reaction with a-pinene resulting in HOMs has been evidenced in
literature,65.67.253.254

Therefore, suggested structures of CioH170s6° were hypothesised to form through
mechanistic steps involving ring opening following *OH addition and subsequent ring closure,
as described by Vereecken et al. and Berndt et al. (Figure 159 and Figure 160).249252 Due to
the many possible locations of oxygen atoms in these species, exact structures of some
radicals are not specified and are only described by their molecular formulae.
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Figure 159: Mechanism of *OH addition to a-pinene, four-membered ring opening and subsequent ring closure to
form species including cycloperoxide-RO2* and cycloether-ROz*. Oz release is not shown. RCO represents
carbonyl species. Radicals (red) have molecular formulae Ci1oH1702-5°. Structures and pathway probabilities were
obtained from Vereecken et al. and Berndt et al.?49252
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Figure 160: Mechanism of autooxidation and subsequent ring closure, following *OH addition to a-pinene and
four-membered ring opening, to form species including oxygenated cycloperoxide-RO2* and cycloether-ROz°. O2
release is not shown. Radicals (red) have molecular formulae C10H1702.7°. Structures and pathway probabilities
were obtained from Vereecken et al. and Berndt et al.249.252

Qualitatively, observations of MS peaks corresponding to Class B radicals (Table 42)
supported the hypothesised mechanistic steps proposed by Vereecken et al. and Berndt et
al.?4%252 This included a-pinene ring opening following *OH addition and subsequent ring
closure to form cycloperoxide-RO2* or cycloether-RO,* and their further oxygenated
equivalents through intermediate autooxidation.

It was hypothesised that TART-trapped Class B radicals were observed, whilst TART-trapped
radicals formed following *OH addition and immediate RO-* formation were not, as strained
four-membered ring opening (R5) was favoured over immediate RO,* formation (R3/R4),
which did not release four-membered ring strain (Figure 157). Though literature indicated that
*OH addition and immediate RO,* formation was competitive with strained four-membered
ring opening under atmospheric conditions, this was not necessarily true in the a-pinene
ozonolysis system used (8.3, 11.7.1). For example, a-pinene and ozone are more
concentrated in this system than in the atmosphere, whilst O, has a similar concentration,
potentially causing four-membered ring opening (R5) to outcompete O, addition (R3/R4).

Class C radicals were hypothesised to be formed following HAA abstraction from a-pinene by
*OH, mainly from the allylic C—H. Though not described in the MCM, nor widely accepted as
a significant pathway by the scientific community, much literature has suggested such
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mechanisms occur.57251.2% | jterature indicated that HAA from a-pinene by *OH accounts for
~12% of *OH reactions with a-pinene, of which ~8% (~67% total HAA) occurs from allylic
C-H.?5! Therefore, suggested structures of Ci0H1502* were hypothesised to form through
mechanistic steps involving HAA from a-pinene by *OH, as described in literature (Figure
161).251,255

00" ——»
R6.1.1
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'OH B —
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other H
abstraction
products

Figure 161: Mechanism of HAA from a-pinene by *OH forming RO2* and subsequent reactions. O2 release is not
shown. RCO represents carbonyl species. Radicals (red) have molecular formulae Ci10H1501-2°. Structures and
pathways probabilities were obtained from literature or hypothesised using literature.?51:255

Peaks corresponding to R6/R7-ART were clearly visible in the mass spectrum (S16.1.2.1).
Qualitatively, observations of MS peaks corresponding to Class C radicals (Table 42)
supported HAA from a-pinene by *OH, as described in literature.?>125 The origin of Class D
radicals was unknown.

Key radicals structures and their mechanisms of formation were successfully determined for
a-pinene ozonolysis using TART trapping, MS characterisation and Formula Find analysis.
Peak Pick analysis was then applied to further analyse TART trapping of a-pinene ozonolysis.

8.6.3.2. Peak Pick analysis

Peak Pick analysis was applied to ensure MS peaks corresponding to hypothesised TART-
trapped radicals were only observed in presence of all reaction conditions necessary for
TART-trapped radical formation and to obtain an average of three repeats of the trapping
reaction (Table 44, 11.7.2). Quantitative analysis was then undertaken.
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Table 44: Species identified from TART trapping of a-pinene ozonolysis, with three repeats and controls
undertaken, using MS for characterisation (11.7.2). Systematic m/z error = -0.0005; random m/z error = £0.0013;
100% intensity = 2.01x10° absolute count.

Intensity relative to control unreacted TART

Species Predicted standard / %
m/z No No O3/ No Trapping
substrate No UV2 TART reaction®
[CHANT+H]* 323.2698 0.019 98'215{ 0 29.5+1.2
[R1.1/R1.2-ART+Na]* 388.2100 0 0 0 0.033+0.003
[R1.1.1/R1.2.1-ART+Na]* 372.2151¢ 0 0 0 0.023+0.002
[R1.1.1.1-ART+Nal* 404.2049¢ 0 0 0.002 0.015+0.001
[R1.2.1.1-ART+Nal* 374.1943 0 0 0 0
[R1.2.1.2-ART+Nal* 404.2049¢ 0 0 0.002 0.015+0.001
[R2.1-ART+Na]* 360.2151 0.005 0 0.002 0.015+0.001
[R2.1.1-ART+Na]* 344.2202 0 0 0 0.006+0.001
[R2.1.1.1-ART+Na]* 376.2100 0 0 0.007 0.007+0.001
[R3/R4-ART+Na]* 374.2307¢ 0 0 0.002 0.003+0.001
[R3.1/R4.1-ART+Na]* 358.2358¢ 0 0O 0.005 0.006+0.001
[R5-ART+Na]* 374.2307¢ 0 0O 0.002 0.003+0.001
[R5.1/R5.2-ART+Na]* 406.2205¢ 0 0O 0.011 0.056+0.003
[R5.1.1/R5.2.1-ART+Na]* 390.2256¢ 0 0 0 0
[R5.3-ART+Na]* 358.2358¢ 0 0O 0.005 0.005+0.001
[R5.3.1/R5.3.2-ART+Na]* 390.2256¢ 0 0 0 0
[R5.3.1.1/R5.3.2.1-ART+Na]* 374.2307¢ 0 0 0.002 0.003+0.001
[C10H1704-ART+Na]* 390.2256¢ 0 0 0 0
[C10H1705—ART+Na]* 406.2205¢ 0 0O 0.011 0.056+0.003
[C10H1706—ART+Na]* 422.2155 0 0O 0.005 0.061+0.005
[C10H1707-ART+Na]* 438.2104 0 0 0 0.011+0.001
[R6/R7-ART+Na]* 356.2202 0 0 0 0.100+0.006
[R6.1/R7.1-ART+Na]* 340.2252 0 0 0 0
[R6.1.1/R7.1.1-ART+Na]* 372.2151¢ 0 0 0 0.023+0.002
[Pinaldehyde+Na]* 191.1048¢ 0.023 0 0.676 1.14+0.03
[Pinonic acid+Na]* 207.0997¢ 0.003 0 0.511 0.247+0.007
[P1.1.2/P1.2.2+Na]* 223.0946¢ 0.005 0 0.070 0.068+0.002
[P1.1.3/P1.2.3+Na]* 207.0997¢ 0.003 0 0.511 0.247+0.007
[P1.2.4+Na]* 205.0841 0 0 0 0
[P2.1.2+Na]* 195.0997 0.003 0 0.015 0.002+0.001
[P2.1.3+Na]* 179.1048 0 0 0.011 0.007+0.001
[P2.1.4+Na]* 177.0891 0.002 0 0.010 0.009+0.001
[P3.2/P4.2+Na]* 209.1154¢ 0.009 0O 0.080 0.104+0.009
[P3.3+Na]* 193.1204 0 0 0.049 0.120+0.010
[P4.3+Na]* 191.1048¢ 0.023 0 0.676 1.14+0.03
[P5.1.2/P5.2.2+Na]* 241.1052 0 0O 0.048 0.077+0.003
[P5.1.3/P5.2.3+Na]* 225.1103¢ 0.001 0 0.918 1.64+0.05
[P5.2.4+Na]* 223.0946¢ 0.005 0O 0.070 0.068+0.002
[P5.3.1.2/P5.3.2.2+Na]* 225.1103¢ 0.001 0 0.918 1.64+0.05
[P5.3.1.3/P5.3.2.3+Na]* 209.1154¢ 0.009 0O 0.080 0.104+0.009
[P5.3.2.4+Na]* 207.0997¢ 0.003 0 0.511 0.247+0.007
[P6.2/P7.2+Na]* 191.1048¢ 0.023 0 0.676 1.14+0.03
[P6.3/P7.3+Na]* 175.1099 0 0 0 0

aNo UV and no Nz controls combined into single column, with “/" used when values differ. "Three repeats
undertaken and an average and associated error calculated. °Other table entries have predicted species with same

m/z.
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Peaks corresponding to TART were observed with similar intensity in the no O, no UV and
unreacted TART standard controls, indicated ozone was not produced under these conditions
(Table 44). Peaks corresponding to TART in the trapping reactions had around 30% intensity
compared to unreacted TART standard, indicating ~70% TART was consumed during the
trapping reactions.

Peaks corresponding to non-trapped products were observed in the trapping reactions and no
TART control, as expected . Peaks corresponding to different products were observed more
or less intensely in TART absence (Table 44). The reason for this was unclear. However, the
relative difference in peak intensities corresponding to products in TART absence and
presence was less than a factor of ~2 and therefore, was deemed insignificant.

All of the ten most intense MS peaks corresponding to monomeric non-fragmented TART-
trapped radicals were observed exclusively or with significantly greater intensity in the trapping
reactions than in control reactions (Table 44). Additionally, peaks corresponding to many other
hypothesised TART-trapped radicals were observed exclusively or with significantly greater
intensity in the trapping reactions than in control reactions (Table 44). This indicated that these
species must have corresponded to TART-trapped radicals from a-pinene ozonolysis.

The reactant radicals corresponding to these TART-trapped radicals were formed through
many different pathways including: a-pinene reaction with ozone, Criegee intermediate
formation and Criegee intermediate degradation to form RO.* (Figure 153); subsequent
RO2*+R0O;* reaction to form RO*® (Figure 154); RO*® fragmentation to form new RO.* (Figure
154); *OH addition to a-pinene, subsequent ring opening and ring closure to form
cycloperoxide-RO,* (Figure 159); *OH addition to a-pinene, subsequent ring opening,
autooxidation and ring closure to form oxygenated-cycloperoxide-ROz* (Figure 160) and HAA
from a-pinene by *OH to form RO,* (Figure 161). These observations supported the literature
which hypothesised such mechanisms.57:249.251.252.25 This was an excellent result, as it showed
that TART trapping and MS characterisation could be used to trap, detect and characterise
radicals in a mechanistically complex gaseous system, aiding mechanism elucidation and
offering support to previously hypothesised mechanisms.

However, many species could not be separated due to their identical m/z including
R1.1/R1.2-ART, R1.1.1/R1.2.1/R6.1.1/R7.1.1-ART, R5.1/R5.2/C10H170s-ART  and
R6/R7-ART, preventing existence of each species from being definitively proven, without
further MS characterisation.

Furthermore, peaks corresponding to many TART-trapped radicals were not observed or
observed with similar intensity in trapping and control reactions (Table 44). This suggested
that the concentration of the radicals corresponding to these TART-trapped radicals was too
low for detection. Such radicals included R3/R4, which are widely accepted to be formed
through *OH addition to a-pinene and immediate RO,* formation.>” This was hypothesised to
be due to strained four-membered ring opening being favourable to immediate RO2* formation,
following *OH addition to a-pinene. Though literature indicated that *OH addition and
immediate RO.* formation was competitive with four-membered ring opening under
atmospheric conditions, this was not necessarily true in the utilised a-pinene ozonolysis
system (8.3, 11.7.1), as discussed previously. Peaks corresponding to TART-trapped R5 were
also not observed. It was therefore hypothesised that RO.* reaction, either through
autooxidation or addition to the double bond, was too rapid for R5 to be trapped.

Further conclusions could be drawn from quantitative analysis of the obtained MS results.
However, quantitative conclusions were tentative, due to differences in trapping rates of
different radicals and ionisation efficiencies of different TART-trapped radicals.
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A peak corresponding to R6/R7 was the most intense peak corresponding to TART-trapped
radicals (Table 44). Assuming RO;* trapping rate constant was equal for all RO,*, this
indicated that R6/R7 had the highest gaseous concentration of RO;* radicals. This was
surprising, as literature indicated that R6/R7 formation was a minor pathway for *OH reaction
with a-pinene (~8%). This potentially indicated that HAA from allylic C-H plays a more
significant role in gaseous a-pinene ozonolysis than literature suggested or alternatively, that
reactions of R6/R7 reaction were slow, resulting in relatively high [R6/R7].

RO-* species R1.1/R1.2 were relatively stable and hence likely had relatively high gaseous
concentration, whilst RO* species R1.1.1/R1.2.1 were poorly stable and hence likely had low
gaseous concentration. However, peaks corresponding to R1.1/R2.1-ART and
R1.1.1/R2.1.1-ART were observed with similar intensity (Table 44). This was likely due to
RO* reacting with TART more efficiently than RO,*, as discussed previously (7.2). Such
conclusions would be better evidenced using kinetic modelling. Therefore, it was decided that
kinetic modelling should be undertaken to allow more detailed quantitative interpretation of
MS results. This was undertaken as detailed below (8.6.3.7).

TART-trapped radicals were successfully observed using standard MS. D»O exchange
(8.6.3.3) and tandem MS were utilised to further validate suggested structures (8.6.3.4), whilst
HPLC-MS (8.6.3.5) was used to more cleanly isolate peaks and increase intensity of TART-
trapped radicals.

8.6.3.3. D20

D,0O exchange was used to evaluate the labile hydrogen atom population of each species
(Table 45). For species observed with low intensity corresponding MS peaks, D-O exchange
data were poor and hence these species are omitted from analysis. For TART-trapped
radicals, —ART contained one labile hydrogen atom in the amide N-H.

Table 45: D exchanges observed for MS peaks corresponding to species from D20 exchange of TART trapping
of a-pinene ozonolysis, using MS for characterisation (11.7.2). Systematic m/z error = -0.0003; random m/z error

= £0.0010.
Predicted Predicted Prqportion of total intensity qf all D-
Species m/z for D shift shifted peaks for each species / %
0D shift 0D 1D 2D 3D 4D

[CHANT+D]* 323.2698 1D 23 977 0 0 0
[R1.1/R1.2-ART+Na]* 388.2100 1D 0 34.7 653 0 0
[R1.1.1/R1.2.1-ART+Na]*  372.21512 1D 0 525 36.7 10.8 0
[R2.1-ART+Na]* 360.2151 1D 0 823 17.7 0 0
[R2.1.1-ART+Na]* 344.2202 1D 9.0 141 769 0 0
[R5.1/R5.2-ART+Na]* 406.22052 2D 0 0 549 451 0
[CioH1705-ART+Na]* 406.22052 3D 0 0 549 451 0
[C10H1706—ART+Na]* 422.2155 3D 0 121 199 68.1 0
[R6/R7-ART+Na]* 356.2202 1D 3.0 97.0 0 0 0
[R6.1.1/R7.1.1-ART+Na]*  372.21512 1D 0 525 36.7 10.8 0
[Pinaldehyde+Na]* 191.10482 OD 98.1 1.9 0 0 0
[Pinonic acid+Na]* 207.09972 1D 10.8 89.1 0 0 0
[P1.1.2/P1.2.2+Na]* 223.09462 1D 20.8 333 459 0 0
[P1.1.3/P1.2.3+Na]* 207.09972 1D 10.8 89.1 0 0 0
[P2.1.2+Na]* 195.0997 1D 16,5 635 20.0 0 0
[P2.1.3+Na]* 179.1048 1D 10.7 89.3 0 0 0
[P2.1.4+Na]* 177.0891 OD 832 16.8 0 0 0
[P3.2/P4.2+Na]* 209.11542 2D 143 211 646 0 0
[P3.3+Na]* 193.1204 2D 3.0 8.8 88.2 0 0
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[P4.3+Na]* 191.10482 1D 02 98.0 1.9 0 0
[P5.1.2/P5.2.2+Na]* 241.1052 2D 0 0 545 365 89
[P5.1.3/P5.2.3+Na]* 225.11032 2D 01 33 958 0.7 0
[P5.2.4+Na]* 223.09462 1D 208 33.3 459 0 0
[P5.3.1.2/P5.3.2.2+Na]* 225.11032 2D 01 33 958 0.7 0
[P5.3.1.3/P5.3.2.3+Na]* 209.11542 2D 143 21.1 64.6 0 0
[P5.3.2.4+Na]* 207.09972 1D 10.8 89.1 0 0 0
[P6.2/P7.2+Na]* 191.1048? 1D 981 1.9 0 0 0

aQOther table entries have predicted species with same m/z.

The predicted D shift was observed for peaks corresponding to most species, including for
TART-trapped radicals. This offered validity to the suggested structures of these TART-
trapped radicals. For example, a 1D shift was near exclusively observed for the peak
corresponding to [R6/R7-ART+Na]*, matching the corresponding suggested structure of
R6/R7 which contained no labile hydrogen atoms (Figure 162, 11.7.2).
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Figure 162: Background corrected mass spectra run in protonated (top) and deuterated (bottom) solvent,
showing peaks corresponding to R6/R7-ART (blue) detected from D20 exchange of TART trapping of a-pinene
ozonolysis (11.7.2).

However, for many peaks other unexpected D shifts were additionally observed, often
resulting in a range of D shifts for each species, as seen previously (7.6). This indicated that
other unpredicted TART-trapped radicals contributed to the MS peaks intensities
corresponding to TART-trapped radicals. For example, for the peak corresponding to
R1.1/R1.2-ART, the predicted D shift (1D) only contributed ~35% to the total D shift, whilst
~65% originated from species with two labile hydrogen atoms. Therefore, in standard MS,
R1.1/R1.2-ART only contributed ~35% to the R1.1/R1.2-ART corresponding peak intensity.
This had significant ramifications for TART-trapped radical quantification. This 2D shifted peak
could originate from a hydroxylated R1.1.1/R1.2.1-ART species, though this could not be
confirmed. Additionally, for the peak corresponding to R5.1/R5.2/C10H1705s—-ART, D shifts
observed were ~55% 2D and ~45% 3D. This indicated that relative proportion of
[R5.1/R5.2-ART] to [C10H1705s—ART] was ~55% to 45%. Therefore, D,O exchange could be
used to determine relative rates of mechanistic pathways. Nevertheless, for most TART-
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trapped radicals and products, the predicted D shift was the most intensely observed D shift
for the corresponding peaks, offering validation to their suggested structures.

8.6.3.4. Tandem MS

Tandem MS was employed to validate TART-trapped radical structures. This was challenging
as peak intensities corresponding to TART-trapped radicals were very weak, whilst tandem
MS produces less high-quality fragmentation upon sodiated MS adducts, which MS adducts
of TART-trapped radicals predominantly were. However, some tandem mass spectra did offer
validation to suggested structures of TART-trapped radicals. For example, tandem MS
performed upon the peak corresponding to [R1.1/R1.2-ART+Na]* (m/z 388.210) yielded a
fragment corresponding to [C10H1sNOsNa]* (m/z 220.095) which indicated [OO-ART+Na]* and
hence a peroxide bond (Figure 163). This added validation to the hypothesised TART-trapped
RO.* structure.
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Figure 163: Tandem mass spectrum of the peak corresponding to R1.1/R1.2-ART (m/z 388.210, blue) from
TART trapping of a-pinene ozonolysis, yielding suggested fragment (m/z 220.095, red). Structures are derived
from R1.1-ART but could be equally attributed to R1.2-ART .

8.6.3.5. HPLC-MS

HPLC-MS was used to clean mass spectra, thus improving peak isolation and separate
species with the same m/z, allowing different isomers to be separately detected. Furthermore,
using the source-waste function, sample concentration could be increased, to maximise
intensity of peaks corresponding to TART-trapped radicals (4.3.2.8). For example, the
HPLC-MS chromatogram of peaks corresponding to R1.1/R1.2-ART (m/z 366.2280+0.0020
and m/z 388.2100+0.0020), revealed many isomers contributed to this peak (Figure 164,
11.7.2).

215



1.40

1.20

1.00

intense peak / %

Absolute count / 107

o

[$1]

o
s
o
(=}

Intensity relative to mos

. 0.00
0.80 366.5 366.0 366.5 367.0

m/z

o
(=]
o

0.60 ‘

Absolute count / 107

0.40 ‘

0.20

0.00 : * Mt
10 12 14 16 18 20

Time / min

Figure 164: HPLC-MS chromatogram and mass spectrum (inset) of peaks corresponding to R1.1/R1.2-ART
(m/z 366.228+0.002 and m/z 388.210+0.002) from TART trapping of a-pinene ozonolysis (11.7.2). MS source
was sent to waste between 13.5-14.0 min, to prevent injection of unreacted TART. Mass spectrum of
[R1.1/R1.2-ART+H]* (blue) is at time of maximum intensity (blue).

MS cleanliness and peak isolation were significantly improved by HPLC-MS. However, TART-
trapped RO* peak intensities could not be significantly improved. For example, maximum
intensity of peaks corresponding to R1.1/R2.1-ART little increased from ~1.1x107 to ~1.3x107
absolute count. High MeCN concentration was required to elute most TART-trapped a-pinene
ozonolysis radicals, even when using a weakly polar HPLC column. This caused low Na*
concentration compared to 1:1 MeCN:H,0 used for direct injections. This caused most HPLC-
MS detected TART-trapped radicals to be observed predominantly as protonated adducts
rather than sodiated adducts. It was therefore hypothesised that low Na* concentration caused
relatively poorer peak intensity than expected. It was also hypothesised that trace metals in
the HPLC column could have catalysed peroxide bond degradation in TART-trapped RO-*.

Likewise, the HPLC-MS chromatogram of peaks corresponding to R1.1.1/R1.2.1-ART
(m/z 350.2331+0.0020 and m/z 372.2151+0.0020), revealed many isomers contributed to this
peak (S16.1.2.2). However, contrary to RO2*, TART-trapped RO* peak intensities in HPLC-MS
were significantly increased. For example, maximum intensity of the peak corresponding to
R1.1.1/R1.2.1-ART increased around an order of magnitude from ~0.7%107 to ~5.3x10’
absolute count (S16.1.2.2). Therefore, HPLC-MS aided TART-trapped RO* peak isolation.
This increased intensity obtained for TART-trapped RO* compared to RO;* matched the
hypothesis that relatively reactive TART-trapped RO;* peroxides were decomposed by HPLC
column, whereas stable TART-trapped RO® ethers were not, causing relatively greater
increase in corresponding peak intensity.

Peaks corresponding to TART-trapped radicals had been thoroughly MS characterised
through numerous techniques. However, the most intense product and TART-trapped radical
corresponding peaks were not the most intense peaks in the mass spectrum (Figure 152).
These peaks were instead believed to corresponding to oligomeric products.
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8.6.3.6. Oligomeric products and trapped radicals

Whilst these peaks were not believed to correspond to trapped radicals, it was important to
determine what these peaks corresponded to, as large unexplainable peaks may have
invalidated TART trapping of a-pinene ozonolysis results. Therefore, the Formula Find
programme was employed with wider search conditions, to try to identify molecular formulae
for these peaks (Table 46). Molecular formulae limits were set to Ci-40Ho-100No-200-15Nao.1 and
m/z limits 100-1000.

Table 46: Ten most intense peaks from TART trapping of a-pinene ozonolysis, obtained using the Formula Find
programme. Molecular formula limits were set as Ci-40Ho-100No-200-1sNao-1 and m/z limits 100-1000. Illogical
molecular formulae were eliminated.

Intensity
relative to Corresponding
Obsr,ne/rzved unreacted molecular Structure identified
TART formula
standard / %
393.2249 32.8 C20H3406 P5.1/5.2-Dim-3/PC10H17OG-Dim-2
323.2694 28.3 C10H34N20> CHANT
409.2200 11.9 C20H3407 P5.1/5.2-Dim-4/PC1oH1706-Dim-3
391.2094 9.16 C20H3206 P1.1/1.2-Dim-4/P6/7-Dim-6
375.2144 5.06 C20H320s5 P1.1/1.2-Dim-3/P6/7-Dim-5
593.3301 4.87 C30H50010 P5.1/5.2-Trim-7/PCloH1706-Trim-6
425.2149 4.83 C20H340s P5.1/5.2-Dim-5/PC1oH1706-Dim-4
577.3352 3.54 C30H5oog P5.1/5.2-Trim-6/PC10H17OG-Trim-5
359.2195 2.19 C20H3204 P1.1/1.2-Dim-2/P6/7-Dim-4
225.1098 1.74 Ci10H1804 P5.1.3/P5.2.3

Of the ten most intense peaks, only two had corresponding molecular formulae for which
structures were previously identified. These were CHANT and P5.1.3/P5.2.3. All other species
had 20 or 30 carbon atoms, implying dimeric or trimeric species respectively. Many of these
species may be relevant to HOM product formation.*°

Firstly, HPLC-MS was conducted to ensure oligomer peaks were not an MS effect, caused by
multiple monomers forming a complex around a single Na* or monomers reacting together
during MS. HPLC-MS showed presence of oligomers and significant chromatographic
separation between oligomers and monomers required for MS clusters or oligomerisation
(S16.1.2.3). Therefore, oligomerisation was believed to occur during TART trapping of
a-pinene ozonolysis.

It was first hypothesised that dimers formed during a-pinene ozonolysis would arise from
RO2*+R0O>* coupling to form ROOR (Figure 142, 8.2). Therefore, the most concentrated
ROOR were expected to be formed by RO,*+R0O;* coupling of the most concentrated RO,®*,
which were identified from the most intense peaks corresponding to TART-trapped radicals.
For example, R1.1/R1.2+R6/R7 coupling would form an R1.1/R1.2-R6/R7 dimer, termed
P1.1/1.2-6/7. Therefore, ROOR structures were hypothesised and searched for (Table 47).
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Table 47: ROOR species identified from TART trapping of a-pinene ozonolysis, using MS for characterisation
(11.7.2). Systematic m/z error = -0.0005; random m/z error = +0.0010; 100% intensity = 2.01x10° absolute count.
ROOR nomenclature is of the form PR-R’, where R and R’ are the indexes of the two reactant radicals.

Intensity relative to unreacted TART standard

Species Predicted [ % '

m/z No No O/ No Trapping

substrate No UVv® TART reaction®
[CHANT+H]* 323.2698 0.019 98.1/92.5 0 29.5+1.2
[P1.1/1.2-1.1/1.2+Na]* 389.1940 0 0 0.112 0.099+0.004
[P1.1/1.2-5.1/5.2+Na]* 407.2046¢ 0 0 1.18 0.66+0.02
[P1.1/1.2-Cy0H1706+Na]* 439.1944 0 0 0 0
[P1.1/1.2-6/7+Na]* 373.1991 0 0 0.170 0.064+0.002
[P5.1/5.2-5.1/5.2+Na]* 425.2151¢ 0 0 3.46 4,77+0.13
[P5.1/5.2-C10H1706+Na]* 441.2100¢ 0 0 0.422 0.326x0.009
[P5.1/5.2-6/7+Na]* 375.2147¢ 0.005 0 3.92 5.61+0.3
[PC10H1706—C10H1706+Na]*  457.2050¢ 0 0 0.027 0.025+0.001
[PC10H1706-6/7+Na]* 391.2096¢ 0.009 0.001/0 6.67 9.7+0.3
[P6/7-6/7+Na]* 325.2143 0 0 0 0

aNo UV and no Nz controls combined into single column, with “/” used when values differ. "Three repeats
undertaken and an average and associated error calculated. °Other tables show entries that have predicted species
with same m/z.

Peaks corresponding to these hypothesised ROOR were not the most intensely observed
peaks corresponding to oligomers (Table 46). Therefore, it was hypothesised that the most
intensely observed dimers were not formed through RO2*+R0O;* coupling to form ROOR. It
was hypothesised that dimerisation may instead be occurring by intermolecular radical
addition across unreacted alkene by either RO,* or RO® to an a-pinene unit, forming a
radical-alkene dimer. This process would be similar to intramolecular radical addition to
alkene, required for R5.1/5.2 formation and intermolecular radical addition to TARTS, prior to
TEMPO®* cleavage. The resultant radical dimer would rapidly form RO.* and could
subsequently form dimer products ROH or ROOH through previously described mechanistic
steps (Figure 142, 8.2). Dimerisation through radical addition is not widely discussed in
literature, as this reaction is slow in the atmosphere. However, in the TART trapping of
a-pinene ozonolysis system, a-pinene is in significant excess of all other species. Therefore,
it was hypothesised that this high alkene abundance made radical-alkene dimerisation
competitive. However, radical addition to the a-pinene double bond can cause ring opening
(Figure 157). Therefore, radical addition to a-pinene and immediate RO.* formation or radical
addition to a-pinene, ring opening and subsequent ring closure also heeded to be considered.
Therefore, oligomer structures were described by their number of oxygen atoms, rather than
their exact structures (Figure 165).
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Figure 165: General radical-alkene dimer structure formed through radical addition to a-pinene and example
dimer (P1.1-Dim-4) formed through radical (R1.1) addition to a-pinene, with the a-pinene unit containing four
oxygen atoms (4). Radical-alkene dimer nomenclature is of the form PR-Dim-x, where R is the index of reactant
radical species and x is the total oxygen count in the a-pinene unit, including the unit bridge (1-2), new alkene
inner ring (0-2) and new alkene alcohol/hydroperoxide (1-2) functionalisation.
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A key difference between the two discussed mechanisms of dimerisation is that radical-radical
coupling is a terminal reaction whilst intramolecular radical addition to alkene is a propagation
reaction. Therefore, the latter mechanism would allow other radical reactions to occur instead
of ROH or ROOH formation, for example further oligomerisation or radical trapping. As
previously, dimers formed through reaction of the most concentrated RO,* and RO*® with other
a-pinene units were searched for (Table 48).

Table 48: Radical-alkene dimer species identified from TART trapping of a-pinene ozonolysis, using MS for
characterisation (11.7.2). Systematic m/z error = -0.0005; random m/z error = £0.0010; 100% intensity =
2.01x10° absolute count. Radical-alkene dimer nomenclature is of the form PR-Dim-x, where R is the index of
reactant radical species and x is the total oxygen count in the a-pinene unit, including the unit bridge (1-2), new
alkene inner ring (0-2) and new alkene alcohol/hydroperoxide (1-2) functionalisation.

Intensity relative to unreacted TART

Species Predicted standard / % _

m/z No No O/ No Trapping

substrate No Uv2 TART reaction®
[CHANT+H]* 323.2698 0.019 9982'15: 0 29.5+1.2
[P1.1/1.2-Dim-2+Na]* 359.2198¢ 0.003 0.002/0 1.19 2.14+0.08
[P1.1/1.2-Dim-3+Na]*  375.2147< 0.005 0 3.92 5.6+0.3
[P1.1/1.2-Dim-4+Na]*  391.2096% 0.009 0 6.67 9.7+0.3
[P1.1/1.2-Dim-5+Na]*  407.2046¢ 0 0 1.18 0.66+0.02
[P1.1/1.2-Dim-6+Na]* 423.1995 0 0 0 0
[P5.1/5.2-Dim-2+Na]* 377.2304¢ 0 0 0.913 0.65+0.02
[P5.1/5.2-Dim-3+Na]* 393.2253¢ 0.008 0 46.0 30.5+1.0
[P5.1/5.2-Dim-4+Na]* 409.2202¢ 0.002 0 11.2 11.5+0.2
[P5.1/5.2-Dim-5+Na]*  425.2151° 0 0/0.001 3.46 4.77+0.13
[P5.1/5.2-Dim-6+Na]*  441.2100% 0 0 0.422 0.326+0.009
[PC10H1706-Dim-2+Na]* 393.2253¢ 0.008 0 46.0 30.5+1.0
[PC10H1706-Dim-3+Na]*  409.2202¢ 0.002 0 11.2 11.5+0.2
[PC10H1706-Dim-4+Na]* 425.2151¢ 0 0/0.001 3.46 4.77+0.13
[PC10H1706-Dim-5+Na]* 441.2100¢% 0 0 0.422 0.326+0.009
[PC10H1706-Dim-6+Na]*  457.2050¢ 0 0 0.027 0.025+0.001
[P6/7-Dim-2+Na]* 327.2300 0 0 0.005 0.007+0.001
[P6/7-Dim-3+Na]* 343.2249 0 0 0.060 0.051+0.002
[P6/7-Dim-4+Na]* 359.2198¢ 0.003 0.002/0 1.19 2.14+0.08
[P6/7-Dim-5+Na]* 375.2147¢ 0.005 0 3.92 5.6+0.3
[P6/7-Dim-6+Na]* 391.2096¢ 0.009 0 6.67 9.7+0.3

aNo UV and no N2 controls combined into single column, with “/” used when values differ. Three repeats
undertaken and an average and associated error calculated. °Other table entries have predicted species with same
m/z. 90ther tables show entries that have predicted species with same m/z.

Peaks corresponding to these radical-alkene dimer products were observed with significant
intensity. These species were likely to have low atmospheric relevance, due to alkene
concentration being significantly lower than ozone concentration in the atmosphere. However,
it did indicate that radical-alkene dimerisation was possible and could be significant under
certain conditions. Peaks corresponding to radical-alkene dimer products are some of the
most intense peaks observed in the mass spectrum (Figure 166).
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Figure 166: Background corrected mass spectrum from TART trapping of a-pinene ozonolysis (11.7.2), showing
peaks corresponding to CHANT (green) and radical-alkene dimer products (blue).

Additionally, radical dimer RO2* could form radical dimer RO® or dimer products ROH or
ROOH. However, these RO,* and RO® may instead be trapped by TARTSs. This contrasted to
RO2*+R0O;* coupling to form ROOR, as this process forms no radical dimers without further
initiation, making TART trapping unlikely. Peaks corresponding to TART-trapped dimers were
observed (Table 49, 11.7.2).

Table 49: TART-trapped dimer radicals identified from TART trapping of a-pinene ozonolysis, using MS for
characterisation (11.7.2). Systematic m/z error = -0.0005; random m/z error = £0.0013; 100% intensity =
2.01x10° absolute count.

Intensity relative to unreacted TART

Species Predicted standard / %
P m/z No No O,/ No Trapping
substrate  No UV TART reaction?
[CHANT+H]* 323.2698 0.019 9982'15: 0 29.5+1.2
[R1.1/R1.2-Dim-4-ART+Na]*/

[R6/R7-Dim-6-ART+Na]* 556.3250 0 0 0 0.011+0.001
[R1.1/R1.2-Dim-5-ART+Na]* 572.3199 0 0 0 0
[R1.1/R1.2-Dim-6-ART+Na]* 588.3148 0 0 0 0.010+0.001
[R5.1/R5.2-Dim-3-ART+Na]*/

[RC10H1,06-Dim-2-ART+Na]* 558.3407 0 0 0 0.014+0.001
[RS.1/R5.2-Dim-6-ART+Na]"/ g6 255, 0 0 0 0.009+0.001

[RCloHqu—Dim—5—ART+Na]+

aThree repeats undertaken and an average and associated error calculated.

These peaks corresponding to TART-trapped dimer radicals were observed exclusively in
trapping reactions, validating that they were indeed TART-trapped radicals. These
observations further supported the hypothesis that dimers were formed through radical
addition to a-pinene. MS peaks corresponding to further oligomeric products, such as trimers,
were also observed and assigned to structures (Figure 167, S16.1.2.3). These species may
be relevant to HOM product formation.?

220



© q 0O
(o) 0
O)S e}
(O)H HO

O,
O
p=1-2,9=0-2,r=1-2,s=0-2,t=1-2
p+qg+r+s+t = x ptgtrs+t=7
PR-Trim-x P5.1-Trim-7

Figure 167: General trimer structure formed through radical addition to two a-pinene and example trimer
(P5.1-Trim-7) formed through radical (R5.1) addition to a-pinene, with the two a-pinene units containing seven
oxygen atoms (7). Radical-alkene-alkene trimer nomenclature is of the form PR-Trim-x, where R is the index of

reactant radical species and x is the total oxygen count in the two a-pinene units, including the unit bridges (1-2),
new alkene inner rings (0-2) and new alkene alcohol/hydroperoxide (1-2) functionalisation.

Observation and characterisation of peaks corresponding to both oligomeric products and
TART-trapped radicals showed the advantages of being able to characterise both products
and radicals simultaneously. This is a significant advantage of TART trapping and MS
characterisation over other radical characterisation techniques.

The most intense peaks and peaks corresponding to TART-trapped radicals had been
successfully characterised. Next, kinetic modelling was applied to further analyse results from
TART trapping of a-pinene ozonolysis.

8.6.3.7. Kinetic modelling

To validate experimental observations and allow experimental results to be fully interpreted,
kinetic modelling of TART trapping of a-pinene ozonolysis was undertaken (11.10.3). Initial
simulations used the parameters of experimentally undertaken TART trapping of a-pinene
ozonolysis (Figure 150, 11.7.2).

In all modelling, potential wall reactions were ignored, simulation conditions were set at RTP
and trapping solution volume was assumed constant. These assumptions were made to
significantly simplify modelling, though were unlikely to be true. This kinetic model required
separate simulation of gaseous a-pinene ozonolysis, solution-gas interface trapping and
solution phase trapping.

For gaseous a-pinene ozonolysis, atmospheric reactions of substrates were imported into the
Kintecus chemical simulation programme from the MCM and truncated to remove late stage
pathways.5"2” The MCM contained widely accepted mechanistic steps of a-pinene
ozonolysis, such as a-pinene reaction with ozone (Figure 153 and Figure 157) and immediate
RO,* formation following *OH addition (Figure 156) but not other mechanistic steps, such as
ring opening following *OH addition to a-pinene (Figure 159), HAA abstraction from a-pinene
by *OH (Figure 161) or oligomer formation (8.6.3.6). Adding these less widely accepted
reactions to the gaseous a-pinene ozonolysis model would be time consuming and hence was
decided to be beyond the scope of this project. Furthermore, reliable rate constants for these
reactions were not readily available. Simulation parameters were set to emulate experimental
conditions immediately prior to bubbling through trapping solution, including residence time
and initial substrate concentrations (11.10.3). The simulation results yielded final gaseous
radical concentrations, immediately prior to bubbling (Figure 168, 11.10.3). These final
gaseous radical concentrations were used to simulate TART trapping.
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Figure 168: Simulation of gaseous a-pinene ozonolysis between 0-565 ms residence time (11.10.3). 56.5 ms was
the typical residence time used in TART trapping of a-pinene ozonolysis.

~11% a-pinene species were estimated to dissolve in solution using experimental evidence
(11.7.4). Therefore 11% of simulated gaseous radicals were entered into a liquid phase
trapping model (dissolved), whilst the remaining 89% were entered into a gas-liquid interface
trapping model (not dissolved). In both models, atmospheric reactions were assumed to stop
immediately upon bubbling, whilst TART trapping could occur. Trapping rates of all RO»* and
all RO* were estimated to be 10?2 and 10*®> molec. cm?® s* respectively, based upon RO*
addition to methyl methacrylate and assorted literature-sourced rate constants for RO®
addition to alkenes respectively.??6228 In both models, initial trap concentration was set as its
initial concentration in solution.

The liquid phase model was run for the total reaction time. During this time, 11% gaseous
radicals were inputted at regular intervals to simulate incoming radicals, allowing trapping to
occur. This yielded final trapped radical concentrations in solution for the liquid phase model.

In the gas-liquid interface model, the model was run for the estimated residence time of a gas
bubble in solution. Initial gaseous radical concentrations were inputted using 89% final
gaseous radical concentrations accumulated during this residence time, allowing trapping to
occur. These results were then scaled to the total reaction time, yielding final trapped radical
concentrations in solution for the gas-liquid interface model.

Results from these two models were summed together to yield final trapped radical
concentrations in solution.

Initial modelling used the parameters of experimentally undertaken TART trapping of a-pinene
ozonolysis (Figure 150, 11.10.3). This simulation indicated that most TART-trapped RO2* were
formed in solution, whilst most TART-trapped RO*® were formed at the gas-liquid interface.
Furthermore, it showed that dissolved [RO-*] increased steadily during the reaction time, due
its relatively slow trapping rate, whilst dissolved [RO*®] remained low throughout the reaction
time, due to its very rapid trapping rate (S16.1.2.4). Obtained solution phase concentrations of
R1.1-ART, R1.2-ART, R2.1-ART, R1.1.1-ART, R1.2.1-ART and R2.1.1-ART were
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2.37x1018, 1.71x10%2, 1.93x10%?, 1.62x10%2, 3.27x10*2 and 6.36x10!2 molec. cm3
respectively. Therefore, concentrations of R1.1/R1.2-ART and R1.1.1/R1.2.1-ART were
2.54x10*% and 4.90x10*? molec. cm respectively.

These results could be used to draw quantitative conclusions from obtained MS results.
However, these conclusions were tentative, due to modelling assumptions and limitations and
differences in ionisation efficiencies of different TART-trapped radicals.

The peak corresponding to R1.1/R1.2-ART was more intense than the peak corresponding
to R2.1-ART (0.033+0.003% compared to 0.015+0.001%), with a ratio of ~2.1. Modelling
indicated that the proportion of R1.1/R1.2-ART compared to R2.1-ART should be ~9:1.
These relative proportions of R.1/R1.2-ART to R2.1-ART broadly matched, within an order
of magnitude. Considering the assumptions required for modelling and MS quantification, this
match was reasonable. Similarly to their RO.* ancestors, the peak corresponding to
R1.1.1/R1.2.1-ART was more intense than the peak corresponding to R2.1.1-ART
(0.023+0.002% compared to 0.006+0.001%), with a ratio of ~4:1. Modelling indicated that the
proportion of R1.1.1/R1.2.1-ART compared to R2.1.1-ART should be ~5:1.5" Again, these
data broadly matched. The peak corresponding to R1.1/R1.2-ART was more intense than the
peak corresponding to R1.1.1/R1.2.1-ART (0.033+0.003% compared to 0.023+0.002%), with
a ratio of ~1.5.1. Modelling indicated that the proportion of R1.1/R1.2-ART compared to
R1.1.1/R1.2.1-ART should be ~7:1. These relative proportions of R.1/R1.2-ART to
R1.1.1/R1.2.1-ART broadly matched, within an order of magnitude. This validated
experimental results which showed that peaks corresponding to TART-trapped RO,* and RO*
were observed with similar intensities, due to low RO* concentration being counteracted by its
fast trapping rate, as hypothesised previously. These observations offered validity to TART
trapping and indicated that TART trapping could be used to inform reaction kinetics.

This kinetic model was used for comparison with results from kinetics experiments.

8.6.4. Kinetics experiments

The feasibility of quantitative radical detection was tested by comparing MS intensities of
TART-trapped radicals from TART trapping of a-pinene ozonolysis at different residence times
to the developed kinetic model (8.6.3.7, 11.7.5). The aim was to observe only an approximate
match between simulated and experimental data, as many crude assumptions had to be made
for this quantitative comparison. These kinetics experiments mostly used previously optimised
conditions from TART trapping of a-pinene ozonolysis. However, multiple residence lengths
were used (0-50 cm), resulting in residence times 0-565 ms. Furthermore, reaction time was
reduced to 2 min (Figure 169, 11.7.5), to reduce the dependence of trapped radical
concentration on TART concentration (8.6.2.6). Three repeats were undertaken for each
residence time, allowing average MS intensities and associated errors to be obtained (11.7.5).

i) O3, 0-565 ms
i) CHANT, MeCN, ~4.5 ms  {) Products + radical intermediates
2 min ii) Products + trapped radicals

Figure 169: TART trapping of a-pinene ozonolysis kinetics experiments (11.7.5).

Experimental data were then scaled globally to minimise root-mean-square deviation (RMSD)
between simulated and experimental data (Figure 170). This single scaling factor was the only
optimised parameter.
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Figure 170: Simulation (line) of TART trapping of a-pinene ozonolysis kinetics experiment over different
residence times (tube lengths) and corresponding average experimental MS intensities of corresponding peaks
and associated errors (scatter and error bars, 11.7.5). Experimental results were globally scaled to minimise
RMSD between simulated and experimental data.

Considering the crude approximations made in constructing the model and the complexity of
the system, it was remarkable that the general shapes of simulated and experimental profiles
were similar, including the time corresponding to maximum intensity and approximate relative
concentrations of different radicals.

However, there were some discrepancies between experimental and simulated results. In
particular, [R1.1.1/R1.2.1-ART] was indicated to be relatively larger by experimental results
than simulated results. It was hypothesised that this could be due to accumulated solution
phase RO;* undergoing RO;*+RO,* reaction to form RO®. Thus far, gaseous a-pinene
ozonolysis reactions were assumed to stop upon reaching the trapping solution. However,
whilst dissolved RO*® were trapped very rapidly, RO.* were not. This caused RO:*
accumulation in the trapping solution, potentially increasing the rate of solution phase
RO2*+R0O;* to form RO*®, meaning RO* were not exclusively generated in the gaseous phase.
These RO°* would be trapped rapidly, meaning that experimentally estimated relative
[RO-ART], such as [R1.1.1/R1.2.1-ART], would be higher than modelling predicted. This
complicated radical quantification and suggested that results from TART trapping of a-pinene
may have less relevance to the gas phase than previously thought. However, this issue equally
affects other technigues used for solution phase trapping of gaseous radicals, including
conventional spin trapping.

These results suggest that with appropriate calibration, TART trapping and MS
characterisation can be used to estimate approximate concentrations of radicals in complex
systems. However, careful modelling would be required for more accurate quantification.

8.7. Conclusions and future work

Radicals formed during relatively complex gaseous alkene ozonolysis were successfully
trapped and characterised using TART trapping and MS, by bubbling the radical gas stream
through trapping solution. As previously observed in biochemistry (7), evidence suggested
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that TART reacted rapidly with short-lived carbon-centred R* and RO* but slowly with long-
lived RO;*. This indicated that whilst TART trapping was an effective tool for characterisation
of short-lived radicals, it was not as useful for characterisation of long-lived radicals.

TART trapping of cyclohexene ozonolysis indicated formation of RO,* and RO* following
cyclohexene reaction with ozone and Criegee intermediate degradation and RO2* following
*OH addition to cyclohexene, exclusively in presence of all necessary reaction conditions. In
contrast, the very low concentrations of RO* were unlikely to be detectable using direct radical
characterisation techniques, whilst recombination trapping using nitroxyl radicals would not be
suitable for oxygen-centred radicals trapping (1.3).

TART trapping and MS characterisation were then used to study much more complex gaseous
a-pinene ozonolysis. The Formula Find programme was used to obtain the most intensely
observed peaks which could correspond to TART-trapped radicals. Of the ten most intense
peaks, seven were assigned to six structures formed during the early stages of a-pinene
ozonolysis. Three of these were formed through widely accepted mechanistic steps involving:
a-pinene reaction with ozone, Criegee intermediate formation and Criegee intermediate
degradation to form RO-*; subsequent RO2*+R0O,* reaction to form RO®; RO*® fragmentation
to form new RO.*.5” Two were formed through widely discussed but not totally accepted
mechanistic steps involving *OH addition to a-pinene, subsequent ring opening and ring
closure to form cycloperoxide-RO* (R5.1/R5.2) and *OH addition to a-pinene, subsequent
ring opening, autooxidation and ring closure to form oxygenated-cycloperoxide-RO;*
(CeH1706)?49252 One final structure (R6/R7) was formed through a hypothesised minor pathway
involving allylic HAA from a-pinene by *OH to form RO;*.251.2% However, its corresponding
TART-trapped radical was observed with the greatest intensity, potentially indicating this
radical had high gaseous concentration. This suggested that HAA from allylic C-H plays a
more significant role in gaseous a-pinene ozonolysis than indicated in literature. The other
three molecular formulae could not be assigned to structures. However, the corresponding
radicals, Ci0H190s.7%, had similar molecular formulae to those above, suggesting these
radicals were indeed formed.

In contrast, peaks corresponding to TART-trapped radicals formed following *OH addition to
a-pinene and immediate RO,* formation were not observed, contrary to literature.>” It was
therefore hypothesised that strained four-membered ring opening was preferable to immediate
RO,* formation, as evidenced by observation of peaks corresponding to R5.1/R5.2-ART and
CeH1706—ART.

These observations showed that TART trapping and MS characterisation could be used to
trap, detect and characterise gaseous radicals, aiding mechanism elucidation and offering
support to previously hypothesised mechanisms in complex gaseous systems. Additionally,
peaks corresponding to oligomers were observed, which were hypothesised to be formed
following intermolecular RO,* addition to a-pinene. Such reactions were believed to be
competitive in the system used, where substrate concentrations were greater than in the
atmosphere. This showed that TART-trapped radicals and products could be characterised
simultaneously, a potential advantage over spin trapping with EPR spectroscopy (1.3.2.1)

D.0O exchange, tandem MS and HPLC-MS were all used to further characterise TART-trapped
radicals. For example, D,O exchange indicated that R6/R7-ART had no labile hydrogen
atoms, as hypothesised. Meanwhile, HPLC-MS showed that many species contributed to
TART-trapped radical peaks.

An approximate match was observed between practical kinetic experiments and a literature-
sourced kinetic model.>” However, some discrepancies between the kinetic model and kinetic
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experiments for [RO-ART] were attributed to dissolved RO:* undergoing liquid phase
RO,*+RO;* reaction, forming RO*®, which was then trapped. This indicated that some reactions
believed to occur in the gas phase actually occurred in the liquid phase. However, this issue
equally affects other indirect radical characterisation techniques including spin trapping. These
results indicated that with appropriate calibration, TART trapping with MS characterisation can
be used to estimate approximate concentrations of radicals in complex systems. However,
careful modelling would be required for more accurate quantification.

Future TART trapping of gaseous radicals and MS characterisation would most benefit from
improved quantification. In particular, development and use of ammonium TARTs would
significantly benefit TART-trapped radical quantification, as their corresponding MS intensities
would be less affected by ionisation efficiency of reactant radicals. Though previously
attempted, TART isolation on a solid support would likely reduce non-gaseous reactions
occurring prior to TART trapping, meaning intensities of peaks corresponding to TART-
trapped radicals would more accurately reflect gaseous radical reactions.

Alternatively, TART trapping of alkene ozonolysis could be undertaken using a volatile TART,
such as allyl-TEMPO, and evaporated into the gas stream before being detected using CI-MS.
This would increase [TART] and residence time, potentially allowing RO2* to be more
efficiently trapped. Similar systems have been used for spin trapping of alkene ozonolysis.?%¢

The literature-sourced kinetic model could also be improved by adding reactions observed to
occur in this system.5” Comparison with TART trapping of other atmospherically important
alkene ozonolysis systems, such as ozonolysis of isoprene, B-pinene and limonene, would
also be of great interest.

TART trapping was used to investigate another atmospherically relevant gaseous radical
reaction, *OH-initiated alkane degradation. This system was much simpler than alkene
ozonolysis, meaning literature-sourced kinetic models were likely to be more accurate. Using
this model, and accurately measured [*OH], it was hoped that detection limits could be
estimated for TART trapping of *OH-initiated alkane degradation (9).
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9. *OH-initiated alkane degradation

9.1. Introduction

Radicals play a key role in the initiation and propagation of atmospheric oxidation cycles of
emitted VOCs, which lead to formation of SOA, photochemical smog and tropospheric ozone
(2.2.3). Since hydrocarbons are known to contribute to photochemical smog and tropospheric
ozone production, their emissions need to be carefully monitored and controlled.>¢

Emitted hydrocarbons are broken down through atmospheric radical propagated
photochemical cycles, principally initiated by tropospheric hydroxyl radicals (*OH). *OH can
be formed through multiple pathways including alkene ozonolysis (8.2.1) and photolysis of
ozone with water.5! Radicals produced through *OH-initiated alkane degradation could be
studied using TART trapping. This would confirm production of theorised radicals and
therefore aid mechanistic understanding of these important atmospheric processes.

Therefore, TART trapping was used to study *OH-initiated alkane degradation. *OH-initiated
alkane degradation was chosen for study because it is a relatively simple system, particularly
compared to alkene ozonolysis (8). This simplicity made it a model system for kinetic
modelling, with literature-sourced rate constants likely having high accuracy. Using these
suitably accurate rate constants and accurate measurement of [*OH], concentrations of
gaseous radicals were estimated. This allowed detection limits of gaseous radicals using
TART trapping to be estimated. To accurately measure [*OH], a collaboration was sought with
the University of Leeds, which had a set-up which cleanly generated and quantified [*OH]
using water photolysis and fluorescence assay gas expansion (FAGE, 1.3.1.4) respectively
(9.4). Furthermore, *OH-initiated alkane degradation is an atmospherically relevant process
(1.2.3).%5 TART trapping with MS characterisation was used to trap and characterise radicals
and therefore aid mechanistic understanding of this important atmospheric process.

However, before TART trapping of *OH-initiated alkane degradation was undertaken at the
University of Leeds using water photolysis as an *OH source (9.4), TART trapping of
*OH-initiated alkane degradation was undertaken at the University of York, using alkene
ozonolysis as an *OH source (9.3). This was to ensure that TART trapping could be used to
characterise radicals formed during *OH-initiated alkane degradation and to optimise aspects
of TART trapping and MS characterisation methodology, that were relevant to both systems.
Whilst alkene ozonolysis acted as a much less clean source of *OH than water photolysis,
[*OH] was much greater and therefore, more *OH-initiated alkane degradations occurred. This
meant that subsequent radicals formed were of higher concentration, allowing TART trapping
to occur more readily. General mechanistic steps of *OH-initiated alkane degradation are
described below.

9.2. General mechanistic steps of *OH-initiated alkane degradation

The mechanisms of individual steps of *OH-initiated alkane degradation have been discussed
previously (7.2). These include: HAA by °*OH to form R®; subsequent RO,* formation;
RO2*+R0O;* reaction to form two RO®, ROH and RCO or ROOR; HAA by RO>* to form ROOH,;
ROOR decay to form two RO*; ROOH decay to form RO* and *OH; HAA by RO* to form R*
and ROH; RO* fragmentation to form R®* and RCO; a-hydroperoxide-RO* decay to form HO,*
and RCO and carboxyl RO* decay to form R* and CO; (Figure 171, 7.2). However, as for
biochemistry, besides ROOR formation through TART trapping, ROOR product formation was
largely ignored, since many possible ROOR structures would significantly complicate analysis

).
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For longer chain n-alkanes, such as n-nonane, autoxidation can occur through intramolecular
HAA by RO,* and RO®, forming R(OOH)* and R(OH)* respectively. RO* fragmentation is not
expected to occur earlier in the mechanism, due to the low stability of resulting radicals.
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Figure 171: General reaction mechanism of *OH-initiated alkane degradation. For longer chain n-alkanes, some
reactions may occur either intermolecularly or intramolecularly (blue), where reactants and products are a single
species. Oz release is not shown. RCO represents carbonyl species.

As previously in alkene ozonolysis (8.2.2), due to the high concentration of O; in air, R® were
expected to react rapidly with O, to form RO;*. Therefore, radical trapping of carbon-centred
radicals was not hypothesised to occur.

For n-alkanes with molecular weight equal to and greater than propane, HAA from C-H can
occur at multiple sites, resulting in structural isomers with identical m/z. n-Alkanes with even
Ne C atoms have Ne unique C-H = 0.5xNe carbon atoms, whilst for odd Ne carbon atoms,
n-alkanes have Ne unique C—H = 0.5(Ne carbon atoms+1). However, certain structural isomers
will be formed more favourably than others, due to greater 2° radical stability formed after *OH.
This produces a range of structural isomers for subsequent species.

In the *OH-initiated alkane degradation system, using alkene ozonolysis for *OH production,
a somewhat volatile liquid alkane was required. n-Alkanes with molecular weight equal to and
between pentane and decane were suitably volatile for this purpose. n-Nonane and n-decane
were deemed particularly valuable for study, since they were both predicted to undergo
autooxidation and were atmospherically relevant (1.2.3). However, n-nonane had higher
volatility. Therefore n-nonane was chosen as the main alkane for study. All other alkanes with
molecular weight equal to and between pentane and decane were also trialled in TART
trapping of *OH-initiated alkane degradation system, utilising alkene ozonolysis as an *OH
source, but are not discussed.

For n-nonane, five structural isomers of R® were possible. The relative likelihood of formation
of each isomer was estimated using a structure-reactivity relationship developed by Kwok et
al. (Figure 172).257

11.8% 11.8%
P N N
1.7% S~—m—— 1.7%
14.6%

Figure 172: Percentage likelihood of HAA from each carbon environment, estimated using a structure-reactivity
relationship by Kwok et al.?57

*OH-initiated n-nonane degradation yields early-stage radicals RO,*, RO* and R(OH)O;*
(Figure 173).
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Figure 173: Early stages of *OH-initiated n-nonane degradation in absence of NOx, showing formation of radical
species RO2*, RO*® and R(OH)O2°.557 RCO represents carbonyl species. Structures and pathway probabilities
were obtained from the MCM.57

9.3. *OH-initiated alkane degradation using alkene ozonolysis as an
*OH source

*OH-initiated alkane degradation was investigated using alkene ozonolysis as an *OH source.
As discussed and explored previously, decomposition of Criegee intermediates from alkene
ozonolysis released *OH. This *OH could be utilised for alkane degradation. An advantage of
this method was that the system produced high [*OH], inducing much alkane degradation.
However, the system was not particularly clean, as alkene ozonolysis radicals and products
could react with *OH-initiated alkane degradation radicals and products, creating additional
radicals and products. These additional radicals and alkene ozonolysis radicals could be
TART trapped and, along with additional products and alkene ozonolysis products,
significantly complicated mass spectra.

The set-up previously used for TART trapping of alkene ozonolysis was easily adapted for
TART trapping of *OH-initiated alkane degradation.

9.3.1. Methodology

TART trapping of *OH-initiated alkane degradation, using alkene ozonolysis as an *OH
source, was investigated using a standard set-up (Figure 143, 11.8.1.1). This system closely
resembled the set-up used for TART trapping of alkene ozonolysis (8.3) but with alkane vapour
being added into the air stream prior to being passed over the UV lamp.
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Figure 174: Set-up used for TART trapping of *OH-initiated alkane degradation, using alkene ozonolysis as an
*OH source (11.8.1.1).

Most set-up parameters were the same as for TART trapping of alkene ozonolysis (8.3,
11.7.1). In this set-up, it was assumed that flow was laminar and mixing occurred instantly at
the T-junction. Different length T-shaped glass tubes could be used to increase residence time
for substrate reaction with ozone, with typical residence length set at 5.0 cm. TART
functionality was chosen as required, however typically CHANT was used. [TART] was set
between 5-500 uM in MeCN but was typically 50 uM. Flow rate through trap solution was set
at 1.5 L min-t, to ensure rapid but controllable bubbling. Flow rate through each bubbler was
adjusted as required, but was typically set at 1.20 and 0.30 L min* through substrate and
alkene flow meters respectively. These flow rates were selected to increase [alkane] to
[alkene] ratio but were suitably high to accurately maintain each flow rate. Under these
standard conditions and in absence of substrate, alkene or trapping solution, [ozone] was
measured to be 106.3+0.2 ppm (2.663+0.005x10% molec. cm). Reaction time was varied as
required, but was typically 10 min. Solvent was removed in vacuo upon reaction completion
and the resultant MS characterised. These standard conditions had been optimised (9.3.3).

Alkanes do not absorb light at the wavelengths emitted by the UV lamp and therefore alkane
ozonolysis could not occur.?%® Furthermore, literature indicated gaseous alkane ozonolysis
would be negligible in this system. Therefore, alkane could be inputted through the UV
lamp/ozone stream without compromising the experiment.

In all discussed reactions, n-nonane (CgHazo) and tetramethylethylene (TME, CgHi2) were used
as substrate and alkene respectively. TME was used as alkene for several reasons. Firstly, at
RTP, TME reacted with ozone very rapidly (1x101° molec.* cm® s') compared to other
alkenes, for example a-pinene (5x10* molec.” cm? s71).57 This meant that *OH would be
produced relatively rapidly and in high yields (~90% from TME reaction with ozone).?5°
Secondly, all non-dimerised TME-derived radicals had fewer carbon atoms than non-
fragmented n-nonane-derived radicals, meaning that peaks corresponding to TART-trapped
non-fragmented n-nonane-derived radicals were unlikely to correspond to TME-derived
radicals, reducing the risk of false positives. Based upon oligomerisation observed in alkene
ozonolysis (8.6.3.6), it seemed likely than n-nonane would oligomerise with unreacted TME.
However, these reactions were ignored.

In this system, all studied alkanes and alkenes were significantly in excess of ozone. For
example, gaseous [TME] and [n-nonane] were estimated to be 9.07x10" molec. cm= and
8.07x10'® molec. cm= respectively, a >100 and >30 fold excess compared to ozone
respectively (11.8.1.1). Therefore, the vast majority of ozone was expected to react with
unreacted alkene and not with other species formed in the system. Therefore, re-initiation of
stable products formed in this system such as ROH and RCO would be unlikely to occur and
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hence was largely ignored. It is important to note that this system does not reflect atmospheric
concentrations of these species and hence, these species may not undergo typical
atmospheric reactions.

With the set-up designed, TART trapping of *OH-initiated alkane degradation, using alkene

ozonolysis as an *OH source, was undertaken (Figure 175).
TME, Oz, UV, 10 min  1ahned radicals

Alkane
CHANT/MeCN + products

Figure 175: TART trapping of *OH-initiated alkane degradation, using alkene ozonolysis as an *OH source
(11.8.1.2).

Initial experiments were conducted to ensure that early-stage °OH-initiated alkane
degradation radicals could be successfully TART trapped, before optimisation, controls and
detailed result analysis were undertaken.

9.3.2. Initial results

Species formed early in *OH-initiated n-nonane degradation were screened for (Figure 173,
Table 50, 11.8.1.2).

Table 50: Species identified from initial TART trapping of *OH-initiated n-nonane degradation, using alkene
ozonolysis as an *OH source and MS for characterisation (11.8.1.2). Systematic m/z error = -0.0005; random m/z
error = +0.0003; 100% intensity = 1.38x10° absolute count.

Intensity relative to unreacted

Species Predicted TART standard / %
m/z Trapless TART Trapping
control standard reaction
TART [CHANT+H]* 323.2698 0 100 27.9
Trapped [RO,-ART+Na]*  348.2515 0 0 0.041
radicals [RO-ART+Nal]* 332.2565 0 0 0.054
[RH+Na]* 151.1463 0 0 0
Products [ROH+Na]* 167.1412 0 0 0
[RCO+Na]* 165.1255 0.011 0 0.011
[ROOH+Na]* 183.1361 0.061 0 0.142

Intensity of peaks corresponding to TART was ~30% in the trapping reaction compared to the
unreacted TART standard, indicating ~70% TART consumption.

Peaks corresponding to RCO and ROOH were observed in both the trapless control and
trapping reaction. This was expected, as TART was not required for product formation. In
contrast, peaks corresponding to RH and ROH were not detected in any sample. This was
hypothesised to be due to poor ionisability of these species.

Peaks corresponding to TART-trapped radicals were detected exclusively in the trapping
reaction, suggesting these species originated from TART trapping of radicals formed during
*OH-initiated n-nonane degradation.

Therefore, initial results showed radicals produced during *OH-initiated n-nonane degradation,
using alkene ozonolysis as an *OH source, were successfully TART trapped and observed
using MS. However, before more detailed investigations were undertaken, system
optimisation was required to maximise intensity of MS peaks corresponding to TART-trapped
radicals. More importantly, these optimised conditions would initially be used for *OH-initiated
n-nonane degradation, using water photolysis as an *OH source.
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9.3.3. Optimisation

Many parameters and design aspects of *OH-initiated alkane degradation, using alkene
ozonolysis as an *OH source, were based upon parameters and design aspects optimised for
a-pinene ozonolysis (8.6.2), including TART phase, TART functionality, solvent and additives
and residence time. However, other parameters required optimisation for this system. Hence
these parameters were optimised to maximise intensity of MS peaks corresponding to TART-
trapped radicals. These included TART concentration, reaction time and HPLC-MS conditions
(9.3.4).

TART concentration was optimised to achieve maximum intensity of peaks corresponding to
TART-trapped radicals compared to unreacted TART. Once appropriately diluted, this
achieved maximum absolute TART-trapped radical signal intensity, increasing S/N and
therefore making TART-trapped radicals as distinguishable as possible. In absence of TART-
removing purification techniques, this was the best way to observe maximum TART-trapped
radical intensity. Different concentrations of 5-500 uM CHANT were trialled under otherwise
standard conditions of *OH-initiated alkane degradation, using alkene ozonolysis as an *OH
source (11.8.1.3).

Table 51: Species identified from TART trapping of *OH-initiated n-nonane degradation at different
concentrations of TART, using alkene ozonolysis as an *OH source and MS for characterisation (11.8.1.3).
Systematic m/z error = -0.0003; random m/z error = +0.0005; 100% intensity = 1.89x10° absolute count.

Intensity relative to unreacted

Species Predi/"ted TART in 500 uM sample / %
miz 500 M 50 pM 5 uM
TART _ [CHANT+H] __ 323.2698 100 36.1 10.7

Trapped [RO,-ART+Na]*  348.2515 0.005 0.041 0.006
radicals [RO-ART+Na]* 332.2565 0.017 0.160 0.012

[RH+Na]" 151.1463 0 0 0
broducts  [ROH*Na* 167.1412 0 0 0
[RCO+Na]* 165.1255 0 0 0.001

[ROOH+Na]* 183.1361 0.004 0.053 0.035

Peaks corresponding to TART-trapped radicals were observed with maximum intensity in
presence of 50 uM CHANT, Therefore, this TART concentration was deemed optimal.

Reaction time was optimised to maximise intensity of peaks corresponding to TART-trapped
radicals, both absolutely and relative to unreacted TART. Different reaction times were trialled
under otherwise standard conditions of TART trapping of *OH-initiated alkane degradation,
using alkene ozonolysis as an *OH source (Figure 151, 11.8.1.3).
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Figure 176: Species identified from TART trapping of *OH-initiated alkane degradation at different reaction times,
using alkene ozonolysis as an *OH source and MS for characterisation (11.8.1.3). Species are scaled to show
their maximum values at 100% intensity. Systematic m/z error = -0.0003; random m/z error = £0.0006.

Intensity of the MS peak corresponding to CHANT, implying CHANT concentration, was
observed to decrease exponentially with time. CHANT concentration was estimated to have
decreased to ~60% after 2 min, ~20% after 5 min and <10% after 10 min.

Peaks corresponding to TART-trapped RO2* and RO® were observed with greatest intensity
after 10 min. Maximum intensity observed after 10 min indicated that, after this time, RO,—ART
and RO-ART formation was slower than their consumption. This was likely due to slower
TART trapping of RO»* and RO* caused by decreased [TART], being outweighed by side
reactions of TART-trapped radicals with incoming gaseous species.

From these data, it was decided that 10 min was the optimal reaction time. With these
optimised conditions, TART trapping experiments were repeated along with control reactions.
From these, more detailed analysis could be undertaken.

9.3.4. Detailed results and controls

TART trapping of *OH-initiated n-nonane degradation, using alkene ozonolysis as an *OH
source (three repeats) and control reactions were carried out using optimised conditions
(11.8.1.2). Each control omitted a single condition required for TART-trapped radical
formation: no substrate, no alkene, no O (replaced with N2), no UV, no TART and an
unreacted TART standard (set as 100% relative intensity). MS was then used to characterise
these reaction mixtures.

Basic conclusions could be made by making observations on the overall MS spectrum of
*OH-initiated n-nonane degradation CHANT TART trapping, utilising TME ozonolysis for *OH
production (Figure 177).
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Figure 177: Background corrected mass spectrum from optimised TART trapping of *OH-initiated n-nonane
degradation, using alkene ozonolysis as an *OH source (11.8.1.2).

Peaks corresponding to unreacted TART dominated the mass spectrum, indicating not all
TART had reacted. This was desirable, since dominating TART concentration should have
mitigated side reactions between TART-trapped radicals and incoming gaseous species.
However, other species were within an order of magnitude intensity.

In this *OH-initiated n-nonane degradation system, all non-fragmented radicals were predicted
to have molecular formula CgH190y°, where y was degree of oxygenation, not expected to
exceed four. This was because multiple initiations were unlikely and fragmentation was likely
to occur before further oxygenation. Therefore, all iterations of TART-trapped radicals, based

upon these criteria, were screened for (Table 52).

Table 52: Species identified from optimised TART trapping of *OH-initiated n-nonane degradation and controls,
using alkene ozonolysis as an *OH source and MS for characterisation (11.8.1.2). No TART control showed no
peaks corresponding to those in the table. Systematic m/z error = -0.0005; random m/z error = +0.0005;

100% intensity = 1.38x10° absolute count.

Intensity relative to unreacted TART standard / %

Species Prer(Tj];(;ted No No No No Trapping
substrate alkene (O]} uv reactions?
[CHANT+H]* 323.2698 28.3 0 447 43.4 26.1+0.9
[RO-ART+Nal* 332.2565 0 0O 0.008 0.004 0.044+0.004
[RO.-ART+Na]*
[R(OH)O-ART+Na]* 348.2515 0 0 0.009 0 0.043+0.003
[R(OH)O,-ART+Na]*
[R(OOH)O-ART+Nal* 364.2464 0.002 0 0.008 0 0.064+0.009
[R(OH),O-ART+Na]*
[R(OOH)O,-ART+Na]*
[R(OH)20-=ART+Nal* 380.2413 0.005 0.017 0.018 0 0.11+0.02

[R(OH)(OOH)O-ART+Na]*
[R(OH):0-ART+Na]*

aThree repeats undertaken and an average and associated error calculated.
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TART corresponding peaks were observed with ~25% intensity in trapping reactions
compared to the unreacted TART standard, indicating ~75% TART was consumed during the
trapping reactions. Similar intensity was observed in the no substrate control, likely due to
TART reaction with radicals formed during TME ozonolysis. Peaks indicated that All TART
was consumed in absence of alkene, as was previously observed in alkene ozonolysis (8.4).

Peaks corresponding to all TART-trapped radicals were observed with significantly greater
intensity in the trapping reactions than in any control reactions. TART-trapped RO.* and RO*®
corresponding peaks were clearly distinguishable from neighbouring peaks (Figure 178).
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Figure 178: Background corrected mass spectrum from optimised TART trapping of *OH-initiated n-nonane
degradation, using alkene ozonolysis as an *OH source (11.8.1.2), showing peaks corresponding to RO2—-ART
(m/z 348.251, blue) and RO-ART (m/z 332.257, red). 100% intensity = 1.38x10° absolute count.

These data positively indicated that *OH-initiated n-nonane degradation radicals could be
TART trapped and MS characterised. Additionally, HPLC-MS was conducted to optimise
HPLC-MS conditions for characterisation of TART trapping of °*OH-initiated alkane
degradation, using water photolysis as an *OH source. Optimised conditions were obtained
which yielded relatively high intensity of peaks corresponding to TART-trapped radicals
(Figure 179).
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Figure 179: HPLC-MS chromatograms of peaks corresponding to RO2-ART (m/z 326.270+0.002 and
m/z 348.251+0.002, top, blue) and RO-ART (m/z 310.275+0.002 and m/z 332.257+0.002, bottom, red) from
TART trapping of *OH-initiated n-nonane degradation, using alkene ozonolysis as an *OH source (11.8.1.2).
HPLC output was sent to waste between 13.5-14.0 min, to prevent spectrometer contamination by unreacted

TART.

As was previously observed for TART trapping of a-pinene ozonolysis, HPLC-MS yielded
significantly greater intensity for peaks corresponding to RO-ART than RO,—ART, despite
these peaks being observed with similar intensity in standard MS (8.6.3.5). This was
hypothesised to be due to trace metals in the HPLC column catalysing peroxide bond
degradation in RO,-ART.

TART trapping had been successfully used to investigate radicals produced during
*OH-initiated n-nonane degradation. Furthermore, many conditions had been optimised to
increase intensity of peaks corresponding to TART-trapped radicals, including for HPLC-MS
characterisation. Therefore, it was decided that TART trapping of *OH-initiated n-nonane

degradation, using water photolysis as an *OH source, could be undertaken in collaboration
with the University of Leeds.

9.4. *OH-initiated n-nonane deqgradation, using water photolysis as an
*OH source

TART trapping of *OH-initiated n-nonane degradation was investigated, using water photolysis
as an *OH source. Water photolysis generates *OH and H*, with H® rapidly reacting with O, to
form HO,*.26° *OH could then react with n-nonane. An existing University of Leeds set-up for
*OH-initiated alkane degradation was adapted to allow TART trapping.

9.4.1. Methodology

TART trapping of *OH-initiated n-nonane degradation, using water photolysis as an *OH
source, was investigated using a standard set-up (Figure 180, 11.8.2). This set-up mixed water
vapour and n-nonane vapour before being passed through a UV lamp, photolysing the water
into *OH and HO:* (collectively known as HO®). *OH and n-nonane then reacted before being
bubbled through TART trapping solution.
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Figure 180: Set-up used for TART trapping of *OH-initiated alkane degradation, using water photolysis as an *OH
source (11.8.2).

This set-up amalgamated two set-ups, the first designed by the University of Leeds for
*OH-initiated alkane degradation (before and including the UV lamp) and the second self-
designed for TART trapping (after and including the glass tube).

The water photolysis system (University of Leeds system, with no substrate) was calibrated
offline. This involved using fluorescence assay gas expansion (FAGE) to measure a range of
[HOx*] (HOx®* = *OH + HO>*) produced depending on photon flux (measured using N2O
actinometry), irradiation time and [H.O] (measured using a hygrometer), as described by Onel
et al.?®® This calibration allowed accurate online [HOx*] calculation.

In this set-up, it was assumed that flow was laminar. Different length T-shaped glass tubes
could be used to increase residence time for substrate reaction with *OH, with typical
residence length set at 8.0 cm. TART functionality was chosen as required, however typically
CHANT or DEADANT were used. [TART] was set between 50-5000 yM in MeCN but was
typically 50 uM. Flow rate through mass flow controller (MFC) 1 was set at 10 L min-t, with
1 L min?t being passed through the hygrometer to measure [H2O]. Flow rate through MFC 2
was set at 1 L min-t. Mixing these two flows created a flow rate through the UV lamp of 10 L
min-1. Glass tube was placed butt up to the UV lamp outflow. Flow rate through trap solution
was set at 1.5 L min‘1, to ensure rapid but controllable bubbling. This meant that most UV lamp
outflow was dispersed into the atmosphere. Under these standard conditions and in absence
of substrate or trapping solution, gaseous °*OH concentration was measured to be
~3.4+0.5x10* molec. cm?® or ~14+2 ppb. Reaction time was varied as required but was
typically 10-100 min. Solvent was removed in vacuo upon reaction completion and the
resultant MS characterised.

Alkanes do not absorb light at the wavelengths emitted by the UV lamp and therefore reaction
was initiated exclusively by water photolysis.?*® Therefore, alkane could be inputted through
the UV lamp stream without compromising the experiment. Water photolysis generates *OH
and HO>*. *OH can then react with alkane. Additional air (through flow meter 2) mixed with the
set-up exhaust and a water/ice bath were used to ensure outputted gaseous [MeCN] was
below its explosion limit. Furthermore, this ensured that the trapping solution remained at
constant temperature, improving the reproducibility of the experiment. However, the water/ice
bath also likely reduced TART trapping rate.
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In the set-up, gaseous [n-nonane] was estimated to be ~1.0x10'® molec. cm=3, a >1x10*
excess compared to *OH, ensuring nearly all *OH was converted to RO,* (11.8.2).

With the set-up designed, TART trapping of *OH-initiated n-nonane degradation, using water
photolysis as an *OH source, was undertaken (Figure 181). Graham Boustead performed all
trapping reactions and controls of *OH-initiated n-nonane degradation. MS characterisation
and mass spectra analysis performed by the author.

H20, UV, 10-100 min — Trapped radicals
TART/MeCN (50-5000 M) + products

P N N N

Figure 181: TART trapping of *OH-initiated n-nonane degradation, using water photolysis as an *OH source.

9.4.2. Experimental results

CHANT trapping of *OH-initiated n-nonane degradation and no TART controls, using water
photolysis as an °*OH source, were originally undertaken (11.8.2). [TART] used was
50-5000 uM and reaction times used were 10-100 min. Standard MS vyielded TART-trapped
radicals with unreliably weak intensity and therefore, HPLC-MS was conducted using highly
concentrated samples and the source-waste function to remove unreacted TART.

However, when n-nonane was used as substrate, peaks corresponding to RO-ART were
observed exclusively in the trapping reaction (Figure 182). Highest peak intensities were
observed for 50 uM CHANT after 100 min, with the peak corresponding [RO-ART+H]* being
significantly greater intensity than its neighbouring peaks (Figure 183). It was surprising that
weaker intensities of peaks corresponding to RO-ART were observed using higher [TART].
This was later justified using kinetic modelling (9.4.3).
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Figure 182: HPLC-MS chromatograms of peaks corresponding to RO-ART (m/z 310.275+0.002 and m/z
332.257+0.002) from TART trapping of *OH-initiated n-nonane degradation, using water photolysis as an *OH
source and CHANT as TART, after 10 min, 100 min and with controls (11.8.2). HPLC output was sent to waste

between 13.5-14.0 min, to prevent spectrometer contamination by unreacted TART.
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Figure 183: HPLC-MS mass spectrum at time of maximum intensity of peak corresponding to RO-ART
(m/z 310.275+0.002, 14.4 min) corresponding peak (blue) from TART trapping of *OH-initiated n-nonane
degradation, using water photolysis as an *OH source, using CHANT as TART, after 100 min (11.8.2).

This was a good result. However, peaks corresponding to RO,—ART were observed with
similar intensity across all samples, including controls (SI7.1). This meant that formation of
RO,-ART could not be confirmed. This was surprising, since TART trapping of *OH-initiated
n-nonane degradation, using alkene ozonolysis as an °*OH source, had yielded similar
intensities of peaks corresponding to RO,—ART and RO-ART (9.3.4). However, HPLC-MS of
TART trapping of *OH-initiated n-nonane degradation, using alkene ozonolysis as an *OH
source, had yielded significantly greater intensity for peaks corresponding to RO-ART than
RO>-ART (9.3.4). This was hypothesised to be due to trace metals in the HPLC column
catalysing peroxide bond degradation in RO,—ART. This was a disappointing result, as a
detection limit for [RO,*] was strongly desired. Since peaks corresponding to RO-ART were
observed, it was theorised that RO,* must have been formed, but [RO2*] was below the
detection limit. Therefore, strategies to increase intensity of peaks corresponding to RO>-ART
were considered.

For previous investigations involving TART trapping of gaseous radicals, ozone required for
alkene ozonolysis had prevented use of DEADANT, as it quickly became oxidised,
complicating mass spectra. However, in TART trapping of °OH-initiated n-nonane
degradation, using water photolysis as an *OH source, very little ozone was generated.
Therefore, DEADANT was trialled as TART in this system, as DEADANT-trapped radicals had
3° amine functionality, making them highly ionisable in HPLC-MS. Minimal DEADANT
oxidation occurred during TART trapping reactions (<2%, SI7.1).

DEADANT trapping of *OH-initiated n-nonane degradation and no TART controls, using water
photolysis as an *OH source, were undertaken and characterised using HPLC-MS and the
source-waste function (4.3.2.8). [TART] used was 50-500 pM and reaction times used were
10-100 min. Five peaks corresponding to RO-ART were observed exclusively in the trapping
reaction, believed to correspond to the five possible isomers of RO* (Figure 184). Intensities
of these peaks were observed an order of magnitude greater than when CHANT was used as
TART, as desired. Highest peak intensities were observed for 50 uM DEADANT after 10 min.

239



5.00

A Trapless control
450 Unreacted TART standard
H Trapping reaction
4.00 ‘
~ 350
=
= 300 ‘
: |
8 2,50 ‘ |I‘ p h
g |
2 2.00 | | I | I
7] ‘ “ ||
2 I (i
150 ‘H‘ HH'
\
10 il |i |‘||||'
| | ‘ \‘ Il ".‘
0.50 u 'J ||‘ R
0.00 NN AN
30.0 31.0 320 33.0 34.0 35.0 36.0

Time / min

Figure 184: HPLC-MS chromatograms of the peak corresponding to RO-ART (m/z 299.270+0.002) from TART
trapping of *OH-initiated n-nonane degradation, using water photolysis as an *OH source and DEADANT as
TART, with controls (11.8.2). The five distinct peaks observed in the trapping reaction are believed to correspond
to the five possible RO® structural isomers.

However, as previously peaks corresponding to RO,-ART were observed with similar intensity
across all samples, including controls (SI7.1). This was again a disappointing result. No further
optimisation was undertaken. However, there was sufficient evidence that RO-ART had been
formed.

9.4.3. Kinetic modelling and detection limit estimation

Kinetic modelling was undertaken to estimate the detection limits of [RO*] using TART trapping
with MS characterisation (11.10.4). For gaseous °*OH-initiated n-nonane degradation,
atmospheric reactions of substrates were imported into the Kintecus chemical simulation
programme from the MCM and truncated to remove late stage pathways.5>”?°’ Due to the
relative simplicity of this reaction, the MCM was likely to be accurate. As for modelling of
a-pinene ozonolysis, potential wall reactions were ignored and simulation conditions were set
at RTP (8.6.3.7). These assumptions were made to significantly simplify modelling, though
were unlikely to be true.

Simulation parameters were set to emulate experimental conditions immediately prior to
bubbling through trapping solution, including residence time and initial substrate
concentrations (11.10.4). The simulation results yielded final gaseous radical concentrations,
immediately prior to bubbling (Figure 185).
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Figure 185: Modelling of *OH-initiated n-nonane degradation immediately prior to trapping, showing gaseous
[*OH] (blue), [RO2°*] (orange), [RO®]x108 (yellow) and [R(OH)O2°]x102 (purple).

This simulation indicated final gaseous [RO,*] and [RO°] were 1.73+0.14x10'! molec. cm™
and 2.1+0.3x10% molec. cm respectively. These errors were calculated through simulation
using upper and lower [*OH] bounds. Therefore, this was the concentration of radicals at the
gas-liquid interface. On face value, this seems to suggest that the detection limit of [RO*®] using
TART trapping with MS characterisation was 2.1+0.3x10° molec. cm, which would be an
astonishingly low detection limit. However, assuming that all RO* were trapped by TART, this
would create a liquid-phase [RO-ART] of ~5x10-*4 M. This was at the very lowest detection
limits of ESI-MS (1014-10-18).158 Therefore, it was deemed unlikely that this RO* was all formed
in the gas phase.

As was discussed for TART trapping of a-pinene ozonolysis (8.6.4), it was theorised that
during TART trapping of *OHe-initiated n-nonane degradation, dissolved [RO:°] steadily
increased during the reaction time and that instead of radical reactions stopping upon reaching
the trapping solution, dissolved RO2* could undergo RO2*+R0O;* to form RO*. Whilst dissolved
RO2* was trapped slowly, dissolved RO* was trapped immediately. This theory implied that
most RO* were formed in solution.

Retrospectively, this offered an explanation as to why previously, greatest intensity was
observed for peaks corresponding to RO-ART using least concentrated [TART]. Free
TEMPO?® in the trapping solution (measured as ~0.05mol.% of TART, 3.5.2) reduced dissolved
RO2* to form TEMPO* oxoammonium cation and peroxide anion RO;, competing with
RO2*+R0O;* to form RO°®. RO2* reduction by TEMPO®* occurs rapidly with rate constant
~107-108 M? st (~RTP).?61 Using [RO*] obtained through modelling, at 50 uM [TART],
concentration of free TEMPO® to RO2* was estimated to be ~1:10, indicating RO2* was
significantly in excess and therefore, available to undergo RO,*+RO.* to form RO®, which was
subsequently trapped. However, at 5000 uM [TART], concentration of free TEMPO®* to RO,*
was estimated to be ~10:1, likely meaning reduction of RO,* outcompeted RO*® formation,
preventing RO* trapping from occurring. TART trapping and its associated TEMPO®* release
would further contribute to free TEMPO® concentration. Therefore, maximum intensity of
peaks corresponding to RO-ART were observed using 50 uM [TART]. Although higher
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500 uM TART concentration was used for TART trapping of a-pinene ozonolysis (8.6.3.7),
total [RO,*] was significantly higher (>10'® molec. cm= compared to ~10'! molec. cm3) and
hence, concentration of free TEMPO® to RO,* was estimated to be <1:100, allowing
RO2*+R0O;* to form RO®, and RO,* and RO*® to be trapped. Similarly, [RO2*] would be
significantly higher in the *OH-initiated n-nonane degradation system, using alkene ozonolysis
as an *OH source than in the system using water photolysis as an *OH source, due to the
large amount of [RO>*] generated through TME ozonolysis (9.3).

Since most RO* were believed to be formed in solution from RO,*+R0O.*, detection limits of
[RO°] from TART trapping could not be reliably calculated. However, detection of RO-ART
was therefore evidence that RO,* radicals were formed. From this, detection limits of [RO2°]
using TART trapping with MS characterisation could be estimated.

Maximum intensity of the [RO-ART+H]" corresponding peak (m/z 299.270+0.002) was
~5x107 absolute count whilst noise was estimated to be ~2.5x10%, producing a S/N of ~200.
From this, detection limit of [RO2*] using TART trapping with MS characterisation was
estimated to be >1x10° molec. cm3 (S/N = ~2, 10 min) indirectly from RO-ART trapping.
These limits were atmospherically relevant, with [RO2*] having previously been measured at
>1x10° molec. cm in highly polluted cities.?5? Direct detection limits of [RO;°*] using CI-MS of
>2x10% molec. cm= (S/N = 2, 10 min) has been achieved.?*® Therefore, TART trapping with
MS characterisation had significantly poorer detection limits than CI-MS. However, it was
believed that for short-lived radicals, such as RO®, detection limits of TART trapping with MS
characterisation would be much higher than for these other radical characterisation
techniques. Additionally, gaseous spin trapping with CI-MS and measurement of [RO*] with
FAGE, formed through [RO.*] and [*NO] reaction, have been used for indirect detection of
[RO2*], with detection limits of >1.6x108 molec. cm3 (30 s)?*¢ and >3.8x10% molec. cm
(S/N =2, 5 min) respectively.?6® Therefore, TART trapping had a similar although poorer
detection limit than spin trapping with CI-MS and FAGE. However, it should be noted that spin
trapping can lead to false positives and therefore, could be considered less reliable than TART

trapping.
9.5. Conclusions and future work

TART trapping was used to investigate radicals formed during °OHe-initiated alkane
degradation. First, a University of York based test system, using alkene ozonolysis as an *OH
source and CHANT as TART, was employed. From this, peaks corresponding to TART-
trapped RO,* and RO* and other radicals formed through autoxidation, were observed.
Optimisation of the trapping reaction and HPLC-MS conditions was then performed.

A University of Leeds based system was then adapted for TART trapping of *OH-initiated
alkane degradation, using water photolysis as an *OH source, CHANT as TART and
HPLC-MS for characterisation. This set-up accurately calculated [*OH]. Results were later
improved using DEADANT as TART. This was hypothesised to be due to DEADANT-trapped
radicals having 3° amine functionality, increasing ionisation efficiency and hence MS intensity
of corresponding peaks. This was especially beneficial for HPLC-MS. Peaks corresponding to
TART-trapped RO*® were observed, however, peaks corresponding to TART-trapped RO*
were not observed. This was a disappointing result. Kinetic modelling indicated that during the
reaction, formed [RO-ART] would not be sufficiently high for MS detection. Therefore, as was
discussed in alkene ozonolysis (8.6.4), formation of most RO-ART was attributed to dissolved
RO,* undergoing liquid phase RO,*+RO,* reaction, forming RO*®, which was then trapped.
Therefore, detection limits of [RO®] from TART trapping could not be reliably calculated.
However, detection of RO-ART was therefore evidence that RO,* radicals were formed. From
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this, detection limits of [RO2*] using TART trapping with MS characterisation were estimated
to be >1x10° molec. cm3 (S/N = ~2, 10 min), which would be suitable for some atmospheric
field measurements. This compared to direct detection limits of [RO2*] using CI-MS and
indirect detection limits using FAGE and spin trapping with CI-MS of >2x10° molec. cm3 (S/N
= 2, 10 min)?*®, >3.8x108 molec. cm= (S/N = 2, 5 min)?®° and >1.6x108 molec. cm (30 s)
respectively.?%®

This detection limit could be improved by reducing the amount of free TEMPO® content
associated with TART. This would reduce side reactions and hence increase TART-trapped
radical formation. Furthermore, reducing free TEMPO®* content would allow greater [TART] to
be used, which would further increase TART-trapped radical formation. Whilst it was believed
that free TEMPO®* content was due to inherent TEMPO®* dissociation and reassociation
associated with TARTS, if free TEMPO*® was instead an impurity, TARTs could potentially be
purified. Alternatively, an additive which scavenged TEMPO®* but was inert to other radicals,
could mitigate reduction of dissolved [RO:*] and hence increase TART-trapped radical
formation. As discussed for alkene ozonolysis (8.7), lower detection limits could be obtained
using ammonium TARTSs, which would yield TART-trapped radicals with higher ionisation
efficiencies. Alternatively, reaction time could be increased so that more RO»* and RO* are
trapped by TART. Additionally, non-gaseous reactions occurring prior to TART trapping, could
be reduced by isolating TART on a solid support. This would mean that intensities of peaks
corresponding to TART-trapped radicals would more accurately reflect gaseous radical
reactions. Overall conclusions and suggestions for future work were then made (10).
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10.0Overall conclusions and future work

Radical intermediates play a key role in many chemical processes. However, existing methods
for their characterisation have flaws that limit mechanistic and kinetic understanding of these
processes. A new radical characterisation technique was used to isolate, detect, characterise
and quantify radicals. This technique used novel radical traps, which consisted of an allyl
group attached to a leaving group, which formed a stable radical upon cleavage. Reaction of
a radical with novel radical trap formed a stable radical and non-radical product containing the
reactant radical, which was then characterised by conventional techniques, such as NMR
spectroscopy and MS. MS was used to characterise most novel radical trapping samples, due
to its high sensitivity and suitability for studying complex mixtures. Novel radical trapping could
be used to trap any radical, including radicals which were: short-lived; long-lived; carbon-
centred or heteroatom-centred, including but not limited to nitrogen-centred, oxygen-centred
and sulfur-centred radicals.

In general, novel radical trapping offered advantages over existing radical characterisation
techniques, especially for short-lived radicals. Trapped radicals could be accumulated to
concentrations suitable for study by conventional and highly diagnostic techniques, such as
NMR spectroscopy and MS. This differed to direct radical characterisation techniques, which
usually cannot detect the low concentrations typically observed for short-lived radicals and are
often poorly diagnostic. Experiments showed that a significant advantage of novel radical
trapping over spin trapping and recombination trapping, was that it did not produce false
positives through side reactions. Novel radical traps also showed no degradation when stored
neat and sealed under air over three months at RTP or six months when refrigerated (0-5 °C).
Furthermore, novel radical traps had high stability under a range of reaction conditions,
including in presence of: strong acid, strong base, high temperature, visible and ultraviolet
light and metal catalysts. This contrasted to spin traps, which need to be refrigerated and are
easily degraded by trace metals. Trapped radicals were also relatively stable, unlike spin
trapped radicals, which typically have relatively short lifetimes.

All synthesised novel radical traps used TEMPO?®* as a leaving group (3). Additionally, most
radical traps contained an a,B-unsaturated amide, where the a,B-unsaturated group was the
allyl group. This increased rate of radical trapping through resonance stabilisation of the
intermediate radical formed prior to TEMPO?* cleavage and allowed easy functionalisation by
tuning the amide group, for example to contain hydroxyl groups to aid water solubility.
a,B-Unsaturated amide radical traps were first formed through a novel reaction involving
heating methyl 2-(bromomethyl)acrylate with TEMPO® and subsequent deprotection to form
2-(TEMPOmethylacrylic acid in an 85% vyield over two steps. Ten amide-functionalised novel
radical traps were formed through coupling of amines with 2-(TEMPOmethyl)acrylic acid in
16-77% vyields (14-65% overall). Two further novel radical traps were formed through
additional transformations. Synthesised novel radical traps had a broad range of functionalities
and properties, allowing them to be used in a wide variety of radical reactions. These
properties included novel radical traps being: neutral, charged, weakly acidic, weakly basic,
volatile, non-volatile, soluble in organic solvents and water soluble. Free TEMPO®*
concentration of novel radical traps was low (~0.05mol.%), meaning they could not initiate
radical reactions, making them innocent components of reaction mixtures.

A general methodology was then developed for novel radical trapping, MS characterisation
and mass spectra analysis (4). In particular, MS characterisation used a high-resolution
FT-ICR mass spectrometer, to limit the number of species each peak could correspond to,
and ESI-MS, to simplify mass spectra of the complex radical trapping samples. Mass spectra
analysis was automated through self-written programmes.
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Novel radical trapping was applied to a diverse array of radical reactions, including liquid
phase synthetic reactions (5) and photochemical reactions (6), aqueous biochemical reactions
(7) and gaseous alkene ozonolysis (8) and *OH-initiated alkane degradation (9). Trapped
radicals were successfully observed in all systems.

Results from radical trapping offered validation to previously described mechanisms and
experimentally determined kinetics of synthetic radical reactions. In the Hofmann-Loffler-
Freytag (HLF) reaction, radical trapping indicated presence of structurally isomeric nitrogen-
centred or subsequently formed carbon-centred radicals, through a 1,5-HAT. D,O exchange,
tandem MS and HPLC-MS techniques indicated that whilst both radicals were successfully
trapped, there was a much higher concentration of trapped nitrogen-centred radicals than
trapped carbon-centred radicals. This indicated that 1,5-HAT was the rate limiting step, as
described in literature. This showed that novel radical trapping could provide mechanistic and
kinetic insights.

Likewise, novel radical trapping was used to validate mechanisms of photochemical radical
reactions. In Ru-photocatalysed radical thiol-ene addition, a trapped phenylthiyl radical was
successfully isolated in a 63% yield and fully characterised, with NMR spectroscopy indicating
the expected structure was formed, validating the novel radical trapping mechanism. Using
this isolated trapped radical, calibration curves were obtained to relate its MS intensity to its
concentration, allowing its concentration to be determined during kinetics experiments. This
informed the development of a kinetic model, which was subsequently used to estimate the
radical resting state for different radical thiol-ene additions, using different thiols and alkenes
as substrates. The knowledge gained from studying this system was further applied to a niche
catalyst-free photoinitiated radical dearomative spirocyclisation. In this reaction, observations
from radical trapping allowed an initiation mechanism to be suggested. Improved knowledge
of mechanisms and kinetics obtained through novel radical trapping could be used to optimise
reaction conditions to improve product yields.

*OH-initiated degradation of biochemicals, such as thymine, was used to mimic oxidative
stress of cellular components, such as DNA. Novel radical trapping supported the suggested
mechanisms for these reactions and indicated trapped radical concentrations, offering
mechanistic and kinetic insights. Additionally, radical trapping of *OH-initiated biochemical
degradation indicated that thymine-derived radical formation markedly decreased in presence
of antioxidant, whilst antioxidant-derived radical formation little decreased in presence of
thymine. This indicated that novel radical trapping could be used to assess antioxidant activity.

Gaseous alkene ozonolysis, relevant to aerosol formation, was investigated using novel
radical trapping. In a-pinene ozonolysis, radical trapping, MS characterisation and mass
spectra analysis, in which molecular formulae were assigned to observed peaks, allowed
structures to be suggested for the most intensely observed trapped radicals. The
corresponding RO2* and RO* radicals were assigned to: widely accepted steps of a-pinene
reaction with ozone; widely discussed but not totally accepted *OH addition to a-pinene, ring
opening and subsequent cycloperoxide formation, with and without autoxidation, and a
hypothesised minor pathway of hydrogen atom abstraction from a-pinene. This showed that
novel radical trapping could be used to trap and characterise gaseous radicals, aiding
mechanism elucidation. Widely accepted *OH addition to a-pinene and immediate RO;*
formation was not indicated to occur. It was hypothesised that this reaction may be disfavoured
over strained four-membered ring opening. Other MS peaks indicated that oligomers were
formed through intermolecular RO»* addition to a-pinene. This simultaneous observation of
peaks corresponding to trapped radicals and products provided a thorough overview of the
reaction. Comparison between experimental MS intensities of trapped radicals and modelling
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of radical trapping of gaseous a-pinene ozonolysis, showed a reasonable fit for the overall
trends of the reaction, suggesting that novel radical trapping was capable of offering
mechanistic information to gaseous radical reactions.

Detection limits of >1x10° molec. cm3 (S/N = 2, 10 min) for RO* were estimated from novel
radical trapping of *OH-initiated n-nonane degradation, with known *OH concentration, using
kinetic modelling. These limits were atmospherically relevant and competitive with existing
radical characterisation techniques. This detection limit was achieved by using trapped RO*
detection as an indirect indicator for RO2*, although the majority of RO* were likely formed
through liquid phase RO2*+RO;* reactions. Although novel radical trapping of gaseous radical
reactions was not an accurate reflection of the gaseous radical reaction, it was suggested that
with appropriate modelling, this deviation could be accounted for. This complication could
potentially be solved using radical trap immobilised on a solid support.

Novel radical trapping methodology would most benefit from improved quantification. This
could be achieved using inherently cationic traps, to make MS intensity of trapped radicals
less dependent on reactant radical structure and available cations and reduce MS detection
limits. HPLC-MS would also reduce dependency of MS intensity of trapped radicals, on the
presence of other species. Calibration curves would further aid quantification by allowing
trapped radical concentrations to be estimated from their MS intensities. These improvements
would allow results to be more quantitatively interpreted, aiding kinetic understanding.

Potentially interesting applications of novel radical trapping include monitoring of radical
reactions in situ using MS, to obtain high quality kinetic profiles, for example for radical
thiol-ene addition. This could significantly improve obtained kinetic data and aid elucidation of
radical reaction kinetics, potentially leading to reaction improvements. In situ reaction
monitoring using MS has been used to study non-radical synthetic reactions, such as the
Suzuki-Miyaura reaction.?6® Accurately quantifying concentration of species, using MS
intensities of their corresponding peaks, would likely be challenging, as discussed previously.

A fluorophore-functionalised TART could be used for fluorescence imaging. This could be
used to detect areas of high radical reactivity, for example in cells, potentially having
applications in biochemistry and medicinal chemistry. Fluorophore-functionalised
recombination traps have previously been used to detect lipid radicals34, whilst other
fluorophore-functionalised trapping agents have been used for detection and Kkinetic
monitoring of peroxide radical formation in cells in vitro.?%¢ TART trapping would offer
advantages over these techniques, in particular that it would not produce false positives, as
discussed previously. However, using fluorescence spectroscopy to indicate TEMPO?® loss, to
ensure TART trapping occurred, would be difficult.

Atmospherically relevant indirect detection limits were achieved for [RO2°] using TART
trapping. Real world indoor and outdoor air sampling would be an interesting application of
TART trapping, to characterise atmospheric radicals and monitor their concentrations,
improving mechanistic and kinetic understanding of atmospheric processes. This would likely
first require optimising radical trapping using solid supported TART, to ensure results reflected
gaseous radical reactions. Since atmospheric radicals did not require laboratory equipment
for production, significantly longer acquisition times could be used, lowering detection limits.

Novel radical trapping was used to isolate, detect, characterise and quantify a diverse array
of radicals across a wide variety of systems, offering them mechanistic and kinetic insights.
These studies demonstrated the viability of TART trapping, as a tool for all chemists, to
investigate any radical reaction. It is hoped that chemists will widely adopt this technique to
improve understanding and aid development of reactions involving radical intermediates.
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11.Experimental

11.1. General

Except where stated, all reagents and solvents were purchased from commercial sources and
used without further purification. A full list of chemicals used is available in the supporting
information (SI1). Anhydrous solvents were obtained from an Innovative Technology Inc.
PureSolv® solvent purification system.

All chemical reactions and analyses were acquired at room temperature and pressure (RTP,
293 K, 101325 Pa) unless stated otherwise. Thin layer chromatography was carried out on
Merck silica gel 60F254 pre-coated aluminium foil sheets and were visualised using UV light
(254 nm) or stained with basic aqueous potassium permanganate, as indicated. Flash column
chromatography was carried out using slurry packed Fluka silica gel (SiO5), 35-70 pm, 60 A
under a light positive pressure, eluting with the specified solvent system. Melting points were
Stuart Scientific SMP3 apparatus and are uncorrected. CHN microanalysis was obtained
using an Exeter Analytical Inc. CE-440 analyser. Infrared (IR) spectra were recorded on a
PerkinElmer UATR 2 spectrometer, either as a compressed solid or neat oil. *H and 3C
nuclear magnetic resonance (NMR) spectra were recorded in CDCl; on a JEOL ECX400 or
JEOL ECS400 spectrometer, operating at 400 MHz and 100 MHz respectively. Chemical shifts
(©) are quoted in parts per million (ppm). The residual solvent peaks were used as references
in 'H and 3C{*H} NMR spectroscopy were dH 7.26 ppm and dC 77.0 ppm respectively.
Coupling constants (J) are reported in Hertz (Hz) to the nearest 0.1 Hz. The multiplicity
abbreviations used are: s singlet, d doublet, t triplet, br broad, dd double doublet, dt double
triplet, td triple doublet, ddd double double doublet and m multiplet. Signal assignment was
achieved by analysis of DEPT, COSY and HMQC experiments where required. Mass spectra
of TART synthesis products were recorded using positive electrospray ionisation (Pos ESI) on
a Bruker compact QTOF MS (compact) mass spectrometer (x0.001 m/z precision, 30000
resolution), unless otherwise stated. Mass spectra of trapping reactions were recorded using
positive electrospray ionisation (Pos ESI) on a high resolution solariX XR FTMS (solariX) mass
spectrometer (+0.0001 m/z precision, >10’ maximum resolution, mass accuracy 600 ppb
(internal)), unless stated otherwise.

11.2. TART synthesis
11.2.1. Grantham TART

Pyrrolidine, MePPh3Br,

Q. FeCls, NaHMDS,
O\/o ‘o N DMF, Ny, 24 h dry THF, Ny, 3 h
— 92% 0] 55%
TEMPO~ TEMPO™ N7

TEMPO® Grantham TART
Grantham TART was synthesised as described in literature, with some minor modifications.*52
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO®, 937 mg, 6.00 mmol, 2.0 eq.) was dissolved
in N,N-dimethylformamide (DMF, 1.5 mL). This solution was sealed, sparged and placed
under N». Cyclohexanecarboxaldehyde (337 mg, 3.00 mmol, 1.0 eq.) and pyrrolidine (64.0 mg,
0.74 mmol, 0.3 eq.) were added and the resultant solution stirred for 5 min. Anhydrous FeCls;
(97.3 mg, 0.60 mmol, 0.2 eq.) dissolved in DMF (1.5 mL) was added and the solution stirred
for 24 h. Saturated aqueous sodium ascorbate (10 mL) was then added and the upper organic
layer extracted from the lower aqueous layer with Et,O (3x20 mL). The combined organic
layers were dried with MgSOya, filtered and solvent removed in vacuo. The resultant orange/red
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oil was purified using flash silica column chromatography (visualised using KMnO, stain)
yielding pink  1-[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]cyclohexane-1-carbaldehyde oil
(741 mg, 92%). This was used in the next step without further purification.

Rt 0.30 (30%DCM/PET ether). CHN: C, 71.5; H, 11.2; N, 5.3 (found); C, 71.9; H, 10.9; N, 5.2
(calc. for C1sH2NO3). IR: Vimax / cmt 2930 (CH), 1720 (C=0). *H, 3C NMR (400, 100 MHz,
CDCls): dn 9.92 (s, 1H, He), 1.95-1.83 (m, 2H, H.), 1.80-1.66 (m, 4H, Hs), 1.59-1.36 (m, 8H,
Hso), 1.35-1.25 (m, 2H, Hao), 1.14 (s, 6H, H1a), 1.14 (s, 6H, Hae); 8¢ 204.3 (Cs), 82.7 (Cs), 60.2
(C>), 40.7 (Cs), 34.3 (C1a) 31.8 (Cs), 25.4 (C1o), 22.2 (Co) 20.7 (C1e), 17.1 (Cs). MS (Pos ESI):
m/z 268.233 (IM+H]*, 46%), 240.227 ([M+H-CO]*, 100%), 158.156 ([TEMPOH+H]*, 2%),
142.159 ([TMP+H]*, 3%); 268.228 (calc. for CisH3zoNO2, [M+H]*). Obtained values were
consistent with literature.152

Methyltriphenylphosphonium bromide (714 mg, 2.00 mmol, 1.0 eq.) was dissolved in dry
tetrahydrofuran (THF, 5.5 mL). This solution was sealed, sparged and placed under N, before
being cooled in a dry ice/acetone bath (-78 °C). Sodium bis(trimethylsilyl)amide (1.81 g, 1.0 M
in dry THF, 2.00 mmol, 1.0 eq.) was added slowly and the solution stirred for 30 min. A solution
of 1-[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]cyclohexane-1-carbaldehyde (535 mg, 2.00 mmol,
1.0 eq.) in dry THF (5.5 mL) was added and the resultant solution allowed to warm to room
temperature before being stirred for 3 h. Saturated aqueous NH4CI (10 mL) was then added
and the upper organic layer extracted with EtOAc (3x10 mL). The combined organic layers
were washed with saturated aqueous NaHCO3; (10 mL) and brine (10 mL). The resultant
solution was dried with MgSOy, filtered and solvent removed in vacuo. The oil obtained was
purified using flash silica column chromatography (visualised using KMnO, stain) yielding
peach 1-[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]cyclohexane-1-ethenyl oil (Grantham TART,
287 mg, 54% or 50% overall).

Rr: 0.28 (15%DCM/PET ether). CHN: C, 75.9; H, 11.6; N, 4.4 (found); C, 76.9; H, 11.8; N, 5.3
(calc. for C17H3NO). IR: Vmax / cmt 2930 (CH), 1680 (C=C). H, 13C NMR (400, 100 MHz,
CDCls): &4 6.48 (dd, J 17.9, 11.4 Hz, 1H, He), 5.03 (dd, J 11.4, 1.5 Hz, 1H, H+.), 4.98 (dd, J
17.9, 1.5 Hz, 1H, Hy), 2.05-1.96 (M, 2H, H.), 1.83-1.41 (m, 12H, Hs, Hs, Ho), 1.33-1.23 (m, 2H,
Hio), 1.12 (s, 6H, Hia), 1.09 (s, 6H, Hie); 8¢ 144.3 (Cs), 111.5 (C7), 78.7 (Cs), 59.2 (C2), 40.7
(Cs), 36.7 (Cs), 34.5 (Cia), 25.8 (Cio), 22.4 (Co), 20.9 (Cie), 17.1 (Cs). MS (Pos ESI): m/z
266.248 ([M+H]*, 100%), 282.243 ([M+Na]*, 3%), 158.154 ([TEMPOH+H]*, 8%), 142.159
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([TMP+H]*, 3%); 266.248 (calc. for C17H32NO, [M+H]*). Obtained values were consistent with
literature.%?

11.2.2. Allyl-TEMPO

11.2.2.1. Abandoned one-step synthesis

N82303,

0 MeCN,
N UV, Ny, 24 h
/
ﬁ N ———— 1empo
Allyl-TEMPO

TEMPO’

Allyl-TEMPO synthesis was attempted using a literature procedure.’®* (2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl (TEMPO®, 375 mg, 2.40 mmol, 1.2 eq.), allyl iodide (336 mg,
2.00 mmol, 1.0 eq.), Na»SOs3 (504 mg, 4.00 mmol, 2.0 eq.) were placed in a polypropylene
tube and dissolved in MeCN (20 mL). This solution was sealed, sparged and placed under N>
before being irradiated with UV (100 W, 405 nm) for 24 h, whilst stirring. Water (40 mL) was
then added and the upper organic layer extracted with Et,O (4x10 mL). The combined organic
layers were washed with water (10 mL) and brine (10 mL), dried with MgSO,4 and solvent
removed in vacuo to yield an orange oil. Subsequent column chromatography was deemed
impracticable due to identical retention factors found for TEMPO*® and allyl-TEMPO in multiple
solvent systems.

11.2.2.2. Two-step synthesis

KoCO3, KI |
H dry DMF, Ny, m-CPBA,
N ~153°C, 18 h CHCI3, 12 h
g N N ———— 1EMpPO”
79% 55%
Allyl-TEMPO
TMP

Allyl-TMP

Allyl-TEMPO was synthesised in a two-step synthesis using literature procedures.®5156
2,2,6,6-Tetramethylpiperidine (TMP, 1.13 g, 8.00 mmol, 1.0 eq.), allyl-bromide (2.13 g,
17.6 mmol, 2.2 eq.), K2COs (2.43 g, 17.6 mmol, 2.2 eq.) and Kl (1.33 g, 8.00 mmol, 1.1 eq.)
were dissolved in dry N,N-dimethylformamide (DMF, 20 mL), yielding a beige solution. This
solution was sealed, sparged and placed under N» before being heated to reflux (~153 °C)
and stirred for 18 h. The resultant orange solution was allowed to cool and filtered. Et,O
(30 mL) was added and the upper organic layer washed with water (4x10 mL). Et,O (30 mL)
was added to the first wash aqueous residue and the upper organic layer washed with water
(3x10 mL). Et,O (30 mL) was added to the second wash aqueous residue and the upper
organic layer washed with water (2x10 mL). Combined organic layers were dried with MgSOQOa,
filtered and solvent removed in vacuo, yielding a yellow-brown oil. This was purified using flash
silica column chromatography (visualised using KMnO, stain) yielding yellow-brown 1-allyl-
2,2,6,6-tetramethylpiperidine oil (allyl-TMP, 1.15 g, 79%). This was used in the next step
without further purification.
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Rr. 0.33 (2%NH40OH/5%MeOH/DCM). CHN: C, 79.3; H, 13.3; N, 7.3 (found); C, 79.5; H, 12.8;
N, 7.7 (calc. for C1oHa3N). IR: Vimax / cm™t 2970 (CH), 1650 (C=C). *H, 3C NMR (400, 100 MHz,
CDCls): &4 5.86 (ddt, J 16.8, 9.9, 5.3 Hz, 1H, Hs), 5.13 (ddt, J 16.8, 2.1, 1.6 Hz, 1H, H7), 4.91
(dtd, J 9.9, 2.3, 2.1 Hz, 1H, Hv), 3.11 (ddd, J 5.3, 2.3, 1.6 Hz, 2H, Hs), 1.59-1.51 (m, 2H, H.),
1.46-1.40 (m, 4H, Hs) 1.00 (s, 12H, H.); d¢c 143.6 (Cs), 112.6 (C/), 54.6 (C2), 46.9 (Cs), 41.3
(Cs), 27.5 (C1), 17.9 (Cs). MS (Pos ESI): m/z 182.190 ([M+H]*, 100%); 182.191 (calc. for
C12H24N, [M+H]"). Obtained values were consistent with literature.%®

1-Allyl-2,2,6,6-tetramethylpiperidine (1.09 g, 6.00 mmol, 1.0 eq.) was dissolved in CHCl3
(30 mL) and cooled in a water/ice bath (~0 °C). meta-Chloroperoxybenzoic acid (m-CPBA,
<77%, 1.34 g, 6.00 mmol, 1.0 eq.) in CHCI3 (30 mL) was added slowly over 20 min. This
solution was let warm to room temperature and stirred for 12 h. The resultant solution was
washed with saturated aqueous K>COj3 (2x30 mL), dried with MgSOQO., filtered and solvent
removed in vacuo. The resultant orange oil was purified using flash silica column
chromatography (visualised using KMnO, stain) yielding mint green 1-allyloxy-2,2,6,6-
tetramethylpiperidine oil (allyl-TEMPO, 651 mg, 55% or 43% overall).

H7t

5 7

Rr. 0.34 (5%EtOAc/hexane). IR: vmax / cm™t 2930 (CH), 1640 (C=C). 'H, *C NMR (400,
100 MHz, CDCls): &4 5.90 (ddt, J 17.5, 10.7, 5.3 Hz, 1H, He), 5.28 (ddt, J 17.5, 2.0, 1.8 Hz,
1H, Hz), 5.12 (dtd, J 10.7, 1.8, 1.3 Hz, 1H, Hy.), 4.28 (ddd, J 5.3, 1.8, 1.3 Hz, 2H, Hs), 1.57-
1.40 (m, 4H, Hs), 1.35-1.21 (M, 2H, Hz) 1.15 (s, 6H, H1.), 1.14 (s, 6H, Hac); 5c 134.3 (Cs), 116.2
(C7), 78.4 (Cs), 59.9 (C), 39.8 (Cs3), 33.1 (Cia), 20.3 (Cie), 17.3 (Cs). MS (Pos ESI):
m/z 198.185 ([M+H]*, 100%); 198.186 (calc. for C12H24NO, [M+H]*). Obtained values were
consistent with literature.%°

11.2.3. Abandoned 2-(bromomethyl)acrylic acid nucleophilic substitution by
TMP and Meisenheimer rearrangement

K,COg, KI

H dry DMF, N,
ALN/\'L Br/f 4520
153°C, 18 h N/\f
+ —_—
07 “OH (55%)

o OH
2-(TMPmethyl)acrylic acid

TMP

2-(TMPmethyl)acrylic acid synthesis was adapted from a literature procedure.®
2-(Bromomethyl)acrylic acid (330 mg, 2.00 mmol, 1.0 eq.), K.CO3 (885 mg, 6.40 mmol,
3.2 eq.) and Kl (365 mg, 2.20 mmol, 1.1 eq.) were dissolved in dry N,N-dimethylformamide
(5 mL), yielding a yellow solution. This was sealed, sparged and placed under Na.
2,2,6,6-Tetramethylpiperidine (TMP, 622 mg, 4.40 mmol , 2.2 eq.) was slowly injected, forming
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a beige solution. This was heated to reflux (~153 °C) and stirred for 18 h. The resultant dark
orange solution was allowed to cool. Product collected at the condenser base was manually
removed with a spatula and returned to the reaction mixture. The condenser was washed with
DMF (2.5 mL) into the reaction mixture and the resultant reaction mixture filtered. The
remaining solid was rewashed with DMF (2.5 mL) and the resulting solution filtered. The two
filtrates were combined, Vyielding a golden liquid containing 2-([2,2,6,6-
tetramethylpiperidine]methyl)acrylic acid (2-(TMPmethyl)acrylic acid, gNMR yield 55%). This
solution was carried directly into the next step without purification.

MS (Pos ESI): m/z 226.183 ([M+H]*, 100%), 248.165 ([M+Na]*, 25%), 142.161 ([TMP+H]",
37%); 226.181 (calc. for C13H24NO2, [M+H]*).

HBTU, DIPEA, m-CPBA, 0
N N DMF, 18 h 0P Ny CHCh. 12h /f
O~ NH
0~ OH

32% 4%
2-(TMPmethyl)acrylic acid
CHANT

To crude 2-(TMPmethylhacrylic acid solution (10 mL) was added O-(benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU, 910 mg, 2.40 mmol, 1.2 eq.),
N,N-diisopropylethylamine (DIPEA, 517 mg, 4.00 mmol, 2.0 eq.) and cyclohexylamine
(238 mg, 2.40 mmol, 1.2 eq.) and stirred for 18 h. Saturated aqueous NaHCO3; (20 mL) was
then added and product extracted with EtOAc (3x20 mL). The combined organic layers were
washed with brine (3x20 mL). The organic phase was dried with MgSOy, filtered and solvent
removed in vacuo, yielding a brown oil. This was purified using flash silica column
chromatography (visualised using KMnO;, stain) yielding dirty white N-cyclohexyl-2-([2,2,6,6-
tetramethylpiperidine]methyl)acrylamide (209 mg, 32% across the first two steps).

13

Rt 0.37 (1%NH4OH/3%MeOH/DCM). 1H, 13C NMR (400, 100 MHz, CDCls): &4 8.70 (br s, 1H,
Ho), 5.91 (dt, J 2.0, 1.6 Hz, 1H, H), 5.44 (dt, J 2.0, 1.6 Hz, 1H, Hz), 3.90-3.79 (m, 1H, Hio),
3.53 (dd, J 1.9, 1.6 Hz, 2H, Hs), 2.05-1.97 (m, 2H, H11c), 1.79-1.70 (m, 2H, Hi2c), 1.70-1.53 (m,
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3H, Hi2a, Hise), 1.53-1.46 (M, 4H, Hs), 1.45-1.31 (M, 2H, Ha), 1.26-1.11 (M, 4H, Hy1a, Hiss) 1.07
(s, 12H, Hy); 8¢ 164.6 (Cs), 145.2 (Ce), 119.5 (C7), 56.0 (C»), 48.4 (C1o), 47.4 (Cs), 41.7 (C3),
36.6 (C1), 33.6 (C11), 25.8 (C12), 25.3 (Ci3), 17.8 (Cs). MS (Pos ESI): m/z 307.274 ([M+H]*,
100%); 307.275 (calc. for C1oHasN20, [M+H]*).

N-Cyclohexyl-2-([2,2,6,6-tetramethylpiperidine]methyl)acrylamide (153 mg, 0.50 mmoal,
1.0 eq.) was dissolved in CHCI; (2.5 mL) and cooled in a water/ice bath (~0 °C). A solution of
meta-chloroperoxybenzoic acid (m-CPBA, <77%, 112 mg, 1.0 eq.) in CHCI; (2.5 mL) was
added slowly over 20 min. The resultant solution was let warm to room temperature and stirred
for 12 h. This was then washed with saturated aqueous K,COs (2x5 mL), dried with MgSOa.,
filtered and solvent removed in vacuo Yyielding an orange oil. This was purified using flash
silica column chromatography (visualised using KMnO4 stain) yielding dirty white crystalline
N-cyclohexyl-2-{[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]methyl}acrylamide (6.8 mg, 4% or 1%
overall).

Rr: 0.32 (20%EtOAC/PET ether). H, 3C NMR (400, 100 MHz, CDCls3): 64 6.61 (br d, J 8.1 Hz,
1H, Ho), 6.08 (d, J 1.8 Hz, 1H, Hzc), 5.47 (dt, J 1.8, 1.1 Hz, 1H, Hz), 4.47 (d, J 1.1 Hz, 2H, Hs),
3.88-3.76 (m, 1H, Hio), 2.02-1.95 (m, 2H, Hi1e), 1.74-1.63 (m, 5H, Hize, Hize, Hize), 1.57-1.44
(m, 4H, Hs), 1.48-1.32 (m, 2H, Hy), 1.19 (s, 6H, Hiz), 1.18-1.12 (M, 3H, Hi1a, Hiza), 1.10 (s, 6H,
Hie); 8¢ 166.0 (Cs), 140.0 (Cs), 124.0 (C7), 77.8 (Cs), 60.1 (C>), 48.3 (C10), 39.8 (Cs), 33.5(C1a),
32.6 (C11), 25.7(C12), 25.1 (C13), 20.5 (Cie), 17.1 (C4). MS (Pos ESI): m/z 323.270 ([M+H]*,
100%); 323.270 (calc. for C19H3sN205).

11.2.4. Unsuccessful 2-(bromomethylacrylic acid UV irradiation

TEMPO', Na,SO3,

Nal, acetone, MeCN, UV,
Br/\f 5690 31 |/\f Ny, 54 h TEMPO/\f
07 OH %% 0~ “OH 0~ “OH
2-(TEMPOmethyl)acrylic acid

2-(Bromomethyl)acrylic acid (495 mg, 3.00 mmol, 1 eq.) and Nal (1350 mg, 9.00 mmol,
3.0 eq.) were dissolved in acetone (9.0 mL), heated to reflux (~56 °C) and stirred for 3 h. The
resultant solution was washed with water (20 mL) and the lower organic layer extracted with
CHCI; (3x20 mL). Combined organic layers were dried with MgSOQO., filtered and solvent
removed in vacuo, yielding a brown oil. This was purified using flash silica column
chromatography (visualised using KMnOy stain) yielding solid brown allyl 2-(iodomethyl)acrylic
acid (598 mg, 94%).
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Ri: 0.20 (10%MeOH/DCM). 1H, 12C NMR (400, 100 MHz, CDCls): 8y 6.38 (s, 1H, Hxc), 6.08 (s,
1H, Hs), 4.48 (s, 2H, H1); 8¢ 170.1 (Cs), 138.3 (C2), 130.1 (Cs), -0.6 (Cs).

2-(lodomethylacrylic acid (336 mg, 2.00 mmol, 1.0 eq.), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO, 375 mg, 2.40 mmol, 1.2 eq.) and Na;SOs (504 mg, 4.00 mmol, 2.0 eq.) were placed
in a polypropylene tube and dissolved in MeCN (10.0 mL). This was sealed, sparged and
placed under N2 before being irradiated with UV (100 W, 405 nm) for 24 h, whilst stirring. The
solution was then filtered and solvent removed in vacuo, yielding crude brown oil. This was
purified using flash silica column chromatography (0.2%AcOH/40%hexane/EtOAc, Rr 0.41,
visualised using KMnO, stain) vyielding impure allyl 2-([(2,2,6,6-tetramethylpiperidin-1-
yhoxyllmethyl)acrylic acid oil (2-(TEMPOmethyl)acrylic acid, 62.1 mg). Further purification
was deemed impractical.

11.2.5. Methyl 2-(TEMPOmethylacrylate

Br Q Nal,Na;SOs,  TEMPO
+ N MeCN, 65 °C, 48 h
o (lj 93% o (lj

TEMPO' Methyl 2-(TEMPOmethyl)acrylate

Methyl 2-(bromomethyl)acrylate (1.79 g, 10.0 mmol, 1.0 eq.), (2,2,6,6-tetramethylpiperidin-1-
yhoxyl (TEMPO, 1.88 g, 12.0 mmol, 1.2 eq.), Nal (3.00 g, 20.0 mmol, 2.0 eq.), Na>SO3 (3.78 g,
30.0 mmol, 3.0 eq.) were dissolved in MeCN (100 mL). This solution was sealed, sparged and
placed under N before being heated to 65 °C and stirred for 48 h. MeCN was then removed
in vacuo. H20 (100 mL) was added and product extracted with EtOAc (3x100 mL). The organic
phase was dried with MgSQy, filtered and solvent removed in vacuo, yielding crude orange
oil. This was purified using flash silica column chromatography (visualised using KMnQ4 stain)
yielding methyl 2-([(2,2,6,6-tetramethylpiperidin-1-yl)oxyllmethyl)acrylate  yellow olil
(methyl 2-(TEMPOmethyl)acrylate, 2.37 g, 93%).

Rt 0.33 (2%Et,O/DCM). CHN: C, 65.4; H, 9.9; N, 5.1 (found); C, 65.9; H, 9.9; N, 5.5 (calc. for
C14H25NO3). IR: Vimax / cm* 2980 (CH), 2900 br (OH), 1720 (C=0), 1630 (C=C), 1150 (C-0),
1060 (C-0). H, *C NMR (400, 100 MHz, CDCls): o4 6.28 (dt, J 1.8, 1.6 Hz, 1H, H), 5.91
(td, J 1.9, 1.8 Hz, 1H, H7), 4.49 (dd, J 1.9, 1.6 Hz, 2H, Hs), 3.75 (s, 3H, Ho), 1.55-1.48 (m, 1H,
Hz), 1.47-1.42 (m, 4H, Hs) 1.35-1.28 (m, 1H, H), 1.15 (s, 6H, Hia), 1.10 (S, 6H, Hie); dc 166.5
(Cs), 137.0 (Ce), 125.4 (C7), 74.7 (Cs), 60.1 (C2), 51.9 (Co), 39.8 (Cs), 32.9 (C1a), 20.4 (Cu1e),
17.2 (C4). MS (Pos ESI): m/z 256.191 ([M+H]*, 100%); 256.191 (calc. for C14H26NOs3, [M+H]*).
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11.2.6. 2-(TEMPOmethylacrylic acid

NaOH,
TEMPO/j( vl TEMPO/\Z
—_—
o9 07 “OH
Methyl 2-(TEMPOmethyl)acrylate 2-(TEMPOmethyl)acrylic acid

2-([(2,2,6,6-Tetramethylpiperidin-1-yl)oxyllmethyl)acrylate (1.58 g, 6.20 mmol, 1.0 eq.) was
placed in 1,4-dioxane (40 mL), aqueous NaOH (1.0 M, 40 mL, 40 mmol, 6.5 eq.) added and
the solution stirred for 24 h. The resultant solution was acidified (pH 5) with aqueous HCI
(2.0 M, 20 mL, 40 mmol, 6.5 eq.) and product extracted with EtOAc (3x40 mL). The organic
phase was washed with brine (40 mL), dried with MgSOQ., filtered and solvent removed in
vacuo, yielding crude golden oil. This was purified using flash silica column chromatography
(visualised using KMnO, stain) yielding white crystalline 2-([(2,2,6,6-tetramethylpiperidin-1-
yhoxyllmethyl)acrylic acid (2-(TEMPOmethyl)acrylic acid, 1.36 g, 91% or 85% overall).

Rt 0.32 (0.1%AcOH/5%MeOH/DCM). Mp: 94.7-96.1 °C. CHN: C, 64.3; H, 9.8; N, 5.8 (found);
C, 64.7; H, 9.6; N, 5.8 (calc. for C13H23NOs3). IR: vmax / cm™ 2980 (CH), 1700 (C=0), 1640
(C=C), 1360 (C-0); H, 3C NMR (400, 100 MHz, CDCls): &4 6.40 (dt, J 3.3, 1.8 Hz, 1H, Hv),
5.96 (dt, J 3.3, 1.6 Hz, 1H, H%#), 4.53 (dd, J 1.8, 1.6 Hz, 2H, Hs), 1.61-1.55 (m, 1H, H.),
1.53-1.48 (m, 4H, Hs) 1.38-1.34 (m, 1H, Hs), 1.19 (s, 6H, Hi.), 1.14 (s, 6H, H1e); 6¢c 173.3 (Cs),
137.5 (Cs), 128.1 (Cy), 74.6 (Cs), 60.6 (C2), 39.6 (Cs), 32.6 (C1a), 20.6 (Cie), 17.1 (Cs). MS
(Pos ESI): m/z 242.175 ([M+H]*, 100%), 264.157 ([M+Na]*, 16%); 242.176 (calc. for
Ci13H24NO3, [M+H]*); (Neg ESI): m/z 240.160 ([M-H],, 100%); 240.160 (calc. for C13H22NO3,
[M-H]).

11.2.7. Standard amide coupling procedure
TEMPO HBTU, DIPEA,
/f + RNH, DMF, 18 h TEMPO/\Z

(@) OH (0] NHR
2-(TEMPOmethyl)acrylic acid

2-{[(2,2,6,6-Tetramethylpiperidin-1-yl)oxy]methyl}acrylic acid (2-(TEMPOmethyl)acrylic acid,
1.0 eq.), O-(benzotriazol-1-yl)-N,N,N’,N-tetramethyluronium hexafluorophosphate (HBTU,
1.1 eq.), N,N-diisopropylethylamine (DIPEA, 2.0 eqg.) and amine (1.0 eq.) were dissolved in
N,N-dimethylformamide (DMF, 5.0 L mol?) and stirred for 18 h. Solvent was then removed in
vacuo. Saturated aqueous NaHCO3 (10 L mol?t) was added and product extracted with EtOAc
(3x10 L mol?). The combined organic layers were washed with brine (3x10 L mol?). The
organic phase was dried with MgSO., filtered and solvent removed in vacuo yielding crude
product. This was purified using flash silica column chromatography (visualised using KMnO4
stain) yielding pure product.
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11.2.8. CHANT

TEMPO
NH2  HBeTU, DIPEA,
TEMPo/\f l DME, 18 h 07 “NH
+ —_—
77% @

O~ OH
2-(TEMPOmethyl)acrylic acid

CHANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (483 mg, 2.00 mmol, 1.0 eq.), HBTU (834 mg, 2.20 mmol, 1.1 eq.), DIPEA (517 mg,
4.00 mmol, 2.0 eq.), cyclohexylamine (198 mg, 2.00 mmol, 1.0 eg.) and DMF (10.0 mL)
yielding  white  N-cyclohexyl-2-{[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]methyl}acrylamide
needles (CHANT, 497 mg, 77% or 65% overall).

Ry 0.32 (20%EtOAC/PET ether). Mp: 99.0-100.1 °C. CHN: C, 70.6; H, 10.7; N, 8.4 (found); C,
70.8; H, 10.6; N, 8.7 (calc. for C1oH34N202). IR: Vmax / cm 3340 (NH), 2930 (CH), 1650 (C=0),
1610 (C=C), 1540 (NH). H, 13C NMR (400, 100 MHz, CDCls): &1 6.62 (br d, J 6.9 Hz, 1H, Ho),
6.09 (d, J 1.8 Hz, 1H, H+), 5.48 (dt, J 1.8, 1.0 Hz, 1H, H7), 4.48 (d, J 1.0 Hz, 2H, Hs), 3.90-3.79
(m, J 7.2, 6.9 Hz, 1H, Huo), 2.00 (ddd, J 12.4, 7.2, 3.7 Hz, 2H, Hu1e), 1.74 (dt, J 13.7, 3.7 Hz,
2H, Hiz), 1.60-1.53 (M, 1H, Hiso), 1.52-1.48 (m, 4H, Hs), 1.48-1.44 (m, 1H, Ha), 1.39 (dt,
J13.7, 3.7 Hz, 2H, H1z.), 1.38-1.32 (m, 1H, Hs), 1.20 (s, 6H, Hi), 1.16-1.13 (M, 1H, His.), 1.13
(M, J 12.4, 7.2 Hz, 2H, H112) 1.11 (S, 6H, Hie); 8¢ 165.7 (Cs), 139.7 (Cs), 123.7 (C7), 77.5 (Cs),
59.8 (C>), 48.0 (Cio), 39.5 (C3), 33.2 (C1a), 32.9 (C11), 25.4(C12), 24.8 (Ci3), 20.1 (Cic), 16.8
(Cs). MS (Pos ESI): m/z 323.270 ([M+H]*, 100%), 345.252 ([M+Na]*, 4%); 323.270 (calc. for

C19H35N203, [M+H]+).
11.2.9. COANT
TEMPO
NH» /f
HBTU, DIPEA,
TEMPo/\f . ME 6 1 07 NH
07 “OH 2%
2-(TEMPOmethyl)acrylic acid

COANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (241 mg, 1.00 mmol, 1.0 eq.), HBTU (417 mg, 1.10 mmol, 1.1 eq.), DIPEA (260 mg,
2.00 mmol, 2.0 eq.), cyclooctylamine (198 mg, 2.00 mmol, 1.0 eqg.) and DMF (5.0 mL) yielding
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white  N-cyclooctyl-2-{[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]methyl}acrylamide = needles
(COANT, 252 mg, 72% or 61% overall).

Rt 0.33 (20%EtOAC/PET ether). Mp: 90.5-92.3 °C. CHN: C, 72.0; H, 11.1; N, 7.9 (found); C,
72.0: H, 10.9; N, 8.0 (calc. for C21HzsN202). IR: Vmax / cmt 3319 (NH), 2922 (CH), 1654 (C=0),
1608 (C=C), 1531 (NH). H, 13C NMR (400, 100 MHz, CDCls): 8, 6.66 (br d, J 7.0 Hz, 1H, Ho),
6.08 (d, J 1.5 Hz, 1H, Hyc), 5.47 (dt, J 1.5, 1.0 Hz, 1H, H+), 4.48 (d, J 1.0 Hz, 2H, Hs), 4.12-4.02
(m, J 7.0 Hz, 1H, Hig), 1.91-1.82 (m, 2H, Hi1e), 1.38-1.31 (M, 1H, Ha), 1.19 (s, 6H, Hiz), 1.19
(m, 18H, Hs, Has, Hi1a, H12.14), 1.10 (S, 6H, Hle); 6(; 165.7 (Cg), 140.0 (Cs), 124.0 (C7), 77.9 (C5),
60.1 (Cz), 49.4 (C1o), 39.8 (C3), 33.2 (C1a), 32.4 (C11), 27.4 (C12), 25.6 (Ci3), 23.9 (C14), 20.5
(C1e), 17.1 (Ca). MS (Pos ESI): m/z 351.300 ((M+H]*, 100%), 373.283 ([M+Na]*, 6%); 351.301
(calc. for C21H39N20O», [M+H]+).

11.2.10. DECANT

HBTU, DIPEA,
TEMPO /(A)\ DMF, 18 h TEMPO/\Z
RN T A
(0] OH
2-(TEMPOmethyl)acrylic acid DECANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (60.3 mg, 0.250 mmol, 1.0 eq.), HBTU (104 mg, 0.275 mmol, 1.1 eq.), DIPEA (65.0 mg,
0.500 mmol, 2.0 eq.), 1-decanamine (39.3 mg, 0.250 mmol, 1.0 eq.) and DMF (1.25 mL)
yielding white N-decyl-2-{[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]lmethyl}acrylamide needles
(DECANT, 54.8 mg, 58% or 49% overall).

Rr: 0.30 (15%EtOAC/PET ether). *H, 3C NMR (400, 100 MHz, CDCls): 64 6.70 (br t, J 5.5 Hz,
1H, Hy), 6.07 (d, J 1.8 Hz, 1H, H7.), 5.48 (dt, J 1.8, 1.2 Hz, 1H, H+), 4.48 (d, J 1.2 Hz, 2H, Hs),
3.32 (td, J 7.0, 5.5 Hz, 2H, Hi0), 1.54 (tt, J 7.0, 7.0 Hz, 2H, Ha1), 1.50-1.21 (m, 20H, Hi2.1s, Hs,
Ha4), 1.18 (s, 6H, Hia), 1.09 (s, 6H, Hi¢), (t, J 6.9 Hz, 3H, Hio); 8¢ 167.0 (Cs), 139.8 (Cs), 123.8
(C7), 77.7 (Cs), 60.1 (C>), 39.8 (Cs), 33.2 (C1a), 32.0 (C10), 29.7 (C11), 29.4-22.8 (C12.18), 20.4
(C1e), 11.0 (C4), 14.3 (C19). MS (Pos ESI): m/z 381.348 ([M+H]*, 100%), 403.323 ([M+Na]*,
7%); 381.348 (calc. for C23H45N202, [M+H]+).
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11.2.11. DANT

TEMPO
NH; HBTU, DIPEA,
TEMPo/\f DME, 18 h 0% “NH
+ —_——
ey 42% H

OH
2-(TEMPOmethyl)acrylic acid OH

DANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (481 mg, 2.00 mmol, 1.0 eq.), HBTU (831 mg, 2.20 mmol, 1.1 eq.), DIPEA (517 mg,
4.00 mmol, 2.0 eq.), ethanolamine (122 mg, 2.00 mmol, 1.0 eq.) and DMF (10.0 mL) yielding
white crystalline N-2-hydroxyethyl-2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide (DANT, 238 mg, 42% or 36% overall).

OH"?

Rt 0.36 (7%MeOH/DCM). Mp: 91.8-93.6 °C. CHN: C, 63.0; H, 9.9; N, 9.6 (found); C, 63.4; H,
9.9; N, 9.9 (calc. for Ci5H28N203). IR: Vmax / cm™ 3371 (NH), 2936 (CH), 1660 (C=0), 1611
(C=C), 1551 (NH). *H, 3C NMR (400, 100 MHz, CDCls): &y 7.14 (br t, J 5.5 Hz, 1H, Ho), 6.07
(d, J 1.1 Hz, 1H, Hy.), 5.55 (dt, J 1.1, 0.9 Hz, 1H, H7), 4.51 (d, J 0.9 Hz, 2H, Hs), 3.77 (t,J 5.0
Hz, 2H, Hio), 3.51 (dt, J 5.5, 5.0 Hz, 2H, Hi1), 2.88 (br s, 1H, Hi2), 1.61-1.50 (m, 4H, Hy),
1.50-1.43 (m, 1H, Hy), 1.38-1.30 (m, 1H, H.), 1.18 (s, 6H, Hi.), 1.10 (s, 6H, Hic); dc 168.3 (Cs),
139.5 (Cs), 124.0 (Cy), 77.3 (Cs), 60.1 (C»), 62.7 (Cio), 42.8 (C11) 39.8 (C3), 33.1 (C1a), 20.4
(Cie), 17.1 (C4). MS (Pos ESI): m/z 285.217 ([M+H]*, 100%), 307.198 ([M+Na]*, 2%); 285.218
(calc. for C15H29N203, [M+H]Y).

11.2.12. AGLANT

o TEMPO
H Y 0

N
Os_Oa_~_,O NH !
HBTU, DIPEA,
TEMPO/f ) %‘/ ! /g o e j/ /g
(@] OH 8% "/O e
2-(TEMPOmethyl)acrylic acid (@)
0]
o%\
o%\
AGLANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (60.3 mg, 0.250 mmol, 1.0 eq.), HBTU (104 mg, 0.275 mmol, 1.1 eq.), DIPEA (65.0 mg,
0.500 mmol, 2.0 eq.), 1,34, 6-tetra-O-acetyl-2-amino-2-deoxy-p-D-glucopyranose
hydrochloride (95.9 mg, 0.250 mmol, 1.0 eq.) and DMF (1.25 mL) yielding white crystalline
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N-1,3,4,6-tetra-O-acetyl-2-aminoglucosyl-2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide (AGLANT, 54.8 mg, 58% or 49% overall).

Rr. 0.42 (50%EtOAC/PET ether). Mp: 121.7-123.1 °C. *H, 3C NMR (400, 100 MHz, CDs;0D):
On 5.85 (d, J 8.9 Hz, 1H, Hu4), 5.69 (s, 1H, Hz), 5.63 (s, 1H, H7), 5.35 (dd, J 10.5, 9.6, 1H,
Hi1), 5.06 (dd, J 10.1, 9.2, 1H, Hi2), 4.48 (ddd, J 12.8, 1.6, 1.3 Hz, 1H, Hs), 4.44 (ddd, J 12.8,
1.6, 1.3 Hz, 1H, Hs), 4.30 (dd, J 12.8, 4.3 Hz, 1H, Hao), 4.17 (dd, J 10.5, 9.2 Hz, 1H, Hi0), 4.11
(dd, J 12.8, 2.3 Hz, 2H, Hi9), 3.93 (ddd, J 10.1, 4.3, 2.3 Hz, 1H, Hi3), 2.06 (s, 3H, His), 2.06
(s, 3H, Haisg), 2.02 (s, 3H, H3), 1.96 (s, 3H, H21), 1.70-1.55 (m, 1H, H4), 1.50-1.43 (m, 4H, Hs)
1.38-1.28 (m, 1H, H4), 1.17 (S, 6H, Hla), 1.12 (S, GH, Hle); 6(; 172.3-170.1 (sz, Czo, C17, 015,
Cs), 142.5 (Cs), 120.4 (C7), 93.3 (C14), 76.6 (Cs), 73.8 (C13), 73.8 (C11), 69.6 (C12), 62.9 (Cu9),
61.1 (Cy), 54.2 (C10), 40.7 (C3), 33.3 (C1a), 20.7-20.5 (Ca23, C21, Cis, Cis, Cie), 18.0 (Cs). MS
(Pos ESI): m/z 571.286 ([M+H]*, 100%), 593.268 ([M+Na]*, 6%), 529.267 ([M-CH2O+H]*,
75%), 551.246 ([M-CH,O+Na]*, 4%); 571.287 (calc. for C27H43N2011, [M+H]*).

11.2.13. GLANT

TEMPO/;/(
o TEMPO/f
o NH\’& NaOH,

0~ "NH

(0] (@) O 1,4-dioxane, -
%{/ /g _th HOA_~_,OH
(@] Y 2%
/O O 3 / O ‘7
‘OH
(0]
OH
O%\ GLANT
AGLANT

N-1,3,4,6-tetra-O-acetyl-2-aminoglucosyl-2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]lmethyl}acrylamide (65.1 g, 0.11 mmol, 1.0 eq.) was dissolved in 1,4-dioxane (0.77 mL),
aqueous NaOH (1.0 M, 0.77 mL, 0.77 mmol, 7.0 eqg.) added and the solution stirred for 1 h.
This was neutralised (pH 7) with aqueous HCI (2.0 M, 0.34 mL, 0.77 mmol, 7.0 eq.) and solvent
removed in vacuo. The resultant solid was dissolved in a 1:1 MeOH:MeCN mixture and MeOH
evaporated in vacuo. The resultant solution was dried with MgSO, and filtered, yielding crude
pale yellow oil. This was purified using flash silica column chromatography (15%MeOH/DCM,
R: 0.36, visualised using KMnQO, stain) yielding white crystalline N-glucosyl-2-{[(2,2,6,6-
tetramethylpiperidin-1-yl)oxy]methyl}acrylamide (GLANT, 14.8 mg, 32% or 16% overall).
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a: 65%: *H NMR (400 MHz, CD3;0D): 61 5.98 (d, J 0.9 Hz, 1H, H+.), 5.62 (td, J 2.7, 0.9 Hz, 1H,
H7), 5.14 (d, J 3.2 Hz, 1H, Hi4), 4.58-4.47 (m, 2H, Hs), 3.94 (dd, J 10.2, 3.7 Hz, 1H, Hao),
3.83-3.33 (m, 5H, Hai1, Hiz, His Hi7), 1.68-1.55 (m, 1H, Hy), 1.52-1.43 (m, 4H, Hs) 1.38-1.28
(m, 1H, H.), 1.22-1.09 (m, 12H, H,);

B: 21%: 'H NMR (400 MHz, CDsOD): &4 5.87 (d, J 0.9 Hz, 1H, H7), 5.65 (td, J 2.7, 0.9 Hz, 1H,
Hz), 4.66 (d, J 8.2 Hz, 1H, Hi4), 4.58-4.47 (m, 2H, Hs), 3.86 (dd, J 11.9, 1.8 Hz, 1H, Hao),
3.83-3.33 (m, 5H, Hi1, Hiz, His Hi7), 1.68-1.55 (m, 1H, H,), 1.52-1.43 (m, 4H, Hs) 1.38-1.28
(m, 1H, Hy), 1.22-1.09 (m, 12H, Hi); MS (Pos ESI): m/z 403.243 ([M+H]*, 100%), 425.225
(IM+Na]*, 9%); 402.237 (calc. for C19H34N207).

Unknown: 14%: *H NMR (400 MHz, CDsOD): 64 5.88 (d, J 0.9 Hz, 1H, Hy), 5.63 (td, J 2.7,
0.9 Hz, 1H, H7), 5.08 (d, J 1.4 Hz, 1H, Hu4), 4.58-4.47 (m, 2H, Hs), 4.04 (dd, J 9.6, 4.6 Hz, 1H,
Hio), 3.83-3.33 (m, 5H, Hi1, Hi2, Hiz Hi7), 1.68-1.55 (m, 1H, Hs), 1.52-1.43 (m, 4H, Ha)
1.38-1.28 (m, 1H, H.), 1.22-1.09 (m, 12H, Hi); MS (Pos ESI): m/z 403.243 ([M+H]*, 100%),
425.225 ([M+Na]*, 9%); 402.237 (calc. for C19Hz4N207).

All: 3C NMR (100 MHz, CDsOD): 8¢ 169.8 (Cs), 141.7 (Cs), 122.8 (C), 92.5 (C1s), 77.7 (Cs),
73.1 (Ci13), 72.8 (C11), 72.5 (C12), 62.8 (C1o), 61.2 (C2), 55.9 (Cio), 40.8 (C17), 40.7 (C3), 33.4
(C12), 20.8 (C1o), 18.0 (C2). MS (Pos ESI): m/z 403.243 ([M+H]*, 100%), 425.225 ([M+Na]",
6%); 403.244 (calc. for C19H35N207, [M+H]+).

11.2.14. Tabaqui-1

TEMPO HBTU, DIPEA, TEMPO/\Z H
NH DMF, 18 h
? /f L 32% 07 NN
O~ OH H TEMPO
2-(TEMPOmethyl)acrylic acid

Tabaqui-1

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (121 mg, 0.500 mmol, 2.0 eq.), HBTU (208 mg, 0.550 mmol, 2.2 eq.), DIPEA (130 mg,
1.00 mmol, 4.0 eq.), ethylenediamine (15.0 mg, 0.250 mmol, 1.0 eq.) and DMF (1.25 mL)
yielding white crystalline N,N’-ethylene-bis(2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide) (Tabaqui-1, 43.2 mg, 32% or 27% overall).
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Rr: 0.37 (7T0%EtOAC/DCM). H, 13C NMR (400, 100 MHz, CD30OD): 8y 5.78 (s, 2H, Hc), 5.62
(s, 2H, Hz), 4.49 (s, 4H, Hs), 3.39 (s, 4H, Hio), 1.67-1.53 (m, 2H, H.), 1.49-1.42 (m, 8H, Hs)
1.36-1.29 (m, 2H, Hy), 1.16 (s, 12H, Hia), 1.11 (s, 12H, Hie); 6¢c 170.4 (Cg), 142.5 (Cs), 119.9
(C7), 76.7 (Cs), 61.1 (C»), 40.7 (Cs3), 40.3 (C1p), 33.3 (C1a), 20.7 (C1e), 18.0 (C4). MS (Pos ESI):
m/z 507.391 (M+H[*, 100%), 529.373 ([M+Na]*, 5%), 254.210 ([M+2H]?*, 34%); 507.391
(calc. for C28H51N404, [M+H]+).

11.2.15. Tabaqui-2

TEMPO
HBTU, DIPEA,
TEMPO . NNHZ DMF, 18 h /f H
HoN A 0~ °N

5 , N._O
38% N
O~ OH H TEMPO
2-(TEMPOmethyl)acrylic acid

Tabaqui-2

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (121 mg, 0.500 mmol, 2.0 eq.), HBTU (209 mg, 0.550 mmol, 2.2 eq.), DIPEA (130 mg,
1.00 mmol, 4.0 eq.), 1,8-diaminoctane (36.1 mg, 0.250 mmol, 1.0 eq.) and DMF (1.25 mL)
yielding white crystalline N,N’-octyl-1,8-diamino-bis(2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide) (Tabaqui-4, 55.4 mg, 38% or 32% overall).

Rt 0.31 (40%EtOAC/PET ether). Mp: 134.2-135.3 °C. CHN: C, 68.9; H, 10.4; N, 9.3 (found);
C, 69.1; H, 10.6; N, 95 (calc. for C34H62N404). lH, 13C NMR (400, 100 MHZ, CD30D): 6|—| 574
(s, 2H, Hzc), 5.58 (s, 2H, Hz), 4.50 (s, 4H, Hs), 3.24 (t, J 7.0 Hz, 4H, Hap), 1.67-1.59 (m, 2H,
H4), 1.55 (t, J 7.0 Hz, 4H, H11), 1.51-1.45 (m, 8H, H3) 1.40-1.30 (m, 2H, Hi3), 1.40-1.30 (m, 2H,
Hi2), 1.40-1.30 (m, 2H, Hs), 1.18 (s, 12H, Hiz), 1.13 (s, 12H, Haie); 8¢ 170.1 (Cs), 140.9 (Co),
120.0 (Cy), 77.3 (Cs), 61.2 (C»), 40.7 (Cs), 40.7 (C1o), 40.5 (C11), 33.3 (C1a), 30.4 (C12), 30.4
(C13), 20.7 (C1e), 18.0 (Cs). MS (Pos ESI): m/z 591.495 ([M+H]*, 100%), 613.480 ([M+Na]*,
11%), 296.260 ([M+2H]?*, 53%); 591.485 (calc. for C3sHezsN4O4, [M+H]?).
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11.2.16. BIOANT

1,4-Dioxane,

Boc.
HZNMOM\NHQ +5Boc,0 —°n N/\/fo/\ﬁ/\NH2
3 99% H 3

N-biotin-N-Boc-4,7,10-trioxatridecane-1,13-diamine was synthesised as described in
literature.?®> 4,7,10-trioxa-1,13-diaminotridecane (22.0 g, mL, 100 mmol, 5.0 eq.) was
dissolved in 1,4-dioxane (50 mL) and a solution of Boc anhydride (4.37 g, 20.0 mmol, 1.0 eq.)
in dioxane (30 mL) was added dropwise over 3 h, whilst stirring and further stirred for 16 h.
Solvent was removed in vacuo, resulting in a yellow oil. H.O (50 mL) was added and product
extracted with DCM (3x50 mL). The combined organic layers were washed with brine
(3x50 mL). The extraction procedure and the subsequent washing were repeated. The
resulting organic solution was dried (MgSO.), filtered, and solvent removed in vacuo,
producing almost colourless mono-Boc-4,7,10-trioxatridecane-1,13-diamine oil (7.48 g, 99%).
'H and 3C NMR spectroscopy and mass spectrometry confirmed product identity and showed
product was suitably pure for use in next step without further purification. Obtained values
were consistent with literature.?%>

B ~
oc N/\/fo/\ﬁ/\NHz
H 3 (6]
HBTU, DIPEA, )J\

+ o DMF, 18 h o HN~ "NH
PN 65% B /ﬂ\\//\\//H H
HN” “NH OC\NM&)M/\N ‘.
H H H 3 H S
HO o
\H/\/\ S

o

Standard amide coupling reaction procedure (11.2.7) was followed using D-biotin (883 mg,
3.60 mmol, 1.2 eq.), HBTU (1530 mg, 4.00 mmol, 1.4 eq.), DIPEA (939 mg, 7.27 mmol,
2.4 eq.), mono-Boc-4,7,10-trioxatridecane-1,13-diamine (960 mg, 3.00 mmol, 1.0 eqg.) and
DMF (15 mL). Crude product was purified using flash silica column chromatography
(10%MeOH/DCM, R; 0.39) vyielding N-biotin-N*-Boc-4,7,10-trioxatridecane-1,13-diamine
(1070 mg, 65%). *H and *C NMR spectroscopy and mass spectrometry confirmed product
identity and showed product was suitably pure for use in next step. Obtained values were
consistent with literature.26%

Mono-biotin-4,7,10-trioxatridecane-1,13-diamine was synthesised from N-biotin-N’-Boc-
4,7,10-trioxatridecane-1,13-diamine as described in literature.?6
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HN  NH

i H-z—f:H
B ~ )J\/\///:
ocC N/\/fo/\%/\N )
H 3 H S

1) TFA, DCM, 30 m

2) HBTU, DIPEA,
DMF, 18 h

16% | TEMPO

O~ OH
2-(TEMPOmethyl)acrylic acid
(0]
TEMPO O HN NH
)J\/\/H :
O N/\/\éo/\ﬁ/\N ’,
H 3 H S

BIOANT

N-biotin-N-Boc-4,7,10-trioxatridecane-1,13-diamine (541 mg, 1.00 mmol, 1.0 eqg.) was
dissolved in DCM (10.0 mL) and cooled using an ice-water bath (0 °C). Trifluoroacetic acid
(TFA, 5.0 mL) was added and the solution stirred for 15 min. The solution was stirred at room
temperature for a further 15 min. Solvent was removed in vacuo yielding crude yellow oil. This
was purified by silica gel flash chromatography (2%NH,OH/20%MeOH/DCM, R; 0.35,
visualised using KMnOj4 stain) to afford light yellow sticky mono-biotin-4,7,10-trioxatridecane-
1,13-diamine solid (442 mg, ~100%). *H NMR spectroscopy and mass spectrometry confirmed
product identity and showed product was suitably pure for use in next step without further
purification.

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (242 mg, 1.00 mmol, 1.0 eq.), HBTU (418 mg, 1.10 mmol, 1.1 eq.), DIPEA (261 mg,
2.00 mmol, 2.0 eq.), mono-boc-4,7,10-trioxatridecane-1,13-diamine (442 mg, 1.00 mmol,
1.0eq.) and DMF (5.0 mL) yielding yellow N-biotin-N’-boc-4,7,10-trioxatridecane-1,13-
diamine oil (105 mg, 16% or 14% overall).

H7t )i
: { PHN N
/ 7c
6 ) " H H
8 10 12 13 o 16 17 19 )J\/ZS\/// 28 \29
o N/\/\O/\/ \/\O/\/\N 21 - .
H 1" 14 15 18 H 22 24 26 S

9 20

Rr: 0.39 (12%MeOH/DCM). IR: Vmax / cm* 3318 (NH), 2930 (CH), 1656 (C=0), 1617 (C=C),
1530 (NH), 841 (big sharp peak). *H, **C NMR (400, 100 MHz, CDCls): o4 6.99 (t, J 5.9 Hz,
1H, Ho), 6.73 (t, J 5.9 Hz 1H, Ha), 5.96 (br m, 1H, Hs1), 5.96 (m, 1H, H;.), 5.54 (d, J 1.0 Hz,
1H, H7), 5.42 (br m, 1H, Hso), 4.52 (dt, J 6.5, 4.0 Hz, 1H, Hg), 4.48 (app s, 2H, Hs), 4.32 (dd,
J6.55.0 Hz 1H, Hzg), 3.73-3.51 (m, 14 H, Hao, H1217), 3.40 (td, J 6.8, 5.9 Hz 1H, Hio), 3.30 (td,
J 6.8, 5.9 Hz 1H, Hig), 3.14 (m, 1H, Hz6), 2.89 (dd, J 12.9, 4.7 Hz, 1H, H7), 2.73 (d, J 12.9 Hz,
1H, H»7), 2.18 (t, J 7.2 Hz, 1H, Hx,) 1.82 (m, 2H, Hs), 1.76 (it, J 7.2 Hz, 2H, H.4), 1.64 (t,
J 7.2 Hz, 2H, Hs3), 1.60-1.30 (m, 10H, Hs, Ha4, H11, Hisg), 1.16 (s, 6H, Hia), 1.09 (s, 6H, Hie). 6c
173.9 (Cs2), 167.4 (Cg), 164.1 (C21), 140.0 (C¢), 122.2 (C7), 76.8 (Cs), 70.4, 70.3, 70.1, 69.9,
69.6, 69.2 (C12-17), 61.9 (C29), 60.4 (C2s), 60.1 (C>) 55.6 (Cz¢), 55.0, 48.0, 43.1, 40.6 (C»7), 39.7
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(Cs), 38.0 (Ci0), 37.3 (C1s), 35.8 (C22) 33.0 (C1a), 29.4, 29.0, 28.1, 27.9, 25.7 (Ci11, Cis, Cos,
Cas, C2s), 20.4 (C1e), 19.0, 17.1 (Ca), 12.5. MS (Pos ESI): m/z 692.417 ([M+Na]*, 100%),
670.438 ([M+H]*, 73%), 346.719 ([M+H+Na]**, 11%); 692.403 (calc. for CasHseNsO7SNa,
[M+Na]").

11.2.17. DEADANT

Z

TEMPO
Ha HBTU, DIPEA,
TEMPO/f DMF, 18 h 0 H
—_—
40%

N
2- (TEMPOmethyI)acryllc acid N N
7

DEADANT

Z

~

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (482 mg, 2.00 mmol, 1.0 eq.), HBTU (835 mg, 2.20 mmol, 1.1 eq.), DIPEA (517 mg,
4.00 mmol, 2.0 eq.) N,N-dimethylethylenediamine (177 mg, 2.00 mmol, 1.0 eq.) and DMF
(20.0 mL) yielding colourless N-N,N-dimethylethyleneamino-2-{[(2,2,6,6-tetramethylpiperidin-
1-yl)oxy]methyl}acrylamide oil (DEADANT, 251 mg, 40% or 34% overall).

N
1277 N2

Rt 0.29 (2%NH4OH/5%MeOH/DCM). CHN: C, 65.7; H, 11.0; N, 13.5 (found); C, 65.6; H, 10.7;
N, 13.5 (calc. for C17H33N3032). IR: vimax / cm™ 3345 (NH), 2932 (CH), 1660 (C=0), 1616 (C=C),
1532 (NH), 1056 (CN), 1043 (CN). H, 3C NMR (400, 100 MHz, CDCls): 84 7.01 (br s, 1H,
Ho), 6.07 (dt, J 1.5, 1.1 Hz, 1H, Hy), 5.51 (dt, J 1.5, 0.6 Hz, 1H, H7), 4.50 (dd, J 1.1, 0.6 Hz,
2H, Hs), 3.42 (td, J 6.0, 5.2 Hz, 2H, H10), 2.45 (t, J 6.0 Hz, 2H, H11), 2.20 (s, 6H, H12), 1.65-1.50
(m, 1Hf, Hy4), 1.50-1.43 (m, 4H, Hs) 1.37-1.30 (m, 1H, Ha), 1.18 (s, 6H, H14), 1.10 (s, 6H, Hie);
dc 167.0 (Cg), 139.9 (Ce), 123.4 (C7), 77.5 (Cs), 60.0 (C2), 57.8 (C11), 45.2 (C12), 39.8 (Cs), 37.1
(Ci0), 33.1 (C1a), 20.2 (Cie), 17.2 (C4). MS (Pos ESI): m/z 312.266 ([M+H]*, 100%), 334.247
(IM+Na]*, 4%); 312.265 (calc. for C17H34N302, [M+H]).

11.2.18. TREADANT

TEMpo/\f TEMPo/f
H

NH THF, 12h
+ Mel
99%
/

N

P

+
PN ~

DEADANT TREADANT

N’-N,N-Dimethylethyleneamino-2-{[(2,2,6,6-tetramethylpiperidin-1-yl)oxy]methyl}acrylamide
(DEADANT, 155 mg, 0.500 mmol, 1.0 eq.) was dissolved in dry tetrahydrofuran (THF,
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0.50 mL), Mel (81.6 mg, 0.575 mmol, 1.15 eq.) added and the reaction mixture stirred for 12 h.
The precipitated white solid was washed with dry THF (2x0.50 mL). Residual solvent was
removed in vacuo, vyielding white solid N-N,N,N-trimethylethyleneammonium-2-{[(2,2,6,6-
tetramethylpiperidin-1-yl)oxy]methyl}acrylamide iodide (TREADANT, 224 mg, 99% or 34%
overall).

12/'|“\12

12

IR: Vmax / cm 3345 (NH), 2928 (CH), 1660 (C=0), 1615 (C=C), 1526 (NH), 1037 (CN). 'H, 13C
NMR (400, 100 MHz, CD3CN): 81 7.39 (br s, 1H, Ho), 5.90 (td, J 1.1, 0.9 Hz, 1H, Hv.), 5.67 (td,
J1.7,0.9 Hz, 1H, H%#), 4.47 (dd, J 1.7, 1.1 Hz, 2H, Hs), 3.68 (td, J 6.3, 5.2 Hz, 2H, Hi0), 3.48
(t, J 6.3 Hz, 2H, Ha11), 3.13 (s, 9H, Hi2), 1.64-1.52 (m, 1H, H,), 1.50-1.38 (m, 4H, Hs) 1.35-1.27
(m, 1H, Hs), 1.15 (s, 6H, Hia), 1.09 (s, 6H, Hie); dc 168.3 (Cs), 141.6 (Cs), 120.7 (Cv), 76.4
(Cs), 65.9 (Cu1), 60.5 (Cy), 54.3 (C12), 40.4 (Cs3), 34.4 (Cuio), 33.3 (Cu1a), 20.4 (Cue), 17.7 (Ca).
MS (Pos ESI): m/z 326.276 ([M-I]*, 100%); 326.281 (calc. for C1gHzsN3zO2, [M-I]*).

11.2.19. SILANT

Sli/ TEMPO/\f sl,i/

_O”" " ™ HBTU, DIPEA, No
TEMPO HoN"T " sil DMF, 18 h 07 >N" "sil

+ (Ij O\S,/ —>500/ H I O\S,/

O~ OH . |I\ ’ I |I\
2-(TEMPOmethyl)acrylic acid /Sl'\ /Sl'\

SILANT

Standard amide coupling procedure (11.2.7) was performed with 2-(TEMPOmethyl)acrylic
acid (217 mg, 0.900 mmol, 1.0 eq.), HBTU (379 mg, 1.00 mmol, 1.1 eq.), DIPEA (233 mg,
1.80 mmol, 2.0 eq.), (3-aminopropyl)tris(trimethylsiloxy)silane (318 mg, 1.00 mmol, 1.0 eq.)
and DMF (4.5 mL) yielding white N,N’-(3-(tris(trimethylsiloxy)silane)propylamino-2-{[(2,2,6,6-
tetramethylpiperidin-1-yl)oxy]methyl}acrylamide needles (S4P4.7 or SILANT, 258 mg, 50% or
42% overall).
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Rt 0.37 (15%EtOAC/PET ether). Mp: 52.6-54.3 °C. CHN: C, 52.0; H, 9.6; N, 4.7 (found); C,
52.0; H, 9.8; N, 4.9 (calc. for C25Hs6N205Sis). IR: Vinax / cm™ 3343 (NH), 2958 (CH), 1654 (C=0),
1606 (C=C), 1532 (NH), 1250 (CSi), 1040 (SiOSi). H, **C NMR (400, 100 MHz, CDCls):
On 6.74 (t, J 5.5 Hz, 1H, Hy), 6.07 (d, J 1.8 Hz, 1H, H+), 5.49 (dt, J 1.8, 0.9 Hz, 1H, H+), 4.50
(d, J 0.9 Hz, 2H, Hs), 3.31 (td, J 7.3, 5.5 Hz, 2H, H10), 1.57 (tt, J 8.2, 7.3 Hz, 2H, H11), 1.19 (s,
6H, H1a), 1.10 (s, 6H, Hi) 0.48 (t, J 8.2 Hz, 2H, Hi2), 0.09 (s, 27H, Hi3); 6¢c 166.9 (Csg), 139.8
(Ce), 123.8 (Cy), 77.7 (Cs), 60.1 (C»), 42.5 (C1o), 39.8 (Cs), 33.2 (C1a), 23.8 (C11), 20.5 (Cre),
17.1 (C.), 12.0 (C12), 1.9 (C13). MS (Pos ESI): m/z 577.336 ([M+H]*, 100%), 599.316 ([M+Na]*,
5%); 577.334 (calc. for CosHs7N205Sia, [M+H]*).

11.3. TART properties and stability studies
11.3.1. Free TEMPQO?® concentration

Free TEMPO®* concentration in pure CHANT was quantified using electron paramagnetic
resonance (EPR) spectroscopy. Double integrals of EPR spectra of CHANT solution
(1.00 mM) and standard TEMPO®* solution (0.100 mM) in MeCN were used to determine
radical concentration. EPR spectra were recorded at X-band on a JEOL X320 spectrometer
using 1 G modulation width and 1 mW power. EPR spectra indicated ~0.05mol.% free
TEMPO? relative to CHANT.

11.3.2. Oxidation and reduction

Oxidation and reduction processes of CHANT were investigated using cyclic voltammetry
(CV). Cyclic voltammetry was performed using a 5 mL electrochemical cell containing platinum
wire working and counter electrodes and a Ag/AgCI reference electrode. CHANT analyte
(1.00 mM) and BusNPFs electrolyte (100 mM) in MeCN (2.5 mL total volume) was added to
the cell and a cyclic voltammogram was recorded over a range of -1 V to +2 V at a scan rate
of 100 mV s. Spectra showed that CHANT did not undergo any significant oxidative or
reductive processes under these conditions (Figure 186).
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Figure 186: Cyclic voltammogram of CHANT (1.00 mM), using MeCN as solvent and BusNPFs (100 mM) as
electrolyte and Pt wire working and counter electrodes and a Ag/AgCl reference electrode.
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11.3.3. Michael addition

CHANT susceptibility to Michael addition by polar solvents and weak bases was explored. For
this, CHANT subjected to polar solvents and weak bases was routinely monitored using
IH NMR spectroscopy over three weeks. During this time, CHANT (~10 mM) dissolved in
CD30D showed no detectable decay. CHANT (~10 mM) in presence of diisopropylamine (~1:5
molar ratio) and dissolved in CDs;OD, showed no detectable decay after 24 h but some decay
after three weeks (Figure 52). From NMR spectra observations (Figure 188), it was believed
that diisopropylamine added across the CHANT double bond, without the loss of TEMPO*
(Figure 51). New peaks were assigned as follows: *H NMR (400 MHz, CDs;0D): &4 3.92 (d,
J 8.2 Hz, 1H, Hsp), 3.82 (d, J 8.2 Hz, 1H, Hsp), 2.90-2.74 (m, 1H, He), 2.82 (d, J 11.9 Hz, 1H,
H7p), 2.68 (d, J 11.9 Hz, 1H, Hyp).

H™ )\ )\
5r 7r N
TEMPO™ oy “H'® 2

TEMPO™ &
. CD,;0D
O NH N 0-3 weeks

H 07" "NH

7p

Figure 187: Michael addition of diisopropylamine to CHANT, forming a decay product.
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Figure 188: Stacked *H NMR spectra of CHANT in presence of diisopropylamine after 0 h (top) and 3 weeks

(bottom), showing peaks which decrease in intensity (5r-7r) and new signals corresponding to the decay product
(5p-7p).
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11.3.4. Absorbance of blue LED light (455 nm)

Absorbance of ultraviolet-visible light (250-800 nm) by CHANT (10.0 mM) in MeCN was
measured using ultraviolet-visible (UV-Vis) spectroscopy (Figure 82). UV-Vis spectra were
recorded using a Shimadzu UV-Vis Spectrophotometer UV-2600 system.

11.3.5. MS calibration curves

MS calibration curves were obtained for CHANT (Figure 53) and TART-trapped PhS* (Figure
95). For this, standard MS was undertaken at concentrations of 0.01-100 uM for CHANT and
0.01-10.0 uM for TART-trapped PhSe.

11.4. Synthetic radical reactions

11.4.1. Thiyl radicals
11.4.1.1. AIBN initiated

AIBN, ’goluene,

N2, 50°C, 12 h
CioHpsSH 2 Trapped
TART radicals

The procedure for trapping of the thiyl radicals, using azobisisobutyronitrile (AIBN) as initiator,
was adapted from literature.'>? Allyl-TEMPO or Grantham TART (19.7 mg or 26.7 mg
respectively, 0.100 mmol, 0.5 eq.) was dissolved in toluene (0.40 mL). This solution was
sealed, sparged and placed under N,. 1-Dodecanethiol (40.5 mg, 0.200 mmol, 1.0 eq.) was
added and the resultant solution heated to 50 °C. AIBN (3.5 mg, 0.020 mmol, 0.10 eq.)
dissolved in dry toluene (0.10 mL) was added dropwise. The reaction solution was stirred for
12 h, yielding a yellow solution. This was let cool, solvent removed in vacuo and MS
characterised.

11.4.1.2. PbOz initiated

PbO,, DCM,

12 h Trapped
C12H25SH T 1ART _ radicals

The procedure for trapping of the thiyl radicals, using PbO, as initiator, was adapted from
literature.5? Allyl-TEMPO (19.7 mg, 0.100 mmol, 0.1 eq.) was dissolved in DCM (2.0 mL)
before 1-dodecanethiol (202 mg, 1.00 mmol, 1.0 eqg.) and PbO> (478 mg, 1.00 mmol, 1.5 eq.)
were added. The reaction solution was stirred for 12 h, yielding a grey solution. This was
filtered, solvent removed in vacuo and MS characterised.

11.4.2. Barton reaction

Pr,NH, DCM, OH
ON. UV, Ny, 1 h '

(0] N Trapped
u\ TART HU\ T radicals

The procedure for TART trapping of the Barton reaction was adapted from a trapless literature
procedure.'’ Isopentyl nitrite (58.6 mg, 0.500 mmol, 1.0 eq.) was placed in a UV transparent
polypropylene centrifuge tube and dissolved in DCM (30 mL). If undertaking radical trapping,
allyl-TEMPO or CHANT (19.7 mg and 32.2 mg, 0.100 mmol, 0.2 eq.) was added. This solution
was sealed, sparged and placed under N; before diisopropylamine (202 mg, 2.00 mmol,
4.0 eq.) was added. For all reaction mixtures, an aliquot was removed (6 mL) before being
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irradiated using a UV lamp (100 W, 405 nm) for 1 h, whilst stirring. Another aliquot was
removed (6 mL) and all aliquots had solvent removed in vacuo and were MS characterised.

11.4.3. Hoffman-Loffler-Freytag (HLF) reaction

11.4.3.1. Precursor synthesis

H NCS, DCM (I:I
\/\/N\/\/ i)0°C, 15 m \/\/N\/\/
i) RT, 15 m

The procedure for N-chlorodibutylamine synthesis was adapted from literature.267.268
Dibutylamine (1.29 g, 10.0 mmol, 1.0 eq.) was sparged in dry degassed DCM (25 mL) and
placed under N2. N-Chlorosuccinimide (NCS, 1.47 g, 11.0 mmol, 1.1 eq.) was added and the
reaction stirred at 0 °C for 15 min and room temperature for 15 min. Solvent was removed in
vacuo and the resultant washed in n-pentane (2x25 mL) and filtered, yielding colourless
N-chlorodibutylamine oil (1.48 g, 90%).

'H, ¥C NMR (400, 100 MHz, CDCls): 8y 2.94-2.88 (m, J 7.3 Hz, 4H, H1), 1.69-1.59 (m, J 7.3,
7.3 Hz, 4H, H.), 1.36 (dt, J 7.3, 7.3 Hz, 4H, Hs), 0.93 (t, J 7.3 Hz, 6H, H.); 8¢ 64.2 (C1), 30.2
(C2), 20.2 (C3), 14.1 (C4). Obtained values were consistent with literature.?5°

11.4.3.2. Trapping reaction

H2SOy4, 1 >

Gl es°c,2n N . Trapped
\/\/N \/\/ CHANT radicals

The procedure for TART trapping of the HLF reaction was adapted from a trapless literature
procedure.?’® N-Chlorodibutylamine (81.8 mg, 0.500 mmol, 1.0 eq.) was dissolved in H,SO4
solution (0.25 M, 0.50 mL, 0.125 mmol, 0.25 eq.). If undertaking radical trapping, CHANT
(16.1 mg, 0.050 mmol, 0.10 eq.) was added. For all reaction mixtures, an aliquot was removed
(50 pL) and the remaining solution heated at 95 °C for 2 h, whilst stirring. This was let cool
and an aliquot removed (50 pL). All aliquots were diluted with water (0.5 mL) and neutralised
(pH 7) with NaOH (1.0 M, 13 pL, 0.125 mmol, 0.25 eq.), extracted with Et,O (2x0.5 mL),
solvent removed in vacuo and MS characterised.

11.4.4. Hunsdiecker reaction

11.4.4.1. Precursor synthesis

H,0, MeOH

OH ro O Ag*
\/\/\/\H/ + AGNO; LC> \/\W
o}

0]

The procedure for silver octanoate synthesis was adapted from literature.?’* Octanoic acid
(288 mg, 2.0 mmol, 1.0 eq.) and AgNO3 (340 mg, 2.0 mmol, 1.0 eq.) dissolved in MeOH
(5.0 mL) and NaOH (2.0 M, 1.0 mL) were heated to reflux (~65 °C) to aid dissolution and
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allowed to cool. Silver octanoate precipitated and was filtered, before being washed with water
(5 mL) and MeOH (5 mL). Residual solvent was removed in vacuo overnight, yielding grey
silver octanoate flakes (407 mg, 81%). Product was used in trapping reactions without
characterisation or further purification.

11.4.4.2. Trapping reaction

CCly, 80 °C

O Ag” ~80°
\/\/\/\[( g + Br, 80°C,1h SN, + Trapped
o CHANT radicals

The procedure for TART trapping of the Hunsdiecker reaction was adapted from a trapless
literature procedure.?”? Silver octanoate (126 mg, 0.500 mmol, 1.0 eq.) was dissolved in CCl,4
(1.5 mL). If undertaking radical trapping, CHANT (32.2 mg, 0.100 mmol, 0.2 eq.) was added.
This solution was then cooled in an ice bath (~0 °C) and Br, (2.0 M in CCl4, 0.25 mL, 1.0 eq.)
added dropwise over 15 min. For all reaction mixtures, an aliquot was removed (0.35 mL) and
the remaining solution heated to reflux (~80 °C) for 1 h, whilst stirring. This was let cool and
filtered before another aliquot was removed (0.35 mL). All aliquots had solvent removed in
vacuo and were MS characterised.

11.4.5. Radical aromatic aminophosphinoylation

Cl
FeCls, 'BUOCH,
X NH2  \ecn. <0 °c. 12 h \©\
+ HPPh,O + e e, NH + Trapped
Cl Allyl-TEMPO /©)\/P0Ph2 radicals

The procedure for TART trapping of radical aromatic aminophosphinoylation was adapted
from a trapless literature procedure.??® 4-Methylstyrene (59.1 mg, 0.500 mmol, 1.0 eq.),
diphenylphosphine oxide (162 mg, 0.800 mmol, 1.6 eq.) and 4-chloroaniline (128 mg,
1.00 mmol, 2.0 eqg.) were dissolved in MeCN (3.0 mL). If undertaking radical trapping,
allyl-TEMPO (19.7 mg, 0.100 mmol, 0.2 eq.) was added. For all reactions, this solution was
sealed, sparged and placed under N». FeCl; (16.2 mg, 0.100 mmol, 0.2 eq.) and ‘BuOOH
(70% in H20, 129 mg, 1.00 mmol, 2.0 eq.) were added and the solution resealed. An aliquot
was removed (0.60 mL) and the remaining solution heated to reflux (~80 °C) and stirred for
12 h. This was let cool and an aliquot removed (0.60 mL). All aliquots were filtered and MS
characterised.

11.4.6. Radical decarboxylative aromatic iodination

O OH  kpo, 1y, |

MeCN, Ny,
~80°C,4h
, + Trapped
CHANT radicals
OMe OMe

The procedure for TART trapping of radical decarboxylate aromatic iodination was adapted
from a trapless literature procedure.?% |, (508 mg, 2.00 mmol, 4.0 eq.) was placed under N,
and p-anisic acid (76.1 mg, 0.500 mmol, 1.0 eq.), KzsPO4 (106 mg, 0.500 mmol, 1.0 eq.) and
MeCN (2.5 mL) were added. If undertaking radical trapping, CHANT (32.2 mg, 0.100 mmol,
0.2 eq.) was added. For all reaction mixtures, this solution was resealed and an aliquot
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removed (0.50 mL). The remaining solution was heated to reflux (~80 °C) and stirred for 4 h.
This was let cool before another aliquot was removed (0.50 mL). All aliquots had solvent
removed in vacuo and were MS characterised.

11.5. Photochemistry

11.5.1. Radical cyanomethylation

2,6-lutidine,
N~ Ru(bpy);Cly-6H,0

+
0]
LBr + NN’,N MeCN, Ar, blue LED, 4 h PhM . -ll:;adlpcpaelg
CHANT

3-Azido-2-methylbut-3-en-2-ol was synthesised as described in literature.?°® The procedure
for TART trapping of radical cyanomethylation was adapted from a trapless literature
procedure.?%® 2-bromoacetophenone (40.0 mg, 200 pmol, 1.00 eq.), 3-azido-2-methylbut-3-
en-2-ol (38.1 mg, 300 pmol, 1.50 eq.), 2,6-lutidine (32 mg, 35 pL, 300 umol, 1.50 eq.) and
Ru(bpz)sCl>- 6H20 (1.5 mg, 2.0 pmol, 0.01 eq.) were placed in a transparent 2 mL vial and
dissolved in MeCN (1.0 mL). If undertaking radical trapping, CHANT (12.9 mg, 40 pmol,
0.20 eq.) was also added. For all reaction mixtures, an aliquot was removed (0.10 mL) and
the remaining solution sparged with argon for 10 min, whilst stirring. This reaction mixture was
irradiated with blue LEDs (60 W, 455 nm) for 4 h, whilst stirring. Another aliquot was then
removed (0.10 mL) and all aliquots had solvent removed in vacuo and were MS characterised.

11.5.2. Radical thiol-ene addition

11.5.2.1. Literature replication

0.25%
Ru(bpz)3(PFe)2,
blue LEDs

CD4CN, 2 h
2 BnSH + Z >pp ———>

BnS\/\Ph

The procedure for radical thiol-ene addition was adapted from a literature procedure.?%
Styrene (115 pL, 1.00 mmol, 1.00 eq.) and Ru(bpz)3(PFs)2 (2.2 mg, 2.5 pmol, 0.0025 eq.) were
placed in a transparent 2 mL vial and dissolved in CDsCN (0.50 mL, 0.20 M). Benzyl
mercaptan 235 L, 2.00 mmol, 2.00 eq.) was added and the resultant solution irradiated with
blue LEDs (60 W, 455 nm) for 2 h, before being characterised by NMR spectroscopy.

11.5.2.2. Initial reactions

0.25%
Ru(bpz)s(PFe)2,

blue LEDs
1 o~ MeCN,2h  pig Trapped
2 RISH + 2 "Ph CHANT ~">ph ¥ radicals

The procedure for TART trapping of radical thiol-ene addition was adapted from a trapless
literature procedure.?%® Styrene (115 pL, 1.00 mmol, 1.00 eq.) and Ru(bpz)s(PFs)2 (2.2 mg,
2.5 umol, 0.0025 eq.) were placed in a transparent 2 mL vial and dissolved in dry MeCN
(0.50 mL, 0.20 M). If undertaking radical trapping, CHANT (32.2 mg, 0.100 mmol, 0.10 eq.)
was also added. For all reaction mixtures, benzyl mercaptan or thiophenol (235 pL or 205 pL
respectively, 2.00 mmol, 2.00 eq.) was added and an aliquot removed (5.0 pL). The remaining
solution was irradiated with blue LEDs (60 W, 455 nm) for 1-2 h. Another aliquot was removed
(5.0 pL) and all aliquots MS characterised.
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11.5.2.3. Standard procedure

0.25%
Ru(bpz)3(PFe)2,

R? blue LEDs R?
’ R3 MeCN, 2 h R R3 , Trapped
RSH + \( ot S " radicals

R* R*

The procedure for TART trapping of radical thiol-ene addition was adapted from a trapless
literature procedure.?% Alkene (100 pmol, 1.0 eq.) was placed in a transparent 2 mL vial and
dissolved in Ru(bpz)s(PFs)2 solution (0.50 mM in dry MeCN, 0.50 mL, 0.25 umol, 0.0025 eq.).
If undertaking radical trapping, CHANT (3.22 mg, 10 pumol, 0.10 eq.) was also added. For all
reaction mixtures, thiol (200 umol, 2.0 eq.) was added and an aliquot removed (5.0 pL). The
remaining solution was irradiated with blue LEDs (60 W, 455 nm) for 1-72 h. Another aliquot
was removed (5.0 yL) and all aliquots MS characterised.

11.5.2.4. Optimised reaction

Two standard reactions (11.5.2.3) were performed with CHANT, styrene (11.5 pL, 100 pmol,
1.0 eq.) and benzyl mercaptan (S2.1, 23.5 pL, 200 pmol, 2.0 eq.) or thiophenol (S2.2, 20.5 pL,
200 pmol, 2.0 eq.) for 2 h.

11.5.2.5. Controls

Six standard reactions (11.5.2.3) were performed with benzyl mercaptan (23.5 pL, 200 pmol,
2.0 eq.), styrene (11.5 pL, 100 pmol, 1.0 eq.) and CHANT for 2 h. A trapping reaction and five
controls were performed, where each control omitted a single condition required for TART-
trapped radical formation: no thiol, no alkene, no catalyst, no light or no TART.

11.5.2.6. TART-trapped radical isolation

SPh

TEMPO Blue LED (60 W)
[Ru(bpz)s]**,
(@) NH MeCN, 3 h
PhSH + EEEEE——
© CHANT 0 NH

The procedure for CHANT-trapped PhS-ART synthesis was adapted from literature.?%
Thiophenol (41 pL, 400 pmol, 4.0 eq.), CHANT (32.2 mg, 100 pmol, 1.0 eq.) and
Ru(bpz)s(PFe)2 (2.22 mg, 2.50 umol, 0.0025 eq.) were placed in a transparent 2 mL sample
vial and dissolved in dry MeCN (0.50 mL, 0.20 M). The resultant solution was irradiated with
blue LEDs (60 W, 455 nm). Aliquots (5.0 pL) were removed regularly to monitor the reaction
using MS, with eight aliquots having been removed in total (40.0 yL) when the reaction was
stopped after 3 h. Solvent was removed in vacuo and the resultant purified using flash silica
column chromatography (visualised using UV light or KMnO, stain) yielding white
N-cyclohexyl-2-[(phenylsulfanyl)methyl]acrylamide semi-solid (17.3 mg, 63%).
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Rr 0.23 (2%Et,O/DCM). *H, 3C NMR (400, 100 MHz, CDCls3): dy 7.35-7.23 (m, 4H, Ha, Hs),
7.22-7.16 (m, 1H, H;), 6.00 (br d, J 6.4 Hz, 1H, Ho), 5.58 (s, 1H, Hzc), 5.23 (s, 1H, Hx), 3.77
(s, 2H, Hs), 3.87-3.78 (m, J 7.2, 6.4 Hz, 1H, H10), 1.92 (ddd, J 12.4, 7.2, 3.7 Hz, 2H, H11¢), 1.69
(dt, J 13.7, 3.8 Hz, 2H, Hiz), 1.59 (dt, J 12.8, 3.8 Hz, 1H, Hise), 1.37 (dt, J 13.7, 3.8 Hz, 2H,
Hi2a), 1.25-1.09 (m, 3H, Hi1a , Hiza); 8¢ 166.7 (Cs), 140.7 (Cs), 131.0 (C»), 129.0 (Cy), 127.1
(C1), 120.7 (Cy), 48.4 (Ci), 36.7 (Cs), 33.1 (Ci1), 25.6(Ci3), 24.9 (Ci2), 134.9 (C.).
MS (Pos ESI): m/z 298.125 ([M+Na]*, 100%), 276.145 ([M+H]*, 33%), 573.261 ([2M+Na]*,
8%); 298.124 (calc. for C16H21NOSNa, [M+Na]*).

11.5.2.7. Kinetics experiments

Two standard reactions (11.5.2.3) were performed with CHANT, styrene (11.5 pL, 100 pmol,
1.0 eq.) and thiols: thiophenol (20.5 pL, 200 pumol, 2.0 eq.) or methyl thiosalicylate (27.5 pL,
200 pmol, 2.0 eq.). Aliquots (5.0 uL) were removed periodically over 24 h and MS
characterised.

11.5.2.8. Effect of different thiols on reaction mechanism and kinetics

Six standard reactions (11.5.2.3) were performed with CHANT, styrene (11.5 pL, 100 pmol,
1.0 eq.) and different thiols: benzyl mercaptan (S2.1, 23.5 pL, 200 umol, 2.0 eq.), thiophenol
(S2.2, 20.5 pL, 200 pmol, 2.0 eq.), 3-methoxythiophenol (S2.3, 25.0 pL, 200 pmol, 2.0 eq.),
cyclohexanethiol (S2.4, 24.5 pL, 200 pmol, 2.0 eq.), methyl thiosalicylate (S2.5, 27.5 pL,
200 umol, 2.0 eq.) or tert-butylthiol (S2.6, 22.5 uL, 200 umol, 2.0 eq.). Aliquots (5.0 uL) were
removed periodically over 72 h and MS characterised.

11.5.2.9. Effect of different alkenes on reaction mechanism and kinetics

Six standard reactions (11.5.2.3) were performed with CHANT, benzyl mercaptan (23.5 pL,
200 pmol, 2.0 eq.) and different alkenes: styrene (S3.1, 11.5 pL, 100 pmol, 1.0 eq.),
methylenecyclohexane (S3.2, 12.0 pL, 100 pmol, 1.0 eq.), 1-methylcyclohexene (S3.3,
12.0 pL, 100 pmol, 1.0 eq.), allyl chloride (S3.4, 8.0 pL, 100 umol, 1.0 eq.), phenylacetylene
(S3.5, 11.0 pL, 100 pmol, 1.0 eq.) or ethyl trans-cinnamate (S3.6, 17.0 L, 100 umol, 1.0 eq.).
Aliquots (5.0 yL) were removed periodically over 72 h and MS characterised.
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11.5.3. Radical dearomative spirocyclisation

11.5.3.1. Standard procedure

O

Blue LED (60 W)
DCE (0.1 M),
AN + RSH —10h + Trapped
A\ Ph CHANT radicals
N
\

S1

Indole-tethered ynone (S1) was synthesised as described in literature.?'? The procedure for
TART trapping of radical dearomative spirocyclisation was adapted from a trapless literature
procedure.?*? Indole-tethered ynone (27.3 mg, 100 pumol, 1.0 eq.) was placed in a transparent
2 mL vial and dissolved in degassed dichloroethylene (DCE, 1.0 mL, 0.10 M). If undertaking
radical trapping, CHANT (3.22 mg, 10 umol, 0.1 eq.) was also added. For all reaction mixtures,
the solution was sparged with argon for 5 min, whilst stirring. Thiol was added and an aliquot
removed (0.10 mL). The remaining solution was irradiated with blue LEDs (60 W, 455 nm) for
16 h, whilst stirring. Another aliquot was removed (0.10 mL) and all aliquots had solvent
removed in vacuo and were MS characterised.

11.5.3.2. Main radical cycle mechanism

Two standard reactions (11.5.3.1) were performed with 3-methoxythiophenol (S2.3, 19.8 pL,
160 umol, 1.6 eq.) and CHANT (trapping reaction) or no CHANT (trapless control).

11.5.3.3. Initiation mechanism

Three standard reactions (11.5.3.1) were performed with CHANT and 3-methoxythiophenol
(S2.3, 19.8 L, 160 umol, 1.6 eq.), a reduced amount of 3-methoxythiophenol (S2.3, 6.2 uL,
50 pumol, 0.5 eq.) or no 3-methoxythiophenol.

11.5.3.4. Effects of different thiols on reaction mechanism and kinetics

Four standard reactions (11.5.3.1) were performed with  CHANT and thiols:
3-methoxythiophenol (S2.3, 19.8 uL, 160 umol, 1.6 eq.), cyclohexanethiol (S2.4, 19.6 pL,
160 umol, 1.6 eq.), methyl thiosalicylate (S2.5, 22.0 uL, 160 umol, 1.6 eq.) or tert-butylthiol
(S2.6, 18.0 pL, 160 pmol, 1.6 eq.).

11.6. Biochemistry

11.6.1. *OH and HO>* trapping

H>0, (10 eq.)

TART FeSOy4 (1 eq.) Trapped
AcOH/NaOAc  radicals
(50 mM, pH 4)

The procedure for trapping in aqueous *OH-initiated biochemical degradation was adapted
from trapless literature procedures.?32-234 GLANT or DANT (3.66 mg or 2.84 mg respectively,
10.0 umol, 1.0 eq.) was dissolved in AcOH/NaOAc buffer (50 mM, pH 4, 1780 uL) and stirred.
Fe,S04-7H20 solution (500 mM in AcOH/NaOAc buffer, 20 pL, 10.0 umol, 1.0 eq.) was added.
For all reaction mixtures, H,O- solution (500 mM in AcOH/NaOAc buffer, 200 uL, 100 umol,
10 eq.) was added slowly over 5 min and the solution stirred overnight unsealed. This was MS
characterised.
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11.6.2. *OH-initiated alcohol degradation

H,0, (10 eq.)
FeSO4 (1 eq.)

TART (0-1ed)  Trapped radicals

AcOH/NaOAc + products
(50 mM, pH 4)

Substrate

The procedure for trapping in aqueous *OH-initiated biochemical degradation was adapted
from trapless literature procedures.?*?-234 AcOH/NaOAc buffer (50 mM, pH 4, 580 uL) and
methanol or tert-butanol (10.0 mM in AcOH/NaOAc buffer, 1.0 mL, 10.0 umol, 1.0 eq.) were
mixed and stirred. Fe;SO,-7H,0 solution (500 mM in AcOH/NaOAc buffer, 20 uL, 10.0 umol,
1.0 eq.) was added. If undertaking radical trapping, DEADANT solution (5.0 mM in
AcOH/NaOAc buffer, 200 uL, 1.0 umol, 0.10 eq.) was added but otherwise, AcOH/NaOAc
buffer (200 pL) was added. For all reaction mixtures, H2O; solution (500 mM in AcOH/NaOAc
buffer, 200 uL, 100 pmol, 10 eq.) was added slowly over 5 min and the solution stirred
overnight unsealed. This was MS characterised.

11.6.3. Standard procedure

H20, (10 eq.)
FeSO4 (1 eq.)

TART (0.1eqa.)  Trapped radicals

AcOH/NaOAc + products
(50 mM, pH 4)

Substrate

The procedure for trapping in aqueous *OH-initiated biochemical degradation was adapted
from trapless literature procedures.?32-234 Biochemical (10.0 umol, 1.0 eq.) was dissolved in
AcOH/NaOAc buffer (50 mM, pH 4, 1580 pL) and stirred. Fe>SO4-7H20 solution (500 mM in
AcOH/NaOAc buffer, 20 pL, 10.0 umol, 1.0 eq.) was added. If undertaking radical trapping,
TART solution (5.0 mM in AcOH/NaOAc buffer, 200 pL, 1.0 umol, 0.10 eq.) was added but
otherwise, AcOH/NaOAc buffer (200 uL) was added. For all reaction mixtures, H»O; solution
(500 mM in AcOH/NaOAc buffer, 200 pL, 100 pumol, 10 eq.) was added slowly over 5 min and
the solution stirred overnight unsealed. This was MS characterised.

11.6.4. *OH-initiated biochemical degradations

Two standard reactions (11.6.3) were performed with thymine (1.26 mg, 10.0 umol, 1.0 eq.)
and DANT (trapping reaction) or no DANT (trapless control).

Two standard reactions (11.6.3) were performed with DEADANT (trapping reaction) or no
DEADANT (trapless control) for each biochemical: thymine (1.26 mg, 10.0 umol, 1.0 eq.),
N-acetyl-digylcine (Ac-Gly-Gly-OH, 1.74 mg, 10.0 pmol, 1.0 eq.), N-Boc-diglycine
(Boc-Gly-Gly-OH, 2.32 mg, 10.0 umol, 1.0 eq.), D(+)-glucose (1.80 mg, 10.0 umol, 1.0 eq.)
and ascorbic acid (1.76 mg, 10.0 yumol, 1.0 eq.).

11.6.5. Antioxidant activity of ascorbic acid

Six standard reactions (11.6.3) were performed with DEADANT (trapping reaction) or no
DEADANT (trapless control) and thymine (1.26 mg, 10.0 pmol, 1.0 eq.), ascorbic acid
(.76 mg, 10.0 pumol, 1.0 eq.) or thymine (1.26 mg, 10.0 umol, 1.0 eqg.) and ascorbic acid
(1.76 mg, 10.0 umol, 1.0 eq.).
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11.7. Alkene ozonolysis

11.7.1. Set-up

1 flow meter 2

flow meter 1

T-shaped
glass tube

—%4— air inflow

substrate

substrate

air inflow ==p- f

+—

0,

l RO,

gas outflow T

sample L trapping
vial solution

Figure 189: Set-up used for TART trapping of alkene ozonolysis.

A set-up was designed for radical trapping in alkene ozonolysis (Figure 143). The system was
used at RTP. T-shaped glass tube had 0.60 cm internal diameter and sample vial had 2.0 cm
internal diameter. Different length T-shaped glass tubes could be used to increase residence
time for substrate reaction with Oz, with typical residence length set at 5.0 cm, resulting in
residence volume 1.41 cm?. Liquid substrate was placed as shown, with a sufficient volume
to avoid complete evaporation. TART functionality was chosen as required, however typically
CHANT was used. [TART] was set between 50-5000 yM in 2.0 mL MeCN but was typically
500 uM. T-shaped glass tube outlet was placed at the bottom of the trapping solution, meaning
the outlet lay 6 mm below the trapping solution surface. Pen-Ray UV lamp (maximum emission
at 254 nm, with significant emission at 185 nm) current and power output were kept constant
for all experiments. Flow rate through the trapping solution was set at 1.5 L min‘!, to ensure
rapid but controllable bubbling. This typically resulted in residence time 56.5 ms. Flow rate
through each bubbler was adjusted as required, but was typically set at an equal 0.75 L min-t
through each flow meter. Under these standard conditions and in absence of substrate or
trapping solution, [Os] was measured to be 118 ppm (2.96x10'> molec. cm3), using a pre-
calibrated Thermo Scientific model 49i ozonometer. Reaction time was varied as required, but
was typically 10 min. After trapping completion, trapping solution solvent was carefully
removed in vacuo (30 °C, 100 mbar, ~10 min) and the resultant MS characterised. These
standard alkene ozonolysis conditions had been optimised.

11.7.2. Standard procedure

0O;, UV, 10 min .
Alkene 2 _ Trapped radicals

CHANT/MeCN (500 mM) ~ * products

The standard alkene ozonolysis set-up was used with cyclohexene (3 mL) and a-pinene
(12 mL) for cyclohexene and a-pinene ozonolyses respectively. For control experiments, one
required component for trapped radical generation was omitted at a time: substrate, air
(replaced with N), UV and TART.
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11.7.3. Optimisation

11.7.3.1. General

02, UV, 0-60 min Trapped radicals

Alkene
TART/solvent (50-5000 mM) + products

The standard set-up of TART trapping of alkene ozonolysis was used for optimisation unless
stated otherwise. Deviations included: TART phase (11.7.3.2); functionality of TART, solvent
and additives; flow rate; [TART] = 50-5000 uM and reaction time = 0-60 min.

11.7.3.2. Solid support synthesis and use in TART trapping of alkene ozonolysis

HJ)” ym

\O/S|i‘o p-Toluenesulfonic acid,
O toluene, 50 °C, 4 h Sj
> P \O
¥ OH OH (|) O | OH OH
OH OH OH OH OH OH OH L | |

N R Celite
Celite

Hexadecylsilane functionalised celite was synthesised as described in literature.?’® Celite
(1.00 g) was placed in toluene (15 mL) and rotated for 30 min. p-Toluenesulfonic acid
monohydrate (20.0 mg, 0.105 mmol) and hexadecyltrimethyoxysilane (0.065 mmol) were then
added and the solution rotated at 50 °C for 4 h. This was then let cool and centrifuged for
10 min, before the supernatant was removed. The remaining mixture washed with DCM
(15 mL), centrifuged and supernatant removed three times. Remaining solvent was removed
in vacuo and the resultant functionalised celite dried in a vacuum oven (50 °C, 24 h).

02, UV, 5min  Trapped radicals

Alkene
TART/support + products

TART (20.0 ymol), additive (if applicable, 20.0 ymol) and DCM (1.0 mL) were mixed and
functionalised celite (200 mg) added. DCM was then removed in vacuo. A glass wool plug was
inserted into a T-shaped glass tube and immobilised TART (20.0 mg) added. The immobilised
TART was then squashed into a flat disc using a PTFE tape covered rod and placed the
required distance from the T-joint. This T-shaped glass tube was then incorporated into a
similar system, as used for TART trapping of alkene ozonolysis, where the gas stream was
bubbled through solution (Figure 190).
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Figure 190: Set-up used for TART trapping of alkene ozonolysis, using solid supported TART.

A set-up was designed for radical trapping in alkene ozonolysis (Figure 143). The system was
used at RTP. T-shaped glass tube had 0.60 cm internal diameter. Different length T-shaped
glass tubes could be used to increase residence time for substrate reaction with Oz, with
typical residence length set at 10.0 cm, resulting in residence volume 2.83 cm3. Liquid
substrate was placed as shown, with a sufficient volume to avoid complete evaporation.
Pen-Ray UV lamp (maximum emission at 254 nm, with significant emission at 185 nm) current
and power output were kept constant for all experiments. Flow rate through the trapping
solution was set at 3.0 L min‘t, to ensure rapid but controllable bubbling. This typically resulted
in residence time 56.5 ms. Flow rate through each bubbler was adjusted as required, but was
typically set at an equal 1.5 L min! through each flow meter. Reaction time was varied as
required, but was typically 5 min. After trapping completion, immobilised TART was removed
and washed with DCM (1 mL). The glass wool was also washed with DCM (4 mL) and the two
solutions combined, filtered, solvent removed in vacuo and the resultant MS characterised.

11.7.4. Estimation of a-pinene dissolution

The standard alkene ozonolysis set-up was used with a-pinene (1 mL) as substrate, no UV
(no ozone generation) and the output bubbled through “trap solution” containing only CD3sCN.
Mass difference of a-pinene before and after the experiment was used to calculate amount of
a-pinene evaporated. Using a dibromomethane standard, gNMR spectroscopy was
undertaken on the resulting “trap solution” to calculate mass of a-pinene in solution. MS
characterisation was not undertaken. From these data, a-pinene dissolution was estimated to
be ~11%.

11.7.5. a-Pinene kinetics experiment

i) Og, 0-565 ms
i) CHANT, MeCN, ~4.5 ms {) Products + radical intermediates
2 min ii) Products + trapped radicals

Standard alkene ozonolysis set-up was used with a-pinene (1 mL) as substrate but with
reaction time reduced (2 min). Multiple residence lengths were used (0-50 cm), resulting in
residence times 0-565 ms, with three repeats undertaken for each residence time.

277



11.8. *OH-initiated alkane degradation

11.8.1. Using alkene ozonolysis as an *OH source

11.8.1.1. Set-up

flow meter 1

/ flow meter 2
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“ solution

Figure 191: Set-up used for TART trapping of *OH-initiated alkane degradation, using alkene ozonolysis as an
*OH source.

A set-up was designed for radical trapping in alkene ozonolysis (Figure 191). The system was
used at RTP. T-shaped glass tube had 0.60 cm internal diameter and sample vial had 2.0 cm
internal diameter. Different length T-shaped glass tubes could be used to increase residence
time for substrate reaction with Oz, with typical residence length set at 5.0 cm, resulting in
residence volume 1.41 cm3. Liquid substrate was placed as shown, with a sufficient volume
to avoid complete evaporation. TART functionality was chosen as required, however typically
CHANT was used. [TART] was set between 5-500 pyM in 2.0 mL MeCN but was typically
50 uM. T-shaped glass tube outlet was placed at the bottom of the trapping solution, meaning
the outlet lay 6 mm below the trapping solution surface. Pen-Ray UV lamp (maximum emission
at 254 nm, with significant emission at 185 nm) current and power output were kept constant
for all experiments. Flow rate through the trapping solution was set at 1.5 L min‘!, to ensure
rapid but controllable bubbling. This typically resulted in residence time 56.5 ms. Flow rate
through each bubbler was adjusted as required, but was typically set at 1.20 and 0.30 L min-!
through substrate and alkene flow meters respectively. Under these standard conditions and
in absence of substrate or trapping solution, [Os] was measured to be 106.3+0.2 ppm
(2.663+0.005%10%* molec. cm3), using a pre-calibrated Thermo Scientific model 49i
ozonometer. Reaction time was varied as required, but was typically 10 min. After trapping
completion, trapping solution solvent was carefully removed in vacuo (30 °C, 100 mbar,
~10 min) and the resultant MS characterised. These standard alkene ozonolysis conditions
had been optimised.

11.8.1.2. Initial results, detailed results and controls

TME, O5, UV, 10 min .
Alkane Trapped radicals

CHANT/MeCN (50 mM) ~ + products

The standard set-up and typical conditions of *OH-initiated alkane degradation, using alkene
ozonolysis as an *OH source, was used for all experiments unless stated otherwise. For
control experiments, TART was omitted.
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11.8.1.3. Optimisation

TME, O,, UV, 0-60 min .
Alkane Trapped radicals

CHANT/MeCN (5-500 mM) + products

The standard set-up of TART trapping of *OH-initiated alkane degradation, using alkene
ozonolysis as an *OH source, was used for optimisation unless stated otherwise. Deviations
included: [CHANT] = 5-500 yM and reaction time = 0-60 min.

11.8.2. Using water photolysis as an *OH source

> — \ flow meter 2
i \
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hygrometer |_|
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Figure 192: Set-up used for TART trapping of *OH-initiated alkane degradation, using water photolysis as an *OH
source.

A set-up was designed for TART trapping of *OH-initiated n-nonane degradation (Figure 192).
The water photolysis system (UV lamp output and prior, with no substrate) was calibrated
offline. This involved using fluorescence assay gas expansion (FAGE) to measure a range of
[HOx*] (HOx®* = *OH + HO3*) produced depending on photon flux (measured using N.O
actinometry), irradiation time and [H>O] (measured using a hygrometer), as described by Onel
et al.?%° This calibration allowed accurate online [HOx*] calculation.

The system was used at RTP. Hg Pen-Ray UV lamp (184.9 nm) had 1.6 cm? cross-sectional
area, glass tube had 0.60 cm internal diameter and sample vial had 2.0 cm internal diameter.
Length between UV lamp centre and outflow was 3.8 cm, resulting in 6.1 cm?® average
residence volume for [HO*] inside the UV lamp. Different length glass tubes could be used to
increase residence time for *OH reaction with substrate, with typical residence length set at
8.0 cm, resulting in residence volume 2.3 cm®. TART functionality was chosen as required,
however typically CHANT or DEADANT were used. [TART] was set between 50-5000 uM in
2.0 mL MeCN, but was typically 50 uyM. Glass tube outlet was placed at the bottom of the
trapping solution, meaning the outlet lay 6 mm below the trapping solution surface. UV lamp
current was set at 20 mA for all experiments. Flow rate through mass flow controller (MFC) 1
was set at 10 L mint, with 1 L min'! being passed through the hygrometer to measure [H-O].
Flow rate through MFC 2 was set at 1 L mint. Mixing these two flows created a flow rate
through the UV lamp of 10 L mint. This resulted in 37 ms lamp residence time. Under these
standard conditions, in the total flow [H.O] was measured to be ~3x10'” molec. cm= and
[n-nonane] was calculated to be ~1.0x10%® molec. cm, using its partial volume, vapour
pressure (408 Pa, 293 K)?74 and the ideal gas law. Pump suction rate was set at 6.0 L min-,
with gas intake through flow meters 1 and 2 set at 1.5 and 4.5 L min! respectively. This
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1.5 L mint flow rate through the trapping solution ensured rapid but controllable bubbling. This
resulted in residence time 92 ms and therefore total residence time 129 ms. Under these
standard conditions, initial gaseous [HO*] was calculated to be ~6.8+1.0x10% (~28+4 ppb)
and therefore, [*OH] and [HO*] were each calculated to be ~3.4+0.5x10% (~14+2 ppb). This
was orders of magnitude lower than [n-nonane], ensuring nearly all *OH was converted into
RO-*. Reaction time was varied as required, but was typically 10-100 min. After trapping
completion, trapping solution solvent was carefully removed in vacuo (30 °C, 100 mbar,
~10 min) and the resultant MS characterised.

H20, UV, 10-100 min  Trapped radicals

/\/\/\/\
TART/MeCN (50-5000 M) + products

The standard set-up and typical conditions of TART trapping of °*OHe-initiated alkane
degradation, using water photolysis as an *OH source, was used for all experiments unless
stated otherwise. For control experiments, TART was omitted.

11.9. MS procedures for TART trapping

11.9.1. Characterisation

A high resolution solariX XR FTMS (solariX) mass spectrometer (m/z +0.0001 precision, >107
maximum resolution, mass accuracy 600 ppb (internal)) using positive ion mode electrospray
ionisation (Pos ESI-MS) was used for MS characterisation of radical trapping samples, unless
stated otherwise. This characterisation and analysis are described below. Elsewise, negative
ion mode (Neg) ESI-MS may have been conducted using the solariX or Pos ESI-MS may have
been recorded using a Bruker HCT ultra ETD Il mass spectrometer (HCT, m/z +0.1
precision, m/z 0.3 mass resolution, m/z 26,000 s scan speed) or Bruker compact QTOF mass
spectrometer (compact, m/z +0.001 precision, 30000 resolution, 1-50 Hz scan speed).

Dissolution solvent (1:1 CH3;CN:H20), MS solvent (0.1%/1:1 HCOOH/CH3;CN:H20),
deuterated dissolution solvent (1:1 CH3;CN:D»0O) and deuterated MS solvent (0.1%/1:1
DCOOD/CH3CN:D20) were prepared when required. Samples not in solution were dissolved
in dissolution solvent (0.0-2.0 mL). An appropriate aliquot was then extracted from samples in
solution using a Hamilton syringe and diluted with MS solvent to form a solution of ~10 yM
TART concentration, assuming moles of TART were equal before reaction and after reaction.
Dilution of trapping reaction samples and control samples were scaled to ensure equivalent
concentrations between samples, assuming no reaction had taken place. The m/z of the mass
spectrometer was calibrated using observed and known peaks for sodium trifluoroacetate in
MS solvent.

Standard direct injection MS was the first MS characterisation recorded for most samples.
Parameters were initially optimised and then kept constant for all experiments, including m/z
recording range of m/z 100-1000 (11.9.3). MS solvent was injected (2 yL min) and once
signal stabilised, an average background spectrum was recorded (typically 16 scans). The
same process was then performed for diluted sample and an average sample spectrum
recorded. The system was then flushed clean with MS solvent. DO exchange MS was
performed similarly, however deuterated equivalents of solvents were used instead. Samples
were let equilibrate in deuterated solvent for at least 1 h prior to MS characterisation. Tandem
MS was also performed similarly to standard MS, but sometimes required parameter
adjustments, such as ion acquisition time (11.9.3). Tandem MS involved using source CID
isolation to isolate a peak of interest. Subsequent source CID fragmentation was used to
fragment the peak. If source CID isolation could not obtain clean peak isolation then additional
in-cell SORI-CID was used to remove nearby offending peaks. Fragmentation was then
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similarly carried out as before but utilising in-cell SORI-CID fragmentation instead of source
CID fragmentation.

HPLC-MS used an Agilent-1200 HPLC instrument equipped with a reverse phase column was
connected to the mass spectrometer. Columns used were reverse phase columns: Waters
Symmetry C18 3.5 um, 4.6x75 mm (Waters Symmetry) column, for synthetic and
photochemical radical reactions; Eclipse Plus Phenyl-Hexyl 1.8 um, 4.6x50 mm (Eclipse Plus
Phenyl-Hexyl) column, for samples related to gaseous CHANT trapping and Atlantis C18
3 um, 4.6x150 mm (Atlantis) column, for samples related to DEADANT. MS method
parameters were optimised for HPLC-MS conditions (11.9.3) and single sequential scans
were recorded. HPLC combined 0.1%HCOOH/H20 and 0.1%HCOOH/MeCN into a mobile
phase injected at 300 yL mint, for the Waters Symmetry and Eclipse Plus Phenyl-Hexyl
columns or 500 pyL mint for the Atlantis column. Solvent gradient varied from high H>O to high
MeCN content as required (11.9.3). During the run, column output was sometimes sent to
waste, to prevent permanent contamination of the mass spectrometer by overly concentrated
species (11.9.3).

11.9.2. Analysis

Standard MS analysis involved either screening mass spectra for MS peaks corresponding to
predicted structures (Peak Pick) or predicting structures corresponding to observed MS peaks
(Formula Find). For both methods, molecular formula assignments were formulated on the
accurate mass of pseudomolecular ions [M+H]*, [M+Na]* or [M+K]*. Both analysis methods
were usually processed automatically. Typically, background spectra were subtracted from
sample spectra during automated processing. Minor fluctuations in m/z accuracy required
alignment of background and sample peaks with the same predicted m/z but different
measured m/z, within set acceptance limits. Background peak intensities were then subtracted
from sample peak intensities. If no background peak was observed within the accepted m/z
range of the sample peak, intensity of the nearest background m/z value was subtracted
instead. Both analysis methods used acceptance limits to prevent false positives. These
included random m/z error (typically m/z <0.0000-0.0015), systematic m/z error (typically
m/z -0.0006-0.0003) and minimum acceptable intensity. Formula Find used additional
acceptance limits to increase method speed. These were intensity of background peak
compared to sample peak (typically <50%), m/z search range (e.g., m/z 100-500), species
molecular formulae range (e.g., Co-20Ho-100N0-200-10) and unsaturation range. Both methods
outputted observed peak m/z, difference from predicted m/z and intensity. Formula Find
additionally outputted predicted m/z and molecular formulae. D.O exchange MS and tandem
MS analysis were usually performed using Peak Pick and Formula Find respectively.
HPLC-MS analysis was usually performed manually. Peak Pick and Formula Find
programmes are available upon request.

11.9.3. Parameters

MS characterisation was recorded using a solariX XR FTMS mass spectrometer in positive-
ion mode ESI, unless stated otherwise. Mass spectra were recorded over an m/z range of
m/z 100-1000. If multiple scans were used, these were averaged. lon transfer time (TOF) was
set to 1.0 ms. In general, ESI settings were as follows: drying gas flow = 4.0 L mint; nebulizer
pressure: 2.0 bar; capillary voltage = 4500 V; spray shield voltage = -500 V; skimmer voltage
=15 V. Additional parameters are available upon request.

For standard MS (including D2O exchange), other settings used were: injection speed =
2 yL mint; scans = 16; ion accumulation time = 0.2 s; drying gas temperature = 160 °C.
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For tandem MS, other settings used were: scans = 16-64; ion accumulation time = 0.2-5.0 s;
drying gas temperature = 160 °C; octupole tandem MS CID energy = 0-20 V and in-source
collision energy = 0-20 V. Number of scans and amount of ion accumulation time was set
depending on the intensity of the desired MS peak. Octupole tandem MS CID energy and
in-source collision energy were set to cause an appropriate amount of fragmentation.

For HPLC-MS, other settings used were: injection speed = 300 or 500 uL min? for samples
relating to CHANT and DEADANT respectively; scans = single sequential; ion accumulation
time = 0.2 s; drying gas temperature = 180 °C. HPLC conditions used in HPLC-MS
characterisation are shown for samples related to: CHANT trapping of radical decarboxylative
aromatic iodination (Table 53, 11.4.6); CHANT trapping of radical thiol-ene addition (Table 54,
11.5.2.5); TART trapping of aqueous *OH-initiated biochemical degradation (Table 55, 11.6);
CHANT trapping of gaseous a-pinene ozonolysis and *OH-initiated n-nonane degradation
(Table 56, 11.7, 11.8.1) and DEADANT trapping of gaseous °OH-initiated n-nonane
degradation, using water photolysis as an *OH source (Table 57, 11.8.2).

Table 53: HPLC conditions of sample analysis from TART trapping of radical decarboxylative aromatic iodination,
using p-anisic acid as substrate, CHANT as TART and HPLC-MS for characterisation (11.4.6). Column = Waters
Symmetry. Injection speed = 300 pL min.

0.1%HCOOH/  0.1%HCOOH/

Time /m H,0 / % MeCN / %
0.0 95 5
1.0 95 5
2.0 50 50
8.0 5 95
22.0 5 95
24.0 95 5
25.0 95 5

Table 54: HPLC conditions of sample analysis from TART trapping of radical thiol-ene addition, using benzyl
mercaptan and styrene as substrates, CHANT as TART and HPLC-MS for characterisation (11.5.2.5). Column =
Waters Symmetry. Injection speed = 300 pL min-t.

. 0.1%HCOOH/ 0.1%HCOOH/
Time/m

H2O / % MeCN / %
0.0 95 5
5.0 95 5
10.0 50 50
25.0 5 95
35.0 5 95
39.0 95 5
40.0 95 5
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Table 55: HPLC conditions of sample analysis from TART trapping of aqueous *OH-initiated biochemical

degradation, using DEADANT as TART and HPLC-MS for characterisation (11.6). Column = Atlantis. Injection
speed = 500 pL mint,

0.1%HCOOH/

Time/m

0.1%HCOOH/

H2O / % MeCN / %
0.0 100 0
5.0 100 0
15.0 90 10
25.0 70 30
30.0 30 70
31.0 5 95
35.0 5 95
39.0 100 0
40.0 100 0

Table 56: HPLC conditions of sample analysis from TART trapping of gaseous a-pinene ozonolysis and *OH-
initiated n-nonane degradation, using CHANT as TART and HPLC-MS for characterisation (11.7, 11.8.1). Column
= Eclipse Plus Phenyl-Hexyl. Injection speed = 300 pL min-t.

Time / m 0.1%HCOOH/ 0.1%HCOOH/ MS or

H.O / % MeCN / % waste
0.0 95 5 MS
5.0 95 5 MS
10.0 20 80 MS

13.5 l i} Waste
14.0 ! ! MS
25.0 5 95 MS
35.0 5 95 MS
39.0 95 5 MS
40.0 95 5 MS

Table 57: HPLC conditions of sample analysis from TART trapping of gaseous a-pinene ozonolysis and *OH-
initiated n-nonane degradation, using water photolysis as an *OH source, DEADANT as TART and HPLC-MS for

characterisation (11.8.2). Column = Atlantis. Injection speed = 500 pL min-.

Time / m 0.1%HCOOH/ 0.1%HCOOH/ MS or
H.O /% MeCN / % waste
0.0 100 0 MS
1.0 l i} Waste
5.0 100 0 Waste
15.0 90 10 MS
25.0 70 30 MS
30.0 30 70 MS
31.0 5 95 MS
35.0 5 95 MS
39.0 100 0 MS
40.0 100 0 MS
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11.10. Modelling procedures
11.10.1. General

Parameters, reactions and their rate constants used in modelling are described in full in the
supporting information (SI7). All model files are available upon request.

Potential wall reactions were ignored and simulation conditions were set at RTP. Rate

constants were calculated using the Arrhenius equation k = Ae_%, where A was the pre-
exponential factor, E, was activation energy, R was the universal gas constant (8.314 J K?
mol') and T was absolute temperature (K). Key parameters: E, units = K; temperature =
293 K; accuracy = 101°,

11.10.2. Radical thiol-ene addition

A kinetic model was designed based upon previous DFT-informed kinetic modelling of radical
thiol-ene addition undertaken by Northrop et al.?%* and Findik et al.?%® with trapping reactions
added (Figure 97).
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Figure 193: Kinetic model of TART trapping of radical thiol-ene addition. Arrows are included to indicate that
trapped radicals R1-ART and R2-ART could undergo subsequent radical thiol-ene addition.

Rate constants were obtained from assorted literature sources.204.208-210 pgrameters, reactions
and their rate constants are described in full in the supporting information (SI8.1).
Concentration units were M. Initiation rate constant was initially set as 10° s, estimated by
Northrop et al.?* and Findik et al.?% but later estimated to be 5.39x10% s for TART trapping
of radical thiophenol-styrene using kinetics experiments. Forward and backward rate
constants of propagation (ke and kp) and chain transfer (kct and k.ct) were obtained from
Northrop et al. and Findik et al. for each substrate or estimated from similar substrates.?04208
Forward rate constant of TART trapping of R1 (kri-arT) Was set equal to forward R1 reaction
with methyl methacrylate obtained from Northrop et al. and Findik et al. for each substrate or
estimated from similar substrates.?942%¢ Forward TEMPO®* trapping of R1 and all reverse
trapping rates were estimated to be arbitrarily slow 1.00 s*. Forward rate constants of TART
and TEMPO?®* trapping of R2 (krz-art and Krz-tempo)were estimated from similar literature
reactions.?%%210 For TART-trapped radicals, rate constants of forward and backward
propagation and chain transfer were estimated to be equal to R1 reaction with methyl
methacrylate obtained from Northrop et al. and Findik et al. for each substrate or estimated
from similar substrates.?°42%8 The radicals formed could be trapped, for which the same rate
constants were assigned as previously. Radical-radical termination rate constants were set as
108 mol* dm?3 s, as estimated by Northrop et al.?2®* Each model was run for 24 h.
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Kinetic modelling was used to predict the resting states in for different substrates based upon
experimental observations. For each substrate combination, rate constants were assigned as
previously. After this, reverse rate constants were kept constant and hence, ke/k.p and kcr/k.cr
defined the propagation cycle rate constants. Each model was run for 24 h. Initiation and
forward propagation rate constants were then reasonably altered by hand until
[R1-ART]/[R2-ART] broadly matched the ratio of experimental intensities of MS peaks
corresponding to [R1-ART+X]*/[R2-ART+X]*. The obtained rate constants are available in
the supporting information (SI8.1). TART was then removed from the simulation, to determine
[R1]/[R2] and hence estimate the radical resting state. For different thiols, all rate constants
were kept the same except for rates in which R1 was involved. For different alkenes, all rate
constants were kept the same except for rates in which R2 was involved.

11.10.3. a-Pinene ozonolysis

Atmospheric reactions of a-pinene were imported into the Kintecus chemical simulation
programme?®’ from the MCM>’ and truncated to remove late stage pathways (SI8.2).
Simulation parameters were set to emulate experimental conditions immediately prior to
bubbling through trap solution. Simulation time was set as calculated residence time (56.5
ms). Concentration units were molec. cm3. As measured or calculated, initial [Os] and
[a-pinene] were set as 2.96x10%° and 5.20x10® molec. cm respectively. Simulation results
yielded final gaseous radical concentrations, immediately prior to bubbling.

These final gaseous radical concentrations were used to simulate radical trapping. Using
measured 11% a-pinene dissolution (11.7.4), 11% of these gaseous radicals were entered
into a liquid phase model (dissolved), whilst the remaining 89% were entered into a gas-liquid
interface model (not dissolved). In both models, atmospheric reactions were assumed to stop
immediately upon bubbling, whilst trapping reactions could occur. These reactions involved
reaction of trap with radicals to form a trapped radical and TEMPO®. Trapping rate of RO;*
and RO* was estimated to be 10?2 and 10-'> molec.* cm?® s respectively, based upon RO,*
addition to methyl methacrylate??® and assorted literature-sourced rate constants for RO®
addition to alkenes??® respectively. In both models, initial trap concentration was set as its
initial concentration in solution, 3.01x10” molec. cm3.

The liquid phase model was run for total reaction time (2 min). During this time, 11% gaseous
radicals were inputted at regular intervals to simulate incoming radicals, allowing trapping to
occur. This yielded final trapped radical concentrations in solution for the liquid phase model.

In the gas-liquid interface model, the model was run for the estimated residence time of a gas
bubble in solution (6.79 ms). Initial gaseous radical concentrations were inputted using 89%
final gaseous radical concentrations accumulated during this residence time, allowing trapping
to occur. These results were then scaled to the total reaction time (2 min), yielding final trapped
radical concentrations in solution for the gas-liquid interface model.

Results from these two models were summed together to yield final trapped radical
concentrations in solution.

11.10.4. *OH-initiated n-nonane degradation

Atmospheric reactions of n-nonane were imported into the Kintecus chemical simulation
programme?®’ from the MCM?®’ and truncated to remove late stage pathways (SI8.3).
Simulation parameters were set to emulate experimental conditions immediately prior to
bubbling through the trapping solution. Simulation time was set as calculated residence time
(129 ms). Concentration units were molec. cm=3. As measured or calculated, initial [*OH],
[HO2*] and [n-nonane] were set as 3.4+0.5x10'* molec. cm3, 3.4+0.5x10%* molec. cm and
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1.0x10** molec. cm respectively. Simulation results yielded final gaseous [CgH190,°] and
[CoH190°] to be 1.73+0.14x10'* molec. cm= and 2.1+0.3x10% molec. cm= respectively,
allowing detection limits to be estimated (Figure 185).
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Commonly used abbreviations

Ac

ART
Boc

br
CHANT

Cl
CID

d
DANT

DCM
DEADANT

DIPEA
DMF
DNA
EPR
eq.

ESI
FAGE
FT-ICR
HAA
HBTU

HLF
HOM
HPLC
IR

J

LC

M

m/z
m-CPBA
MCM
MS
NMR
Neg
PET ether
Pos
ppb
ppm
gNMR
q

Ry
ROS
RTP

S
SOA
SORI

acetyl

allyl radically trapped

tert-butyloxycarbonyl

broad (in NMR spectroscopy and IR spectroscopy)
N-cyclohexyl-2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide

chemical ionisation

collision-induced dissociation

doublet (in NMR spectroscopy)
N-2-hydroxyethyl-2-{[(2,2,6,6-tetramethylpiperidin-1-
yl)oxy]methyl}acrylamide

dichloromethane
N’-N,N-dimethylethyleneamino-2-{[(2,2,6,6-tetramethylpiperidin-1-
yhoxy]methyl}lacrylamide

N,N-diisopropylethylamine

dimethylformamide

deoxyribonucleic acid

electron paramagnetic resonance

equivalents

electrospray ionisation

fluorescence assay gas expansion

Fourier transform ion cyclotron resonance
hydrogen atom abstraction
O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate

Hofmann-Loffler-Freytag

highly oxidised multifunctional

high-performance liquid chromatography

infrared

coupling constant (Hz)

liquid chromatography

unfragmented molecule

mass to charge ratio
meta-chloroperbenzoic acid

Master Chemical Mechanism

mass spectrometry

nuclear magnetic resonance

negative ion mode

petroleum ether

positive ion mode

parts per billion

parts per million

guantitative nuclear magnetic resonance
guartet (in NMR spectroscopy)

retention factor

reactive oxygen species

room temperature (293 K) and pressure (101325 Pa)
singlet (in NMR spectroscopy); strong (in IR spectroscopy)
secondary organic aerosol

sustained off-residence irradiation (in MS)
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TART
TEMPO
THF
T™MP
TOF
uv

Vis
VOC

triplet (in NMR spectroscopy)
TEMPO-allyl radical trap
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tetrahydrofuran
2,2,6,6-tetramethylpiperidine
time-of-flight

ultraviolet

visible

volatile organic compound
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